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Abstract

Threshold collision-induced dissociation of M1(azine) with xenon is studied using guided ion beam mass spectrometry. M1

include the following alkali metal ions: Li1, Na1, and K1. The azines studied include pyridine, pyridazine, pyrimidine,
pyrazine, and 1,3,5-triazine. In all cases, the primary product formed corresponds to endothermic loss of the intact azine and
the only other product observed is the result of ligand exchange processes to form MXe1. The cross-section thresholds are
interpreted to yield 0 and 298 K bond energies for M1–azine after accounting for the effects of multiple ion–molecule
collisions, internal energy of the reactant ions, and dissociation lifetimes. Ab initio calculations at the MP2(full)/6-
3111G(2d,2p)//MP2(full)/6-31G* level of theory are used to determine the structures of these complexes and provide
molecular constants necessary for the thermodynamic analysis of the experimental data. We find that all of the complexes are
very nearly planar, thep complexes being significantly less stable. Calculated M1–azine bond dissociation energies compare
favorably to the experimentally determined bond energies for these systems. (Int J Mass Spectrom 195/196 (2000) 439–457)
© 2000 Elsevier Science B.V.
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1. Introduction

In recent work, we have developed methods to
allow the application of quantitative threshold colli-
sion-induced dissociation methods to obtain accurate
thermodynamic information on increasingly large sys-
tems [1–6]. One of the driving forces behind these
developments is our interest in applying such tech-
niques to systems having biological relevance. In

addition, we seek to perform accurate thermochemical
measurements that provide absolute anchors for the
alkali metal cation affinity scales over an ever-broad-
ening range of energies. In the present article, we
examine the interactions of the family of six-mem-
bered heterocycles containing nitrogen, the azines,
with alkali metal ions. Structures of the neutral azine
molecules are shown in Fig. 1 along with calculated
[7] and measured [8] dipole moments, and estimated
polarizabilities [9]. These systems were chosen as
models of noncovalent interactions with nucleic acids
and a wide variety of nitrogen containing heterocycles
of biological importance.
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Pyridine is one of the most abundant and best
known of the aromatic heterocycles and is produced
commercially on a large scale. Compounds containing
the pyridine ring are widely distributed in nature. Of
these, vitamin B6 and the nicotinamide adenine dinu-
cleotide phosphates are of the greatest biochemical
importance. Pyridine is also the building block of
many enzymes, drugs, dyes, and alkaloids [10–13].
Pyridazines are not known to occur in nature and are
not easily produced by nitrogen biochemical transfor-
mations. However, synthetically produced pyr-
idazines have been useful as growth inhibitors and as
medicinals [14,15]. Pyrimidines play a wide variety of
roles in biochemical systems. They are the building
blocks of the nucleic acids, as well as vitamin B1,
folic acid, barbiturates, antimalarials, oral diuretics,
and other pharmaceuticals. They fulfill a series of
important functions in biochemical oxidation–reduc-
tion processes. They act as dehydrogenases, as one

and two-electron transfer reagents, and as activators
of molecular O2. The interaction of pyrimidines with
cations is particularly important ass coordination and
p redox reactivity may influence one another [16].
Pyrazines occur commonly in nature with a wide
variety of biological activity ranging from flavoring
agents, bioluminescent natural products, to pharma-
ceuticals [17–19]. 1,3,5-Triazines are an unusual class
of compound. 1,3,5-Triazine is atypical of its class,
being highly reactive and undergoing ring cleavage
very easily. 1,3,5-Triazines find widespread use as
fiber reactive dyes, optical brighteners, explosives,
resins, polymers, fungicides, insecticides, and herbi-
cides. In addition, 1,3,5-Triazines have been used in
the treatment of leukemia and as an antitumor drug
[20–23].

The azines are members of the class of heteroaro-
matic compounds referred to asp-deficientN-hetero-
cycles [24]. The azines are formed by replacement of
one or more of the CH groups in benzene by nitrogen
atoms. Because nitrogen is more electronegative than
carbon, this leads to a disturbance of the symmetry of
the p-electron system, creating a localization of
charge on the nitrogen atom(s), decreasing the reso-
nance stabilization and aromatic character of the
molecule. The localization of charge on the nitrogen
atom(s) make these molecules better proton or cation
acceptors and less likely to form cationp complexes.
Studies of the interaction of heterocyclic compounds
and the azines are of great interest from not only
chemical but also pharmacological points of view.
The reactivity of heterocyclic bases in the presence of
cations may vary in a characteristic way. Thus the site
of cation attachment may be closely related to the
expression of biological activity and possibly in-
volved directly in receptor–ligand interactions in bi-
ological systems.

In the present study, we use guided ion beam mass
spectrometry to collisionally excite complexes of Li1,
Na1, and K1 bound to five different azines: pyridine
(azine), pyridazine (1,2-diazine), pyrimidine (1,3-di-
azine), pyrazine (1,4-diazine), and 1,3,5-triazine. The
kinetic energy dependent cross sections for the colli-
sion-induced dissociation (CID) processes are ana-
lyzed using methods developed previously [3]. The

Fig. 1. Structures of the azine molecules. Properly scaled dipole
moments in debye are shown as arrows. Values listed are taken
from theory [7] and experiment in parentheses [8]. Estimated
molecular polarizabilities in Å3 are also shown [9].
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analysis explicitly includes the effects of the internal
and translational energy distributions of the reactants,
multiple collisions, and the lifetime for dissociation.
We derive alkali metal cation–azine bond dissociation
energies for all the complexes and compare these
results to relative values available for Li1 obtained in
equilibrium studies [25] and toab initio calculations
performed here and in the literature [7,26,27].

2. Experimental

2.1. General procedures

Cross sections for CID of M1 (azine), where
M1 5 Li1, Na1, and K1, and azine5 pyridine,
pyridazine, pyrimidine, pyrazine, and 1,3,5-triazine,
are measured using a guided ion beam mass spectrom-
eter that has been described in detail previously
[28,29]. The metal ligand complexes are generated as
described in the following. The ions are extracted
from the source, accelerated, and focused into a
magnetic sector momentum analyzer for mass analy-
sis. Mass-selected ions are decelerated to a desired
kinetic energy and focused into an octopole ion guide,
which traps the ions in the radial direction [30]. The
octopole passes through a static gas cell containing
xenon, used as the collision gas, for reasons described
elsewhere [31–33]. Low gas pressures in the cell
(typically 0.04–0.20 m Torr) are used to ensure that
multiple ion–molecule collisions are improbable.
Product and unreacted beam ions drift to the end of
the octopole where they are focused into a quadrupole
mass filter for mass analysis and subsequently de-
tected with a secondary electron scintillation detector
and standard pulse counting techniques.

Ion intensities are converted to absolute cross
sections as described previously [28]. Absolute uncer-
tainties in cross section magnitudes are estimated to
be620%, which are largely the result of errors in the
pressure measurement and the length of the interac-
tion region. Relative uncertainties are approximately
65%. Because the radio frequency used for the
octopole does not trap light masses with high effi-
ciency, the cross sections for Li1 products were more

scattered and showed more variations in magnitude
than is typical for this apparatus. Therefore, absolute
magnitudes of the cross sections for production of Li1

are probably650%.
Ion kinetic energies in the laboratory frame,Elab,

are converted to energies in the center of mass frame,
ECM, using the formulaECM 5 Elabm/(m 1 M),
whereM andm are the masses of the ionic and neutral
reactants, respectively. All energies reported below
are in the CM frame unless otherwise noted. The
absolute zero and distribution of the ion kinetic
energies are determined using the octopole ion guide
as a retarding potential analyzer as previously de-
scribed [28]. The distribution of ion kinetic energies is
nearly Gaussian with a full width at half maximum
typically between 0.2 and 0.4 eV (lab) for these
experiments. The uncertainty in the absolute energy
scale is60.05 eV (lab).

Even when the pressure of the reactant neutral is
low, we have previously demonstrated that the effects
of multiple collisions can significantly influence the
shape of CID cross sections [34]. Because the pres-
ence and magnitude of these pressure effects is
difficult to predict, we have performed pressure de-
pendent studies of all cross sections examined here. In
the present systems, we observe small cross sections
at low energies that have an obvious dependence upon
pressure. We attribute this to multiple energizing
collisions that lead to an enhanced probability of
dissociation below threshold as a result of the longer
residence time of these slower moving ions. Data free
from pressure effects are obtained by extrapolating to
zero reactant pressure, as described previously [34].
Thus, results reported in the following are due to
single bimolecular encounters.

