
A

c
p
t
r
l
t
u
h
©

K

1

b
o
a
a
a
n
g
w
u
c
o
b
[

1
d

International Journal of Mass Spectrometry 267 (2007) 233–247

Cation-� interactions with a �-excessive nitrogen heterocycle: Structures
and absolute binding energies of alkali metal cation–pyrrole complexes

Chunhai Ruan, Zhibo Yang, M.T. Rodgers ∗
Department of Chemistry, Wayne State University, Detroit, MI 48202, United States

Received 3 October 2006; received in revised form 9 February 2007; accepted 21 February 2007
Available online 25 February 2007

Dedicated to the memory of Sharon G. Lias, in thanks for her many contributions to gas phase ion thermochemistry and the NIST thermochemistry databases.

bstract

Threshold collision-induced dissociation techniques are employed to determine the bond dissociation energies (BDEs) of mono- and bis-
omplexes of alkali metal cations, Na+, K+, Rb+, Cs+, and the bis-complex of Li+, with pyrrole, C4H5N. The primary and lowest energy dissociation
athway in all cases is the endothermic loss of an intact pyrrole ligand. Sequential loss of a second pyrrole ligand is observed at elevated energies for
he bis-complexes. Theoretical calculations at the MP2(full)/6-31G* level of theory are used to determine the structures, vibrational frequencies, and
otational constants of these complexes. Theoretical BDEs are determined from single point energy calculations at the MP2(full)/6-311+G(2d,2p)

evel using the MP2(full)/6-31G* optimized geometries. The agreement between theory and experiment is good for all complexes. The nature of
he binding and the trends in the BDEs of these alkali metal cation–pyrrole complexes are compared to the analogous benzene and indole complexes
sing electrostatic potential maps and natural bond orbital analyses to examine the influence of the size of the aromatic system and the nitrogen
eteroatom on the cation-� interaction. The binding of alkali metal cations to pyrrole is also compared to other metal cations and organic cations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Noncovalent interactions are key determinants in the delicate
alance of forces that control the three-dimensional structures
f biological macromolecules, e.g., proteins, carbohydrates,
nd nucleic acids. Such noncovalent interactions also medi-
te processes such as receptor–ligand, enzyme–substrate, and
ntibody–antigen recognition. Compared to more conventional
oncovalent interactions, e.g., hydrophobic interactions, hydro-
en bonds, and salt bridges, cation-� interactions [1–5] along
ith charge-dipole [6,7] and � stacking [8,9] interactions were
nder appreciated until the pioneering work of Dougherty and
o-workers [1–5]. Their studies led to widespread investigations
f cation-� interactions involved in protein folding and assem-

ly [1–5,10–14], the functioning of ion channels in membranes
15,16], and in various molecular recognition processes [17].

∗ Corresponding author. Tel.: +1 313 577 2431; fax: +1 313 577 8822.
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A large number of fundamental studies have been carried
ut to characterize the factors that control the binding geom-
try, strength, and specificity of cation-� interactions [18–34].
ation-� interactions involving metal cations, particularly alkali
etal cations, have been investigated most thoroughly because

f their biological importance [22,24–31,33,34]. In spite of
he biological importance of organic cations in many molec-
lar recognition processes, few studies of cation-� interactions
nvolving organic cations have been conducted [35,36]. Het-
roatoms, such as O, N, and S, have greater electronegativities
nd more electron density than carbon, and can therefore sig-
ificantly influence cation-� binding by delocalizing electron
ensity into or withdrawing electron density from the � ring and
hus play roles in vital biological processes that occur in living
rganisms, including enzymatic catalysis and signal conduction.
yrrole is a nitrogen heterocycle that possesses an electron lone
air that is perpendicular to the aromatic ring that delocalizes

ts electron density into the � system, creating a �-excessive
romatic ring as compared to benzene (i.e., six � electron delo-
alized over five atoms rather than six atoms as in benzene).
oth theory and experiments have been applied to study cation-

mailto:mrodgers@chem.wayne.edu
dx.doi.org/10.1016/j.ijms.2007.02.041
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interactions between pyrrole and various metal cations. In our
revious work [31], we measured the bond dissociation energies
BDEs) of M+ (pyrrole) complexes, where M+ = Li+, Na+, and

+, and found that the � bonding geometry is favored over �
onding. Gapeev et al. measured the first and second binding
nergies of pyrrole to Mg+, Al+, and several transition metal
ations, including Ti+, V+, Cr+, Mn+, Fe+, Co+, Ni+, Cu+, Mo+,
nd W+ using radiative association and ligand exchange methods
32]. The cation-� solvation of alkali and alkaline earth metal
ations by pyrrole was also reported [37]. Similarly, binding of
lkali metal cations to indole, the fused ring nitrogen heterocycle
omprised of benzene and pyrrole rings, occurs preferentially to
he � systems above the benzene ring (�6) and pyrrolyl ring (�5)
ver � bonding. Studies of a lariat ether of indole as a model
or Trp found that metal cations can be stabilized by interac-
ion with the pyrrolyl ring over the phenyl ring as a result of
teric limitations [38,39], a situation that may also occur during
iological processes.

Aniline, N-methylaniline, and N,N-dimethylaniline are aro-
atic amines with a N heteroatom in the side chain. The electron

one pair of electrons on the N atom is aligned with the �
lectrons of the benzene ring and thus partially delocalizes elec-
ron density into the � system and thereby enhances cation-�
nteractions. Alkali metal cations also prefer � binding to these
romatic amines. The strength of binding in these alkali metal
ation-� complexes is stronger than to benzene and pyrrole,
nd comparable to indole, as a result of delocalization of the N
lectron density into the � system, larger polarizability, and the
omponent of the dipole moment perpendicular to the � sys-
em [28,33]. For other N heterocyclic aromatics, e.g., pyrazole
31], imidazole [31,40], 1,2,3-triazole [40], 1,2,4-triazole [40],
etrazole [40], and pyridine [41], at least one lone pair of elec-
ron(s) on the N heteroatom(s) lies in the plane of the aromatic
ing. Because nitrogen is more electronegative than carbon and
isturbs the symmetry of the molecule, more electron density
s localized around the nitrogen thereby decreasing the resonant
tabilization and aromatic character, making these molecules
etter proton or cation acceptors and less likely to form cation-
complexes. As a result, alkali metal cations prefer � binding

o the N heteroatom(s) in these �-deficient aromatic ligands.
Of the N-heterocycles, pyrrole appears in various

iomolecules, e.g., porphyrins, bile pigments, and phyco-
ilins [42]. As a �-excessive building block, pyrrole-containing
ompounds, e.g., indole and tryptophan (Trp), are significantly
nfluenced by the presence of the N heteroatom. Among the
romatic amino acids, Trp is known to participate in cation-�
nteractions more frequently than phenylalanine (Phe) and
yrosine (Tyr) [5]. In previous work, we concluded that this
reference is the result of both stronger binding of alkali metal
ations to indole than to benzene and phenol as a result of the
-excessive nature of this ligand and the extended size of the
network. In order to further elucidate the influence of N on

