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Alkyl nitrates (RONQ) are minor products formed in the atmospheric reactions of alkyl peroxy radicals
(ROye) with nitric oxide. The major products are alkoxy radicals @r@d NQ. The alkyl nitrate channel

is important in the troposphere because R@N@mation results in removal of NCand trapping of free
radicals; both effects reduce the rate of ozone production. We have used electronic structure calculations at
the G3 and B3LYP/6-31t+G** levels to calculate the geometries, energies, and vibrational frequencies for
major stationary points on the potential energy surfaces feriR CHs, C;Hs, n-C3H7, i-C3H7, and 2-GHy;.

Selected calculations have been made at the G2 and QCISD(T)/cc-pVTZ levels. Reaction energies are found
to be rather insensitive to the size of the alkyl group. Corrections to the reaction energies are estimated, and
a generic set of reaction energies are suggested. The B3LYP#+43%1* barriers for the isomerization of
ROONO to RONQ are found to be much too high to account for observed nitrate formation.

Introduction with Cs symmetry is favored, but only by about 4 kJ mbl
over a nonplanar ciperp conformer, while at the noncorrelated

f HF/6-31G(d) level the nonplanar gerp conformer is slightly
favored. In both of these conformers, the OONO portion of the
molecule is either planar or nearly planar; in the-pésp

The formation of alkyl and other organic nitrates by the
reaction of peroxy radicals and NO has been the subject o
several review$.Consider the reactions

RO.e - NO — ROs + NO (1a) conformer the bond to H is nearly normal to this plane. The
2 2 conclusion is that even simple peroxynitrites ROONO are likely
— RONG, (1b) to possess a number of locally stable conformers. (Even more

conformers are expected if R is a large alkyl group.) Some of
Reaction 1a converts relatively unreactive peroxy radicals the conformers are likely to be close in energy; computational
(ROze) to highly reactive alkoxy radicals (Rpand NO to NQ. searches for isomerization pathways of peroxynitrites to the
The NG photolyzes in the troposphere to produce O, which in corresponding nitrates have to consider various possible starting
turn reacts with @to produce @. Hence, reaction 1a leads to  structures. Indeed, a studyat the HF/6-31G* level of the
net Q; production, while reaction 1b sequesters,N@ducing rearrangement of HOONO to HNGndicated that the intrinsic
O3 production. Recently measufatltrate yields defined degy/ reaction coordinate (IRC) proceeds from trgmesp HOONO
(k1a + kip) are 0.141+ 0.020, 0.178+ 0.024, and 0.226t by lengthening of the ©0 distance and migration of HO
0.032 forn-hexyl, n-heptyl, andr-octyl, respectively. These and  toward nitrogen. The nonplanar transition state was found to
earlier reported yields are a linear function of the number of C lie approximately 250 kJ mol above HOONO and thus
atoms for G—Cs. To develop a predictive model of alkyl nitrate ~ approximately 397 kJ mot above HNQ. The HOONO
yields defined akiy/(kia + kin), we have first carried out an  molecule itself was found to be approximately 42 kJ mol
extensive series of electronic structure calculations as describedower in Gibbs energy (at 298 K) than the fragments NO
in this paper and reaction simulations as described in the HO,, but only 12 kJ mot! lower than NQ + OH.

following papef in this issue using master equation techniques A study closely related to our own is of Sumathi and
as incorporated in the MultiWell software packége. Peyerimhoff who carried out a density functional theory (DFT)

A number of computational quantum chemical characteriza- study'® at the B3LYP/6-313+G** level of the potential energy
tions of peroxynitrites, nitrates, and their interconversion have surface for the HQ-+ NO reaction. Their value for the energy
been reporte.2° Particularly challenging has been the estab- of the transition state for the isomerization of HOONO to
lishment of the preferred conformation of peroxynitrites. For HONO, is 163 kJ/mol including zero-point energy (ZPE)
example, studiésincluding electron correlation for HOONO  corrections. The transition state is a somewhat loose adduct of
have indicated the existence of at least four locally stable OH and NQ with an O-O distance between these fragments
conformers, with the nature of the lowest energy conformer of 2.55 A. At the single-point QCISD/6-3#1+G(2df,2pd)/
depending on the level of the computation. At correlated levels MP2/6-311+G** level the barrier is even higher than at the
such as MP2/6-31G(d) and higher, the planar-cis conformer  DFT |evel, namely, 200 kJ mot. At this same QCISD level,
- . the dissociation energies of HOONO are 73.6 and 89.1 k3‘mol

