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ABSTRACT A scale of relative gas-phase NO* binding
energies (BEs) has been constructed by evaluation of NO*-
transfer equilibria L;NO* + L, = L,NO* + L; by Fourier-
transform ion cyclotron resonance mass spectrometry and by
application of the kinetic method, based on the metastable
fragmentation of L;(NO*)L, nitryl-ion bound dimers. The
relative scale, anchored to the NO™ affinity of water, for 52
ligands, including alkyl halides, alkyl nitrates, alcohols, ni-
troalkanes, nitriles, aldehydes, ketones, and aromatic and
heterocyclic compounds, led to an absolute NO™ affinity scale.
The results are compared with those of an earlier study, and
the apparent discrepancies are traced to a different choice of
the absolute BE value used as the reference standard. The
NO™ BEs fit a satisfactorily linear correlation when plotted
versus the corresponding proton affinities (PAs). The NO*
BEs, while much lower than the PAs, are nevertheless higher
than the corresponding BEs of the strictly related NO3 cation,
a result consistent with the experimental and theoretical
results currently available on the structure and the stability
of NO* and NO3 complexes. The NO* BE vs. PA correlation
allows one to estimate within 1-2 kcal'mol~! the NO* BE of
the molecules included in the comprehensive PA compilations
currently available. For example, the correlation gives the
following NO™ affinities of the DNA bases, in kcal'mol~! (1
kcal = 4.18 kJ): adenine, 40.3; cytosine, 40.4; guanine, 40.1;
and thymine, 34.9. The experimental NO* BE of thymine, the
only one accessible to direct measurement, amounts to 35.6 +
2 kcal'mol~!, which underlines the predictive value of the
correlation. This study reports the second successful exten-
sion of the kinetic method to the evaluation of the absolute BEs
of polyatomic cations, following our recent application to the
strictly related NO3 ion.

The chemistry of the nitryl ion, NO™, is the focus of active
interest, recently heightened by the extraordinary multiplicity
of roles currently attributed to NO. Nitryl ion, its salts and
carriers, are long known as effective reagents in electrophilic
nitrosation, whose study is the subject of continuing interest
(refs. 1-4 and references cited in ref. 2), in particular as
concerns the formation of nitrosoamines (5, 6). Passing to
atmospheric chemistry, the low ionization potential of NO
makes NO™* an effective “‘charge sink” in ionized air, and the
promoter of a reaction chain eventually leading to hydrated-
proton clusters (7, 8). As the consequence, complexation of
NO™* by H,O and other atmospheric species (N2, CO,, O;) has
a direct bearing on the chemistry of the ionospheric D region
(9-11) and of the middle atmosphere (12). The biological and
physiological significance of NO* and of its complexes has
received much attention, in connection with the recognized
impact on human health of a variety of compounds important
for dietary or environmental reasons, including nitrites, N-
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nitrosoamines, NO, oxides, etc. (13-15). For example, it has
been suggested that NO*, or some NO™ sources present in
biological systems, can be involved in the neurotoxic and
neuroprotective actions of NO (16, 17) as well as in the nitrous
acid-promoted crosslinking of DNA, a problem of consider-
able current interest (18, 19). Finally, the use of NO™* as a
reagent has a considerable potential for trace gas analysis (20).

A quantitative knowledge of the interactions of NO* with
neutral ligands is central to the understanding and modelling
of important problems in many research fields. This strongly
suggests a systematic study of the binding energies (BEs) of the
nitryl cation to representative ligands, to be carried preferably
in the gas phase, to obtain results of general validity, unaf-
fected by specific ion-solvent interactions and hence more
directly comparable to those from theoretical approaches and
more widely useful for modelling purposes. The interest of the
problem was perceived as early as in 1980 by Reents and
Freiser (21), who measured the NO* BE to 28 ligands by ion
cyclotron resonance (ICR) mass spectrometry. In view of the
current upsurge of interest in the NO* complexes, we have
undertaken a systematic study aimed at the revision of the
NO™* BE scale, taking into account the changes undergone in
the meantime by certain reference standards used in the early
study and the availability of new experimental tools. However,
the principal motivation of this work is to be found in the
attempt to extend the NO* BE scale to a significantly larger
number of ligands, including molecules of great biochemical
relevance, such as the DNA bases. To this end, we have applied
the ICR equilibrium method, largely used in gas-phase proton
affinity (PA) measurements (22) and successfully extended to
NOfZ transfer reactions (23), complemented by the kinetic
method (24). The latter, so far restricted to monoatomic ions,
at least as concerns the measurement of absolute BEs, has
recently been extended to the construction of an absolute BE
scale of a triatomic species, the NOJ cation (23).