ation-� interactions of heterocyclic species, the preference

or cation-� interactions involving Trp in proteins, and to
haracterize the nature and trends in the binding of alkali metal
ations to pyrrole, detailed characterization of alkali metal
ation–pyrrole interactions are performed here.
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In the present study, the kinetic energy dependences of the
ollision-induced dissociation (CID) of M+ (C4H5N)x com-
lexes, where M+ = Na+, K+, Rb+, and Cs+ for x = 1 and 2,
nd Li+ for x = 2, with Xe are examined using a guided ion
eam tandem mass spectrometer. The kinetic energy dependent
ross-sections for the primary CID processes observed for each
omplex are analyzed using methods previously developed [43].
he trends in the binding energies and the influence of the N
eteroatom on cation-� binding are examined. The binding of
lkali metal cations to pyrrole is compared with main group and
ransition metal cations, and to organic cations to examine the
nfluence of the size and nature of the cation on the cation-�
nteraction.

. Experimental and theoretical

.1. Experimental protocol

Cross-sections for CID of M+(C4H5N)x, where M+ = Na+,
+, Rb+, and Cs+ for x = 1 and 2, and Li+ for x = 2, are mea-

ured using a guided ion beam tandem mass spectrometer that
as been described in detail previously [44]. The complexes
re generated in a flow tube ion source by condensation of the
lkali metal cation and neutral pyrrole molecule(s). These com-
lexes are collisionally stabilized and thermalized by in excess
f 105 collisions with the He and Ar bath gases such that the
nternal energies of the ions emanating from the source region
re well described by a Maxwell–Boltzmann distribution at
oom temperature. The ions are effusively sampled from the
ource, focused, accelerated, and focused into a magnetic sec-
or momentum analyzer for mass analysis. Mass-selected ions
re decelerated to a desired kinetic energy and focused into an
ctopole ion guide. The octopole passes through a static gas
ell containing Xe at low pressure (0.05–0.20 mTorr) to ensure
hat multiple ion-neutral collisions are improbable. The octopole
on guide acts as an efficient trap for ions in the radial direc-
ion. Therefore, loss of scattered reactant and product ions in the
ctopole region is almost entirely eliminated [45–47]. Xe is used
ere, and in general for all of our CID measurements, because
t is heavy and polarizable and therefore leads to more efficient
inetic to internal energy transfer in the CID process [48–50].
roduct and unreacted beam ions drift to the end of the octopole
here they are focused into a quadrupole mass filter for mass

nalysis and subsequently detected with a secondary electron
cintillation detector and standard pulse counting techniques.

.1.1. Data handling
Measured ion intensities are converted to absolute cross-

ections using a Beers’ law analysis as described previously
51]. Absolute uncertainties in cross-section magnitudes are esti-
ated to be ±20%, which are largely the result of errors in the

ressure measurement and the length of the interaction region.
elative uncertainties are approximately ±5%.
Ion kinetic energies in the laboratory frame, Elab, are con-
erted to energies in the center of mass frame, ECM, using the
ormula ECM = Elabm/(m + M), where M and m are the masses
f the ionic and neutral reactants, respectively. All energies
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Table 1
Vibrational frequencies and average internal energies of pyrrole and M+(C4H5N)x, x = 1,2a

Species Eint (eV)b Vibrational frequencies (cm−1)c

C4H5N 0.08 (0.02) 453, 571, 617, 618, 686, 750, 767, 850, 872, 1033, 1057, 1096, 1153, 1158, 1291, 1421, 1468, 1487, 1544, 3177, 3187, 3200,
3206, 3555

Na+(C4H5N) 0.12 (0.02) 112, 146, 233, 572, 593, 663, 700, 756, 813, 833, 856, 873, 1027, 1051, 1091, 1135, 1157, 1286, 1401, 1440, 1468, 1520, 3178,
3186, 3198, 3202, 3504

K+(C4H5N) 0.13 (0.02) 108, 136, 170, 555, 578, 652, 678, 738, 794, 808, 854, 873, 1030, 1054, 1093, 1141, 1158, 1288, 1410, 1447, 1473, 1528, 3175,
3184, 3197, 3201, 3510

Rb+(C4H5N) 0.13 (0.02) 82, 113, 130, 545, 569, 644, 665, 728, 785, 795, 852, 872, 1030, 1054, 1093, 1144, 1158, 1289, 1413, 1454, 1477, 1531, 3174,
3183, 3197, 3201, 3515

Cs+(C4H5N) 0.13 (0.01) 74, 107, 115, 539, 568, 640, 659, 723, 781, 792, 852, 872, 1031, 1055, 1093, 1145, 1158, 1290, 1415, 1456, 1479, 1534, 3173,
3183, 3197, 3201, 3519

Li+(C4H5N)2 0.25 (0.02) 64, 75, 109, 143, 144, 204, 275, 532, 572, 573, 579, 587, 667, 678, 702, 716, 761, 765, 817, 819, 826, 833, 857, 858, 872, 873,
1026, 1029, 1050, 1052, 1090, 1092, 1135, 1137, 1156, 1158, 1285(2), 1402, 1403, 1437, 1439, 1464, 1467, 1519, 1520,
3183(2), 3192(2), 3204(2), 3208(2), 3503(2)

Na+(C4H5N)2 0.27 (0.02) 18, 22, 85, 123, 131, 132, 163, 299, 561, 564, 588, 590, 652, 656, 685, 692, 742, 749, 803(2), 820, 823, 855(2), 873(2), 1026,
1028, 1051, 1052, 1091, 1092, 1137, 1138, 1157, 1158, 1286(2), 1403, 1404, 1443, 1444, 1469, 1470, 1522(2), 3177, 3179,
3186, 3187, 3199, 3200, 3203, 3204, 3508, 3511

K+(C4H5N)2 0.28 (0.02) 5, 13, 86, 117, 124, 127, 146, 200, 546, 548, 577, 578, 644, 647, 667, 671, 726, 732, 786, 787, 800, 801, 853, 854, 872(2),
1030(2), 1053, 1054, 1092, 1093, 1141, 1142, 1158(2), 1288(2), 1411(2), 1449(2), 1474(2), 1528(2), 3175(2), 3184(2),
3197(2), 3201(2), 3515(2)

Rb+(C4H5N)2 0.28 (0.02) 5, 69, 90, 108, 110, 114, 140, 539, 540, 570(2), 640, 641, 659, 660, 720, 725, 779, 780, 791, 792, 852(2), 872(2), 1030, 1031,
1054(2), 1093(2), 1144(2), 1158(2), 1289(2), 1414(2), 1454, 1455, 1478(2), 1532(2), 3174(2), 3183(2), 3197(2), 3201(2),
3519(2)

Cs+(C4H5N)2 0.28 (0.02) 4, 63, 79, 103(2), 106, 118, 533, 534, 569(2), 636, 637, 654, 655, 716, 720, 776, 777, 789, 790, 852(2), 872(2), 1031(2),
1055(2), 1093(2), 1146(2), 1158(2), 1290(2), 1416(2), 1457(2), 1480(2), 1534(2), 3173(2), 3183(2), 3197(2), 3201(2), 3522(2)
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Hay–Wadt) optimized geometries. To obtain accurate energet-
ics, zero point energy (ZPE) and basis set superposition error
(BSSE) corrections were included in the calculation of theoret-
ical BDEs [55,56].

