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Computational quantum theory is employed to determine the thermochemical propertiakgif nitro and

nitrite compounds: methyl and ethyl nitrites, @MNO and GHsONO, plus nitromethane and nitroethane,
CH3NO, and GHsNO,, at 298.15 K using multilevel G3, CBS-QB3, and CBS-APNO composite methods
employing both atomization and isodesmic reaction analysis. Structures and enthalpies of the corresponding
aci-tautomers are also determined. The enthalpies of formation for the most stable conformers of methyl and
ethyl nitrites at 298 K are determined to bé&5.644 0.10 kcal mof* (—65.444 0.42 kJ mot?) and—23.58

+ 0.12 kcal mot?! (—98.32+ 0.58 kJ mot?), respectively AsH°(298 K) of nitroalkanes are correspondingly
evaluated at-17.67+ 0.27 kcal mot* (—=74.1+ 1.12 kJ mot?') and—25.06+ 0.07 kcal mot? (—121.2+

0.29 kJ mot?) for CH3NO, and GHsNO,. Enthalpies of formation for thaci-tautomers are calculated as
—3.45+ 0.44 kcal mot?! (—=14.43+ 0.11 kJ mot?) for aci-nitromethane and-14.254 0.44 kcal mot*
(—59.95+ 1.84 kJ mot?) for theaci-nitroethane isomers, respectively. Data are evaluated against experimental
and computational values in the literature with recommendations. A set of thermal correction parameters to
atomic (H, C, N, O) enthalpiest® K is developed, to enable a direct calculation of species enthalpy of
formation at 298.15 K, using atomization reaction and computation outputs.

I. Introduction isomers of methyl and ethyl homologues are collected in Table

. . . ) 1. The data are often scattered, in some cases substantially, and
Accurate formation enthalpied;H®gg, for the simplest nitro

. L . they are sometimes even controversial.
and nitrite molecules are required in order to understand reaction A b thyl nitrite\ (Mo — —25.9 keal mot
paths and assist in the development of detailed chemical kinetic, ~*> ¢@n D€ Seen, ethyl nitn {HC28 -9 keal mot™)
mechanisms which can be applied to model the formation and ' reported to bel more stable than nitroethali¢iyes = —23
destruction of nitrogen species in a variety of environments, to —24 keal mof?) according to the NIST databa¥&Note that

particularly for atmospheric and combustion chemistries. Since the exp_erlmental ponclusmn fo_r etr_\yl nitrite Is based ona smgl_e
less than 0.02% of known organic species have had their heatso_letermlnatlon denveql fro_m a kinetic analysis of th_e decomposi-
of formation measurédhe application of quantum chemistry tion of diethyl pe_rom_de in the presence of NQ in 1953n
methods for this data is of value, provided that reasonable contrast, the nitrite isomer qf th? simplest nitro compound,
accuracy can be obtained. The establishment of these valued!ONO. is more stable than its nitryl forom HMQ Recently,
will also aid in the determination of the thermochemical & have reported our computations &rHs of nitrous acid

properties of higher homologues via use of isodesmic reactions'fsomerfst";]m;j have.te.fnr.nated Eh(')s difference az SdKCITthfl
with group conservation (isogeitonic reactions). This study avor of thetransnitrite Isomer. Our recommenaded vajues for

continues development and evaluation of thermochemical h;eats of flqrmc?tlon_were tt)_ased Ogttk?e thermochelmma}l anaCI:yBS|Ss
properties on nitrates from our previous analysis on the o several Isodesmic reactions and the average values from .

thermochemistry of HONO isomets. APNO, G3, and CBS-QB3 calculations.

Nitro (RNO,) and nitrite (RONO) derivatives of hydrocarbons ~ Nitromethane (CENO;, MeNG;) has been studied more
undergo thermal decomposition at relatively low temperatures exten_swely, and it has repeatedly been included in computational
and hence have potential as both propellants and energeticheMistry test sets, such as the popular G297, order to
materials (The alkylnitro (RNO,) and nitrite (RG-NO) bond- valldfa\te theoretical sphemes. The heat of formation o-CH
cleavage reaction barriers are only 61 and 40 kcal-#ol ~ NOzin the paper outlining the CBS-QB3 method for example

respectivelyf~7 Nitro compounds have been widely studied by 1S reported as-17.8+ 0.1 kcal mof*** while CHONO, from
experimental and theoretical methdd€® however, the ther-  the same article, has an enthalpy of formation-d5.8+ 0.02
mochemical data are surprisingly limited. Available data on Kcal mor™.
enthalpies of formation of related systems including some Decomposition of the simplest nitro alkanes as prototype
models for larger monopropellants has been the subject of
tPart 1: Thermochemistry of Nitrous Acid Isomers£RH). See ref 1. numerous studies? 131722 According to Dewar et aF,the
* Author to whom correspondence should be addressed. preferred pathway for nitromethane decomposition is the
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TABLE 1: Reference Formation Enthalpies for Specie (kcal mol~1)
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species experimental data calculated data
NO 21.76%°21.58° 22.30b
NO; 8.12397.91%0
HNO 25.623.8° 23.20% 25.413 26.1400
transHONO —18.87%-18.84° —18.33%4 —18.59
—17.68+ 1.00° —18.90+ 0.0%
cisHONO —18.3%% —18.34°-18.51 —18.40+ 0.05} —19.1141.12%
HNO, —10.90+ 0.05} —14.154 1.4
HONO, —32.106° —32.152
CH;ONO —15.644 0.20°° —15.64; this work
—15.794+ 0.25/ —15.3%
—16.84+ 0.8/ —15.87+ 0.23°
—14.93+ 0.263° —-15.68
CH3NO, —19.30+ 0.33°—17.86+ 0.15" —17.67 this work
—17.8+ 0.2/ -17.92° —17.857 —16.5¢
—17.75+0.114°13.6+0.3"
C:HsONO —25.95 —23.58; this work
CoHsNO, —24.38+ 0.3 —24.45+ 0.15° —25.06; this work
—23.53+ 0.354 —22.74+ 0.3% —24.54 1912
—24.8P12
CoHs —20.04°
CsHs —25.02%0-24.83°
CH;OH —48.0°0
C,HsOH —56.23+ 0.12°
CH;OCH; —43.99+ 0.12°
Experimental Integrated Heat
ArH°(298 K) Capacity of AtomsI¢' (A)®
H 52.103° 1.481172.60
(e} 59.5553%059.567° 1.607572.60
C 171.29° 1.562172.60
N 112.97° 1.481%72.60
Experimental Elemental Heat
A¢H(0 K) CorrectionsT¢(A)f
H 51.63+0.00F° 1.0127a50
(0] 58.99+ 0.02° 1.0377a50
C 170.114+ 0.154169.98+ 0.1%° 0.259478,50
N 112.534+ 0.02° 1.03672.50

aData in bold used in evaluationsOn the basis of average BDESCCSD(T)/aug-cc-pVnZd DFT result.© Integrated heat capacitAH’ + =
Ha9s — Ho). f Derived from corresponding elementSHr = Hagg — Ho) in standard state (gas-phasgM, and Q). ¢ For graphite.

rearrangement to methyl nitrite, GEINO, followed by the (1935) experiments on nitrometh&hef 61 kcal mot! where
concerted elimination of nitroxyl to form HN@ CH,=0. The the reaction CENO, — CH3NO + /,0, was postulated to be
simple dissociation reaction t€H; + *NO, radicals and the  the primary step. We note that the authors reported that
intermolecular transfer of oxygen, which is reported to be nitrosomethane was not detected and postulated that it was
favored in detonating shock waves, are alternative pathays. unstable, rapidly isomerizing to formaldoxime, &+NOH.

The principal carbon-containing products from thermal decom- Both oxygen atom detachment and-B bond cleavage from
position of supercritical CENO, at liquid-like densities are  nitromethane require significant energies, 96 and 101 kcal'mol
reported by Brower et dlto be HCN and C@whereas at low respectively at CBS-QB3 levelifle infra), whereas its decom-
pressures ClHand CO were found to dominate. Brower et al. position to methoxy and NO fragments has a much lower
also report at final nitrogen products from the supercritical dissociation enthalpyAHxn(298) at 41.7 kcal mot.
decomposition of CENO, as NO + NO, in contrast to the Rearrangement of nitromethane to corresponding nitrite; CH
reported rearrangement mechanism of Déwsdrich leads to NO, — CH3ONO, is competitive with direct EN bond rupture
HNO. Here the fate of N-containing products at lower pressures according to experimettas well as being in agreement with

is not considered explicitly. The activation energy for pyrolysis Dewar’s conclusions based on semiempirical MINDO/3 calcula-
at higher density (0.6 g/cth was estimated as 40.63 kcal tions?® Higher level calculations predict the opposite preference;
mol~1. viz., C—NO, bond cleavage is favoréd? The barrier of the

The low-density pyrolysis is thought to occur by an initial rearrangement determined by infrared multiple-photon dissocia-
C—N bond rupture whose bond dissociation enthalpy can be tion is 55.5 kcal mot?!, which is comparable to the-N bond
estimatedvia: energy in nitromethane of 59.4 kcal m&F?