EXPERIMENTAL

All chemicals were research grade products obtained from
Aldrich and were used without further purification. Methyl
nitrite was synthesized and purified according to standard
procedures. The gases were purchased from Matheson Gas
Products with a stated purity in excess of 99.95 mol %. Mass
analyzed ion kinetic energy (MIKE) spectra were recorded
using a ZAB-2F mass spectrometer from VG Micromass.
Typical operation conditions were as follows: electron energy
50 eV, repeller voltage 0 V, emission current 0.5 mA, accel-
erating voltage 8 kV. The chemical ionization spectra were
recorded by utilizing a specially built cooling system, capable
of thermostatting the source at temperatures not exceeding
50°C, upon ionization of gaseous mixtures of NO and the two
ligands, whose composition was optimized to obtain the high-
est abundance of the L;(NO™)L, dimers. The Fourier trans-
form (FT)-ICR experiments were performed in a 47¢ APEX

Abbreviations: BE, binding energy; ICR, ion cyclotron resonance; PA,
proton affinity; FT, Fourier transform; RP, reference pair.
TTo whom reprint requests should be addressed.
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spectrometer from Bruker Spectrospin, equipped with an
external ion source, operated at a total pressure not exceeding
7-1073 torr (1 torr = 133 Pa). To prevent errors arising from
the different response of the ionization manometer of the
spectrometer to different compounds, premixed gaseous mix-
tures, obtained by weighed amounts of the reactants, were
employed. When compounds of low volatility were used, the
pressure readings were corrected for the different response of
the ionization gauge to different gases according to the
empirical method based on molecular polarizabilities (25).
Each equilibrium was evaluated by at least three separate
measurements.

RESULTS

The ICR Equilibrium Method. Measurement of the equi-
librium constants of the ligand-exchange reaction

LNO" + L, =L,NO* + L, [1]

has allowed evaluation of the corresponding AG°; changes.
The nitrosating agent, generally nitrosated methyl nitrite
(CH30(NO),)*, or protonated nitrous acid, (H,O-NO)* in
the case of low nitryl ion-affinity ligands, was produced in the
external chemical ionization ion source of an FT-ICR mass
spectrometer, driven into the resonance cell, isolated by se-
lective-ejection techniques, and allowed to react with the
ligands, contained in a known molar ratio in the cell, where
equilibrium 1 was established. The NO*-transfer reaction was
in most cases the only, and in all cases the predominant,
reaction, the interference of undesired processes being much
less vexing than in other equilibria—e.g., those involving NO3
transfer. The main limitation of the equilibrium method arises
from the low volatility and/or the lack of thermal stability of
certain ligands which makes it difficult to evaluate their actual
concentration from total-pressure measurements whose accu-
racy can be heavily affected by the presence of unknown
amounts of volatile decomposition products.