Table 2
Rotational constants of M+(C4H5N)x and the corresponding PSL transition
states for dissociation

Species Energized molecule Transition state

1-Da 2-Db 1-Dc 2-Dc 2-Dd

Na+(C4H5N) 0.151 0.107 0.152 0.303 0.0032
K+(C4H5N) 0.151 0.066 0.152 0.303 0.0022
Rb+(C4H5N) 0.151 0.040 0.152 0.303 0.0015
Cs+(C4H5N) 0.151 0.030 0.152 0.303 0.0011
Li+(C4H5N)2 0.075 0.026 0.150, 0.152 0.209, 0.303 0.0022
Na+(C4H5N)2 0.075 0.019 0.151, 0.151 0.107, 0.303 0.0021
K+(C4H5N)2 0.073 0.015 0.151, 0.151 0.066, 0.303 0.0022
Rb+(C4H5N)2 0.073 0.015 0.151, 0.151 0.066, 0.303 0.0021
Cs+(C4H5N)2 0.073 0.015 0.151, 0.151 0.066, 0.303 0.0018
a Obtained from vibrational analyses of the MP2(full)/6-31G* geometry opti
b Uncertainties are listed in parenthesis.
c Degeneracies are listed in parentheses.

eported below are in the center-of-mass frame unless otherwise
oted. The absolute zero and distribution of the ion kinetic ener-
ies are determined using the octopole ion guide as a retarding
otential analyzer as previously described [51]. The distribution
f ion kinetic energies is nearly Gaussian with a fwhm between
.2 and 0.4 eV (lab) for these experiments. The uncertainty in
he absolute energy scale is ±0.05 eV (lab).

Pressure-dependent studies of all CID cross-sections exam-
ned here were performed because multiple collisions can
nfluence the shape of CID cross-sections and the threshold
egions are most sensitive to these effects. Data free from
ressure effects are obtained by extrapolating to zero reac-
ant pressure, as described previously [52]. Thus, cross-sections
ubjected to thermochemical analysis are the result of single
imolecular encounters.

.2. Quantum chemical calculations

To obtain model structures, vibrational frequencies, and
nergetics for neutral pyrrole, C4H5N, and the M+(C4H5N)x

omplexes, quantum chemical calculations were performed
sing Gaussian 98 and 03 [53]. Geometry optimizations and
requency analyses were performed at the MP2(full)/6-31G*
evel for M+(C4H5N)x complexes where M = Li+, Na+, and K+.
or Rb+ and Cs+ complexes, geometry optimizations were per-

ormed using a hybrid basis set in which the effective core
otentials (ECPs) and valence basis sets of Hay and Wadt were
sed to describe the metal cation [54], while the all-electron
-31G* basis sets were used for C, N, and H atoms. The calcu- e
structures and scaled by 0.9646.

ated vibrational frequencies were scaled by a factor of 0.9646
nd are listed in Table 1. Table 2 lists the rotational constants
or the ground state conformations. Single point energy calcu-
ations at the MP2(full)/6-311+G(2d,2p) and MP2(full)/Hybrid
6-311+G(2d,2p), Hay–Wadt) level of theory were performed
sing the MP2(full)/6-31G* and MP2(full)/Hybrid (6-31G*,
a Active external.
b Inactive external.
c Rotational constants of the transition state treated as free internal rotors.
d Treated variationally and statistically, value cited is obtained at the threshold
nergy for dissociation.
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Polarizability is one of the key factors that influence the
trength of cation-� interactions. To determine the influence of
he polarizability on cation-� binding, the molecular polarizabil-
ty of pyrrole was determined based on a dipole electric field and
arried out using the PBE0 hybrid functional (also referred to as
BE1PBE) [57] and the 6-311+G(2d,2p) basis set. The PBE0
ybrid functional uses the generalized gradient approximation
ixed with a predefined amount of Hartree–Fock exchange and

rovides polarizabilities that are in very good agreement with
xperimental values [58–60].

To more clearly visualize and better understand the influence
f the N heteroaotom on cation-� binding, electrostatic potential
aps of benzene, indole, and pyrrole were calculated, and NBO

nalyses of the pyrrole ligand and alkali metal cation–pyrrole
omplexes were carried out. The Natural Bond Orbital (NBO)
rogram [61] in Gaussian performs an analysis of the many-
lectron molecular wave function in terms of localized electron-
air “bonding” units, and provides atomic charges, bond types,
ybrid directions, resonance weights, bond orders, and other
onding parameters.

.3. Thermochemical analysis

The threshold regions of the CID cross-sections are modeled
sing Eq. (1):

(E) = σ0

∑

i

gi(E + Ei − E0)n/E (1)

here σ0 is an energy independent scaling factor, E the relative
ranslational energy of the reactants, E0 the threshold for reaction
f the ground electronic and ro-vibrational state, and n is an
djustable parameter that describes the efficiency of kinetic to
nternal energy transfer [62]. The summation is over the ro-
ibrational states of the reactant ions, i, where Ei is the excitation
nergy of each ro-vibrational state and gi is the population of
hose states (

∑
gi = 1).

The Beyer–Swinehart algorithm is used to evaluate the
ensity of the ro-vibrational states [63–65], and the relative
opulations, gi, are calculated as a Maxwell–Boltzmann dis-
ribution at 298 K, the internal temperature of the reactants. The
verage internal energies at 298 K of neutral pyrrole and the

+(C4H5N)x complexes are also given in Table 1. We have
stimated the sensitivity of our analysis to the deviations from
he true frequencies by scaling the appropriately pre-scaled
ibrational frequencies (0.9646) by ±10%. The corresponding
hange in the average vibrational energy is taken to be an esti-
ate of one standard deviation of the uncertainty in vibrational

nergy (Table 1) and is included in the uncertainties listed with
he E0 and E0(PSL) values.