Early ab initio calculations at MP2/6-31G(d) level of theory
by McKeé reported the unimolecular rearrangement barrier of
CH3NO, to CH;ONO to be 73.5 kcal mol, some 16.1 higher
than the G-N bond energy in CBNO, (57.4 kcal mof?). The

D(H3C_N02) = AfHOZQB(.CH3) + AfHOZQS(.NOZ) - AfHOZQS(C:H3NOZ)

= 35.06+ 7.91— (—17.86)= 60.83 kcal mol*

and the use of\tH,0NM) = —17.86 kcal mot1.4 Alternately, transition state was found to be loose with a weak interaction

a value of 60.59 kcal mot is obtained using\{H°29g(*CH3) = between the N@and CH; fragments. Here, the cleaving-@l

34.82 kcal mot! as recommended by Cha¥e. and the forming €O bonds are far from their equilibrium
This is in agreement with the activation ener@y, deter- distances at 3.2 A and 3.7 A, respectively. In the further work

mined for the overall decomposition process in the earliest of McKe€'° using multireference calculations (MRCI/6-31G*//
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CAS/6-3IG(d)) the rearrangement barrier was reduced to 70 kcal stable conformers as well asi-form tautomers, using multilevel
mol~1, only 10 kcal mof? above the sum ofCHz and*NO; computational methods. We used both complete basis set and
product enthalpies. This value is still in conflict with experiment Gaussian multilevel method calculations. The methods employ
where the unimolecular rearrangement is observed. High level a variety of different geometries, frequency determinations and
ab initio methods predict an activation barrier for rearrangement higher order energy correctionside infra). The accuracy of

that is higher than the dissociation energy@Hs; and *NO; these methods has been demonstrated in our previous study on
radicals while the experimental work of Lee and co-workérs HONO isomers.

suggests that it is lower. Brower has reported evidence indicating We evaluate and critically analyze enthalpies the of following

a shift from homolysis at low pressures to rearrangement in n-alkyl derivatives: nitromethane (GNO,, MeNGO,) and
dielectric medid. nitroethane (gHsNO,, EtNO,), including theiraci-form tau-

For nitroethane, the concerted elimination of HOM@ a tomers: methane nitronic acid, GRH(O)OH, and ethane nitronic
five-centered intermediate is the lowest energy decomposition acid, CHCHN(O)OH, as well as methyl nitrite (GONO,
channel according to the BAC-MP4 [35b] and B3LYP/6- MeONO), and ethyl nitrite or nitrous acid ethyl esterk{s-
311+G(3df,2p) calculation$? Estimated DFT barriers for ~ ONO, EtONO).
nitroethane and 2-nitropropane of 42.0 and 39.2 kcal ol
respectively are comparable to the experimental activation |I. Computation Methods
energy data of Benson and co-workers of 43.0 and 42.0 kcal . .
mol-1.22 The relative stability of RONO and RNOsystems, the

In studies on the detonation of liquid nitromethane and methyl homolﬁic bond dissoci.ation energies and the heats of fprmations
nitrite it has been shown from collaborative CCSD(T)/6- detérmined from radical and molecule work reactions are
311++G(2d,2p) computations that the corresponding anions eva?!lélated with ﬂ;lab initio and DFT-7base_d multilevel sc_hemes
have lower fragmentation energies than their neutral precur- G3, QBS'QBS', and CBS-APN®' as implemented in the
sors!3 Dissociation of the NM anion to Citradical and NG~ Gaussian 03 suite O_f programs.
ion requires only 18.7 kcal mot of energy. The adiabatic curve The complete basis set extrapolation method of Petersson and
of the triplet state decomposition of nitromethane througtc ~ C0-workers? using an atomic pair natural orbital basis set, CBS-
bond also exhibits a lower energy barrier of 33 kcal Thoas APNQO, is our highest-level mgthpd. The calculg'uon includes a
determined by MCSCF methdd. HF/6-311G(d,p) geometry optimization to obtain the en_thalpy

Syn-anti equilibrium and conformations of alkyl nitro and free energy corrections, with final geometry reoptimized

compounds have been studied by several reseaftéfghese &t QCISD/6-311G(d,p) level of theory. This QCISD geometry
results show that R-groups mainly destabilize the sterically 1S then used in single point calculations at the QCISD(T), MP2-
favoredsyn conformer. (Full), HF, and MP2 levels. The CBS extrapolation included in

the last step computes the final energies.
CBS-QB3 is a more reasonable time-expense complete basis
anti RgNsg Q syn method. Geometries and frequencies are calculated at B3LYP/
R 6-311G(2d,d,p) level. Two additional calculations are used to

The magnitude of the steric forces has been shown to correlate?PProximate higher order of contributions: MPA(SDQ)/6-&

- T i ig-
with data from'H NMR on relative stabilities on primary alkyl (d().p) and CCSD(T)/6-32G'. In place of quadratic config

nitrites?® For isoalkyl nitrites, the reverse order was obtained F“a“on interaction QCISD(T) used in CBS-APNO (as well as

; . - in the G3 below), the coupled cluster singles and doubles with
2?g/ii§§%?$2?§1é1eoretlcal models also confirm the stability perturbative triples CCSD(T) is used, which is considered to

Other, less studied, isomers of alkyl - h@erivatives are improve accuracy over t?le QCISD(T) method especially for spin
theaci-forms of corresponding nitroalkanesitronic acids. The contaml_nated radicafS: _Correcn_on for Spin contamination
aci-forms are reported to play an important role in photochemi- (proportional tol®) and size-consistent higher order empirical

cal processes and in pyrolyi§2°and references cited therein correction are also incorporated. This method is attractive for
The barrier for the thermally forbidden 1,3-H transfer in nitro further ut?le Itn the evaluda_lpon of larger homologues, due to its
< aci-nitro rearrangement is as high as 61.57 kcal Thol reasoQg ,e Ime expenditure. . .

predicted at B3LYP/6-31G(d,p) level and 63.50 kcal mait Equilibrium structures and thermal corrections in G3 method
the CBS-QB3 level [our unpublished data]. This is in accordance &€ Pased on HF/6-31G(d) calculations. The G3 prot6col
with the results of Khrapkovskii and co-workers predicting 61.7 2€9ins with a HF/6-31G(d) geometry optimization and a

keal mof within the B3LYP/6-313+G(df,p) approximatioA’a frequency calc.ulation, with thg frequencies scaled by 0.8929.
The next step is a reoptimization of geometry at MP2(Full)/6-

0 , OH 311G(d) level. The improved MP2 geometry then used for a
H3C—N/C<—— HzC:N/ series of single point calculations to account for electronic
k ol correlation effects at the QCISD(T,E4T)/6-31G(d), MP4/6-

31+G(d), MP4/6-31G(2df,p), and MP2(Full)/G3large levels.
The MP2/6-31G(d) result of McK&@és somewhat higher at 75  Corrections are also applied to estimate the effect of diffuse
kcal mol! The native form of nitromethane has been estimated and higher polarization functions at the MP4 level, and a
at the MP2 level, as being 21.8 kcal mbimore stable than  correction for correlation effects beyond MP4 using quadratic
the aci-form,° while Lammertsma and Prasad estimated this configuration interaction.

difference to be 14.1 kcal mol using the G1 composite All values reported in this paper are for a standard state of
method!® G2MP2//B3LYP/6-31%+G(2d,2p) predicts the simi-  298.15 K and 1 atm unless otherwise stated. The absence of
lar difference value of 14.7 kcal nidl. imaginary frequencies verified that all stable structures were
In the present work, we have evaluated the formation true minima at their respective levels of theory. Transition states
enthalpies of simpl@&-alkyl nitro compounds bearing ONO have been characterized with only one negative eigenvalue in

(nitrite) and—NO;, (nitro-) moieties on the basis of their most the force constant (Hessian) matrices.
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TABLE 2: Description of Different Calculation Schemes for Enthalpy of Formation AfH®29g

. 112, No. 14, 2008175

Atomization Reaction
Method (ARM-1)
AH{o+tc)

Atomization Reaction
Method (ARM-2)
AHA{298+tc")

Formation Reaction
Method (FRM )
AH{298+0)