2.2. Ion source

The M1(azine) complexes are formed in a 1-m-
long flow tube [29,35] operating at a pressure of
0.5–0.7 Torr with a helium flow rate of 4000–7000
sccm. Metal ions are generated in a continuous dc
discharge by argon ion sputtering of a cathode, made
from tantalum or iron, with a cavity containing the
alkali metal. Typical operating conditions of the
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discharge are 2–3 kV and 20–30 mA in a flow of
roughly 10% argon in helium. The M1(azine) com-
plexes are formed by associative reactions of the
alkali metal ion with the neutral azine, which is
introduced into the flow 50 cm downstream from the
dc discharge. In all cases except for pyridazine, the
vapor pressure of each of the azines was sufficient to
produce enough vaporized ligand to carry out these
experiments. Pyridazine required gentle heating and a
flow of helium over the sample to vaporize. The flow
conditions used in this ion source provide in excess of
104 collisions between an ion and the buffer gas,
which should thermalize the ions both vibrationally
and rotationally. In our analysis of the data, we
assume that the ions produced in this source are in
their ground electronic states and that the internal
energy of the M1(azine) complexes is well described
by a Maxwell-Boltzmann distribution of ro-vibra-
tional states at 300 K. Previous work has shown that
these assumptions are generally valid [31,34–38].

2.3. Thermochemical analysis

The threshold regions of the reaction cross sections
are modeled by using

s~E! 5 s0 O
i

gi~E 1 Ei 2 E0!
n/E (1)

wheres0 is an energy independent scaling factor,E is
the relative translational energy of the reactants,E0 is
the threshold for reaction of the ground electronic and
ro-vibrational state, andn is an adjustable parameter.
The summation is over the ro-vibrational states of the
reactant ions,i , whereEi is the excitation energy of
each state andgi, is the population of those states
(¥gi 5 1). The populations of excited ro-vibrational
levels are not negligible even at 300 K as a result of
the many low-frequency modes present in these ions.
The relative reactivity of all ro-vibrational states, as
reflected bys0 andn, is assumed to be equivalent.

To obtain model structures, vibrational frequen-
cies, and energetics for the neutral and metalated
azines,ab initio calculations were performed using
GAUSSIAN 98 [39]. Geometry optimizations were
performed at the MP2(full)/6-31G* level. This level

of theory was recently determined by Hoyau et al.
[40] and us [6] to be adequate for a good description
of sodium cation complexes. This conclusion is rein-
vestigated here and tested for lithium, sodium and
potassium cation complexes. Vibrational analyses of
the geometry-optimized structures were performed to
determine the vibrational frequencies and rotational
constants of the molecules. When used to model the
data or to calculate thermal energy corrections, the
MP2(full)/6-31G* vibrational frequencies are scaled
by a factor of 0.9646 [41,42]. The scaled vibrational
frequencies thus obtained for the 15 systems studied
are listed in Table 1, whereas Table 2 lists the
rotational constants. Single point energy calculations
were performed at the MP2(full)/6-3111G(2d,2p)
level using the MP2(full)/6-31G* geometries. To
obtain accurate bond dissociation energies, basis set
superposition errors (BSSE) were subtracted from the
computed dissociation energies in the full counter-
poise approximation [43,44], as in several other recent
papers on Na1 complexes [45,46]. The BSSE correc-
tions ranged from 3.2 kJ/mol for K1(1,3,5-triazine) to
8.3 kJ/mol for the Li1(pyridazine) complex.

The Beyer-Swinehart algorithm [47] is used to
evaluate the density of the ro-vibrational states and
the relative populationsgi are calculated by an appro-
priate Maxwell-Boltzmann distribution at the 300 K
temperature appropriate for the reactants. The average
vibrational energy at 298 K of the alkali metal ion
bound azines is also given in Table 1. We have
estimated the sensitivity of our analysis to the devia-
tions from the true frequencies by scaling the calcu-
lated frequencies to encompass the range of average
valence coordinate scale factors needed to bring
calculated frequencies into agreement with experi-
mentally determined frequencies found by Popleet al.
[48]. Thus, the originally calculated vibrational fre-
quencies were increased and decreased by 10%. The
corresponding change in the average vibrational en-
ergy is taken to be an estimate of one standard
deviation of the uncertainty in vibrational energy
(Table 1) and is included in the uncertainties listed
with the E0 values.

We also consider the possibility that collisionally
activated complex ions do not dissociate on the time
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scale of our experiment (about 1024 s) by including
statistical theories for unimolecular dissociation into
Eq. (1) as described in detail elsewhere [3,36]. This
requires sets of ro-vibrational frequencies appropriate
for the energized molecules and the transition states
(TSs) leading to dissociation. The former are given in

Tables 1 and 2 whereas we assume that the TSs are
loose and product like because the interaction be-
tween the alkali metal ion and the ligand is largely
electrostatic. In this case, the TS vibrations used are
the frequencies corresponding to the products, which
are also found in Table 1. The transitional frequen-

Table 1
Vibrational frequencies and average vibrational energies at 298 Ka

Species Evib (eV)b Frequencies (cm21)c

Pyridine 0.05 (0.01) 366, 392, 591, 646, 661, 713, 861, 899, 906, 926, 981, 1022, 1063, 1075, 1165, 1226,
1356, 1365, 1449, 1484, 1594, 1603, 3105, 3106, 3120, 3135, 3142

Li1(pyridine) 0.09 (0.01) 115, 148, 370, 395, 435, 641, 643, 658, 722, 865, 893, 918, 940, 1008, 1028, 1074,
1078, 1179, 1231, 1360, 1377, 1466, 1495, 1590, 1628, 3118, 3119, 3142, 3155, 3159

Na1(pyridine) 0.10 (0.01) 73, 86, 222, 370, 393, 613, 642, 658, 718, 866, 890, 915, 936, 1000, 1024, 1073,
1076, 1177, 1231, 1359, 1375, 1462, 1494, 1591, 1622, 3112, 3113, 3140, 3152, 3157

K1(pyridine) 0.11 (0.01) 57, 59, 151, 370, 393, 607, 643, 661, 718, 868, 891, 915, 931, 995, 1025, 1073(2),
1175, 1231, 1358, 1374, 1459, 1493, 1591, 1619, 3103, 3104, 3137, 3149, 3154

Pyridazine 0.04 (0.04) 349, 358, 607, 656, 681, 737, 902, 914, 917, 966, 1032, 1067, 1070, 1158, 1270,
1280, 1404, 1451, 1574, 1578, 3121, 3127, 3136, 3146

Li1(pyridazine) 0.08 (0.01) 159, 235, 357, 382, 469, 618, 675, 680, 758, 917, 939, 940, 969, 1046, 1059, 1092,
1175, 1284, 1329, 1419, 1463, 1576, 1596, 3147, 3154, 3160, 3164

Na1(pyridazine) 0.09 (0.01) 102, 129, 247, 353, 375, 614, 660, 679, 754, 915, 934, 935, 965, 1046, 1063, 1084,
1171, 1284, 1313, 1416, 1462, 1578, 1592, 3144, 3148, 3155, 3162

K1(pyridazine) 0.10 (0.01) 85, 114, 180, 353, 376, 614, 659, 685, 753, 916, 934, 936, 966, 1046, 1066, 1080,
1169, 1285, 1307, 1414, 1461, 1578, 1589, 3140, 3144, 3152, 3160

Pyrimidine 0.04 (0.01) 339, 394, 608, 670, 712, 787, 915, 947, 959, 981, 1054, 1075, 1136, 1221, 1298,
1372, 1410, 1467, 1580, 1587, 3111, 3114, 3128, 3150

Li1(pyrimidine) 0.08 (0.01) 120, 155, 336, 401, 427, 629, 683, 705, 793, 923, 937, 972, 1004, 1049, 1086, 1136,
1227, 1308, 1381, 1420, 1476, 1571, 1612, 3121, 3127, 3140, 3166

Na1(pyrimidine) 0.10 (0.01) 77, 90, 212, 337, 399, 619, 672, 708, 789, 921, 937, 968, 994, 1050, 1084, 1136,
1227, 1307, 1381, 1417, 1475, 1573, 1607, 3116, 3123, 3138, 3164