We also consider the possibility that the collisionally acti-
ated complex ions do not dissociate on the time scale of
he experiment (∼10−4 s) by including statistical theories
or unimolecular dissociation, specifically Rice-Ramsperger-

assel-Marcus (RRKM) theory, into Eq. (1) as described in
etail elsewhere [43,66]. The ro-vibrational frequencies appro-
riate for the energized molecules and the transition states (TSs)
eading to dissociation are given in Tables 1S and 2S, where we

p
i
K
p

ss Spectrometry 267 (2007) 233–247

ssume that the TSs are loose and product-like because the inter-
ction between the alkali metal cation and pyrrole ligand(s) is
argely electrostatic. The TS vibrations used are the frequencies
orresponding to the products, pyrrole and M+(C4H5N)x−1. The
ransitional frequencies, those that become rotations of the com-
letely dissociated products, are treated as rotors corresponding
o a phase space limit (PSL) as described in detail elsewhere
43].

The model represented by Eq. (1) is expected to be appro-
riate for translationally driven reactions [67] and has been
hown to reproduce CID cross-sections well. The model of
q. (1) is convoluted with the kinetic energy distributions of
oth reactants, and a nonlinear least-squares analysis of the
ata is performed to give optimized values for the parame-
ers σ0, E0, and n. The errors associated with the measurement
f E0 and E0(PSL) are estimated from the range of thresh-
ld values determined for the eight zero-pressure-extrapolated
ata sets, variations associated with uncertainties in the vibra-
ional frequencies (scaled as described above), and the error
n the absolute energy scale, 0.05 eV (lab). For analyses that
nclude the RRKM lifetime analysis, the uncertainties in the
eported E0(PSL) values also include the effects of increas-
ng and decreasing the time assumed available for dissociation
∼10−4 s) by a factor of 2.

Eq. (1) explicitly includes the internal energy of the ion,
i. All energy available is treated statistically because the ro-
ibrational energy of the reactants is redistributed throughout
he ion upon impact with Xe. Because the CID processes exam-
ned here are simple noncovalent bond cleavage reactions, the E0
PSL) values determined by analysis with Eq. (1) can be equated
o 0 K BDEs [68,69].

. Results

.1. Cross-sections for collision-induced dissociation

Experimental cross-sections were obtained for the interac-
ion of Xe with nine M+(C4H5N)x complexes, where M+ = Na+,

+, Rb+, and Cs+ for x = 1 and 2, and Li+ for x = 2. Fig. 1 shows
ata for the M+(C4H5N)x complexes. Over the collision energy
ange studied, two types of processes are observed: the sequen-
ial loss of intact pyrrole molecules and ligand exchange with
e as summarized in reactions (2) and (3).

+(C4H5N)x + Xe → M+(C4H5N)x−1 + C4H5N + Xe (2)

XeM+(C4H5N)x−1 + C4H5N (3)

In all cases, the most favorable process is the loss of a single
yrrole molecule. Dissociation of a second pyrrole molecule is
bserved for the bis-complexes at elevated energies. The shape
f the CID cross-sections confirm that these products are formed
equentially from the primary CID product, i.e., the intensity of
rimary M+(C4H5N) product begins to fall off as the secondary

roduct, M+, begins to appear. Ligand exchange to form M+Xe
s observed for the M+(C4H5N) complexes, where M+ = Na+,

+, and Rb+. It is likely that the analogous ligand exchange
rocesses occurs for all complexes, but that the signal to noise
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ig. 1. (a–i) Cross-sections for the collision-induced dissociation of the M+(C
= 2, parts a through i, respectively, with Xe as a function of collision energy i

or the primary CID product are shown for a Xe pressure of 0.2 mTorr.

n the other experiments was not sufficient to differentiate the
+Xe and XeM+(C4H5N) products from background noise.

.2. Threshold analysis

The model of Eq. (1) was used to analyze the thresh-
lds for reactions (2) in nine M+(C4H5N)x systems. The
esults of these analyses are provided in Table 3. Fitted
esults for the M+(C4H5N)x complexes are shown in Fig. 2.
n all cases, the experimental cross-sections for CID reac-
ions (2) are accurately reproduced using a loose PSL TS

odel [43]. Previous work has shown that this model pro-
ides the most accurate assessment of the kinetic shifts for CID
rocesses of electrostatically bound ion–molecule complexes
22,24–31,34,40,41,43,44]. Good reproduction of the data is

btained over energy ranges exceeding 1.5 eV and cross-section
agnitudes of at least a factor of 100. Table 3 also lists values

f E0 obtained without including the RRKM lifetime analysis.
omparison of these values with the E0(PSL) values shows that

M
T

)x complexes, where M+ = Na+, K+, Rb+, and Cs+ for x = 1 and 2, and Li+ for
center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis). Data

he kinetic shifts are larger for the bis-complexes than the cor-
esponding mono-complexes as a result of the larger number of
ibrational degrees of freedom, but are very small, 0 to 0.04 eV,
or all systems.

The entropy of activation, �S†, is a measure of the looseness
f the TS and also a reflection of the complexity of the system.
t is largely determined by the molecular parameters used to
odel the energized molecule and the TS for dissociation, but

lso depends on the threshold energy. The �S†(PSL) values at
000 K are listed in Table 3 and vary from 29 to 44 kJ/mol for
he mono-complexes, and 34–67 J/K mol for the bis-complexes.
he �S† values for the bis-complexes are larger than for the
ono-complexes.

.3. Theoretical results
Theoretical structures for neutral pyrrole and the
+(C4H5N)x complexes were calculated as described above.

able 4 provides key geometrical parameters of the optimized
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Table 3
Fitting parameters of Eq. (1), threshold dissociation energies at 0 K, and entropies of activation at 1000 K of M+(C4H5N)x

Species σ0
a na E0 (eV)b E0 (PSL) (eV) Kinetic shift (eV) �S† (PSL) (J mol−1 K−1)

Na+(C4H5N) 1.1 (0.1) 1.3 (0.1) 1.06 (0.08) 1.05 (0.08) 0.01 44 (3)
K+(C4H5N) 1.2 (0.2) 1.4 (0.1) 0.81 (0.04) 0.81 (0.04) 0.00 39 (3)
Rb+(C4H5N) 8.9 (2.6) 1.3 (0.2) 0.75 (0.06) 0.74 (0.06) 0.01 31 (3)
Cs+(C4H5N) 10.1 (0.3) 1.3 (0.1) 0.53 (0.03) 0.52 (0.03) 0.01 29 (3)
Li+(C4H5N)2 20.2 (0.8) 1.5 (0.1) 1.16 (0.05) 1.14 (0.04) 0.02 67 (4)
Na+(C4H5N)2 34.3 (0.8) 1.1 (0.1) 0.92 (0.06) 0.90 (0.05) 0.02 48 (4)
K+(C4H5N)2 56.6 (1.6) 1.0 (0.1) 0.73 (0.05) 0.72 (0.03) 0.01 34 (5)
Rb+(C4H5N)2 42.4 (1.2) 1.0 (0.1) 0.71 (0.04) 0.69 (0.04) 0.02 34 (4)
Cs+(C4H5N)2 31.0 (1.0) 1.8 (0.1) 0.54 (0.04) 0.50 (0.03) 0.04 35 (4)