Isolated Atom Based

Isolated Atom Based

Element Based

Finally,

Evaluated Enthalpy of
Formation at 298 K

AH(M,298 K) =
AH(M,OK) + Tee(M)—
ETCL"{W(A)

FTe i MI=2Te care (A)
{ direct from Gaussian output)
or as recommended in [50],

~ =2 Tc o (A).  Finally,

Evaluated Enthalpy of
Formation at 298 K
AF(M,298K)=
=Y AH(A298K) —

¥ Dy(M,298K)

Sample HNO=H+N+0O HNO=H+N+0 HNO=1/2H,+1/2N;+1/20,
Reaction M = HNO; A = HN.,O Elem = H,, Na, 02
Parame- Experimental values of Experimental values of Experimental values of
ters used AH(AL0 K) for atoms AH(A298 K) for atoms AH(Elements, 208K) = 0
Temperature Corrections | Temperature Corrections
Te=H298-HO for atoms Te '=H298-H0 for isolated
in element in reference atoms= theoretical
states (1.01 for Hin H,, | (statistical) values, integrated
0.25 for C in graphite, heat capacities (5/2RT=1.481
etc): see, Tablel at 298K for H, etc); see,
Tablel
Calcula-
tion Calculated Energy of Calculated Enthalpy of Calculated Enthalpy of
Atomization at 0 K Atomization at 0 K Formation at 298 K
Y DM, 0K)= ¥ Do(M,0K)= AH(M.298K)= - AH (rxn)
=Y Ey(Theor, A} = H(M.0 K)- ¥H(A,0K)
Ey(Theor, M) For condensed phase
Direct from Gaussian output: | elements such as carbon
Evaluating | Evaluated Enthalpy of AdT'(M,298K)= atom we consider
Formation at 0 K = A" (M,298 K)-
AH" (MLOK)= YAH(A298K) AH(C-solid) =
TAH(AOK)- . b
¥ Dy(M,0K) also described as = A saporzanon FI'(C) =
=- AH'(C-gas)
Evaluated Enthalpy of
Atomization at 298 K
Y Dy(M,298K)= ¥ Dy(M,0K)+ | Finally,

Evaluated Enthalpy of
Formation at 298 K

AF (M,298K) =

A (rxn) + n AH(C),

where # is the number of
C atoms in target molecule

a See Appendix for details.

Two atomization and a formation work reaction schemes (see
Table 2 and the Appendix for details) and the isodesmic reaction

TABLE 3: Calculated AsH°/kcal Mol 1 of Nitromethane
and Methyl Nitrite Using Work Reactions

analysis are used to determine enthalpies of formation at 298.15 CHNO,
K. cis-CH;ONO
species reacn 1 reacn 3 reacn4 reacn 2
Ill. Results and Discussion CBS-QB3 —18.01 —-17.51 —-17.75 —15.54
. . . . CBS-APNO —17.13 —17.66 —17.48 —15.64
Enthalpies of formation of the title compounds are determined g3 —17.96 —17.81 —17.70 —15.74
using two atomization work reaction schemes and by isodesmic mean —17.67+0.27 —15.64+ 0.10
work reaction schemes. We consider the final enthalpies from experiment —17.86+ 0.15" —15.64+0.2%°

the isodesmic reaction analysis as the more accurate data because

of the cancellation of residual computational errors. Table 1

—19.3+ 0.3

a2 The cis form is the most stable isomer of GAINO and is used

lists available experimental values and our evaluated data forfor evaluations-see text.

the AHi%gg Of reference compounds used in the isodesmic
reaction analysis. Comparative results of this analysis are
presented in Table 3 and 4 and are discussed in section 111.1. ll.1. A¢H%ggfrom Isodesmic Work Reactions.A number

Heats of formation for target compounds calculated by two ©f isodesmic work reactions were employed in this procedure
atomization (ARM-1 and ARM-2) and a formation reaction ~With the chemistry (structures) of reactants and products
(FRM) methods are listed in Table 6 and are detailed in sections closely matched in order to benefit from the cancellation of
1.2 and 1.3 and the Appendix. Bond energies are tabulated €rrors, which are inherent in nonexact quantum mechanical
in Tables 7—9 and critically analyzed in section 11.4. calculations.

In general, the enthalpies of formation determined by two  Methyl Nitrite and Nitromethane. The enthalpies for
atomization reaction schemes are in very good agreement withmethyl-derivatives at 298 K were calculated using thermo-
the available experimental data and our recommended valueschemical data for nitric acid and two nitrous acid isomers
from the isodesmic reaction analysis. HNO, and HONOeis (reactions +3) together with well-
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TABLE 4: Calculated AfH°/kcal Mol of Nitroethane and
Ethyl Nitrite Using Work Reactions

C,HsNO, cis—transC;HsONO
species reacn 5 reacn 6 reacn 7 regcn 8

CBS-QB3 —25.05 —25.14 —23.49 —23.54
CBS-APNO —25.01 —25.15 —23.45 —23.55
G3 —25.00 —25.01 —23.74 —23.70
mean —25.06+ 0.07 —23.58+0.12
B3LYP/6-31G(d,p) —25.19 —24.81 —23.20 —-22.77
CBSB7 —25.59 —24.82 —23.20 —22.88
experiment —24.384+ 0.3" —25.95

—23.534+0.351

—22.7+0.341

aThe ds—trans conformer is the most stable isomer ofHEONO
and is used for evaluationsee text.

TABIIE 5: Formation Enthalpies for aci-Species (kcal
mol—1)

reacn 9 reacn 10
species CH=N(O)OH CH;CH=N(O)OH
CBS-QB3 —3.95 —-13.75
CBS-APNO —-3.13 —14.57
G3 —-3.27 —14.43
mean —3.45+0.44 —14.25+ 0.44

established reference compounds such as ethane, dimethyl ethe

..., etc.as shown in Table 1:
CH,CH; + HONO, < CH;NO, + CH,OH 1)
CH,OCH, + HONO<is < CH,0ONO-cis+ CH;OH (2)
CH,OCH,; + HNO, < CH;NO, + CH;OH 3)

Reaction 2 was used to determine a formation enthalpy for
methy! nitrite of —15.644= 0.10 kcal mot?, which is in excellent
agreement with an experimental value-615.64+ 0.20 kcal
mol~1,%3 Table 3. This result was then useid isomerization
reaction 4 for nitro to nitrite isomers (Figure 1)

CH3;NO, < CH,ONO-cis 4)
to additionally determine a value for nitromethane.

The final heat of formation for nitromethane, averaged over
all three multilevel computations from reactions 1, 3, and 4, of
—17.674+ 0.27 kcal mot1, is in very good agreement with the
experimentally determined value 6fL7.86+ 0.15 kcal moft.4!

It differs considerably from the more recent value by Knobel
et al®1bof —19.3+ 0.3 kcal mof?! (Table 3). The data presented

Asatryan et al.

difference can be attributed to the MP2 geometry used in these
single point calculations, while according %the B3LYP
functional used also in CBS-QB3 method provides better
geometry parameters for simple nitrocompounds than CCSD-
M.

Nitroethane. The isodesmic reactions 5 and 6 were used for
the enthalpy of formation of nitroethane:

CH,CH,CH, + CH,;NO, <> CH,CH,NO, + CH,CH, (5)
CH,CH,OH + CH,NO, <> CH,CH,NO, + CH,OH  (6)

These reactions were chosen as they conserve groups and
use well-defined hydrocarbon and alcohol reference compounds
along with the nitromethane (see Table 1). The averagett
for nitroethane of-25.064+ 0.07 kcal mof! is in excellent
agreement with the-24.81 kcal mot! recommended by an
authoritative source'® A value of —24.48 kcal mot! can be
derived using the 34.4 kcal mdl mean value from NIST
Webbook data for liquid-state EtN@34.4+ 0.1, 34.32+ 0.26,
33.484 0.3 kcal mot?) and theAH(vaporization)= 9.94 kcal
mol~ from ref 51d.