K1(pyrimidine) 0.10 (0.01) 60, 63, 143, 338, 398, 616, 671, 711, 790, 921, 941, 965, 990, 1052, 1082, 1136,
1226, 1307, 1381, 1414, 1475, 1574, 1603, 3109, 3116, 3136, 3162

Pyrazine 0.04 (0.01) 333, 412, 585, 694, 727, 777, 915, 922, 933, 1005, 1006, 1075, 1136, 1237, 1319,
1348, 1421, 1479, 1536, 1585, 3112(2), 3126, 3130

Li1(pyrazine) 0.09 (0.01) 118, 153, 331, 419, 423, 632, 688, 718, 776, 887, 923, 949, 1001, 1037, 1087, 1124,
1243, 1334, 1355, 1429, 1482, 1530, 1601, 3128(2), 3145, 3148

Na1(pyrazine) 0.10 (0.01) 76, 90, 210, 332, 418, 604, 689, 718, 775, 892, 921, 946, 1003, 1024, 1085, 1127,
1243, 1330, 1354, 1427, 1482, 1531, 1597, 3123, 3124, 3142, 3145

K1(pyrazine) 0.10 (0.01) 59, 64, 142, 332, 417, 598, 691, 722, 776, 898, 921, 944, 1005, 1018, 1083, 1128,
1242, 1326, 1353, 1426, 1483, 1532, 1595, 3116, 3117, 3138, 3141

1,3,5-Triazine 0.04 (0.01) 347(2), 665(2), 744, 893, 981, 991(2), 1113, 1171(2), 1214, 1382, 1420(2), 1567(2),
3129(2), 3133

Li1(1,3,5-triazine) 0.08 (0.01) 122, 162, 347, 349, 418, 653, 697, 730, 898, 974, 1000, 1007, 1099, 1162, 1166,
1232, 1389, 1420, 1438, 1546, 1599, 3129, 3130, 3159

Na1(1,3,5-triazine) 0.09 (0.01) 80, 93, 202, 344, 349, 656, 681, 734, 893, 975, 991, 1003, 1102, 1165, 1167, 1227,
1389, 1418, 1436, 1549, 1592, 3126, 3127, 3157

K1(1,3,5-triazine) 0.10 (0.01) 63, 66, 133, 345, 349, 659, 676, 738, 894, 979, 988, 1001, 1106, 1167, 1224, 1388,
1417, 1435, 1552, 1588, 3121, 3123, 3155

a Vibrational frequencies (scaled by 0.9646) are obtained from a vibrational analysis of the geometry optimized structures for these species
obtained fromab initio calculations performed at the MP2(full)/6-31G* level.

b Uncertainties listed in parentheses are determined as described in the text.
c Degeneracies in parentheses.
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cies, those that become rotations of the completely
dissociated products, are treated as rotors, a treatment
that corresponds to a phase space limit (PSL) and is
described in detail elsewhere [3]. For the M1(azine)
complexes, the two transitional mode rotors have
rotational constants equal to those of the neutral azine
product with axes perpendicular to the reaction coor-
dinate. These are listed in Table 2. The external
rotations of the energized molecule and TS are also
included in the modeling of the CID data. The
external rotational constants of the TS are determined
by assuming that the TS state occurs at the centrifugal
barrier for interaction of M1 with the neutral azine,
calculated variationally as outlined elsewhere [3]. The
two-dimensional (2-D) external rotations are treated
adiabatically but with centrifugal effects included,
consistent with the discussion of Waage and Rabino-
vitch [49]. In the present work, the adiabatic 2-D

rotational energy is treated using a statistical distribu-
tion with explicit summation over the possible values
of the rotational quantum number, as described in
detail elsewhere [3].

The model represented by Eq. (1) is expected to be
appropriate for translationally driven reactions [50]
and has been found to reproduce reaction cross
sections well in a number of previous studies of both
atom–diatom and polyatomic reactions [51,52], in-
cluding CID processes [1,2,31,34–36,53–55]. The
model is convoluted with the kinetic energy distribu-
tions of both reactants, and a nonlinear least-squares
analysis of the data is performed to give optimized
values for the parameterss0, E0, and n. The error
associated with the measurement ofE0 is estimated
from the range of threshold values determined for
different data sets, variations associated with uncer-
tainties in the vibrational frequencies, and the error in
the absolute energy scale, 0.05 eV (lab). For analyses
that include the Rice-Ramsperger-Kassel-Marcus
(RRKM) lifetime effect, the uncertainties in the re-
portedE0 values also include the effects of increasing
and decreasing the time assumed available for disso-
ciation (1024 s) by a factor of 2.

Equation (1) explicitly includes the internal energy
of the ion,Ei. All energy available is treated statisti-
cally, which should be a reasonable assumption be-
cause the internal (rotational and vibrational) energy
of the reactants is redistributed throughout the ion
upon impact with the collision gas. The threshold for
dissociation is by definition the minimum energy
required leading to dissociation and thus corresponds
to formation of products with no internal excitation.
The assumption that products formed at threshold
have an internal temperature of 0 K has been tested
for several systems [1,2,31,34–36]. It has been shown
that treating all energy of the ion (vibrational, rota-
tional, and translational) as capable of coupling into
the dissociation coordinate leads to reasonable ther-
mochemistry. The threshold energies for dissociation
reactions determined by analysis with Eq. (1) are
converted to 0 K bond energies by assuming thatE0

represents the energy difference between reactants
and products at 0 K [56]. This requires that there are
no activation barriers in excess of the endothermicity

Table 2
Rotational constants of M1(azine) in cm21

Reactant

Energized
molecule Transition state

1Da 2Db 1Dc 2Dc 2Db,d

Li1(pyridine) 0.20 0.086 0.099 0.20 0.033
Na1(pyridine) 0.20 0.045 0.099 0.20 0.0065
K1(pyridine) 0.20 0.029 0.099 0.20 0.0038

Li1(pyridazine) 0.20 0.094 0.10 0.20 0.041
Na1(pyridazine) 0.20 0.051 0.10 0.20 0.0076
K1(pyridazine) 0.21 0.033 0.10 0.20 0.0048

Li1(pyrimidine) 0.20 0.088 0.10 0.21 0.034
Na1(pyrimidine) 0.21 0.046 0.10 0.21 0.0065
K1(pyrimidine) 0.21 0.029 0.10 0.21 0.0037

Li1(pyrazine) 0.21 0.086 0.10 0.20 0.033
Na1(pyrazine) 0.21 0.045 0.10 0.20 0.0068
K1(pyrazine) 0.21 0.029 0.10 0.20 0.0037

Li1(1,3,5-triazine) 0.21 0.090 0.11 0.21 0.034
Na1(1,3,5-triazine) 0.21 0.046 0.11 0.21 0.0068
K1(1,3,5-triazine) 0.21 0.029 0.11 0.21 0.0038

a Active external.
b Inactive external.
c Rotational constants of the transition state treated as free

internal rotors.
d Treated variationally. Value cited is obtained at the threshold

energy for dissociation.
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of dissociation. This is generally true for ion–mol-
ecule reactions [51] and should be valid for the simple
heterolytic bond fission reactions examined here [57].

3. Results

3.1. Cross sections for collision-induced
dissociation

Experimental cross sections were obtained for the
interaction of Xe with 15 M1(azine) complexes,
where M1 5 Li1, Na1, and K1 azine5 pyridine,
pyridazine, pyrimidine, pyrazine, and 1,3,5-triazine.
Fig. 2 shows representative data for the
M1(pyrimidine) complexes with all three metals. As
discussed previously, the nonzero cross sections ob-
served in these data at the lowest energies are a
consequence of multiple collisions and disappear
when the data are extrapolated to zero pressure of the
Xe reactant as shown in Fig. 2. The other azine
complexes show similar relative behavior. The most
favorable process for all complexes is the loss of the
intact azine molecule in the (CID) reaction

M1(azine)1 Xe3 M1 1 azine1 Xe (2)

The magnitudes of the cross sections generally in-
crease in size from M1 5 Li1 to Na1 to K1. This is
largely because the thresholds decrease in this same
order. The only other products that are observed in
these reactions are the result of ligand exchange
processes to form MXe1. The cross sections for these
products are approximately one to two orders of
magnitude smaller than those for the primary M1

product, and the thresholds are slightly lower (by the
M1–Xe binding energy). As little systematic informa-
tion can be gleaned from these products, they will not
be discussed further. However, it is conceivable that
this ligand exchange process might cause a competi-
tive shift in the observed thresholds. Within the
quoted experimental errors, we do not believe such
competition is likely to affect our threshold measure-
ments in any of these systems for several reasons that
have been detailed elsewhere [58].