Department of Chemistry. . . to form OH+ NO, and HQ + NO, respectively. At the CAS-
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TABLE 1: Energy?2 of HOONO relative to HONO,

level AU° (0 K) ref

B3LYP/6-31H+G** 129.2 this work

G2 119.9 this work

G3 121.7 this work
QCISD(T)/cc-pvDZ 104.0 this work
QCISD(T)/cc-pVT2 111.2 this work
CCSD(T)/CBS 121.3 Dixon et al. (ref 17)
exp. estimate 11411 Hippler et al (ref 22)

aEnergy difference in kJ mot including zero-point energies.
b Energies evaluated at QCISD(T)/cc-pVDZ geometries.

Li and Francisco carried out a very thorough sttfdyf the
structure and stability of HOONO, obtaining at the QCISD(T)/
cc-pVQZ level dissociation energies of #94 and 105 kJ mott
to form OH + NO; and HQ + NO, respectively. Dixon et
al.l” followed this by examining various decomposition path-
ways for HOONO. They also reported a transition state for the
isomerization of HOONO to HON®having an energy at the
CCSD(T)/ CBS/IMP2/cc-pVDZ level (CBS denotes extrapola-
tion of aug-cc-pVXZ results, X= D, T, Q, to the complete
basis set limit) of 89.5 kJ mol above that for HOONO and
with a structure corresponding to a weakly bound adduct of
OH and NQ. (The distance from N to the O of OH is 2.784
A At this same level the energy of OH NO; is 82.8 kJ mot?
above that of HOONO, so the isomerization transition state

Lohr et al.

considered are the alkoxy radicals RO, alkyl peroxy RO
radicals, alkyl peroxynitrites ROONO, and alkyl nitrates RQGNO
for the cases R= hydrogen (H), methyl (Ck), ethyl (CHs-
CH,), n-propyl (CHCH,CHy,), isopropyl ((CH).CH), and
2-pentyl (2-GH11), as well as the fragments NO and Ndhe
calculated geometries and vibrational frequencies of the alkyl-
substituted species are summarized in Table S-1 (Supporting
Information). In the case of 2-pentyl only DFT calculations were
made. The B3LYP density functional method employed is a
hybrid method developed by Beckeand represented by a
three-parameter combination of Hartrdeock, Becke 1998, and
Slater exchange functionals together with the gradient corrected
functional of Lee, Yang, and Parr (LYP). As recently discussed
by He et al2* this hybrid functional mimics pair and three-
electron correlation effects which in wave function theory are
only covered by coupled cluster methods. Lynch eéPdlave
commented on the remarkably high performance/cost ratio of
this method for calculating accurate molecular structures,
vibrational frequencies, and energetics, although they point out
that reaction barrier heights are systematically underestimated
in many cases. Cren®rhas recently analyzed in detail the
coverage of dynamic and nondynamic electron correlation
effects in DFT methods, concluding that systems for which the
reference state is a single-determinant state are described
satisfactorily by standard DFT, while singlet biradicals and
homolytically dissociating molecules are described very poorly.

energy is slightly higher than that of these fragments. Rather Thus, it is not surprising that the B3LYP method describes

different is the transition state for the methyl system recently
located by Ellison et a® On the basis of their coupled-cluster
electronic structure calculations, there is a barrier of 820

kJ mol! for the isomerization of CEDONO to CHONO;, an
energy not much below that for fragmentation to {1 and
NO. In a related study, Houk et #l.proposed on the basis of
B3LYP/6-31G* calculations a loosely hydrogen bonded excited

HOONO species as critical in the aqueous phase isomerization

of HOONO to HONQ. Zhang et af° recently reported both
guantum chemical and variational RRKM/master equation
(VRRKM/ME) studies of the formation and isomerization of
hydroxy peroxynitrites and nitrates as formed in the OH plus
isoprene (GHs) system. From their VRRKM/ME analysis, they
conclude that the ROONO to RONO2 isomerization barrier lies
within 1.6—4.6 kJ mof! below and 13.815.5 kJ mot?® above
the dissociation energy of ROONO to RO plus N@ result
consistent with our own conclusions.