Ethyl Nitrite (Ethyl Ester of Nitrous Acid). The isodesmic
approach was used here in choosing work reactions 7 and 8:

)
CH,CH,CH, + CH,ONO < CH,CH,ONO-cis—trans +
CH.CH; (7)

CH,CH,0OH + CH;ONO < CH,CH,ONO-cis—trans +
CH;OH (8)

The two complete basis set (CB$ and Gaussian type
multilevel methods are fully consistent with each other showing
excellent precision, as illustrated in Table 4. This supports the
reaction analysis method and the enthalpy values recommended.
The AfH°(298 K) = —23.58+ 0.12 kcal mot! (see Table 4)
is 2.3 kcal mot? higher than the only available literature value
of —25.9 kcal mot1.30

CH3N02 vS CH3ONO and C2H5N02 vS C2H5ONO. These
theoretical methods consistently predict that RNOmore stable
than RONO, where R is an alkyl group. In the case of the methyl
compound we compute a difference of 15.64(— 17.67)=
2.03 kcal mot?, in good agreement with the experimental result
of 2.07 kcal mot?! derived from recommended values by Cox
and Pilcher in their comprehensive reviéwEarly studies in
1986 by McKee using MP2/6-31G(d) calculati®asso showed
CH3NO, to be more stable than GBNO, but by 5 or more
kcal mol™.

here on nitromethane are dependent on our previously reported The computations for the ethyl derivatives consistently show

values for HONO and HN@! and we feel this provide support
and validation for our complete data set.
The range in the calculated{H° values across the work

reactions used for nitromethane is only 0.50, 0.53, and 0.26 for

the CBS-QB3, CBS-APNO, and G3 methods respectively. By

that the nitro isomer is more stable than the nitrite by some
1.48 kcal mot?. This is in contrast to the literature values, which
suggest the nitrite is more stable by %4 kcal mof ™.

We identify and report enthalpy values on the most stable
isomers: ciss=CH3;ONO, andcis—trans-Co;HsONO (Figure 1);

contrast, the mean values from the two atomization methods ofthat is the global minima on the conformation hypersurfaces

—18.84 1.1 and—18.6+ 1.1 kcal mof? are significantly lower
(ca.0.9 kcal mof?), relative to the isodesmic reaction results.
We note that high level single-point CCSD(T)/aug-cc-pVnZ
(n=D, T, Q) calculations by Gutowski and co-workers based
onan optimized MP2/aug-cc-pVTZ geometry lead Bl°qg CHs-
NO,) = —16.5 kcal mot1;8 this included a small correction to
the partition function of-0.2 kcal mot™ to allow for hindered
rotation. Energy refinements at single-point CCSD(T)/aug-cc-
pV5Z and extrapolation to the complete basis set limit yielded
a higher enthalpy of-16.3 kcal mot! compared to experimental
data of—17.86' and—19.3 kcal mol1.51° Presumably, such a

are used for the evaluation of nitrite derivatives.

cis-trans EtONO / O\ N=0

CH3NO; s CoHsNO,. The difference in formation enthalpies
between nitromethane and nitroethane is computed at 7.39 kcal
mol~%, which is close to the experimental data of 6.52 kcal
mol~1 where both values come from the same group and
experimental methotP. Values recommended by Cox and
Pilchef! are—17.86 and-24.38 kcal mot?, respectively, Table
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TABLE 6: Heats of Formation at 298 K Computed by the Atomization Reaction (ARM) and Formation Reaction (FRM)
methods (kcal moi?)

species methdéd CBS-QB3 CBS-APNO G3 mean experiment

ARM-1 20.76 22.04 21.80 21.580.7 21.76+ 0.02°
NO ARM-2 20.89 22.17 21.93 21.660.7

FRM 20.82 20.21 21.72 20.920.8

ARM-1 6.02 6.39 8.13 6.85 1.1 8.12+0.02°
NO, ARM-2 6.27 6.64 8.38 71811

FRM 6.53 5.98 6.35 6.2% 0.3

ARM-1 24.61 26.11 26.41 25.74 0.9 25.6+ 0.6
HNO ARM-2 24.73 26.24 26.53 25.880.9

FRM 25.22 25.04 26.02 25.4830.5

ARM-1 —20.17 —18.73 —17.92 —18.94+ 1.1 —18.87+ 0.2%
transHONO ARM-2 —19.92 —18.48 —17.67 —18.69+ 1.1

FRM —19.09 —19.85 —18.54 —19.16+ 0.7

ARM-1 —19.81 —18.26 —17.35 —18.47+ 1.2 —18.34+ 0.2
cisHONO ARM-2 —19.56 —18.01 —17.10 —18.22+ 1.2

FRM —18.74 —19.27 —18.06 —18.69+ 0.6

ARM-1 —12.30 —10.54 —9.98 —10.94+ 1.2 —10.94 0.1%0P
HNO, ARM-2 —12.05 —10.29 -9.73 —10.69+ 1.2

FRM —11.23 —11.91 —10.35 —11.16+ 0.8

ARM-1 —35.21 —32.99 —31.70 —33.30+ 1.8 —32.1+0.1%°
HONO, ARM-2 —34.84 -32.61 —-31.32 —32.92+1.8

FRM —33.69 —34.18 —32.51 —33.46+ 0.9

ARM-1 —-17.78 —16.92 —15.55 —16.75+ 1.1 —15.64+ 0.26°
cissMeONO ARM-2 —17.58 —16.72 —15.35 —16.55+ 1.1

FRM —15.62 —16.30 —17.07 —16.33+£ 0.7

ARM-1 —19.89 —18.75 —17.68 —18.77+ 1.1 —17.86+ 0.15%
MeNO;, ARM-2 —19.69 —18.55 —17.48 —18.57+ 1.1

FRM -17.73 —18.14 —19.20 —18.36+ 0.8

ARM-1 —25.10 —24.72 —22.98 —24.27+ 1.1 —25.95
cis—transEtONO ARM-2 —24.95 —24.57 —22.83 —24.12+ .1

FRM —21.87 —23.68 —24.09 —23.21+ 1.2

ARM-1 —26.75 —26.55 —24.81 —26.04+ 1.1 —24.38+ 0.3%
EtNO, ARM-2 —26.60 —26.40 —24.66 —25.89+ 1.1

FRM —23.52 —25.52 —25.92 —24.994+ 1.3
NH,CH,COOH ARM-1 —94.32 —92.68 —93.93 —93.64+ 0.8 —93.3+1.1472
glycine ARM-2 —94.17 —92.53 —93.78 —93.49+ 0.8

FRM —91.08 —92.89 —93.79 —92.59+ 1.4

ARM-1 —15.91 —14.82 —13.17 —14.63+ 1.4
aci-NEt ARM-2 —15.76 —14.67 —12.92 —14.45+1.4

FRM —12.67 —13.79 —14.18 —13.55+ 0.8

ARM-1 —6.14 —4.18 -3.25 —452+15
aci-NMe ARM-2 —5.94 —3.98 —3.05 —450+1.3

FRM —3.98 —-3.57 —-4.77 —-4.11+ .6

a For explanations of differences between ARM-1, ARM-2, and FRM methods, see the text and the AppErdiyated valuet Glycine is an
isomer of nitroethane (EtNfand presented here for comparison.

TABLE 7: Bond Dissociation Energies of Methyl Nitro Compounds (kcal moi™)

species ChH-NO, cis-CH;—ONO cis-CH;0—NO H—CH,NO,
CBS-QB3 61.52 59.41 42.27 101.3
CBS-APNO 59.94 57.87 42.61
G3 59.70 57.81 41.59 101.1
mean 60.39: 0.99 58.36+ 0.91 42.16+ 0.52 101.2+014
experiment 60.5%059.49 60.1%2 57.74 41.76° 107.51
MCSCP 54.490
QCISD 51.1%0
CCSD(Ty 58.3 38.5¢
ccsp 58.557
CCSD(T} 59.243 39.23 102.93
G2MP?Z 61.94
MRCI 604 271

2 Basis set 6-311+G(2d,2p).? Basis set 6-311G(d,py.Basis set CCSD(T)/6-3HG(3df,2p)//B3LYP/6-313+G(3df,2p). Basis set cc-pVDZ.
e Basis setransCH;ONO, while thecis-isomer is more stablé.G2MP2//B3LYP/6-31%+G(2d,2p)

1. Methanol and ethanol might be reasonable comparison The correspondingansform appears to be a transition state

molecules where the respective enthalpies -a48 and—56 on the potential energy surface with a 97 @nimaginary
kcal mol1, a difference of 8 kcal mof. frequency associated with rotation about the@®H bond. This
aci-Nitromethane CH,=N(O)OH (Methane Nitronic Acid). trans structure is less stable than tbis tautomer by 6.56 kcal