The Kinetic Method. In the case of interest, the application
of the kinetic method is based on the mass analyzed ion kinetic
energy (MIKE) spectrometry of L;(NO*)L, nitryl ion-bound
dimers obtained by NO chemical ionization of mixtures of the
ligands. A systematic investigation has shown that the vast
majority of the (L;, L,, NO)™ clusters undergo metastable
fragmentation exclusively according to the competing pro-
cesses

k2
L,NO* + L, [2]
L;(NO™) L, —
k3
L NO* + L, [31
consistent with the L;(NO*)L; nitryl ion-bound dimer struc-

ture. Under the assumptions customarily applied (24) one
obtains the expression

i(L,NO™) ks SAG®
In pyeams———_ In| —| = — ,
l(LlNO ) k3 RT

where i(L,NO*) and i(L;NO™*) are the experimentally mea-
sured intensities of the fragments, 6AG° = AG®, — AG®;
corresponds to the standard free energy change AG®; of the
nitryl ion-transfer reaction (1) and 7 represents the effective
temperature of the dimers that undergo metastable dissocia-
tion in the time window accessible to observation. According
to a well-established practice (24), T is deduced from the slope
of a calibration plot based on a set of independently known
AG® values. To this end, 12 pairs of ligands, henceforth
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denoted reference pairs (RPs), have been selected, whose
L;(NO*)L, dimers undergo extensive and clean metastable
decompositions, and whose AG®°; changes had been measured
independently by the equilibrium method. From the satisfac-
torily linear (correlation coefficient 0.9933) plot of In(k,/k3)
vs. the known 8AG® differences of the RPs one obtains 7' = 223
K, which has been used to calculate the AG°; changes reported
in Table 1, together with the corresponding values from the
equilibrium method. The results from the two different meth-
ods are remarkably consistent, in that the discrepancies do not
exceed 0.5 kcal'mol™!, their mean value being as low as 0.2
kcal'mol~! (1 kcal = 4.18 kJ). Whereas neither the equilibrium
method nor the kinetic method allows direct evaluation of
SAG® differences exceeding 2 kcal'mol™!, the results of the
individual measurements can be combined to construct a
ladder that spans the whole range investigated, more than 20
kcal'mol~! (Fig. 1). Under the assumption that AG°; ~ AH®,
the free-energy scale from the fixed-temperature equilibrium
and kinetic measurements approximates a relative BE scale
that requires an independently known anchoring value to be
converted into an absolute scale. We have adopted the H,O-
NO™* BE of 18.5 + 1.5 kcal'mol~! from a direct measurement
performed with a pulsed high-pressure ion source mass spec-
trometer (26). The choice has been suggested by the consid-
eration that the results from this approach are independent of
the possible changes undergone by the accepted values of
certain reference data, such as the PA value of NHj, utilized
in other indirect approaches. Furthermore, the value chosen
agrees within 1 kcal-mol~! with the BE reported from an ab
initio calculation performed at the MP4(SDTQ)//6-311G**/
MP2(FU)//6-31G** + ZPE (MP2(FU)/6-31G**) level of
theory (27). Anchoring the relative scale of Fig. 1 to the
H,O-NO™" BE, one obtains the absolute BE values listed in
Table 2. The internal consistency of the AG°; ladder, strength-
ened by multiple interlacing of its steps, is better than 0.3
kcal'mol~!. A larger uncertainty is introduced by taking AG°;
= AH"j, as required to convert single-temperature equilibrium
data into a BE scale, according to a practice largely adopted
in the evaluation of gas-phase PAs (22). As discussed in the
related study of NOF complexes (23), we conservatively esti-
mate the uncertainty introduced by the above approximation
to be generally below 0.8 kcal'mol™!, although there are
reasons to believe that AG° changes closely approximate AH®
changes in NO™ transfer equilibria (21). By combining the
experimental scatter of the data with the uncertainty arising
from taking AG° = AH®, we estimate that the overall internal
consistency of the scale is of the order of = 1.2 kcal'mol ™.
Evaluating the absolute accuracy of the BE values is more
difficult. Apart from the error bar of the anchor, *1.5
kcal'mol~! (26), one is faced with the inherent difficulty of a
rigorous analysis of the error propagation along the ladders of
the scale, each interlaced with many others. Probably the only
viable, and so far the only reported, criterion is that applied to
the construction of a recent 77-ladders PA scale (28), namely
the degree of agreement of the results with those from
independent approaches, in particular high-level ab initio
calculations. We note that in the five cases, well distributed
along the scale, where comparison is possible the agreement
with theoretically calculated NO* BEs is better than = 2
kcal'mol~!, which we take as an approximate measure of the
absolute uncertainty of the data of Table 2.