HONO,/HOONO Isomerization Energy. As an assessment

of various computational levels, we present in Table 1 computed

values of the energy difference between HOONO and HQNO
with all values including zero-point energy contributions. All
of our calculations were made using the Gaussian94 pagkage

adequately the ROONO and ROM@&quilibrium structures but
not the loosely bound transition state connecting them along
an isomerization pathway.

In Table 2 we present our B3LYP/6-3t#G** and G3
values of AU° (0 K), AS’ (298 K), andAG® (298 K) for the
reaction types Ro+ NO, — ROONO, RO + NO, — RONG;,,

ROy + NO — ROONO, and R@ + NO — ROs + NO,. The

AS’ values designated as G3 are based on HF/6-31G(d)
vibrational frequencies as computed within the G3 method,
while the AG® values designated as G3 include these sA&e
values as well as thermal corrections based on HF/6-31G(d)
vibrational frequencies. With hydrogen and to some extent
methyl as exceptions, both the G3 and DFT reaction energies
are largely independent of the size of the R group involved.
The G3AU° (0 K) values are in every case considerably more
negative than the B3LYP values for the three bond forming
reactions but less negative for the oxygen exchange reaction
ROze + NO — ROs + NOy.

In Table 3 we present our G3 and B3LYP/6-31£G**
values of AU° (0 K), AS’ (298 K), andAG®° (298 K) for the
isomerization reaction ROONS&- RONG; as well as B3LYP/

of quantum chemical programs. The DFT calculations employed 6-31H+G** values for forming the transition state along this

the basis set 6-3H1+G**, also designated as 6-3+HG(d,

p), combined with the B3LYP functional to form the level
B3LYP/6-31H+G**. Compared to the recent experimental
estimate of 114t 1 kJ mol-! by Hippler et al22the DFT value

is about 15 kJ moi! too high, while the G2 and G3 values are
only about 7 kJ mot* too high, as is the CCSD(T)/CBS value
of Dixon et all” Somewhat too small is our QCISD(T)/cc-
pVTZ//QCISD(T)/cc-pVDZ value. Our conclusion is that the
B3LYP/6-311-+G** level provides a reasonable estimate of

isomerization pathway. Unlike the bond forming energies, the

G3 and DFT isomerization energies agree well with each other;

again they are essentially independent of the size of the R group.
By following the intrinsic reaction coordinates (IRCs) we

have shown that the hydrogen TS connects nitric acid, HONO

not to thecis—cis HOONO minimum but rather to the ejgerp

minimum lying 1.9 kJ mot?® higher at the B3LYP/6-3Ht+G**

level, while the methyl TS connects methyl nitrate, {OHO,,

to cispperp CHOONO. The ethyl,n-propyl, isopropyl, and

the isomerization energy but not as good as the highly correlated2-pentyl DFT transition states closely resemble both in energy

wave function methods.

G3 and Density Functional Calculations.We have carried
out an extensive series of G3 and DFT (B3LYP) calculations
on molecular species of relevance to our study of alkyl nitrate

and structure the methyl transition state. All may be described
as singlet diradicals with structures corresponding to adducts
between R@and NG moieties. The values of the vibrational

wavenumbers of the single imaginary frequency mode for each

yields from alkyl peroxy radicals in the atmosphere. The species of the isomerization transition states are similar but decrease in
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TABLE 2: Association Energies, Entropies, and Gibbs Free Energies

reaction R AU° (0 K)?2 AS’ (298 KP AG® (298 K¥

ROs + NO, — ROONO H —45.4 (-72.8) —149.3 (-150.2) —6.5(—35.0)
CH; —8.5(—50.5) —160.5 167.7) 36.4¢4.3)
CHsCH, —16.1 (-56.1) —162.1 170.3) 30.1¢8.9)
(CHs),CH —14.7 (-62.0) —167.0 (172.1) 33.8{13.5)
CH3CH,CH, —14.1 (-54.1) —163.8 (-174.2) 32.6{5.8)
2-CsHiq —14.5 —167.7 33.7

ROs + NO, — RONG, H —174.6 (-194.5) —157.3 (152.3) —134.7 156.4)
CHs —133.7 173.5) —176.6 (-178.1) —86.0 (—125.7)
CH3CH, —140.3 -178.0) —171.4 -180.9) —91.6 (-128.9)
(CH3),CH —136.5 (-181.5) —182.4 (-182.8) —85.3 (-131.0)
CH3CH,CH, —138.8 175.5) —178.6 (-183.9) —89.5 (-125.4)
2-GsHia —137.6 —180.8 —-87.4