3.2. Threshold analysis

The model of Eq. (1) was used to analyze the
thresholds for reactions (2) in 15 M1(azine) systems.
The results of these analyses are provided in Table 3
and representative results are shown in Fig. 3 for the
M1(pyrimidine) complexes with all three metals. In
all cases, the experimental cross sections for reaction
(2) are accurately reproduced using a loose PSL TS
model [3]. Previous work has shown that this model
provides the most accurate assessment of the kinetic
shifts for CID processes for electrostatic ion–mol-
ecule complexes [1–4,53,54]. Good reproduction of
the data is obtained over energy ranges exceeding 3
eV and cross section magnitudes of at least a factor of
100. Table 3 also includes values ofE0 obtained
without including the RRKM lifetime analysis. Com-
parison of these values with theE0(PSL) values
shows that the kinetic shifts are negligibly small in all
of the K1 complexes as well as the Li1 and Na1

complexes with pyrazine and triazine. In the more
strongly bound systems, the kinetic shift for the Li1

complexes varied between 0.01 and 0.15 eV, whereas
it only varied between 0.01 and 0.02 eV for the Na1

complexes. Although the total number of vibrations
changes for the azines (27 for pyridine, 24 for
pyridazine, pyrimidine, and pyrazine, and 21 for
1,3,5-triazine), the number of heavy atoms in these
molecules (and hence the number of lower frequency
vibrations) remains the same. This explains the sim-
ilarity in the kinetic shifts as the azine is varied. The
rigidity of the aromatic azines is a contributing factor
to the small magnitudes of the kinetic shifts.

The entropy of activation,DS†, is a measure of the
looseness of the TS and also a reflection of the
complexity of the system. It is largely determined by
the molecular parameters used to model the energized
molecule and the TS, but also depends upon the
threshold energy. Listed in Table 3,DS†(PSL) values
at 1000 K can be seen to decrease from the Li to the
Na to the K systems. These entropies of activation can
be favorably compared toDS1000

† values in the range
of 29–46 J/K mol collected by Lifshitz for several
simple bond cleavage dissociations of ions [59].
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3.3. Theoretical results

Theoretical structures for the neutral azines (pyri-
dine, pyridazine, pyrimidine, pyrazine, and 1,3,5-
triazine), and for the complexes of these species with
H1, Li1, Na1, and K1 were calculated as described
previously. Table 4 gives details of the final geome-
tries for each of these species. Results for the most
stable conformations of the lithium metal ion–azine
complexes are shown in Fig. 4 [60].

Not surprisingly, the calculations find that the
proton or metal ion prefers to be bound to the nitrogen
atom rather than thep cloud of the aromatic ring for
all of the azines. In some cases, stable conformations
corresponding to the metal ion binding to thep cloud
of the azine molecule were found, but these species
were considerably less stable. In other cases, the
startingp-complex geometries always converged to
the more energetically favorable planar geometry. For
the pyridine, pyrimidine, pyrazine, and 1,3,5-triazine
complexes, the proton or metal binds to a single
nitrogen atom. The binding observed in the pyridazine
system differs somewhat. In the protonated system,
the proton binds to a single nitrogen atom, whereas
the metal ion bridges the two adjacent nitrogen atoms
in the metalated systems. In general, the distortion of
the azine molecule that occurs upon complexation to
a proton or alkali metal cation is minor. The change in
geometry is the largest for the protonated systems and
decreases with increasing size of the cation. Bond
lengths and angles change in the most extreme cases
by less than 0.02 Å and 7.5°, respectively.

The 0 K calculated proton and metal binding
energies, performed at the MP2(full)/6-
3111G(2d,2p)//MP2(full)/6-31G* level including
full MP2 correlation, zero point energy corrections
and basis set superposition error corrections [61–63],

Fig. 2. Cross sections for collision-induced dissociation of
M1(pyrimidine) complexes where M1 5 Li1, Na1, and K1 (parts
a, b, and c, respectively) with Xe as a function of kinetic energy in
the center-of-mass frame (lowerx axis) and the laboratory frame
(upperx axis). Data are shown for a xenon pressure of;20 mTorr
(closed circle) and extrapolated to zero (open circle). Cross sections
for the ligand exchange process to form M1Xe are also shown
(open triangle).
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are listed in Table 5. In all of the azine systems, the
binding strength varies with the metal ion such that
Li1 binds ;50% more strongly than Na1, which in
turn binds;40% more strongly than K1. As these
complexes are largely electrostatic in nature, this is
easily understood based upon the size or equivalently
the charge density on the metal. The smaller the ion,
the greater the charge density of the metal and
therefore the greater the strength of the ion–dipole or
ion–induced dipole interaction in these systems. The
binding energy increases with decreasing charge on
the metal. For a given azine, the charge retained on
the metal follows the order Li1 (;0.75e) , Na1

(;0.92e) , K1 (;0.98e). The shorter bond dis-
tance and greater charge density in the smaller cations
allows the metal ion to more effectively withdraw
electron density from the neutral ligand thus reducing
the charge retained on the metal and increasing the
covalency of the metal-ligand interaction. These re-
sults are discussed in further detail in the following.

3.3.1. Pyridine
Pyridine is the simplest of the azine systems

studied here. Pyridine possesses only a single strongly
basic site (at N1). Indeed, this site is calculated and

measured [64,65] to be the most basic of all the azines
consider here, having a protonation energy at 0 K of
908.9 kJ/mol (calculated) and 924.06 16.0 kJ/mol
(measured at 298 K, adjusted to 0 K). Consistent with
this, we find that the calculated metal ion binding
energies for this molecule are the strongest of the
monoligated species examined here, and as expected
the metal binds to the same site (N1).

A stable cationp complex of Li1 to pyrimidine
was found. However, this complex was found to be
67.0 kJ/mol less stable than the planar geometry.
Attempts to calculate stable cationp complexes of
pyridine to Na1 or K1 always converged to the
energetically more favorable planar geometry. The
large energy difference in the binding of Li1 in the
planar versusp complexes and the inability to find
stablep complexes to Na1 and K1 suggests that there
is only a single possible geometry for the M1 (pyri-
dine) complexes. Further, because of the strong ion–
dipole and ion–induced dipole interactions, the poten-
tial energy surface for M1 1 pyridine should be
attractive with no barriers in excess of the bond energy.

3.3.2. Pyridazine
Proton and metal ion binding to the diazines and

triazine is somewhat more complicated in that each

Table 3
Threshold dissociation energies at 0 K and entropies of activation at 1000 K of M1(azine)a

Reactant complex s0
b nb E0

c (eV) E0(PSL) (eV)
DS†(PSL)
(J mol21 K21)

Li1(pyridine) 0.5 (0.2) 1.4 (0.2) 1.95 (0.19) 1.88 (0.15) 32 (2)
Na1(pyridine) 13.7 (0.2) 1.2 (0.1) 1.32 (0.03) 1.31 (0.03) 26 (2)
K1(pyridine) 34.8 (0.8) 1.3 (0.1) 0.94 (0.04) 0.94 (0.04) 18 (2)
Li1(pyridazine) 0.5 (0.1) 1.3 (0.1) 2.59 (0.13) 2.43 (0.11) 39 (2)
Na1(pyridazine) 11.7 (0.2) 1.3 (0.1) 1.67 (0.03) 1.65 (0.03) 33 (2)
K1(pyridazine) 29.6 (0.4) 1.1 (0.1) 1.38 (0.03) 1.38 (0.03) 28 (2)
Li1(pyrimidine) 0.7 (0.1) 1.2 (0.1) 1.61 (0.12) 1.60 (0.11) 32 (2)
Na1(pyrimidine) 14.3 (0.3) 1.4 (0.1) 1.07 (0.04) 1.06 (0.04) 25 (2)
K1(pyrimidine) 28.3 (0.7) 1.4 (0.1) 0.72 (0.05) 0.72 (0.05) 18 (2)
Li1(pyrazine) 0.4 (0.1) 1.5 (0.1) 1.55 (0.15) 1.55 (0.14) 31 (2)
Na1(pyrazine) 16.4 (0.4) 1.1 (0.1) 1.11 (0.04) 1.11 (0.04) 25 (2)
K1(pyrazine) 30.0 (0.9) 1.2 (0.1) 0.70 (0.04) 0.70 (0.04) 18 (2)
Li1(1,3,5-triazine) 0.6 (0.1) 1.4 (0.1) 1.32 (0.13) 1.32 (0.13) 31 (2)
Na1(1,3,5-triazine) 16.3 (0.1) 1.2 (0.1) 0.92 (0.03) 0.92 (0.03) 24 (2)
K1(1,3,5-triazine) 28.1 (0.1) 1.3 (0.1) 0.57 (0.03) 0.57 (0.03) 17 (2)