DISCUSSION

The discussion can usefully proceed from a brief survey of the
information currently available on the structure of the NO*
complexes. The photodissociation experiments performed by
Reents and Freiser characterize the adducts of nitryl ion with
alcohols, ethers, ketones, and aromatic compounds as charge-
transfer complexes (21), consistent with the results of a recent
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Table 1. AG® changes from the equilibrium and the kinetic method

—AG®300, kcal'mol ! —AG®309, kcal'mol !

Equilibrium Kinetic Equilibrium Kinetic
L L, method method L L, method method

H,0O CHs;Cl = t-C4HoNO> CcHsNO, = =
CH;Cl CH»(CN), 1.1 CeH5CN CsH5NO, 0.7
CH;C1 C,H;5Cl1 t-C4HoCN CgHs5NO» 0.6
H>0 C,HsCl 1.1 i-C3H7NO; CsHsNO;, 1.7
C,H5Cl CH30NO; 1.3 n-C4HoNO>, CcH5NO; 1.8
CH;(CN), CH3;0ONO, 1.0 C¢HsNO, 0-CH3CsH4NO> 1.2 0.9
CH3;0ONO; i-C3H;Cl 0.6 0.4 t-C4HoNO> 0-CH3CsH4NO> 1.1
C,H;5Cl1 i-C3H5Cl 2.1 CeH5NO, CH3COCH3 1.4 1.5
i-C3H;Cl C,Hs0NO, 1.3 RP CH;COCH3 CeHs = 0.3
CH3;0ONO, C2,Hs0ONO, 1.8 1.8 CeHs CH3;COOC;,Hs 0.3 =
C,H50NO, CH3;0H 0.6 CH3COCH3 CH3COOC,Hs 0.3 RP
CH;OH i-C3H7,0ONO, 1.0 1.2 C¢HsNO, CH3COOC;,Hs 1.7
C,H50NO; i-C;H7;0NO; 1.6 RP CH3;COOC,Hs CH3;COC;Hs 0.7
i-C3H7,0ONO> CH3NO; 0.6 0.3 CeHe CH3COC,Hs 1.2 0.7
CH;OH CH3NO; 1.6 CH;COCH;3 CH3;COC;Hs 1.0 1.0
CH3NO, CH3;CN 1.7 0-CH3CsH4NO; 4-NO; m-xylene 1.5
i-CsH7,0NO; CH;CN 1.8 CH3COC,H5 (C2Hs5)>.CO 0.9 0.6
(CH2):0 C,HsNO; 0.1 RP CH;COOC;,H5s (C2H5).CO 1.0
CH;CN C2HsNO;, 0.3 0.7 CH3COC;Hs i-C3sH7,COCH3 1.0 RP
CH3NO» C2H5NO; 1.9 RP CH3COOC;Hs i-C3H7,COCH3; 1.5
C,HsNO; C,HsCN 0.5 i-C3H,COCHj3 CH3COt-C4Hog 0.6 RP
CH;CN C,HsCN 1.4 1.6 (C2H5),CO CH3COt-C4Ho 0.8 0.7
C,HsCN CH3CHO = i-C3H7COCH3 CH3COOt-C4Hy 0.8 0.7
C,HsNO; CH;CHO 0.7 0.5 CH3;COC;,Hs CH3COOt-C4Hy 1.6 RP
CH3;CHO n-C3H7NO; 0.0 RP CH3COOt-C4Hy (t-C4Ho)>CO =