The structure Ck=N(O)OH has the HO—N—O0 fragment in mol~1, which is the barrier height for rotation about the-®H
a cis orientation as the stable form of methane nitronic acid bond. The added stability of thas form is because of ©-
(aci-nitromethane); see Figure 2. H—0 hydrogen bonding.
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TABLE 8: Bond Dissociation Energies for Nitroethane andcis—trans-Ethyl Nitrite (kcal mol —1)

species GHs—NO;, cis—transC,Hs—ONO cis—transC,HsO—NO
CBS-QB3 62.88 60.77 41.65
CBS-APNO 61.09 59.25 42.65
G3 61.88 60.05 41.93
mean 61.95+ 0.89 60.02+ 0.76 42.08+ 0.52
experiment 60.8 42.0+ 1.3242.322
G2MP2 45,43
CBS-Q 60.79 4453
CCsDh#? 59.727

acc-pVDZ basis set

TABLE 9: Bond Dissociation Energies for aci-Nitromethane (kcal mol~1)

species CBN(0)—OH CHN(OH)=0 CH;=N(O)OH CHN(O)O—H H—C(H)N(O)OH
CBS-QB3 50.42 66.90 81.09 87.55 119.25
CBS-APNO 49.48 68.82 79.77 87.22 119.02
G3 49.26 67.85 78.40 86.70 118.81
mean 49.72+ 0.62 67.85+ 0.96 79.75+ 1.35 87.15+ 0.43 119.03t 0.22

The enthalpy of formation of methane nitronic acid at 298 K respectively and they are more stable than corresporating
was evaluated using the isomerization work reaction to ni- forms by 12.5 kcal mol* at the CBS-QB3 level.
tromethane: Below we discuss the results of enthalpy calculations at 298
K using the alternative formation (FRM) and two atomization
CH,=N(O)OH < CH;NO, 9) reaction (ARM-1 and ARM-2) methods for comparison.
. . ) . ) . I1.2. AfH%gg via Formation Reaction Energies. One
In conjunct|on1W|th our value for nitromethane, is 3.45 + relatively straightforward calculation scheme for heats of
0.44 keal mot” (Table 5) ‘i"h'Ch is a mean value of3.95, formation of a molecule is the formation reaction method
—3.27, and-3.13 kcal mot™ at the CBS-QB3, G3, and CBS- (gp\) AH(298+0) schematically described in Table 2. The
APNO levels, respectively. The atomization procedure leads t0 FrM method computes enthalpy of the formation of target
—4.52+1.47 kcql moTl,. (s_ee Table 6yide infra). Note that molecules at 298 K from elements for whighH°(298.15K) is
Fh;aﬁheat of formation oalu-nl'trometha}ne;ao Kwas evaluated  5qqigned to be zero. For systems including condensed phase
in"> as —1.17 keal mot™ using atomization lprocedure atthe  carhon atoms (see Table 6) we have added vaporization energies
G1 level, which we convert te-4.38 kcal mol " at 298 Kusing o ¢ atoms equal to the formation enthalpies by opposite
a—3.21 keal mot temperature correction frpm GNO,. sign as recommended byPi(see also Table 1). The results on
Tble heat of formation ofaci-nitroethane is—14.33 kc?l heats of formation we present in Table 6 are for comparison
mol™, using the work reaction 10 below, ard 5.84 kcal mof with the results of atomization scheme calculations discussed
using the atomization energy procedure; both calculations arep 15w The FRM results often show higher differences (one or
at the CBS-QB3 level: more kcal mot?!) from the experimental data fax;H%gg and
— — - — the values calculated by atomization and work reactions.
CH,~CH=N(O)OH + CH;=CH, =~ CH, N(O)OEJF The FRM differences aI)s/o tend to increase for the larger
CHCH=CH, (10) molecules.

aci-Nitromethane is predicted to be less stable than ni- l11.3. AjH®205 via Atomization Reaction Energies.Atomi-

tromethane by 14.25 0.44 kcal mof! (mean of CBS-QB3 zation reactions are the most common method used by com-

G3, and CBS-APNO calculations, 13.75, 14.43, and 14.57 kcal Putational chemistry researchers to determine enthaipy of
mol1, respectively). There is agreement with the results dfG1 formation; here enthalpies are computed from the calculated

and G2MP2* calculations where the respective difference of AHpq and the ex.perimental (krpwn) enthalpigs for constituent
14.1 and 14.7 kcal mot is reported: but we are not in atoms?%5953|n this study we utilize and describe two schemes

agreement with Murrell et a¥$ who reported a value of 21.9 to evaluate the heats of formatiofH®z0s with the atomization
kcal mol~! using MP2/6-31G(d). Our result from the B3LYP/ reaction methods (ARM-1 and ARM-2).

6-31G(d,p) level of theory is 14.71 kcal md) which supports ARM-1 uses:

the 14.25 kcal molt value. eCalculated values af¢H of the atoms and molecul&H(M)
The small energy difference between the ta@-nitro and at 0 K. o ]

nitromethane tautomersy14.5 kcal mot?, suggests that C- «CalculatedAiHnn at 0 K (atomization reaction).

substitution of nitromethane can lead to enhanced tautomerism. *Experimental (literature) values @H° of the atoms at 0
We find that this value is sensitive to substitution of the alkyl K.

group. Calculations for EtNOand MeCH=N(O)OH at the eThermal corrections (298 K) for the atoms from experiment.
CBS-QB3 level reduce the energy difference to 10.9 kcafnol eThermal corrections for the molecule from calculation.
between the two isomers. This is consistent with the semiem- ARM-2 uses:

pirical MINDO calculations of Salim and Khaf that show eCalculated values ak¢H of the atoms and moleculgH(M)
methyl substitution stabilizes treei-form of nitromethane more  at 298 K.

than the nitro form. eCalculatedAsHx at 298 K (atomization reaction).

Results from our composite method calculations demonstrate eExperimental (literature) values afH° of the atoms at 298
that nitro alkanes are more stable than corresponding nitrite K.
isomers as expressed in Tables 3, 4, and 6. Methyl and ethyl eThermal corrections (298K) for the atoms and molecule used
nitrites are less stable than nitro forms by 2.1 and 1.7 kcattol  in AfHixn at 298 K from the Gaussian code.
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Figure 1. Nitroalkanes and alkyl nitrites.

The ARM-1 and ARM-2 methods are described in Table 2 when using the ARM-2 method and atom enthalpies, again in
and example calculations are in the Appendix for each of the 0.1-0.4 kcal moi? range.
employed methods. The CBS-QB3 calculated values are more accurate when the

Enthalpies of formation at 298 KAfH%gg as evaluated by ~ ARM-2 atomization reaction method is utilized. In general, the
the two atomization schemes are reported in Table 6 for 14 CBS-QB3 values from atomization reactions result in lower
molecules (the six target molecules of this study) plus eight enthalpies compared to CBS-APNO, G3, and experimental
additional HN,O, species for added evaluation with literature. data.

Data in Table 6 illustrate that enthalpy values from the = CBS-APNO is our highest level theory based on QCISD/6-
ARM-1 method consistently result in slightly loweX:Hgg 311G(d,p) final geometries and the enthalpy data g@steriori
enthalpies (from 0.1 to 0.4 kcal md), relative to the ARM-2 more consistent for the seven smaller molecules. The mean
The accuracy of the G3 calculated enthalpy values, from deviation for the first seven MyO.species is 0.19 kcal mol
comparison to the evaluated enthalpies of the seven referenceor the AH{(ARM-1), even with a 1.7 kcal mol deviation for
HxNyOmolecules, is clearly best from the ARM-1 calculation NO.. A larger deviation of 1.9 kcal mot occurs with theAH;-
method. The G3 method overestimates the recommended value$ARM-2) values. Both atomization methods with CBS-APNO
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aci-CH3NOx(cis) aci-CH3NOs(trans)
Figure 2. Aci-Form nitroalkanes at CBS-QB3 compositéz., B3LYP/6-311(2d,d,p) level.
result in enthalpies that are several tenths of a kcaf#iugher puted heats of formation of the molecule, the constituent atoms
than the experimental values, with the major exception being (as reaction products), and the heat of reaction at 298 K.
NO.. Enthalpies of formationAsH%gg evaluated by the two
Atomization Results for Target Methyl and Ethyl Nitro- methods are presented in Table 6 for target molecules of this

gen Oxides.The results for the four target methyl and ethyl study plus an additional sevend|,O, reference molecules. In
nitro /nitrite molecules in this study are evaluated against the principle, these two methods are identical and should lead to
experimental data for nitromethane and methyl nitrite. Akk°- the same results by definition; however, in practice there is often
(298) data of-25.1 kcal mot* for nitroethane ane-23.6 kcal a difference depending on the selected experimental or theoreti-
mol~! for cis-ethyl nitrite obtained in this study is evaluated cal parameters for the thermal energies. We find the errors from
for the corresponding ethyl moieties, (see work reaction data the atomization analysis to be 8:2.4 kcal mot, and additive.
Table 4). The G3 method with ARM-1 values shows the closest The errors will be higher for larger molecules. The main error
overall agreement with a mean deviation of 0.24 kcal thol  in the ARM-2 results is judged to result from omission of
for the four carbon NQspecies. The mean deviation with the  contributions from low-lying electronic levels in the carbon and
ARM-1 parameters is 0.5 kcal mdi (overestimation). The  oxygen atoms (as well as S, B, F, Cl, Si, Al, etc.). The ARM-2
CBS-QB3 again shows good agreement with the ARM-2 atom methoduses theoretical values for atoms at 298 K from Gaussian
values with a mean variation 6f0.42 and+ 1.88 kcal mot* outputs, which omits the electronic component of the integrated
for the NIST data set. heat capacity. Gaussian assumes that the first electronic excita-
CBS-APNO calculations span the recommended values tion energy is much greater than (thermal eneigy) and the
equally with a+1.2 and—1.1 kcal mot! mean deviation for first and higher excited states are inaccessible at any temperature