a Uncertainties are listed in parentheses.
b Average values for loose PSL transition state.
c No RRKM analysis.
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possesses more than one basic site. Protonation of
pyridazine (1,2-diazine) at either nitrogen atom pro-
duces the same protonated complex with a calculated
protonation enthalpy at 0 K of 894.2 kJ/mol. The
previously measured proton affinity of pyridazine, ad-
justed to 0 K, is 901.16 16.0 kJ/mol [64,65]. These
values are somewhat lower than that determined for
pyridine suggesting that the presence of the second
nitrogen atom (electron withdrawing group) results in a
decrease in the electron density on the binding nitrogen,
weakening its attraction for the proton. However, when
compared to the other diazines (pyrimidine and pyr-
azine, discussed below), the proton and metal cation
binding affinities are higher. Pyridazine is the only
system where these basic sites are adjacent. Enhanced
proton and metal ion binding in the pyridazine system is
easily rationalized because geometries possessing in-
plane lone pairs of electrons on adjacent nitrogen atoms
are less stable in the neutral systems, whereas this
creates a more favorable geometry for proton and metal
ion binding. This is particularly important in the metal
ion systems as they are much larger than a proton and
capable of chelation (multiple donor) interactions result-
ing in significant increases in the binding energies.
Indeed, the alkali metal ion binding affinities of pyrid-
azine are significantly greater than for any of the other
azines examined here. Attempts to calculate stable cat-
ion p complexes to pyridazine also always converged to
the energetically more favorable planar geometry. Over-
all, we conclude that there is only a single stable
geometry for the M1(pyridazine) complexes.

3.3.3. Pyrimidine
Pyrimidine (1,3-diazine) also possesses two basic

nitrogen atoms. Protonation of pyrimidine at either

Fig. 3. Zero pressure extrapolated cross sections for collision-
induced dissociation of M1(pyrimidine) complexes where M1 5
Li1, Na1, and K1 (parts a, b, and c, respectively) with Xe in the
threshold region as a function of kinetic energy in the center-of-
mass frame (lowerx axis) and the laboratory frame (upperx axis).
Solid lines show the best fits to the data using the model of Eq. (1)
convoluted over the neutral and ion kinetic and internal energy
distributions. Dashed lines show the model cross sections in the
absence of experimental kinetic energy broadening for reactants
with an internal energy of 0 K.
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Table 4
MP2(full)/6-31G* geometry optimized structures of the neutral, protonated, and alkali metalated azinesa

Species

Bond length (Å)

1–2 2–3 3–4 4–5 5–6 6–1 1–X 2–X 3–X 4–X 5–X 6–X

Pyridine 1.344 1.394 1.393 1.393 1.394 1.344 . . . 1.088 1.086 1.087 1.086 1.088
H1(pyridine) 1.350 1.386 1.396 1.396 1.386 1.350 1.022 1.084 1.085 1.086 1.085 1.084
Li1(pyridine) 1.354 1.389 1.393 1.393 1.389 1.354 1.967 1.087 1.065 1.086 1.085 1.087
Na1(pyridine) 1.352 1.390 1.393 1.393 1.390 1.352 2.326 1.088 1.085 1.086 1.085 1.088
K1(pyridine) 1.350 1.391 1.393 1.393 1.391 1.350 2.732 1.088 1.085 1.086 1.085 1.088
Pyridazine 1.347 1.343 1.396 1.385 1.396 1.343 . . . . . . 1.087 1.087 1.087 1.087
H1(pyridazine) 1.329 1.340 1.401 1.389 1.393 1.340 1.025 . . . 1.085 1.086 1.085 1.085
Li1(pyridazine) 1.352 1.339 1.397 1.388 1.397 1.339 1.984 1.984 1.085 1.085 1.085 1.085
Na1(pyridazine) 1.354 1.340 1.397 1.386 1.397 1.340 2.348 2.348 1.086 1.086 1.086 1.086
K1(pyridazine) 1.353 1.341 1.397 1.386 1.397 1.341 2.712 2.712 1.086 1.085 1.085 1.086
Pyrimidine 1.341 1.341 1.342 1.391 1.391 1.342 . . . 1.087 . . . 1.088 1.085 1.088
H1(pyrimidine) 1.353 1.321 1.344 1.397 1.383 1.350 1.023 1.086 . . . 1.087 1.084 1.085
Li1(pyrimidine) 1.352 1.329 1.342 1.394 1.387 1.353 1.986 1.088 . . . 1.087 1.084 1.087
Na1(pyrimidine) 1.350 1.331 1.342 1.393 1.388 1.351 2.351 1.088 . . . 1.087 1.085 1.087
K1(pyrimidine) 1.348 1.333 1.342 1.393 1.388 1.350 2.764 1.089 . . . 1.087 1.085 1.088
Pyrazine 1.343 1.394 1.343 1.343 1.394 1.343 . . . 1.088 1.088 . . . 1.088 1.088
H1(pyrazine) 1.348 1.394 1.341 1.341 1.394 1.348 1.024 1.084 1.086 . . . 1.086 1.084
Li1(pyrazine) 1.352 1.393 1.341 1.341 1.393 1.352 1.988 1.087 1.087 . . . 1.087 1.087
Na1(pyrazine) 1.351 1.393 1.341 1.341 1.393 1.351 2.353 1.087 1.087 . . . 1.087 1.087
K1(pyrazine) 1.349 1.394 1.342 1.342 1.394 1.349 2.766 1.087 1.087 . . . 1.087 1.087
1,3,5-Triazine 1.339 1.339 1.339 1.339 1.339 1.339 . . . 1.088 . . . 1.088 . . . 1.088
H1(1,3,5-triazine) 1.353 1.319 1.344 1.344 1.319 1.353 1.025 1.087 . . . 1.087 . . . 1.087
Li1(1,3,5-triazine) 1.352 1.328 1.341 1.341 1.328 1.352 2.004 1.088 . . . 1.086 . . . 1.088
Na1(1,3,5-triazine) 1.349 1.330 1.340 1.340 1.330 1.349 2.375 1.088 . . . 1.086 . . . 1.088
K1(1,3,5-triazine) 1.347 1.332 1.340 1.340 1.332 1.347 2.802 1.088 . . . 1.086 . . . 1.088

Species

Bond angle (deg)