C,HsCN n-CzsH7;NO, = CH3COt-C4Ho (t—C4H9)2CO =
C,HsNO; n-CsH7NO, 0.8 RP i-C3H,COCHj3 (t-C4Ho)>CO 0.7
(CH2)20 n-C3H7NO; 0.9 RP (t-C4Ho)>CO (i-CsH7).CO =
CH3CN n-CzH7NO, 1.3 1.6 CH3COOt-C4Hy (i-C3H7).CO =
n-C3H7N02 n-C4H9N02 0.2 0.2 t-C4H9COCH3 (i-C3H7)2CO 0.7 0.3
C,HsCN n-C4HoNO, 0.1 0.5 (i-C3H7).CO Cs¢HsCH3 0.3
C,Hs5NO; n-C4HoNO, 1.0 1.3 (t-C4Hy)>CO CsHsCH3 0.6
n-C4H9N02 n-C3H7CN = CH3COOt-C4H9 C6H5CH3 1.0 0.9
n-CsH7NO, n-C3H;CN 0.3 CH3COt-C4Ho Ce¢HsCH3 1.0 0.9
C,Hs5CN n-CsH7CN 0.3 0.4 CsH5CHj3 CsHsCOCH3 1.0 0.5
n-CsH,CN i-C3H7NO; = (i-C3H7).CO C¢HsCOCH3 0.7
n-C4HoNO, i-CsH7NO, 0.4 = (t-C4Ho)>CO C¢HsCOCH3 1.0
C,HsNO, i-CsH7NO; 1.6 CsHsCOCH;3; C¢HsC,Hs 0.2 =
i-CsH7NO, i-C3H;,CN 0.3 = (i-C3H7).CO Ce¢HsC,Hs5 1.0
n-CsH7NO, i-C3sH7,CN 0.9 0.6 (t-C4Ho)>CO Ce¢HsC2Hs 1.2
CH3;CHO i-C3H,CN 0.7 CH3COOtC4Hy CsH5C,Hs 1.6 1.5
C2H5CN i-C3H7CN 0.8 C6H5COCH3 Thymine 0.5
i-C3H,CN Ce¢HsF = CeHsC,Hs (CsH5)2,CO 1.1 1.0
CH3;CHO C¢HsF 0.9 CsHsCOCH;3; (C3Hs).CO 14
(CH2):0 CeHsF 1.9 (C3H5),CO CH3COC(OCH3)>CH3 0.5
i-C3H7CN t-C4HoCN 0.8 0.5 CH3COC(OCH3)>CH3 3-FCsH4N 0.3
n-CsH7CN t-C4HoCN 1.2 0.9 3-FCsH4N (C6Hs).CO 0.8
t-C4H9CN C5H5CN = = CH3COC(OCH3)2CH3 (C5H5)2CO 14
i-C3H7,CN C¢HsCN 0.8 0.5 (CsH5).CO (CsHs)2.CO 1.8
n-CsH7CN CsH5CN 0.8 (CeHs)2.CO 4-CICsH4N 0.5
n-CsH7NO; Ce¢HsCN 1.3 4-CICsH4N (CsH5CH>)>CO 0.8
C,HsCN CeHsCN 1.6 (C6H5).CO (CsH5CH,)>CO 1.2
t-C4HoCN t-C4HoNO, 0.3 (C6H5CH2)2CO CH3CON(CH3)2 0.2
i-C3H;CN t-C4HoNO> 1.3 RP 4-CICsH4N CH3CON(CH3)2 0.8
i-C3H7NO, t-C4HoNO> 1.6 1.2 CH3CON(CH3)2 CsHsN 0.4
t-C4HoNO; 0-CH3C¢H4CN = (CsHsCH»),CO CsHsN 0.7
CcHsCN 0-CH3C¢H4CN 0.5 0.4 CsHsN 3-CH3CsH4N 1.0
t-C4HoCN 0-CH3CsH4CN 0.3 3-CH3CsH4N CH3CON(CzH5)» 0.4
i-C3H,CN 0-CH3CsH4CN 1.1 CsHsN CH3CON(C,Hs)» 1.5

0-CH3C6H4CN

Ce¢HsNO,

RP denotes the reference pairs; i-, iso-. AG® differences below the experimental error are indicated by the notation =.