U

g
s
F
s

F
a
l
T

ncertainties are listed in parentheses.
a Average values for loose PSL transition state.
b No RRKM analysis.
eometries for each of these species. The geometry-optimized
tructures for the Na+(C4H5N)x complexes are shown in
ig. 3, while Cartesian coordinates of the geometry optimized
tructures for all species are given in Table 5.

c
p
d

ig. 2. (a–i) Zero-pressure-extrapolated cross-sections for collision-induced dissociat
nd 2, and Li+ for x = 2, parts a through i, respectively, with Xe in the threshold regio
aboratory frame (upper x-axis). The solid lines show the best fits to the data using Eq.
he dotted lines show the model cross-sections in the absence of experimental kinetic
Only one stable binding mode is found for the M+(C4H5N)
omplexes. The alkali metal cation binds to the � cloud of the
yrrole ligand and is displaced from the center of the ring in the
irection away from the nitrogen atom, as might be expected

ion of the M+(C4H5N)x complexes, where M+ = Na+, K+, Rb+, and Cs+ for x = 1
n as a function of kinetic energy in the center-of-mass frame (lower x-axis) and
(1) convoluted over the neutral and ion kinetic and internal energy distributions.
energy broadening for reactants with an internal energy corresponding to 0 K.
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Table 4
Geometrical parameters of ground state MP2(full)/6-31G* optimized structures of pyrrole and M+(C4H5N)x complexes

Species Conformer M+–R⊥ (Å) M+–RC (Å) Offset (Å) C–C (Å) C–H (Å) CH OOP∠ (◦) N–H (Å) NH OOP∠ (◦)

C4H5N – – – – 1.417 1.082 0.00 1.011 0.00
Li+(C4H5N) 1.940 1.959 0.269 1.425 1.083 1.96 1.018 6.88
Na+(C4H5N) 2.414 2.416 0.101 1.425 1.083 3.44 1.016 7.92
K+(C4H5N) 2.825 2.828 0.146 1.422 1.083 2.96 1.015 8.95
Rb+(C4H5N) 3.104 3.104 0.062 1.422 1.083 3.02 1.015 8.73
Cs+(C4H5N) 3.351 3.352 0.056 1.421 1.083 2.86 1.014 8.67

Li+(C4H5N)2 “anti” 1.979 1.993 0.233 1.424 1.082 2.22 1.016 4.60
“syn” 1.981 1.998 0.264 1.423 1.082 1.38 1.016 7.24

Na+(C4H5N)2 “anti” 2.405 2.410 0.150 1.424 1.083 3.18 1.015 6.96
“syn” 2.411 2.415 0.134 1.424 1.083 2.81 1.015 8.10

K+(C4H5N)2 “anti” 2.840 2.846 0.184 1.421 1.083 2.65 1.015 7.99
“syn” 2.843 2.848 0.163 1.421 1.083 2.38 1.015 8.62

Rb+(C4H5N)2 “anti” 3.126 3.127 0.101 1.422 1.083 2.75 1.014 8.11
“syn” 3.130 3.131 0.076 1.422 1.083 2.65 1.014 8.39

Cs+(C4H5N)2 “anti” 3.380 3.381 0.087
“syn” 3.384 3.384 0.049

Fig. 3. MP2(full)/6-31G* optimized geometries of the Na+(C4H5N) and
Na+(C4H5N)2 complexes. Two views of each structure are shown.
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1.421 1.083 2.54 1.014 8.22
1.421 1.083 2.49 1.014 8.51

ased on the dipole moment of the pyrrole ligand. The alkali
etal cation–pyrrole ring distance (M+–R⊥) is found to increase

rom 1.940 to 3.351 Å as the size of alkali metal cation increases,
hile the strength of the cation-� interaction decreases from
58.1 to 57.0 kJ/mol.

Multiple stable binding modes are found for the M+(C4H5N)2
omplexes in which the alkali metal cation binds to the � clouds
nd is sandwiched between the two pyrrole ligands. The only dif-
erence between these binding modes is the relative orientations
f the pyrrole ligands. In the ground state conformations of the

+(C4H5N)2 complexes, the pyrrole ligands are aligned in an
nti-parallel configuration such that their dipole moments nearly
ancel; this geometry is designated the “anti” conformation. As
ound for the mono-complexes, the alkali metal cation–pyrrole
ing distances (M+–R⊥) increase from 1.979 to 3.380 Å as the
ize of alkali metal cation increases, while the strength of the
ation-� interaction decreases from 115.4 to 53.9 kJ/mol. An
lternative binding mode is found for M+(C4H5N)2 complexes,
n which the pyrrole ligands are aligned in a fanned-out par-
llel configuration, designated here as the “syn” conformation.
he “syn” conformers are less stable than the “anti” conformers,
ut the differences in stability are less than 4.2 kJ/mol for all of
he alkali metal cations. The small difference in the stability of
hese limiting conformations is significantly less than the aver-
ge internal energy of these complexes at 298 K (see Table 1).
hus, it is reasonable to think of the M+(C4H5N)2 complexes
ccessed in our experiments as highly dynamic structures where
he alkali metal cation interacts with both pyrrole rings with rel-
tive orientations that continuously vary between the “anti” and
syn” conformations.

The C–C bond lengths of the pyrrolyl ring increase by
.004–0.008 Å upon complexation as compared to free pyrrole

Table 4). The change in the C–C bond lengths is largest for
he Li+ complex and decreases as the size of alkali metal cation
ncreases. The C–H bond lengths are almost unaffected by com-
lexation changing by at most 0.001 Å for all of the alkali metal
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Table 5
MP2(full)/6-31G* optimized geometries of ground state pyrrole and M+(C4H5N)x

C4H5N Li+(C4H5N) Na+(C4H5N)

x, y, z x, y, z x, y, z

C 0.98148 0.71155 0.00000 C 0.33958 1.13412 -0.14879 C 0.64371 −1.13134 −0.22419
C 0.98608 −0.70539 0.00000 C −0.98571 0.71267 −0.15348 C 0.30319 −0.70911 1.05466
C −0.32988 −1.12544 −0.00000 C −0.98560 −0.71279 −0.15349 C 0.30375 0.71625 1.04977
N −1.11879 −0.00354 0.00000 C 0.33974 −1.13405 −0.14884 C 0.64459 1.12942 −0.23195
H −2.12946 −0.00701 0.00002 N 1.12917 0.00009 −0.11380 N 0.82108 −0.00366 −0.99624
H 1.85344 −1.35167 0.00000 H 2.14187 0.00020 −0.21689 H 1.20251 −0.00704 −1.93789
H −0.76371 −2.11530 −0.00001 H 0.77577 2.12359 −0.19354 H 0.81640 −2.12112 −0.62591
C −0.33710 1.12342 −0.00000 H −1.85162 1.36143 −0.19268 H 0.14268 −1.35537 1.90863
H −0.77694 2.11061 −0.00001 H −1.85142 −1.36168 −0.19274 H 0.14371 1.36849 1.89927
H 1.84473 1.36323 0.00000 H 0.77606 −2.12346 −0.19365 H 0.81799 2.11630 −0.64048