the respective methods. (see e.g., ref 50b). As a result, the electronic heat capacity and
In general, we conclude that the results of three composite the thermal energy due to electronic motion are both zero.
methods are close to each other. The small increadgHfqg Systematic corrections have to be added (by the researcher) to
from AH°(ARM-2) parameters of 0.2 kcal mdl over AsHe- heats of formation of such atoms at 298 K. For examja}el°-
(ARM-1) slightly enhances the discrepancies between theory (298.15K) for oxygen and carbon atoms have to be corrected
and experiment. by +0.126 and—0.05 kcal mot?, when using data presented
Differences in A¢fH%gg from the ARM-1 and ARM-2 in Table 1 (see Appendix for details). Note that for the carbon

Methods. The first atomization reaction scheme (ARM-1) is atom we used an improved experimental valueAgfi®gs =
based on calculated heats of formation at zero K with the 170.11 kcal mot*, recently reported by Ruscic and co-
inclusion of thermal enthalpy increments (this is a commonly workers®* With these corrected atom energies, one can use
used method:; it is recommended in Gaussian tutorials and related>aussian outputs at 298 K (directly) and the ARM-2 method
publicationg®®). The ARM-2 scheme is similar to the work  via a conventional work reaction approach.

reaction approach in this study, but uses atoms in place of The results of atomization procedure strongly depend on the
molecules for products (see section Ill.1). ARM-2 uses com- empirical parametersA¢H° atoms, AHy) utilized and the
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accuracy of atomization energy calculation within the given 1V. Conclusion
scheme. Calculation errors are different in value depending on
the method chosen and the systematic fluctuations can be
corrected using more complicated scaling schemes. The com-
posite quantum chemical methods include core/valence and
atomic spin-orbit effects, in addition to corrections implicitly
included via the “higher order correction”. However, they
neglect scalar relativistic effects, which can be as large-ds 1
kcal mol? for larger and branched hydrocarbons with these the lone experimental value.

NOx moieties. In general, nitro alkanes are more stable than corresponding
l1.4. Bond Dissociation Energies. The determination of  nijtrite isomers. Methyl and ethyl nitrites are less stable than

bond dissociation energi®sallows the identification of the nitro forms by 2.1 and 1.7 kcal mol respectively, and they

weakest bonds in molecules and this enables the evaluation ofare more stable than correspondiagi-forms by 12.5 kcal

initiation reactions that are important for kinetic modeling. mol1. Enthalpy and bond energies faci-nitromethane and

Bond energies are reported from the calculated difference of aci-nitroethane are reported for the first time. The establishment

the respective reaction enthalpy, where the enthalpies of of firm enthalpy values for the methyl and ethyt-nitro

parent molecule and product species are calculated in thiscompounds provides a basis for future work on the higher

study; the data correspond to the standard temperature of 298.1%omologues.

K. Carbon-nitrogen and carbonoxygen bonds in the nitroet-
The mean value obtained for RMO, bond dissociation in hane and ethylnitrite area. 2 kcal mol-! stronger than in the

nitromethaneD(HzC—NO,) is 60.394 0.99 kcal mot?. This corresponding methyl species and RRO bonds are similar

is in excellent agreement with the experimental data (60.59, in both systems at 42 kcal mdl

59.4, and 60.1 kcal mot, see Table 7) and the recommended A set of thermal corrections to atomic enthalpi¢DeK is

by Luc? value of 60.8 based mainly on an earlier revigand developed and for use of a direct atomization calculation of

the more recent work by Miroshnichenko et5&lSeveral enthalpies at 298.15 K using computation outputs at the same

calculated values are also in reasonable agreement with outemperature for carbon, nitrogen, oxygen, and hydrogen contain-

data: 58.%,61.924and 58.55 kcal mof.2” The RC-NO, bond ing molecules.

in nitroethane is slightly stronger at 61.95 kcal molin

moderate agreement with an experimentally based value of 60.8  Acknowledgment. We acknowledge the US Army Research

kcal mol, as listed in Table 8. Office, Grant Nos. W911NF0410120 and W911NF0710106,

. administered under Robert Shaw, the New Jersey Institute of

F?{ DO(.MeO .NO)’ our computed valye of 42.160.52 keal Technology Ada C Fritts Chair, and ExxonMobil Corporate

mol~? is in satisfactory agreement with the 41.8 kcal mol . . . .

. - . . Research and Engineering for partial support of this work and
derived from pyrolysis experllmen.ts .by Batt and Mif#.The a EU Marie Curie Transfer of Knowledge grant (MKTD-CT-
EtO_—ll\_IO computed bond dissociation energy Of. 42.08 k_ca_l 2004-517248) at the National University of Ireland, Galway.
mol~! is almost the same as for the methyl species and is in
excellent agreement with the only experimental value of 42.0
+ 1.3 kcal motl; see Table 8. o _ _

Unfortunately there are no reliable experimental values 'Atomlzauon Analysis for Enthalpy ,Of Fprmatlon at a
available forD(R—ONO) although Beigersbergen et al. esti- CiVen Temperature, e.g., 298.15Kfor simplicity we use 298
mated it at 2.5 eV or 57.7 kcal mdifor R = Me while studying K =~ 298'1_5 K in the equations below). The atomization
the fragmentation of neutralized radical cations of nitromethane procedure includes a hypothetical, balanced reaction for the
isomers3* Hence, our computed value of 58.36 kcal niois target molecule, such agi; = 2C + 6H or HNO=H + N
probably the most reliable (Table 7). The corresponding ethyl + O, where all species are in the gas phase.

compound is calculated to have a stronger@bond at 60.02 th 'Thte ab;olute enihzlp){ ngthe target molecule and each of
kcal moll; see Table 8. € atoms IS computed a :

. i «This data is used to calculate the enthalpy of reachibin,-
Literature values show a variance of 11 kcal midior the Py Bl

S sp (0 K), which is the theoretical (calculated) value of the
C—H bond in nitromethane. Knobel et&kreported 107.5kcal  515mization enthalpy of a reactant molecule at given temperature
mol~2, which is considerably higher than the 97.4 kcal ntol (OK here):
of Bordwell and SatisH¢ derived from electrochemical mea-
surements. Miroshnichenko et al. also report a low value of 96.3 AH_ (0 K) = SHoroduet atom© K) — Hreactant motecu® K) 0)

kcal moi~1.58 Our calculated number of 101.2 kcal mbbridges

the above data, Table 7. «To find the enthalpy of formation of the target molecule,

We have also determined theoretical values for dissociation AH;(M, 0K), one uses the calculatéH (0 K) and the known
energies of the molecular systems studied here to radicals(from experiment or evaluated theoreticaltyjte(A, OK) values
CoHsO* (X22) and*NO (X2I0) in their doublet ground states.  of each atom &0 K in eq | above.