ROz + NO — ROONO H —84.1 (-108.8) —165.3 (-166.7) —40.2 (-65.9)
CH; —74.3 (-98.8) —163.4 (-163.7) —30.0 (-54.4)
CH;CH, —74.0 (-100.2) —165.2 (-164.0) —28.2 (-55.4)
(CH3).CH —75.0 -102.2) —162.6 (-162.0) —29.6 (-56.9)
CH3CH,CH, —73.8 (~101.6) —167.0 ¢165.2) —27.5 (-56.5)
2-GsHi1 —74.2 —164.0 —29.9

ROz + NO — ROs + NO, H —38.7 (-36.0) —16.0 (-16.5) —33.7 (-30.9)
CH; —65.8 (—48.3) —2.9(4.0) —66.4 (-50.1)
CH3CH, —57.9 (-44.0) —3.1(6.4) —58.3 (-46.5)
(CHs).CH —60.3 (—39.4) 4.4(10.1) —63.4 (-43.4)
CH3CH.CH, —59.7 (+47.5) —3.2(9.0) —60.1 (-50.7)
2-GsHi1 —59.7 3.7 —63.6

a Difference in electronic energies plus zero-point energies in k3'm@B values are in parentheses; all others are B3LYP/6-31G** values.
b Difference in molar entropies at 298 K and 1 atm in J3*knol~. HF/6-31G(d) values from G3 calculations are in parentheses; all others are
B3LYP/6-31H-+G** values. ¢ Difference in Gibbs free energies at 298 K and 1 atm in kJ fMdb3 values are in parentheses; all others are
B3LYP/6-31H+G** values.

TABLE 3: Isomerization and Activation Energies, Entropies, and Gibbs Free Energies

reaction R AU° (0 K)?2 AS’ (298 KP AG® (298 K¥

ROONO— RONG, H —129.2 -121.7) —7.9(=2.0) —128.2 -121.4)
CH; —125.2 (-123.0) —16.1 (-10.4) —122.4 (-121.4)
CH;CH; —124.2 -121.8) —14.7 (-10.6) —121.7 <120.0)
(CH3),CH —121.7 (-119.5) —15.4 (-10.7) —118.9 (-117.5)
CH3CH,CH; —124.8 -121.4) —14.8 (-9.7) —122.1 <119.6)
2-CsHis —123.2 —13.1 —121.1

ROONO— T H 163.1 15.9 160.1
CHs; 139.3 15.3 136.2
CH;CH; 142.7 18.4 138.6
(CHs).CH 140.9 16.7 137.4
CH3CH,CH; 138.6 19.6 134.3
2-CsH1q 135.1 195 130.9

a Difference in electronic energies plus zero-point energies in k3'm@B values are in parentheses; all others are B3LYP/6-31G** values.
b Difference in molar entropies at 298 K and 1 atm in J'Knol~1. HF/6-31G(d) values from G3 calculations are in parentheses; all others are
B3LYP/6-31H+G** values. ° Difference in Gibbs free energies at 298 K and 1 atm in kJ"fdb3 values are in parentheses; all others are
B3LYP/6-31H+G** values. d Transition state connecting singlet ROONO to singlet RGNO

magnitude as the size and hence mass of the R group increase§,ABLE 4. Molar Heat Capacities and Entropies for
namely, 690i, 550i, 538i, 515i, 490i, and 461i for hydrogen, Hydrogen and Methyl Peroxynitrites, Nitrates, and