Li −0.04765 −0.00012 1.80460 Na −1.84021 −0.00064 −0.31998

K+(C4H5N) Rb+(C4H5N) Cs+(C4H5N)

x, y, z x, y, z x, y, z

C 1.00648 −0.30494 1.12843 C 1.61216 −0.30399 1.12859 C 2.06332 −0.30907 1.12803
C 0.88813 1.01186 0.71132 C 1.47970 1.01194 0.71123 C 1.94521 1.00748 0.71077
C 0.88822 1.01263 −0.71018 C 1.47971 1.01217 −0.71091 C 1.94522 1.00766 −0.71050
C 1.00663 −0.30370 −1.12872 C 1.66994 −1.08963 −0.00017 C 2.06334 −0.30877 −1.12811
N 1.05416 −1.09113 −0.00057 N 1.91269 −2.07475 −0.00032 N 2.11268 −1.09537 −0.00014
H 1.29028 −2.07850 −0.00110 H 1.91269 −2.07475 −0.00032 H 2.34629 −2.08229 −0.00027
H 1.11421 −0.73287 2.11631 H 1.72291 −0.73075 2.11672 H 2.16687 −0.73736 2.11619
H 0.86632 1.87781 1.36106 H 1.44965 1.87798 1.36085 H 1.92066 1.87357 1.36042
H 0.86649 1.87930 −1.35898 H 1.44967 1.87840 −1.36026 H 1.92068 1.87393 −1.35992
H 1.11447 −0.73056 −2.11705 H 1.72294 −0.73009 −2.11694 H 2.16692 −0.73680 −2.11638
K −1.86145 −0.05644 −0.00007 Rb 1.61216 −0.30399 1.12859 Cs −1.33478 −0.01650 −0.00000

Li+(C4H5N)2 Na+(C4H5N)2 K+(C4H5N)2

x, y, z x, y, z x, y, z

C 2.00438 −0.27476 −1.14321 C 2.45016 −0.31739 −1.12543 C −2.87162 0.31662 −1.12511
C 1.94092 1.03253 −0.67665 C 2.34046 1.00712 −0.72390 C −2.85589 −0.99445 −0.67526
C 1.94525 0.98204 0.74662 C 2.33881 1.02458 0.70000 C −2.82990 −0.95965 0.74499
C 2.01135 −0.35488 1.11897 C 2.44686 −0.29020 1.13360 C −2.83043 0.37187 1.13041
N 2.02054 −1.10113 −0.04006 N 2.48920 −1.09041 0.01372 N −2.83555 1.13164 −0.01690
H 2.13991 −2.10974 −0.07616 H 2.68279 −2.08702 0.02599 H −2.97412 2.13665 −0.03900
H 2.05818 −0.67363 −2.14718 H 2.54234 −0.75942 −2.10843 H −2.95580 0.72751 −2.12231
H 1.93928 1.92086 −1.29510 H 2.32887 1.86527 −1.38407 H −2.91243 −1.87514 −1.30249
H 1.94667 1.82428 1.42648 H 2.32560 1.89859 1.33901 H −2.86310 −1.80856 1.41617
H 2.06972 −0.82387 2.09189 H 2.53621 −0.70883 2.12705 H −2.87837 0.83111 2.10874
C −1.94139 −1.03181 −0.67765 C −2.34316 −1.03311 −0.68505 C 2.76928 0.95331 −0.79368
C −2.01119 0.35390 1.11928 C −2.44746 0.33604 1.12141 C 2.85700 −0.18143 1.16396
C −2.00425 0.27598 −1.14292 C −2.44871 0.27501 −1.13747 C 2.90517 −0.39575 −1.08185
H −1.94028 −1.91954 −1.29697 H −2.33413 −1.91619 −1.31117 H 2.75043 1.75301 −1.52330
H −2.06947 0.82192 2.09267 H −2.53635 0.79342 2.09779 H 2.94054 −0.51330 2.19023
H −2.05786 0.67588 −2.14648 H −2.53879 0.67997 −2.13658 H 3.03115 −0.91492 −2.02257
C −1.94569 −0.98271 0.74566 C −2.34243 −0.99451 0.73902 C 2.73891 1.08826 0.62047
H −1.94762 −1.82560 1.42471 H −2.33244 −1.84248 0.41194 H 2.69230 2.01150 1.18410
N −2.02009 1.10126 −0.03900 N −2.48607 1.09149 −0.02887 N 2.93652 −1.07080 0.11688
H −2.13859 2.11001 −0.07412 H −2.67621 2.08872 −0.05566 H 3.16506 −2.05456 0.21570
Li 0.00028 −0.00108 0.00435 Na 0.00119 −0.00590 −0.00300 K 0.00013 −0.10063 −0.03730

Rb+(C4H5N)2 Cs+(C4H5N)2

x, y, z x, y, z

C −0.60612 −0.89350 3.19625 C 3.40895 0.34691 −1.12998
C 0.76836 −0.71290 3.16236 C 3.35077 −0.96942 −0.70008
C 1.01472 0.68527 3.08727 N 3.42293 1.14522 −0.00963
C −0.21508 1.32600 3.07703 H −0.00005 −0.05725 −0.00112
N −1.18637 0.35228 3.12416 Cs 3.34951 −0.95591 0.72078
H −2.17405 0.53395 3.26630 C 3.40694 0.36836 1.12568
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Table 5 (Continued)

Rb+(C4H5N)2 Cs+(C4H5N)2

x, y, z x, y, z

H −1.20533 −1.78656 3.31448 C 3.60208 2.14312 −0.01896
H 1.50840 −1.49967 3.23993 H 3.36204 −1.84185 −1.34144
H 1.97993 1.17617 3.09686 H 3.35961 −1.81597 1.37865
H −0.47177 2.37695 3.09161 H 3.48528 0.81054 2.10996
C −1.03964 −0.73283 −3.02808 H −3.42946 −0.27769 −1.12455
C 0.44781 0.96693 −3.20021 C −3.29010 1.03979 −0.71743
C 0.23098 −1.27847 −3.13197 C −3.49191 −1.05414 0.00941
H −1.96393 −1.29536 −2.98376 N −3.53620 −0.71242 −2.10948
H 0.96934 1.90594 −3.33007 H −3.28880 1.05076 0.70346
H 0.56217 −2.30611 −3.20164 C −3.42739 −0.26028 1.13113
C −0.90305 0.68162 −3.07109 C −3.73225 −2.03910 0.01723
H −1.70255 1.41201 −3.06666 H −3.24827 1.90002 −1.37383
N 1.12179 −0.23287 −3.21588 H −3.24574 1.92101 1.34643
H
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2.10635 −0.33449 −3.43742
b 0.07177 −0.03437 0.00279

btained from structures optimized at the MP2(full)/6-31G* level of theory.