The computed enthalpies of formatiefa isodesmic work
reactions and bond dissociation energies for nitromethane and
methylnitrite are in satisfactory agreement with the limited
experimental data available. Recommended valuessldP,gs
for nitroethane and ethylnitrite follow the relative trend of the
corresponding methyl system a25.1 and—23.6 kcal mot?,
respectively, where ethyl nitrite is by 2.3 kcal mbhigher than

Appendix

Experimental data range from 35 and 46.8 kcal Thelith the eTo convert thisAH; (M, OK) into a AH¢ (M, TK) at some
most recent value of 42.32 kcal mé°? our average value is  temperature, typically 298.15 K, one adds the temperature
42.1. correctionsT, to each of the products and reactants resulting in

Bond dissociation energies for thaci-tautomer of ni-
tromethane are evaluated and presented in Table 9. One camf\Hx,(298K) = (ZH 504 OK) + =T 104 —
see that OH-detachment requires ocdy50 kcal mott energy (ZH reactOK) + =T react)
while other decomposition pathways are not energetically
unfeasible. whereT, is the thermal correction from 0 to 298.15 K.
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The T, values are determined from statistical mechaPfles, at 0 K, A{H(A, 0 K), and then tie 0 K enthalpy of formation
and the properties of molecule(s) and atom(s), which are derivedof the target molecule converts to 298 K.

from the calculations. Simplified Atomization Reaction Method for Enthalpy of
Temperature dependence of enthalpy includes the integrated=ormation (ARM-2) or AH¢(298+tc'). In this study, we also
heat capacity term utilize an alternate atomization methodH;(298+tc"), which
is a direct atomization calculation method ARM-2 using
AHr = AH, + fT C(T) dT (I computed absolute enthalpy values for molecules and for atoms
o P at 298 K. This is a more convenient approach as shown in eq
A4,

which is the enthalpy incremenAH(M) — > AHr(elements).
It is common to takeAH(A) corrections for atoms from AHOM. 298 K) = SA.H(A. 298K) — S D.(M. 298K Al
experiment,T; exp{A), while AH(M) is computed. HM, ) HA ) oM. ) A4

Contributions toAH(M) come from translation, rotation, Atomization energies (eq Al) are computed using enthalpy

vibration, and electronic motions. For general case of nonlinear ¢ .o tion at 298 K (in place df) and experimental heats of
polyatomic molecules, translathnEtXand rota_nonallEq terms formation of constituent atoms at the same temperature, 298
are equal td/;RT at theE, = 0 (vide infra), while contribution K

from molecular vibration is The ARM-2 schemeAH;(298+tc’) computes atomization

1 enthalpy 40 K and then converts it to 298 K using(M) =
E,=R20,{7/,+ 1(E®,/T-1)- 1)} H29e(M) — Ho(M) of the target molecule ant'(A) = Hage(A)
— Ho(A) for the isolated atoms (upper set of parameters in Table
where®,; = hvi/kg is a characteristic vibrational temperature 1) This 298 K atomization enthalpy is then used to determine

(©,i/2 is the zero point vibrational energy) from eath  enthalpy of formatiom\{H°(M, 298 K) by using the enthalpies
vibrational mode. In the example analysis below, results from of formation of the atoms at 298 KH°(A, 298 K).

the Gaussian code are used with low-frequency modes included The results of two approaches should be the same by

in the computations. Some of the low-frequency modes may gefinition but they can differ depending on the theoretical values
be torsions for internal rotation. These internal rotors can be for the atom temperature corrections and/or the experimenta|
treated separately, for more accuracy by Gaussian or specialajues for these parameters employed (Table 2). The ARM-1
computer codes such as Rotator or \fB. method relies upon enthalpies of atoms at AAKA°(A, 0 K)
Traditional Atomization Reaction Method for Enthalpy derived from elements and corresponding temperature correc-
of Formation (ARM-1) or AHj(o+tc). The atomization ap-  tions. ARM-2 uses experimental values of the heats of formation
proach identified here as ARM-1 and recommended in Gaussiangf atoms at 298 KAHO(A, 298 K), usually from NIST or
tutorials and related publicatiof#$°>3is as follows: CODATA or other evaluation, and the calculated enthalpies of
«The atomization energies; Do(OK)are computed for all  molecules and atoms at the same temperature.
atoms “A” and respective molecules “M” using calculated Examples of the Two Calculation Methods.The 0 K
electronic energies and zero-point energy corrections (theoreticalenthalpies (ARM-1), and enthalpies at 298 K (ARM-1, ARM-
values at 0 K): 2) are determined using atomization energy of HNO molecule
calculated at the CBS-QB3 composite level of theory, in order
to illustrate the difference between the two approaches. The
example calculation also permits some analysis on the impor-

sEnthalpies of formation for moleculesH(M, 0 K) are tance and value of the temperature corrections in the estimation
then computed using experimental (known) enthalpies of gchemes,

formation for atoms &0 K (see Table 2 and discussion below) Scheme ARM-1 or AH¢(o+tc).
and the atomization reaction energy from eq Al.

2D (M) = ZEy(Theor, A)— Ey(Theor, M) (A1)

AH(HNO, 0 K) = AH(H, 0 K) + AH(N, 0 K) +
AH(0, 0 K) — D (HNO, 0 K)

Formation enthalpies at 298 K are computed as =51.6336+ 112.534+ 58.987—
2Dy (HNO, 0 K)

AH(M, 0 K) = SAHA, 0K) — SD (M, 0K)  (A2)

AHM, 298K) = AHM, O K) + T, .. M) — ST, . o{A) (A3)
f f cead sl = —223.197— 5D (HNO, 0 K) kcal mor?
whereT.cadM) = Ho(M, 298 K) — Ho(M, 0 K) is a theoretical ) . .
value of the temperature correction parameter (thermal energyWhere >Do(HNO, 0 K) is a theoretical value of atomization
content) for a molecule. The, exp(A) = HO(A, 298 K) — Ho- energy at 0 K, (heat of atomization reaction calculated at 0 K).
(A, 0 K) values are the experimental values for the constituent
atoms in their reference states. A set of recommended temper-
ature corrections for atoms is listed in Table 1 (second set). . .
One can see that they are derived from corresponding values d-l(;o dr:atermme thedheat of formation of HNO at 2f98 K, IoneI
for elements in their standard states. For atoms of interest they® dS tbe correipon N9 'Fempferature C(.)rrectlons or molecule
have correspondingly modified from gaseous elements: H and subtracts the corrections for atoms:
(2.024), N (2.072), Q (2.075)# For C atoms represented by o _ o
graphite with a solid reference state, it is equal to 0.25 kcal AH(HNO, 298 K)= AH(HNO, 0 K) + T, {HNO) —
mol1. Tc(H) - Tc(N) - Tc(o) (5)
This AH¢(o+tc) method is outlined by Curtis et & 5%aand _ o B
it is commonly used (Table 2). The method computes the 0 K = AH(HNO, 0 K) + Te.cad HNO) ,
atomization enthalpy, converts it to the enthalpy of formation ZT(X)

AH°(HNO, 0 K) = 223.157— 197.84= 25.317 kcal mol*



Thermochemistry of Organic Compounds J. Phys. Chem. A, Vol. 112, No. 14, 2008183

where the sum is over all atoms. calculated difference between experimental dataAdi°(298
K) and AsH°(0 K) for respective atoms.
TecadHNO) = 627.5095 AH_,;(HNO, 298 K) — Data for the other atoms:

AH_,(HNO, 0 K)}

T(N)=1.04 and
= 627.5095 -130.319502+ 130.323285)=

TecadN) — T/(N) = 1.4811— 112.97+ 112.53=

This sum is the calculate@,(M) value for molecule. T(0)=1.04 and
Te(H), T(N), and T(O) are derived from corresponding TecadO) — T, (0) = 1.4811— 59.555+ 58.99=

elements in their standard stategdé infra) experimental
corrections for atoms H, N and O, respectively, Table 1.
The resultingAfH°(HNO, 298 K) = 25.317+ 2.384— (1.01 T(C)=0.25 and

1.4811— 0.565= 0.917 kcal mol*

+ 1.04 + 1.04) = 25.32 — 0.703 = 24.61 kcal mof! cf. TecadC) — TJ(C) = 1.48— 171.29+ 169.98=
experimentdf 25.6 kcal mot™. 1.48— 1.31= 0.17 kcal mol™.
Scheme ARM-2 orAH;(298+tc’). At 298 K, the following
holds: where the data for carbon atofg(C) = 0.25 kcal mot?, and
o o o o using the CODATA value foAH:° (C, OK) of 169.98 kcal mot
AH'(HNO) = AH(H) + AH(N) + AHY(O) — s for 0 K and AH{%(C, 298K) = 171.29 kcal mot*for atomic

2D,(HNO) (6) enthalpy of carbon atom at 298 K, one can obtain the enthalpy
correction parameter dcadC) — T¢'(C) = 1.48— 171.29+

where: 169.98= 1.48— 1.31= 0.17 kcal mot?.
B We note that use of the updated value fdt;°(C, 0K) =
3D, (HNO) = 627.509%AH_, (H) + AH_,(N) + 170.11 from Ruscic and co-workéfsn the CODATA evalu-

AH:,{O) — AH ,{HNO)} ation for the atomic enthalpy of carbon atom at 298.15 K, results

) in a new correction parametei;cadC) — T¢'(C) = 1.48 —
At 298 K, the calculation for the HNO molecule leads to the 171.29+ 170.11= 1.4811— 1.18 = 0.30 kcal mot!l. One

following results: can see the close agreement between two first atoms and
o substantial difference for the oxygen and carbon atoms.
AH (HNO, 298 K) = (52.103+ 112.97+ 59.555)— The ARM-2 or the direct methodH;(298+tc’) can be used