methyl, ethyl,n-propyl, isopropyl, and 2-pentyl cases, respec- ragments
tively. All six of these transition states are characterized by species symmetry  state C,n,? SP S (expy
nearly constant bor_ld distances from the oxygen of the RO "jooNno C. A 526 2744
group to the N@ moiety, namely, 2.53 to 2.59 A to one of the (cis—cis)
O atoms of N@, 2.38 to 2.54 A to the N of N@ and 2.55 to HONG;, Cs ;A’ 45.1  266.5 266.4
274 R ivati ieALJ° HO Coo P 208  184.0 183.7
to the other O of N@ The activation energieSU® (0 HO, < 2pn 563 2288 2260
K) for the ROONO— RONO;, isomerization reactions are CH,O00NO c " 753 3164
remarkably constant, namely, 141 2 kJ mol%, for the five (cis-perp) ' '
alkyl cases considered, but much too high to account for CH;ONO, Cs A 66.2  300.3 3185
appreciable alkyl nitrate formation from ROONO isomerization. CHsO Cs ;A:’ 328 2371
Entropies. In Table 4 we present entropies computed from CH:O, Cs 2A 443 268.9
DFT structures and vibrational frequencies together with NO Cov P 208 210.9 2108
: ! 4 gether NO, Ca 2A; 285 2398 2401
experimentals, values as availabi®. The agreement is quite . ) -
good for OH, HQ, NO, NO, and HONQ, with differences of Molar constant volume heat capacity at 298 K and 1 atm inY K

mol~L. ® Molar entropy at 298 K and 1 atm in J'Kmol™. ¢ Experi-

—1 —1
0.3 JK!tmol~!or less. However, for C¥ONO; our calculated mental molar entropies in 3K mol-* from ref 27b.

S, value is smaller than the NIST vaRfé of 318.5 J K*
mol~t by 18.2 J K'* mol~1, while our CHLCH,ONO; value S, 15.3 J K1 mol~1. The literature values are typically based on
is smaller than the NIST val@® of 348.34 J K mol~! by harmonic oscillator contributions calculated from observed high-
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frequency fundamentals together with an assumption of free TABLE 5: Generic Reaction Energies

internal rotors for selected degrees of freedom, thus overestimat- AU AU°
ing the entropy. By contrast, ous, values are based on AU° (0K), (0K), (OK),
harmonic oscillator contributions from all modes, including reaction R DFT? corr®  GZF
hindered rotors, thus possibly underestimating the entropy. The RoNO, — ROs + NO, H 175 200 195
two lowest frequency modes for GENO, with Cy, symmetry CHs 135 155 175
are both of type '4 an —NO, rotation withv/c = 131 cnt? = CHiCH; 140 160 175
and a CH rotation withv/c = 193 cnT! (DFT values). If these =~ ROONO—RO-+NO, H 45 80 75
two modes are described as hindered rotors with respectively g_gHsCHz 12 gg gg
2- and 3-fold barriers having curvatures at their minima fited RooNO— ROe+NO H 75 110 110
to the DFT harmonic force constants, our DE]J value rises CHs 75 100 100
from 300.3 to 302.1 J K mol™L. If these two modes are treated > CH;CH;, 75 100 100

as free rotors ourS, value becomes 318.6 J K mol™?,
essentially identical to the NIST valt/&of 318.5 J K1 mol~2.
However, we believe that the correct description for;ONO,

is that involving two hindered rotors, as calculati$hg®
based on observed fundamentals for 16 modes plus assume
hindered rotors having barriers estimated from microwave data
have yieldedS;, values of 301.9 and 302.0 J K mol™1,
essentially identical to our hindered rotor value of 302.1°3 K
mol~1,

aRounded-off differences in kJ mdl in B3LYP/6-314-+G**
electronic energies including zero-point energfeRounded-off dif-
ferences in kJ mol inB3LYP/6-31H-+G** electronic energies
including zero-point energies and empirical corrections (see text).
aRounded-off differences in kJ mdl in G3 electronic energies
including zero-point energies.

reaction energies nearly in line with our rounded off G3 values,
the latter being the values we used in our reaction simultations
for the n-propyl and 2-pentyl systems.

Reaction Energy Corrections. While energy differences A serious concern is the very high barrier for the isomeriza-
calculated with the B3LYP/6-31+G** method convincingly  tion of ROONO to RONQ as found both in our calculations
display a lack of any alkyl group dependence, the values and in those of others. This barrier is a key parameter in
themselves contain serious systematic errors which must beour reaction simulation studies. We shall reptinat to account
corrected before they can be employed in a reaction simulation. for nonnegligible yields of the isopropyl and 2-pentyl nitrates
Dixon et al!’ reported CCSD(T)/CBS dissociation energies it was necessary to assume that the barrier lies no higher