123 234 345 451 561 612 X12 X23 X34 X45 X56 X61

Pyridine 123.8 118.7 118.4 118.7 123.8 116.8 . . . 120.5 121.2 120.8 120.2 115.7
H1(pyridine) 118.8 119.4 119.8 119.4 118.8 123.8 118.1 124.2 121.4 120.1 119.2 117.0
Li1(pyridine) 122.7 119.0 118.8 119.0 122.7 117.9 120.9 120.6 121.3 120.6 119.7 116.7
Na1(pyridine) 123.0 118.9 118.6 118.9 123.0 117.4 121.2 120.3 121.3 120.7 119.8 116.6
K1(pyridine) 123.5 118.8 118.5 118.8 123.5 116.9 121.5 120.1 121.3 120.7 119.9 116.5
Pyridazine 119.0 124.1 116.9 116.9 124.1 119.0 . . . . . . 121.4 122.2 120.9 114.5
H1(pyridazine) 114.8 123.6 118.5 117.8 118.1 127.3 112.6 . . . 122.5 121.3 120.0 116.9
Li1(pyridazine) 120.2 121.9 118.0 118.0 121.9 120.2 70.1 169.8 122.8 121.7 120.3 115.4
Na1(pyridazine) 119.7 122.6 117.7 117.7 122.6 119.7 73.2 167.0 122.2 121.9 120.4 115.1
K1(pyridazine) 119.5 123.1 117.4 117.4 123.1 119.5 75.6 165.0 121.9 122.0 120.6 115.0
Pyrimidine 127.3 115.6 122.3 116.9 122.3 115.6 . . . 116.3 . . . 121.4 121.6 116.3
H1(pyrimidine) 122.1 117.6 122.8 117.8 117.6 122.1 118.6 120.4 . . . 121.2 120.5 117.5
Li1(pyrimidine) 126.2 116.6 122.1 117.3 121.3 116.5 119.5 116.6 . . . 121.6 121.0 117.3
Na1(pyrimidine) 126.6 116.4 122.0 117.2 121.7 116.1 118.6 116.2 . . . 121.7 121.1 117.1
K1(pyrimidine) 127.0 116.2 121.9 117.2 122.0 115.6 117.5 116.0 . . . 121.7 121.2 117.0
Pyrazine 122.3 122.3 115.3 122.3 122.3 115.3 . . . 121.0 116.7 . . . 121.0 116.7
H1(pyrazine) 117.1 122.6 117.8 122.6 117.1 122.8 118.6 124.9 117.2 . . . 120.3 118.0
Li1(pyrazine) 121.1 122.3 116.3 122.3 121.1 116.7 121.6 121.1 117.0 . . . 120.7 117.8
Na1(pyrazine) 121.6 122.3 116.1 122.3 121.6 116.2 121.9 120.8 116.9 . . . 120.8 117.6
K1(pyrazine) 122.0 122.3 115.9 122.3 122.0 115.6 122.2 120.6 116.9 . . . 120.9 117.5
1,3,5-Triazine 126.0 114.0 126.0 114.0 126.0 114.0 . . . 117.0 . . . 117.0 . . . 117.0
H1(1,3,5-triazine) 121.0 116.1 125.7 116.1 121.0 120.0 120.0 120.8 . . . 117.1 . . . 118.2
Li1(1,3,5-triazine) 124.9 115.0 125.3 115.0 124.9 114.7 122.7 117.2 . . . 117.3 . . . 117.9
Na1(1,3,5-triazine) 125.3 114.9 125.3 114.9 125.3 114.3 122.8 116.9 . . . 117.3 . . . 117.8
K1(1,3,5-triazine) 125.7 114.7 125.3 114.7 125.7 113.9 123.1 116.7 . . . 117.3 . . . 117.6

a The numbering scheme is shown in Fig. 1. X corresponds to atoms attached to the ring. When X is a hydrogen atom the bond length N–X
is approximately 1, otherwise X5 Li, Na, or K. Bond distances and angles involving the cation are shown in boldface.
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nitrogen atom produces the same protonated complex
with a calculated protonation enthalpy at 0 K of 862.9
kJ/mol. The previously measured proton affinity of
pyridazine, adjusted to 0 K, is 879.96 16.0 kJ/mol
[64,65]. As mentioned previously, this is somewhat
lower than that determined for the pyridine and
pyridazine systems. This also supports the conclusion
that the presence of the second nitrogen atom results
in a decrease in the electron density on the binding
nitrogen, weakening its attraction for the proton.
Because the basic sites are distant, no enhanced
binding is possible in these systems. Stable cationp

complexes to pyrimidine were found. These com-
plexes were found to be 78.5, 56.1, and 33.8 kJ/mol
less stable than the planar geometries for the com-
plexes with Li1, Na1, and K1, respectively. The large
energy difference in the binding of the cations in the
planar versusp complexes suggests that the more
strongly bound planar complex should be the domi-
nant geometry for the M1(pyrimidine) complexes.

3.3.4. Pyrazine
Pyrazine (1,4-diazine) also possesses two basic

nitrogen atoms. Protonation of pyrazine at either
nitrogen atom produces the same protonated complex
with a calculated protonation enthalpy at 0 K of 857.0
kJ/mol. The previously measured proton affinity of
pyrazine, adjusted to 0 K, is 871.26 16.0 kJ/mol

[64,65]. As mentioned above, this is somewhat lower
than that determined for the pyridine, pyridazine, and
pyrimidine systems. Again, the presence of the second
nitrogen atom results in a decrease in the electron
density on the binding nitrogen, weakening its attrac-
tion for the proton. Because the basic sites are para to
each other, no enhanced binding is possible in these
systems.

Stable cationp complexes to pyrazine were found.
These complexes were found to be 75.7, 55.7, and
33.7 kJ/mol less stable than the planar geometries for
the complexes with Li1, Na1, and K1, respectively.
Overall, we conclude that there is only a single stable
geometry for the M1(pyrazine) complexes. The large

Fig. 4. Ground state geometries of Li1(azine) complexes where
azine5 pyridine, pyridazine, pyrimidine, pyrazine, and 1,3,5-
triazine optimized at the MP2(full)/6-31G* level of theory.

Table 5
Experimental and calculated enthalpies of proton and alkali metal
ion binding to various azines at 0 K in kJ/mol

Reactant

Experiment Theory

GIBMS Literaturea MP2b

H1(pyridine) 924.0 (16.0)c 908.9
Li1(pyridine) 181.0 (14.5) 192.5 (8.4)d 179.1
Na1(pyridine) 126.7 (2.9) 123.9
K1(pyridine) 90.3 (3.9) 91.1

H1(pyridazine) 901.1 (16.0)c 894.2
Li1(pyridazine) 234.4 (10.6) 218.4 (8.4)d 221.8
Na1(pyridazine) 159.1 (3.2) 161.4
K1(pyridazine) 130.0 (2.6) 129.6

H1(pyrimidine) 879.9 (16.0)c 862.9
Li1(pyrimidine) 154.3 (10.5) 169.6 (8.4)d 153.3
Na1(pyrimidine) 102.7 (3.9) 102.7
K1(pyrimidine) 69.4 (4.3) 72.9

H1(pyrazine) 871.2 (16.0)c 857.0
Li1(pyrazine) 149.1 (13.2) 164.5 (8.4)d 148.1
Na1(pyrazine) 107.4 (3.5) 97.8
K1(pyrazine) 67.4 (3.6) 68.5

H1(1,3,5-triazine) 843.0 (16.0)c 814.4
Li1(1,3,5-triazine) 127.4 (12.6) 125.9
Na1(1,3,5-triazine) 88.3 (3.0) 79.8
K1(1,3,5-triazine) 55.4 (3.0) 53.3

a All literature values adjusted to 0 K.
b Calculated at the MP2(full)/6-3111G(2d,2p) level of theory

using MP2(full)/6-31G* optimized geometries with frequencies
scaled by 0.9646 and including zero point energy and basis set
superposition error corrections.

c See [64] and [65].
d See [25].
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energy difference in the binding of the cations in the
planar versusp complexes suggests that the more
strongly bound planar complex should be the domi-
nant geometry for the M1(pyrazine) complexes.

3.3.5. 1,3,5-Triazine
1,3,5-Triazine possesses three basic nitrogen at-

oms. Protonation of triazine at any of the nitrogen
atoms produces the same protonated complex with a
calculated protonation enthalpy at 0 K of 814.4
kJ/mol. The previously measured proton affinity of
1,3,5-triazine, adjusted to 0 K, is 843.06 16.0 kJ/
mol. This is somewhat lower than that determined for
the all of the other azine complexes. The presence of
the third nitrogen atom (electron withdrawing group)
results in a further decrease in the electron density on
the binding nitrogen, further weakening its attraction
for the proton. Because the basic sites are meta to
each other, no enhanced binding is possible in these
systems.

Stable cationp complexes to 1,3,5-triazine were
found. These complexes were found to be 90.0, 62.3,
and 36.8 kJ/mol less stable than the planar geometries
for the complexes with Li1, Na1, and K1, respec-
tively. The large energy difference in the binding of
the cations in the planar versusp complexes suggests
that the more strongly bound planar complex should
be the dominant geometry for the M1(triazine) com-
plexes.