study based on the IR spectroscopy of (H>O),NO™ clusters,
which for n = 3 have been assigned the structure of complexes

containing H,O ligands bound to NO™* (29). Many related
species, including (CO,),NO™ clusters (30), protonated ni-
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H,0
CH,CI
CH,(CN),
C;HCt
CH,0NO,

1.3 1.0

i-C;H,Cl
C,H,0NO,
CH;0H
i-C3H,0NO,
CH;NO,
CH,CN
(CH,),0

1.7 1.8

C,H¢NO,
C,H,CN
CH,CHO

n-C3H,NO,

n-C,H,NO,
n-C;H,CN
i-C;H,NO,
i-C,H,CN
CeHF
{-C,H,CN

C¢H,CN

t-C H,NO,

0-CH,;C¢H CN

C4HgNO,
0-CH,C¢H NO,
CH,COCH,

CH, 0.2
CH,C00C,H — 02 0.3 1.7

CH,COC,Hg : b —_

4-NO,m-xylene — —_—
(C,Hg),CO —_— 08 1.0
i-C;H,COCH, —_
CH,COt.C H, I 0.6 0.8

CH;CO0t-CH, 07 1.6

[
n
=]
9

(1-CH,);,CO 07
(i-C;H,),C 0
C,H,CH,
C¢H;COCH,
CeHyCoHg

"
o
w

0.6 09)11.0
0.7 1.0
1.0 1.2 1.6

o {o |m
N e

Thymine —

(C3Hg),CO
CH,CO(OCH,);CH,

m-FC4H N —22
(CeHg),CO
p-CIC(H N
(C¢HCH,;),CO
CH,CON(CH}),
CgHgN
3-CH,CH,N —4

CH;CON(C,Hy),

0.2 0.8

FiG. 1. AG° ladder for NO* transfer reaction for the ligand pairs
investigated. The symbol = denotes AG° < 0.2 kcal'mol L.

trous acid (27), oxirane-NO™ (31), acetaldehyde-NO™ (32),
and alkane-NO* adducts (33-35), have been characterized by
theoretical methods as structured NO™* complexes. The picture
outlined by the above studies points to a relatively distant and
moderately intense coordination of the nitryl ion with the
ligands, which is nevertheless closer than in the corresponding
complexes formed by the strictly related nitronium ion. As an
example, the latter forms with water a complex characterized
by a larger separation of the monomers, 2.50 A (36), vs. the
H,O-NO* separation of 2.204 A (27).

Data Correlation and Analysis. The BE scale of Table 2
differs from that reported by Reents and Freiser (21), since in
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Table 2. NOT* BE of selected ligands, L

BE,
No. L kcal'mol !

1 H,0 18.5%
2 CH;Cl 18.5
3 CH;(CN)> 19.6
4 C,HsCl1 19.6
5 CH30NO, 20.7
6 i-CsH;Cl 21.4
7 C,Hs0ONO, 22.7
8 CH3;0H 23.3
9 i-C3H7,0ONO> 24.3
10 CH3NO; 24.9
11 CH3CN 26.4
12 (CH2)20 26.9
13 C,Hs5NO; 26.9
14 C,HsCN 27.6
15 CH3;CHO 27.6
16 n—C3H7N02 27.7
17 n-CsHoNO, 27.9
18 n-CsH7CN 28.0
19 i-C3H7NO, 28.2
20 i-CsH7CN 28.4
21 CgHsF 28.6
22 t-C4HoCN 29.0
23 Ce¢HsCN 29.0
24 t-C4HoNO» 29.5
25 0-CH3C¢H4CN 29.5
26 C¢HsNO; 29.7
27 0-CH3CsH4NO> 30.7
28 CH3;COCHj3 31.1
29 CeHe 31.3
30 CH3COOC;Hs 314
31 CH;3COC;H5s 32.1
32 4-NO; m-xylene 32.2
33 (C2Hs)2CO 32.7
34 i-C3H7,COCH;3; 33.0
35 t-C4HoCOCH3 33.5
36 CH3COOt-C4Ho 33.7
37 (t-C4Hy)>CO 33.7
38 (i-CsH7).CO 34.0
39 C¢HsCHj3 34.5
40 CcHsCOCH3 35.1
41 Ce¢HsC,Hs 353
42 Thymine 35.6
43 (C3Hs).CO 36.5
44 CH3COC(OCH3),CH3 37.0
45 3-FCsH4N 37.3
46 (C6Hs)2.CO 38.3
47 4-CICsHsN 38.8
48 (CeHsCH»),CO 39.5
49 CH3CON(CH3)2 39.7
50 CsHsN 40.1
51 3-CH;3CsH4N 41.1
52 CH3CON(CHs)» 41.6