including ZPEs estimated partly from experimental data for
HOONO of 82.8 and 114.2 kJ mdito form OH+ NO, and
HO; + NO, respectively, while our DFRAU° at 0 K values
(Table 2) are 45.4 and 84.1 kJ mdlrespectively. Their value
for the reaction HQ+ NO — OH + NO; is —31.4 kJ mot?,
the value from experiment&lenthalpies of formationt® K is
—31.6 kJ mot?, while our DFT value (combination of Table 2
values) is—38.7 kJ motl. We reoptimized a QCISD/cc-pVTZ
structure for HONQ provided to us by Francisc8,obtaining

at the QCISD(T)/cc-pVTZ level a dissociation energy without
zero-point corrections of 214.2 kJ mélfor HONO, to form
OH + NO,, a value 16.0 kJ mol larger than the DFT value
of 198.2 kJ mott. Using the DFTAZPE value of—23.6 kJ
mol~1 as an estimate, the QCISD(T)/cc-pVTZ value/dfi° at

0 K becomes 190.6 kJ ndl, somewhat smaller than the 197.3
kJ mol® value from experiment& enthalpies of formation.
(The DFT value includindA\ZPE is much smaller, namely, 174.6
kJ mol1.)

These comparisons of DFT dissociation energies with those
from higher level calculations and from experiments suggest
the use of corrections of about 25 kJ mbfor the dissociation
enthalpy of HONQ at 0 K toform OH and NQ, 35 kJ mof?
for the dissociation of HOONO to form OH and NGand 35
kJ mol for the dissociation of HOONO to form H@nd NO;
the correction to the isomerization enthalpy of HON@®
HOONO is thus—10 kJ mot!. We have used these corrections
for the hydrogen case as estimates of corrections to be applie
to DFT energies for ethyl and higher alkyl cases. (Methyl DFT
values of energies for reactions involving RO, as seen in Table
2, differ slightly from those for ethyl and higher.) Taking the
RONO;, energy as a fixed point, the energy of ROONO is
reduced from its DFT value by 15 kJ né| that of RG +
NO; raised by 20 kJ mott, and that of R@ + NO raised by
10 kJ mot™. These corrections, summarized in Table 5, place
ROONO 110 kJ mol' above RONG, ROs + NO, 160 kJ
mol~! above RONG, and RQe + NO 210 kJ mot?! above
RONO,. As also seen in Table 5, these corrections bring the

than the energy of the exit channel to the oxy radicaleRO
and NQ, a result not in agreement with our density functional
(DFT) results but quite in line with the hydrogen system results
of Dixon et al.}” implying that the barrier for the alkyl cases
lies not more than about 50 kJ mélabove the energy of
ROONO.

Elimination of HONO from RONO ,. On the basis of
standard enthalpies of format#the decomposition of methyl
nitrate to form HONO and KCO is exothermic by 66.0 kJ
mol~1. Other alkyl nitrates are presumably also thermodynami-
cally unstable with respect to decomposition to HONO and
aldehydes. We have located a transition state @itsymmetry
on a pathway from eclipsed GANO, to HONO and HCO
with an energy at the MP4SDTQ/D95(d,p)//HF/6-31G* level
including HF/6-31G* zero-point contributions of 155.4 kJ mol
above that of the eclipsed nitrate or 163.3 kJ mhabove that
of the more stable staggered nitrate. (This transition state has
energies at the B3LYP/6-3%H-G** and G3 levels of 161.8
and 182.3 kJ mot, respectively, above that of the staggered
nitrate.) Similarly, we have located a transition state vith
symmetry for the decomposition of methyl peroxynitrite to the
same products, HOONO and,EO, with energies at the
B3LYP/6-31H+G** and G3 levels of 163.5 and 180.7 kJ
mol~? above that of the peroxynitrite, respectively. On the
basis of these high transition state energies, we conclude
that the decomposition of alkyl nitrates and peroxynitrites to

dHONO and aldehydes are unlikely to play an important part

in the reaction kinetics of alkyl peroxy radicals with nitric
oxide.

Summary

We have carried out an extensive series of electronic structure
calculations primarily at the B3LYP/6-3#4G** level on
molecular species of relevance to our study of alkyl nitrate yields
from the reaction of NO with alkyl peroxy radicals. The species
considered are NO, Nalkoxy radicals, alkyl peroxy radicals,
alkyl peroxynitrites, and alkyl nitrates, for the cases=R
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Figure 1. Reaction scheme.