ations. The N–H bond lengths increase by 0.003–0.007 Å upon
omplexation, with the largest increase in bond lengths for the
mallest alkali metal cations. The change of bond lengths is
arger for the mono-complexes than for the bis-complexes as

result of the increased separation of the alkali metal cation
nd pyrrole ligands in the latter complexes. The largest effect of
he alkali metal cation on the pyrrole ring is the bending of the
ydrogen atoms out of the plane and away from the alkali metal
ation (CH and NH OOP∠s). The magnitude of CH OOP ∠s are
maller than the corresponding NH OOP ∠s for both mono- and
is-complexes of all of the alkali metal cations. The bending for
he mono-complexes is larger than for the corresponding “anti”
onformer of the bis-complex for all of the alkali metal cations.
he magnitude of the bending is smaller for the complex to
i+ than the other alkali metal cations. For the CH OOP∠s, the
ending is larger for the “anti” conformers than the “syn” con-
ormers. For the NH OOP∠s, however, the bending is smaller for
he “anti” conformers than the “syn” conformers. The M+–Rc
nd M+–R⊥ distances are found to increase as the size of alkali
etal cation increases, as a result of the electrostatic binding in

hese complexes. These distances are also found to increase from
he mono- to the corresponding bis-complex as a result of repul-
ive forces between the two pyrrole ligands. Both the M+–Rc
nd M+–R⊥ distance are larger for the “syn” conformers than
hose for the corresponding “anti” conformers because of the
arger ligand–ligand repulsion, and therefore weaker binding,
rising from repulsive dipole–dipole interactions.

. Discussion

.1. Trends in the binding of alkali metal cations to pyrrole

The 0 K experimental BDEs of the M+(C4H5N)x complexes

re summarized in Table 6. The variation in the measured BDEs
ith the size of the alkali metal cation is shown in Fig. 4.
he M+–(C4H5N) and (C4H5N)M+–(C4H5N) BDEs are found

o decrease monotonically as the size of alkali metal cation

i
a
p
f

H −3.53228 −0.67975 2.12285
H −3.28880 1.05076 0.70346

ncreases from Li+ to Cs+. This can be explained in terms of
he electrostatic interactions. The alkali metal cations have s0

lectron configurations and spherically symmetric electron den-
ities. The alkali metal cation–ligand bond lengths are mainly
etermined by the size of the cation, such that the larger the
ation radius the longer the bond distance, and the weaker the
nteraction. This trend is similar to that observed for the analo-
ous alkali metal cation–aromatic ligand interactions previously
tudied [22,24–31,34] and supports the conclusion that these
nteractions are electrostatic in nature.

The BDEs of the bis-complexes are smaller than the corre-
ponding mono-complexes as a result of ligand–ligand repulsive
orces. The difference in the binding energy between the first and
he second ligands is largest for Li+ and decreases with the size of
he alkali metal cation from 67.0 to 14.5 to 8.8 to 4.6 to 2.0 kJ/mol
or the Li+, Na+, K+, Rb+, and Cs+ complexes, respectively.
he fall off in the sequential BDEs is more rapid than found

or the corresponding complexes to benzene and arises from the
reater Coulombic and dipole–dipole repulsions between the
wo pyrrole ligands. The distance between the two pyrrole lig-
nds increases with the size of alkali metal cation from 3.986 Å in
i+(C4H5N)2 to 6.762 Å in Cs+(C4H5N)2 (Table 4; 2× M+–Rc).
he magnitude of the ligand–ligand repulsive forces decreases
ith increasing separation of the two pyrrole ligands, resulting

n smaller differences in the sequential BDEs as the size of the
lkali metal cation increases.

.2. Comparison of theory and experiment

The M+(C4H5N)x BDEs at 0K were calculated at the
P2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level of theory

ncluding ZPE and BSSE corrections. The experimental and the-
retical BDEs of the M+(C4H5N)x complexes are summarized
n Table 6. The agreement between theory and experiment is

llustrated in Fig. 5. Good agreement between the theoretical
nd the TCID experimental results is obtained for all com-
lexes examined here. The mean absolute deviation (MAD)
or all nine complexes is 3.7 ± 2.3 kJ/mol, slightly smaller than
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Table 6
Enthalpies of alkali metal cation binding to pyrrole, benzene, and indole at 0 K in kJ/mol

Complex Experiment (TCID)a Conformer Theory (L = C4H5N) Literature

C4H5Nb C6H6
c C8H7Nd De

e D0
e,f D0,BSSE

e,g

Li+(L) 177.4 (16.6)h 161.1 (13.5) 204.5 (8.7) 175.1 167.3 158.1
Na+(L) 101.3 (7.7) 92.6 (5.8) 121.1 (2.9) 115.7 111.1 102.0

101.8 (2.9)h 107.9j

K+(L) 78.5 (3.9) 73.3 (3.8) 99.8 (3.9) 89.6 85.9 80.7
83.7 (3.9)h

Rb+(L)i 71.4 (6.8) 68.5 (3.8) 90.1 (2.9) 74.0 71.1 64.7
Cs+(L)i 50.4 (2.9) 64.6 (4.8) 82.3 (2.9) 65.4 62.7 57.0

Li+(L)2 110.4 (3.9) 104.2 (6.8) 119.6 (4.8) “anti” 138.9 133.5 115.4
“syn” 134.5 129.2 111.2

Na+(L)2 86.8 (4.8) 80.0 (5.8) 97.4 (2.9) “anti” 102.3 98.2 84.1 82.0j

“syn” 100.4 96.4 82.3

K+(L)2 69.7 (3.9) 67.5 (6.8) 76.2 (2.9) “anti” 80.1 77.0 68.3
“syn” 79.1 76.1 67.5

Rb+(L)2
i 66.8 (3.9) 62.7 (7.7) 73.3 (2.9) “anti” 75.7 73.1 64.1

“syn” 73.8 71.4 62.8

Cs+(L)2
i 48.4 (2.9) 58.8 (7.7) 68.5 (2.9) “anti” 63.8 61.5 53.9

“syn” 63.1 61.9 53.4

a Threshold collision-induced dissociation. Uncertainties are listed in parentheses.
b Present results. Uncertainties are listed in parenthesis.
c Ref. [30].
d Ref. [34].
e Calculated at the MP2(full)/6-31G*//MP2(full)/6-311+G(2d,2p), present results.
f Including ZPE corrections with MP2(full)/6-31G* frequencies scaled by 0.9646.
g Also includes BSSE corrections.
h Ref. [31].
i The Hay–Wadt ECP/valence basis set was used for the metal cation, as described in the text, and the 6-31G* and 6-311+G(2d,2p) basis set were used for C, N,

and H in geometry optimizations and single point calculations, respectively.
j B3LYP, including ZPE and BSSE corrections, Ref. [32].