*From ref. 26.

all comparable cases their values are consistently larger by
some 15 kcal'mol™!. However, the BE differences between
ligands are generally very close in the two sets of data—i.e., the
two relative BE scales practically coincide, pointing to a
different choice of the reference BE used as the source of the
discrepancy. The earlier study has utilized the NO* BE of
ethanol, indirectly evaluated from the PA of C,HsONO,
measured by the ICR “bracketing” technique (37), whose
inherent accuracy is generally limited (22) and whose appli-
cation is complicated, in the case of interest, by the propensity
of (RONO)H™ ions to undergo NO™ transfer at a rate higher
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than H* transfer (21). Moreover, the absolute PA of
C,H5ONO, utilized by Reents and Freiser (21) to calculate the
C,HsOH-NO™ BE, was based on a scale anchored to PA(NH3)
taken equal to 208.5 kcal'-mol ™1, a value larger by 5 kcal'mol ™!
than the currently accepted one (22, 28), which partially
accounts for the discrepancy of the two BE scales. In conclu-
sion, as recently suggested by other authors (38), it appears that
the absolute anchor of the Reents and Freiser scale needs to
be revised. On the basis of its direct, more reliable measure-
ment (26), whose result agrees with that of a high-level
theoretical approach (27), it appears that the choice of the
H,O-NO* BE as the absolute reference standard is to be
preferred, and it is reassuring that it leads to NO* BEs of
various molecules in excellent agreement with those from
high-level ab initio calculations. Thus, the NO* BE of meth-
anol has been computed to be 25.3 kcal'mol™! (39), that of
oxirane 27.3 kcal'mol~! (31), and that of acetaldehyde 27.9
kcal'mol~! (32). All these values, while consistent with those
of Table 2—i.e., 23.3, 26.9, and 27.6 kcal‘mol~!, respectively,
are much lower than those of the earlier scale anchored to an
NO™ BE of ethanol taken equal to 40.4 kcal'mol~!. It should
be noted that, once adjusted to the anchor used in this work,
the BE values reported by Reents and Freiser (21) become
perfectly compatible with ours, and indeed can be used to
advantage to complement those of Table 2 in the construction
of an extended NO™ BE vs. PA correlation. The plot of Fig. 2
includes all ligands of known PA investigated, except those
aromatic compounds which are known (21) to bind to NO*
giving 7 complexes, whereas protonation gives instead o
complexes (ref. 40 and references therein). The different
nature of the adducts formed by NO* and H* prevents, in this
case, meaningful correlation of the BEs of the two cations,
which is possible instead if the molecule contains a nucleo-
philic center, other than the 7 system, to which NO* binds, as
in the case of aromatic aldehydes, ketones, nitro compounds,
etc. that fit the general correlation

NO™ BE = —41.7 + 0.367PA [a]

valid for all other ligands, where the energies are expressed in
kcal'mol~!. The linearity of the general plot is satisfactory, its
correlation coefficient being 0.9828. Those aromatic com-
pounds that form 7r-type complexes with NO™* obey instead the
following equation

NO™* BE = —72.7 + 0.563PA [b]
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from ref. 22. O, Data from this work; @, data from ref. 21 (see text);
M, data from ref. 30.
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whose correlation coefficient, 0.940 is appreciably lower, prob-
ably on account of the limited set of currently available data.