627.5 (-0.497457— 54.518183— 74.985278+ 130.319502) in the same manner as that for isodesmic and other work
. o _ 1 reactions, but this method requires a proper (revised) temperature
= 224.628- 199.91=24.72 keal mol correction data for the atoms. Examination of the Gaussian

Comparison of the Two Methods. To compare the two output data shows that the electronic part of integrated heat
methods and th&, parameters, one can reassemble the values capacity is not included in Gaussian output for thermochemical

for the molecule and atoms that are in right-hand side of the €N€rgies. Thédasg — Ho energy includes translation, rotation,
last equation into a sumfod K data and corresponding vibration, electronic, and nuclear contributions. Rotation and

temperature corrections to 298 K. Keep in mind that the vibration contributions equal zero for atoms and nuclear is often

corrections in the two methods can differ in value. negligible. Our values are listed in Table 1. _
The ARM-2 takes the theoretical values from Gaussian output
AH(HNO, 298 K)= AH(H, 0 K) + AH(N, 0 K) + for atoms; but the electronic part of integrated heat capacity is

not included. Gaussian assumes that the first electronic excitation
AHO, 0K) — 627.F AHgydH, 0 K) + AHg, (N, 0 K) + energy is much greater th&gT and the next and higher excited
AHg5{O, 0 K) =AH(HNO, 0 K)} + T o (HNO) + states are inaccessible at any temperd@@&his is done to
T(H) = TecadH) + TN) = TecadN) + T(O) = T 0dO) simplify the electronic partition function and include only the
electronic spin multiplicity of the molecule. The electronic heat

Finally: capacity and the thermal energy due to electronic motion are
. . both set to zero. Systematic corrections need to be added to the
AH (HNO, 298 K) = A{H(HNO, 0 K) + T, ., (HNO) — heats of formation of the atoms with these contributions at 298

X Tc,calc(A) - Tc'(A)} (1) K.
In order to obtain near identical results for both the ARM-1
where the sum is over all atoms. and ARM-2 methods some additional correctiong\phave to
Comparing data in eq 7 to data in eq 5, one can derive be employed:
interrelation between temperature corrections in two approaches. «Oxygen atomsAj(O) = 0.565—0.44 = 0.125 kcal mot?!

We note here thal(A) corresponds td¢cadA) — T¢'(A). and newA¢H°(O, 298 K)= 59.43 kcal mot! = 59.555-0.125.
The calculated values O cadH) = TccadN) = TecadO) eCarbon atomg;(C) = 0.25-0.30= —0.05 kcal mot* and

obtained from the Gaussian outputdg infra) are®,RT+ RT AHO(C, 298K)= 171.29+ 0.05= 171.34 kcal mot™.

= 1.4811 kcal mot! at 298.15 K which is the translational Use of these corrections allows a direct calculation for HNO

motion component of the- PV term in the theoretical values  that leads to the same 24.61 kcal miolormation enthalpy as

for atomic temperature correction$/,RT). The comparative was evaluatediia traditional method ARM-1 orAH:(o+tc)
temperature corrections using the NIST webbook data (Table method.

1) for these atoms, can be characterized&$tH) = 1.01 kcal ARM-2 for Larger or More Complex Molecular Systems.
mol~1 when using atom-in- element data (Table 1, set no. 2) The atomization technique is a powerful method when atomi-
andT¢cadH) —T¢'(H) = 1.4811— 52.103+ 51.6336= 1.4811 zation energies are determined correctlglé Discussion) and

— 0.4695= 1.0116 using the theoretical value along with the the calculated energy and atom energies are both accurate
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(include no systematic errors). Systematic errors do exist,

Asatryan et al.

(9) McKee, M. L.J. Am. Chem. S0d.986 108 5784-5792.

however, and for large molecules, these errors accumulate and (10) McKee, M. L.J. Phys. Chem1989 93, 7365-7369.

atomization reaction energies do not result in good enthalpy gggg

(11) Manaa, M. R.; Fried, L. EJ. Phys. Chem. A998 102, 9884-

values. One corrective measure here is to calibrate (adjust) the (12) penis, PA.; Ventura, O. N.; Le, H. T.; Nguyen, M.Hhys. Chem.
atomization energies for larger molecules with temperature Chem. Phys2003 5, 1730-1738.

corrections using established data on molecules having similar

(13) Gutsev, G. L.; Jena, P.; Bartlett, R.JJ.Chem. Phys1999 110,
41

. : . 4 :

formulations to the target species. One can use the relationships™ 1 4y jrsic, B. Sint. J. Quantum Cherml997 64, 263-269.
betwe«_en temperature correctlc_Jns in the two approaches and fit (15) Farnell, L.; Ogilvie, J. FProc. R. Soc. London. Ser. 1982 381,
their difference to the best available (accurate) data for selected443-455.

reference molecules in order to obtain a set of atom parameters

viz., “effective atomsvalues. These would substitute for the
literature “isolated atom” parameters in the application. Carl
Melius did something similar to this in his highly regarded bond
additivity correction (BAC) method in the late 1982990s%°

(16) Lammertsma, K.; Prasad, B. . Am. Chem. Socl993 115
2348-2351.

(17) (a) Khrapkovskii, G. M.; Shamov, A. G.; Shamov, G. A;
Shlyapochnikov, V. ARuss. Chem. Bull. (iz AN, Ser. Khim.R001, 50,
952-957. (b) Khrapkovski, G. M.; Shamsutdinov, T. F.; Chachkov, D. V.;
Shamov, A. GJ. Mol. Struct. (THEOCHEW2004 6, 1—-9.

(18) Turner, P. H.; Corkill, M. J.; Cox A. Rl. Phys. Cheml979 83,

These semiempirical atom parameters can implicitly include the 14731487

higher order correctiongia parametrization (fitting) to the best

(19) Wodtke, A. M.; Hintsa, E. J.; Lee, Y. D. Phys. Chen986 90,

data for molecules. Such a set of semiempirical parameters or3549-3558.

“effective atomic enthalpies at 298 K” (EAE) can be used in
routine large-scale molecular calculations for a class of mol-

ecules the atom parameter fit is relevant to. These fit values

(20) Khrapkovski, G. M.; Shamov, A. G.; Shamov, G. A.; Nikolaeva,
E. G.; Chachkov, D. VChem. Comput. Simul. Butlera&Commun.2002
686, 185-192.

(21) Taylor, H. A.; Vesselovsky, V. V1. Phys. Cheml935 39, 1095-

obviously are not the classical (exact) atomic enthalpies at 298 1101.

K, but a kind of “effective enthalpy equivalents”. These

“equivalents” can then include contributions not considered in
the determination of the accurate “atomic enthalpies”, which is
a result of the fitting to accurate molecule data. Further

improvement of this set of parameters can be achieved by
extending the set of experimental reference molecules and resuliy

in further improvements in the parametrization of atomization
procedure. This will be subject to the further study (see further
discussion in ref 65).

We note that this approach is different from that proposed
by Ibrahim and Schleyét where atomic equivalents of the

enthalpy of formation are computed by subtracting a parameter

(the atom equivalents) for each atom in the molecule from its
energy computed theoretically at the HF/6-31G(d) level. New

(22) Spokes, G. N.; Benson, S. \W.Am. Chem. S0d.967, 89, 6030.

(23) Sutter, H. U.; Nonella, MJ. Phys. Chem. A997 101, 5580~
5586.

(24) Hu, W.-F.; He, T.-J.; Chen, D.-M.; Liu, F.-Q. Phys. Chem. A
2002 106, 7294-7303.
(25) Rebbert, R. E.; Laidler, K. J. Chem. Physl952 20, 574-577.
(26) Conboy, C. B.; Chauvel, J. P.; Moreno, P. O.; True, N. S.; Ott C.
J. Phys. Chem1986 90, 4353-4358.
(27) (a) Shao, J.; Cheng, X.; Yang, %truct. Chem2005 16, 457—
460. (b) Shao, J.-X.; Cheng, X.-L.; Yang, X.-D.; He, ®hin. Phys2006
15, 329-333. (c) Shao, J.-X.; Cheng, X.-L.; Yang, X.-D.; Xiang, S.-K.
Chin. Phys. Lett2006 23, 819-821.

(28) Arens, F.; Amman, M.; Gutzwiller, L.; Baltensperger, U-igGeler,
H. W. J. Aerosol Sci200Q 31, S1035.

(29) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. AJ. Chem. Physl997 106, 1063-1079.

(30) Afeefy, H.Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical
Data. InNIST Chemistry Webbook, NIST Standard Reference Database

atom equivalents are introduced also in ref 67, using molecular Number 69 Linstrom, P. J., Mallard, W. G., Eds.; National Institute of

mechanics BP/DN**//MMFF energies to develop cost-effective
approaches to formation enthalpies.
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