3.3.6. Comparison with previous calculations
Previous calculations of the azines have all in-

volved studies of their interactions with protons
[7,26,27]. We are unaware of any studies involving
the interactions of azines with the alkali metal cations.
In the previous work, the proton affinities of the
azines were calculated and compared to experimen-
tally determined values. Semi-empirical methods,
minimal neglect of differential overlap (MNDO) and
Austin Method 1 (AM1) were unable to reproduce the
correct relative basicities of these systems. Interme-
diate Neglect of Differential Overlap (INDO) was
found to be a qualitatively better approach, but inca-
pable of accurate energetics [27]. Ab initio calcula-
tions at levels ranging from restricted Hartree Fock

(RHF) with various basis sets from STO-3G up to
6-31G* [26,27] and density functional calculations
with 6-31G* and DZVP2 basis sets have also been
performed [7]. All of these calculations were able to
reproduce the correct relative basicities, but gave
proton affinities that were consistently high. As the
level of theory increased, the calculated proton affin-
ities decreased and the agreement between theory and
experiment improved. The best previous calculations
performed are density functional theory calculations
at the local spin density/double zeta basis set with
polarization functions 2 (LSD/DZVP2) level. Values
calculated at this level of theory have a mean devia-
tion of 117.96 6.3 kJ/mol from experiment. In
contrast with all previous calculations, the theoretical
values obtained here are lower than the measured
values, with a mean deviation of218.26 9.3 kJ/mol.
This relatively large deviation between theoretical and
previous experimental determinations of the proton
affinities of these systems is somewhat difficult to
reconcile as much better agreement between theory
and experiment is observed for the metalated systems
examined here (discussed in the following). However,
the metalated complexes are electrostatic in nature
with most of the charge localized on the metal center,
whereas the protonated complexes are more covalent
in nature and the charge is highly delocalized. Hence,
correlation effects are probably more severe, requir-
ing the use of larger basis sets and higher levels of
correlation to achieve accurate enthalpies of protona-
tion [66].

4. Discussion

4.1. Comparison between theory and experiment

The alkali metal cation affinities of the azines at 0
K measured by guided ion beam mass spectrometry
and calculated here are summarized in Table 5. The
agreement between theory and experiment is very
good. The mean absolute deviation between experi-
ment and theory for the 15 alkali metal ion systems
examined here is 3.36 3.8 kJ/mol (and a mean
deviation of 2.26 4.5 kJ/mol). This is somewhat
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smaller than the average experimental error of 6.46
4.5 kJ/mol, and well within the expected computa-
tional accuracy (about 8 kJ/mol). The overall agree-
ment between theory and our experimental results is
shown in Fig. 5. It can be seen that the agreement is
very good over the nearly 200 kJ/mol variation in
binding affinities measured here. Indeed, a linear
regression analysis of this comparison yields an inter-
cept of 2.3 kJ/mol and a slope of 0.96, indicating that
this level of theory reproduces the experimental re-
sults quite well.

4.2. Conversion from 0 to 298 K

To allow comparison to previous literature values
and commonly used experimental conditions, we
convert the 0 K bond energies determined here to 298
K bond enthalpies and free energies. The enthalpy and
entropy conversions are calculated using standard
formulas and the vibrational and rotational constants
determined for the MP2(full)/6-31G* optimized ge-

Fig. 5. Theoretical versus experimental bond dissociation energies
(in kJ/mol) for M1–azine where M1 5 Li1, Na1, and K1 and
azine5 pyridine (circle), pyridazine (square), pyrimidine (trian-
gle), pyrazine (inverted triangle), and 1,3,5-triazine (diamond). All
values are at 0 K and are taken from Table 5. Experimental results
include those from the present work as open signals and from Taft
et al. ([25]) as closed symbols. The diagonal line indicates the
values for which calculated and measured bond dissociation ener-
gies are equal.

Table 6
Enthalpies and free energies of alkali metal ion binding of M1–azine at 298 K in kJ/mola

System DH0 DH0
b DH298 2 DH0

b DH298 DH298
b TDS298

b DG298 DG298
b

H1(pyridine) 924.0 (16.0) 908.9 6.0 (0.1) 930.0 (16.0)c 914.9 26.1 (0.1) 903.9 888.8
Li1(pyridine) 181.0 (14.5) 179.1 2.0 (0.2) 183.0 (14.5) 181.1 27.9 (0.4) 155.1 (14.5) 153.2
Na1(pyridine) 126.7 (2.9) 123.9 0.8 (0.2) 127.5 (2.9) 124.7 27.5 (0.5) 100.0 (2.9) 97.2
K1(pyridine) 90.3 (3.9) 91.1 0.3 (0.1) 90.6 (3.9) 91.4 26.0 (0.6) 64.6 (3.9) 65.4
H1(pyridazine) 901.1 (16.0) 894.2 6.1 (0.1) 907.2 (16.0)c 900.3 26.2 (0.1) 881.0 874.1
Li1(pyridazine) 234.4 (10.6) 221.8 2.8 (0.2) 237.2 (10.6) 224.6 29.5 (0.3) 207.7 (10.6) 195.1
Na1(pyridazine) 159.1 (3.2) 161.4 1.3 (0.2) 160.4 (3.2) 162.7 29.3 (0.5) 131.1 (3.2) 133.4
K1(pyridazine) 130.0 (2.6) 129.6 0.9 (0.2) 130.9 (2.6) 130.5 28.7 (0.5) 102.2 (2.6) 101.8
H1(pyrimidine) 879.9 (16.0) 862.9 5.9 (0.1) 885.8 (16.0)c 857.0 26.0 (0.1) 859.8 831
Li1(pyrimidine) 154.3 (10.5) 153.3 2.0 (0.2) 156.3 (10.5) 155.3 28.0 (0.4) 128.3 (10.5) 127.3
Na1(pyrimidine) 102.7 (3.9) 102.7 0.8 (0.2) 103.5 (3.9) 103.5 27.5 (0.5) 76.0 (3.9) 76.0
K1(pyrimidine) 69.4 (4.3) 72.9 0.3 (0.1) 69.7 (4.3) 73.2 26.0 (0.6) 43.7 (4.3) 47.2
H1(pyrazine) 871.2 (16.0) 857.0 5.9 (0.1) 877.1 (16.0)c 851.1 26.0 (0.1) 851.1 825.1
Li1(pyrazine) 149.1 (13.2) 148.1 2.0 (0.2) 151.1 (13.2) 150.1 28.0 (0.4) 123.1 (13.2) 122.1
Na1(pyrazine) 107.4 (3.5) 97.8 0.8 (0.2) 108.2 (3.5) 98.6 27.5 (0.5) 80.7 (3.5) 71.1
K1(pyrazine) 67.4 (3.6) 68.5 0.2 (0.1) 67.6 (3.6) 68.7 26.0 (0.6) 41.6 (3.6) 42.7
H1(1,3,5-triazine) 843.0 (16.0) 814.4 5.8 (0.1) 848.8 (16.0)c 808.6 25.9 (0.1) 822.9 782.7
Li1(1,3,5-triazine) 127.4 (12.6) 125.9 2.0 (0.2) 129.4 (12.6) 127.9 28.0 (0.4) 101.4 (12.6) 99.9
Na1(1,3,5-triazine) 88.3 (3.0) 79.8 0.7 (0.2) 89.0 (3.0) 80.5 27.5 (0.5) 61.5 (3.0) 53.0
K1(1,3,5-triazine) 55.4 (3.0) 53.3 0.2 (0.1) 55.6 (3.0) 53.5 26.0 (0.6) 29.6 (3.0) 27.5

a Uncertainties are listed in parentheses.
b Ab initio values from calculation at the MP2(full)/6-3111G(2d,2p)//MP2(full)/6-31G* level of theory with frequencies scaled by 0.9646.
c See [64] and [65].
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ometries, which are given in Tables 1 and 2. Table 6
lists 0 and 298 K enthalpy, free energy, and enthalpic
and entropic corrections for all systems experimen-
tally determined (from Table 3) along with the corre-
sponding theoretical values (from Table 5). Uncer-
tainties in the enthalpic and entropic corrections are
determined by 10% variation in the molecular con-
stants. Using these values, we have adjusted enthalpy
and free energy values taken from the literature
[25,64,65] (listed at 298 or 373 K) to 0 K. These are
compared to the present results in Table 5 and Fig. 5.