Comparison with Other Cations. The NO* BEs are con-
siderably smaller than the corresponding PAs, consistent with
the fact that at any given separation the electrostatic energy
released upon charge expansion from the free ion to the
ion-neutral complex is considerably smaller in the case of NO*
than of H*, which, in addition, is able to approach the
nucleophilic center to a much shorter distance than NO*. The
same arguments apply when contrasting NO* with the closely
related NOZ cation. The NO* BEs are in most cases consid-
erably larger, owing again to the smaller size, the higher charge
density, and the smaller ion-neutral separation that character-
ize NO* complexes with respect to their NOF counterparts.
Furthermore, at variance with NO3, NO™* does not appear to
undergo energetically unfavorable deformation upon associa-
tion with the ligand—i.e., the N—O equilibrium bond length
does not change appreciably in passing from free NO* to the
H,O-NO™* complex (27). The larger HO-NO3 separation
(36) reflects the reluctance of NOF to form tightly bound
complexes, where the close approach to the nucleophilic center
entails the deformation of the cation. Another significant
difference is that the BE vs. PA correlation displays a much
better linearity in the case of NO* than of NOZ, and satis-
factorily fits a single linear plot, whereas the NO7F correlation
has a composite character, significantly changing for different
classes of compounds (23).

Predictive Value of the NO* BE vs. PA Correlation. The
satisfactory linearity and the wide range, spanning from ni-
trogen, PA = 118.2 kcal'mol™!, to 3-methylpyridine, PA =
224.1 kcal'mol !, make correlation a useful from two different
standpoints. First, comparison of the values predicted with
those from independent approaches can be used to assess the
validity of the present measurements. A significant example is
the experimentally inaccessible NO* BE of NH3, whose 31.7 +
2 kcal'mol~! value from very recent high-level calculations (41)
compares well with the 33.0 = 2 kcal'mol~! from correlation
a. More interesting, the connection can be used for predicting
the NO™* affinity of a large variety of compounds, utilizing the
comprehensive PA compilations currently available (22, 28).
As an example of application to molecules of great biological
interest, the gas-phase NO™* affinities of the DNA bases from
correlation a are the following: adenine, 40.3 kcal'mol™1;
cytosine, 40.4 kcal'mol™!; guanine, 40.1 kcal'mol™%; and thy-
mine, 34.9 kcal'mol ™. Direct experimental measurement has
been possible only in the case of thymine and its result, 35.6
kcal'mol~!, underlines the satisfactory accuracy, and hence the
predictive value, of correlation a, although such a degree of
agreement may be partially fortuitous, since, based on the
combined uncertainties of the PA values taken from the
National Institute of Standards and Technology database (22)
and of correlation a, we attach an estimated error bar of + 2
kcal'mol~! to the indirectly calculated NO* BE values.

Another diagnostic application concerns those aromatic
molecules that contain, in addition to the = system, another
nucleophilic center. Knowledge of the NO* BE and PA allows
one to ascertain whether correlation a or b applies, which in
turn provides a criterion to decide whether a 7-type or a n-type
NO* complex is formed, a useful information in the vast
majority of cases where direct experimental evidence is lack-
ing.

Extension of the Kinetic Methods to Polyatomic Ions.
Following the application to the strictly related nitronium ion
(23), the present work provides another example of successful
extension of the kinetic method to the evaluation of the
absolute BE of a polyatomic ion. In fact, all previously pub-
lished studies of dimers bound by polyatomic cations, including
CH3, CN*, OCNCO™*, and NH{ provide only the relative
affinity order of the ligands investigated (24), rather than the
absolute BE values required for general thermochemical ap-
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plications and for modelling purposes. As in the case of NO7,
the kinetic method performed beyond expectations in the
evaluation of the NO* BE, giving results in excellent agree-
ment with those from the ICR equilibrium method, and
providing the only viable experimental approach in the nu-
merous cases where application of the latter proved impossi-
ble.
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