4.3. Comparison with literature values

Table 5 and Fig. 5 also compare the present
experimental results to those of Taftet al. [25] who
used ion cyclotron resonance mass spectrometry to
measure lithium ion transfer equilibria between refer-
ence species and pyridine, pyridazine, pyrimidine,
and pyrazine. As can easily be seen in Fig. 5, rather
poor agreement between the present results and those
of Taft et al. is obtained. Their values for pyridine,
pyrimidine, and pyrazine are higher than the present
results by 11.5, 15.3, and 15.4 kJ/mol, respectively.
However, their value for pyridazine is 16.0 kJ/mol
lower than the present results and in very good
agreement with theory. We have previously found
that the absolute values in these studies are flawed [2].
We have suggested that the values reported in this
work be adjusted downward by between 7.1 and 13.4
kJ/mol, and further that the adjustment should be
toward the high end of this range. Such an adjustment
of Taft’s values would result in very good agreement
with the present results for the pyridine, pyrimidine,
and pyrazine systems, but would make agreement
worse for pyridazine. Based upon this and previously
found discrepancies, it seems likely that such an
adjustment of Taft’s values is appropriate and that the
good agreement with theory without adjustment in the
value of pyridazine is fortuitous.

If we consider only relative values, which Taft et
al. directly measured in their experiments, their results
are in qualitative agreement with ours. Namely, Li1

binding affinities of the azines follow the order
pyridazine . pyridine . pyrimidine . pyrazine.

However, Taftet al. find that pyridazine binds 25.9
kJ/mol more strongly than pyridine to Li1, whereas
our experiments and theory suggests a much larger
difference, 53.4 and 42.7 kJ/mol, respectively. The
relative agreement for the other systems is much
better. Taftet al. find that pyridine binds to Li1 22.9
kJ/mol more strongly than does pyrimidine. Our
experiments and theory suggest similar differences
between pyridine and pyrimidine of 26.7 and 25.8
kJ/mol, respectively. Taft et al. find that pyrimidine
binds to Li1 5.1 kJ/mol more strongly than does
pyrazine. Our experiments and theory both suggest a
difference between pyrimidine and pyrazine of 5.2
kJ/mol. These comparisons again suggest that an
adjustment of Taft’s values is appropriate and that the
relative value they measured for pyridazine is most
likely in error. Burk and co-workers [67] have re-
cently revised the lithium cation basicity scale origi-
nally determined by Taft and co-workers [25] based
upon new experimental and theoretical results, as well
as, a re-evaluation of the thermal corrections made in
the Taft study. In the newly revised and expanded
lithium cation affinity scale, all of Taft’s values are
systematically lowered by 10.9 kJ/mol in agreement
with our previous conclusions [2] and resulting in
very good agreement with the present results for all
systems except pyridazine.

4.4. Trends in the binding of alkali metal ions to
the azines

It is well established that both electrostatic and
inductive interactions are the prevailing interactions
responsible for the strength of binding of alkali metal
ions to neutral ligands. Therefore trends in the binding
energies of such metal–ligand complexes can often be
understood by correlating the binding affinity with the
dipole moment of the ligand. However, symmetry in
the ligand can cause cancellation of local dipole
interactions resulting in no overall dipole moment in
the molecule, as is the case for the pyrazine and
triazine systems examined here. In addition, the metal
ion interacts primarily with the lone pair of electrons
on only one of the N atoms in these and the pyrimi-
dine systems. Therefore, it is unable to align itself
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along the molecular dipole moment in the pyrimidine
system as well. This suggests that metal ion binding to
pyrimidine, pyrazine and triazine is dominated by
local dipole interactions. The local dipole moments in
these systems should be of comparable magnitude and
can be expected to be;2.2–2.4 D. This estimate is
based upon comparison to the pyridine system and of
breaking down the molecular dipole moment into two
local dipole moments in the pyridazine and pyrimi-
dine systems. Thus it is expected that the ion–dipole
or ion–local dipole interactions would be very similar
in the pyridine, pyrimidine, pyrazine, and triazine
systems. Further, it should be significantly greater in
the pyridazine systems where the metal ion is aligned
with the much larger molecular dipole moment of this
molecule. Indeed, this is exactly what is observed.

We can further understand the relative trends in the
binding energies by correlating the binding energies
with the polarizabilities of the azines and considering
the binding geometry. As can be seen in Fig. 6, the
correlation between the metal ion binding energies
and the polarizabilities is very good for the four
systems that interact through only one N atom. The
larger dipole moment and the ability to interact with

more than one lone pair of electrons significantly
enhance the binding energy in the pyridazine system.

Similarly, we can correlate the alkali metal ion
binding energies of the azines to their proton affinity.
Fig. 7 shows that the correlation between the metal
ion binding energies and their proton affinities is very
good for four of the five azines examined here. This
linear correlation suggests that the binding is very
similar in the protonated and metalated complexes for
these systems. However, pyridazine again deviates
from this simple trend supporting the theoretical
results, which find that the binding in the protonated
and metalated systems is quite different. Bridging
found in the metalated complexes of pyridazine is not
possible with the much smaller proton and signifi-
cantly enhances the binding of the metal ions relative
to the proton. Alternatively, this enhancement can be
thought of as resulting from the proton interacting
with a smaller local dipole moment of the molecule
whereas the metal ion aligns itself with the large
molecular dipole moment. Comparison of the mea-
sured metal ion binding energies to that expected
based upon the correlation found for the other azines
shows that the percent relative enhancement is fairly
similar for Li1 and Na1 (;39%), but is somewhat
greater in the K1 system (63%). This is relatively

Fig. 6. Measured bond dissociation energies of M1–azine (in
kJ/mol) vs. estimated polarizability (in Å3) of the neutral azine
where M1 5 Li1 (square), Na1 (triangle), and K1 (circle) and
azine5 pyridine, pyridazine, pyrimidine, pyrazine, and 1,3,5-
triazine. Pyridazine values are indicated by solid symbols. Lines are
linear regression fits to the data for each metal system excluding
pyridazine.

Fig. 7. Measured bond dissociation energies of M1–azine (in
kJ/mol) vs. proton affinity (in kJ/mol) of the neutral azine where
M1 5 Li1 (square), Na1 (triangle), and K1 (circle) and azine5
pyridine, pyridazine, pyrimidine, pyrazine, and 1,3,5-triazine. Pyr-
idazine values are indicated by solid symbols. Lines are linear
regression fits to the data for each metal excluding pyridazine.
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easy to understand, as it is well known that ion–dipole
and ion–induced dipole interactions become more
dominant as the size of the alkali metal ion increases.
It is therefore not surprising that the greatest enhance-
ment in the binding energy is observed in the K1

systems. Based upon the same reasoning, Na1 sys-
tems should show a larger enhancement in the binding
energy than the Li1 systems. This may suggest that
our measured binding energy for Li1–pyridazine may
be slightly high, in agreement with the theoretical
results. However, the approximately equal enhance-
ment in the Li1 and Na1 binding energies for all of
these systems suggests that the interaction is not quite
so simple. And that there is a tradeoff between the
enhanced binding as a result of good alignment with
the molecular dipole moment and the covalent like
interaction with the lone pair in these systems.

Finally, we can correlate the metal ion binding
energies of Na1 and K1 with the azines to those
determined for Li1. Fig. 8 shows that the correlation
between the Na1 and K1 binding energies and their
Li1 binding energies is very good for all five azines
examined here. This again suggests that the binding
interactions are very similar for all of the metals
examined. Note, however, that this comparison shows

no indication that the measured binding energy for
Li1 to pyridazine is disproportionately high compared
to those for the other metal cations.

5. Conclusions

The kinetic energy dependence of the collision-
induced dissociation of M1(azine), where M1 5
Li1, Na1, and K1 and azine5 pyridine, pyridazine,
pyrimidine, pyrazine, and 1,3,5-triazine, with Xe are
examined in a guided ion beam mass spectrometer.
The dominant dissociation process in all cases is loss
of the intact azine ligand. Thresholds for these pro-
cesses are determined after consideration of the ef-
fects of reactant internal energy, multiple collisions
with Xe, and lifetime effects (using methodology
described in detail elsewhere) [3]. Insight into the
structures and binding of the alkali metal ions to the
azines is provided by ab initio calculations of these
complexes performed at the MP2(full)/6-
3111G(2d,2p)//MP2(full)/6-31G* level of theory.
Excellent agreement between the experimentally de-
termined alkali metal ion affinities andab initio
calculations is obtained. These results suggest that
these systems provide reliable anchors for the alkali
metal cation affinity scales and cover a broad range of
binding energies.
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