Fig. 4. Bond dissociation energies at 0 K (kJ/mol) of the M+(C4H5N)x com-
plexes plotted vs. the ionic radius of M+. Data are shown for x = 1 and 2 as ©
and �, respectively. All values are measured by TCID and taken from Table 2.
The BDE of Li+(C4H5N) is taken from Ref. [31].

Fig. 5. Theoretical vs. experimental 0 K bond dissociation energies of
M+–(C4H5N) and (C4H5N)M+–(C4H5N) (kJ/mol), where M+ = Li+, Na+, K+,
Rb+, and Cs+.
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he average experimental uncertainty (AEU), 4.5 ± 1.7 kJ/mol,
nd well within the 8 kJ/mol expected accuracy of this level of
heory [22]. For the mono-complexes, the measured MAD is
.1 ± 3.1 kJ/mol, smaller than the AEU, 5.3 ± 2.3 kJ/mol. The-
ry systematically underestimates the BDE of the Li+(C4H5N)
31] complex because the basis sets employed in the current
tudy do not allow core correlation, and the higher degree of
ovalency in the Li+–pyrrole interactions requires such core
orrelation to accurately describe the interaction. The higher
egree of covalency is also indicated by the partial charge on

+, which is 0.81e for Li+ and 0.91e–0.98e for all other alkali
etal cations. An independent study of Li+(ligand) complexes

as been conducted to determine the level of theory necessary
o achieve an accurate description of the binding in Li+ systems
70]. In this work it is found that G3 and complete basis set (CBS)
xtrapolation of calculations performed at the MP2(full)/aug-cc-
VnZ//MP2(full)/cc-PVDZ levels of theory where n = D, T, and
and additional core correlation functions have been added to

i+ to provide the most accurate bond energies of Li+(ligand)
omplexes. The G3 and CBS BDEs for Li+(pyrrole) were calcu-
ated to be 167.6 and 164.8 kJ/mol, respectively. Both of these
alues are in much better agreement with the previously mea-
ured BDE for the Li+(pyrrole) complex of 177.4 ± 16.6 kJ/mol
han the MP2 value including BSSE corrections computed here,
58.1 kJ/mol. It is interesting to note, that the G3 and CBS values
re similar to the value calculated here when BSSE corrections
re not included, 167.3 kJ/mol. In an earlier study of the binding
f alkali metal cations to benzene, Feller, Dixon, and Nicholas
stimated the binding enthalpies of these complexes in the com-
lete basis set (CBS) limit from calculations performed with
hree members of the diffuse function augmented correlation-

onsistent family of basis sets (i.e., aug-cc-pVxZ, x = D, T, and
). They found that the CBS values were closer to the raw bind-

ng energies than those corrected for BSSE. This behavior is
onsistent with the values for the Li+(pyrrole) complex found

able 7
nthalpies and free energies of binding of M+(C4H5N)x at 298K in kJ/mola

ystem �H0 �H0
b �H298–�H0

b �H2

a+(C4H5N) 101.3 (7.7) 102.0 1.8 (0.2) 103.
+(C4H5N) 78.5 (3.9) 80.7 1.4 (0.2) 79.
b+(C4H5N) 71.4 (6.8) 61.2 0.9 (0.1) 72.
s+(C4H5N) 50.4 (2.9) 53.6 0.7 (0.1) 51.

i+(C4H5N)2 110.4 (3.9) 115.4 −1.1 (0.7) 109.
111.2 −0.2 (0.2) 110.

a+(C4H5N)2 86.8 (4.8) 84.1 −0.8 (0.2) 86.
82.3 −0.8 (0.2) 86.

+(C4H5N)2 69.7 (3.9) 68.3 −1.2 (0.2) 68.
67.5 1.1 (0.2) 70.

b+(C4H5N)2 66.8 (3.9) 64.1 −1.2 (0.2) 65.
62.8 1.1 (0.2) 67.

s+(C4H5N)2 48.4 (2.9) 53.6 −1.2 (0.2) 47.
53.4 1.1 (0.2) 49.

a Uncertainties are listed in the parentheses.
b Ab initio values from theoretical calculations at the MP2(full)/6-311+G(2d,2p) lev

caled by 0.9646. Uncertainties in the enthalpic and entropic corrections are determin

f
�
p
i
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ere and for a number of noncovalently bound metal–ligand
omplexes previously studied both experimentally and theoret-
cally [71]. For the bis-complexes, the measured BDEs are in
ood agreement with calculated values for all of the alkali metal
ations. The MADs between the experimental and theoretical
DEs are 3.4 ± 1.6 and 3.3 ± 1.8 kJ/mol for the “anti” and “syn”
onformers, respectively, slightly smaller than the AEU of these
ystems, 3.9 ± 0.7 kJ/mol. Because our threshold measurements
rovide the BDE for the most weakly bound species present in
easonable abundance, it is probably most appropriate to com-
are the measured BDEs with those calculated for the “syn”
onformers.

.3. Conversion from 0 to 298 K

The 0 K BDEs determined here are converted to 298 K bond
nthalpies and free energies to allow comparison to literature
alues and commonly employed experimental conditions. The
onversions are calculated using standard formulas (assuming
armonic oscillator and rigid rotor models) and the vibrational
nd rotational constants determined for the MP2(full)/6-31G*
ptimized geometries, listed in Tables 1 and 2. Table 7 lists the
and 298 K enthalpy, free energy, and enthalpic and entropic

orrections for all M+(C4H5N)x complexes experimentally and
heoretically determined (from Table 6). Uncertainties are deter-

ined by 10% variation in the molecular constants.

.4. Influence of the N heteroatom on cation-π binding

The N heteroatom of pyrrole and indole shares one pair of
lectrons with the aromatic ring, i.e., 6 � electrons over 5 atoms
98 �H298
b T �S298

b �G298 �G298
b

1 (7.7) 103.8 31.5 (0.6) 71.6 (7.7) 72.3
9 (3.9) 82.1 30.5 (0.6) 49.4 (3.9) 32.7
3 (6.8) 62.1 28.9 (0.7) 43.4 (6.8) 33.2
1 (2.9) 54.3 28.1 (0.7) 23.0 (3.0) 26.2

3 (3.9) 114.3 40.6 (1.2) 68.7 (4.1) 73.7
2 (3.9) 111.0 43.0 (1.1) 67.2 (4.1) 68.0

0 (4.8) 83.3 37.7 (1.1) 48.3 (4.8) 45.6
0 (4.8) 81.5 38.4 (1.1) 47.6 (4.8) 43.1

5 (3.9) 67.1 33.9 (1.2) 34.6 (4.1) 33.2
8 (3.9) 68.6 41.3 (0.7) 29.5 (4.1) 27.3

6 (3.9) 62.9 33.9 (1.2) 31.7 (4.1) 29.0
9 (3.9) 63.9 41.3 (0.7) 26.6 (4.1) 22.6

2 (2.9) 52.4 33.9 (1.2) 13.3 (3.1) 18.5
5 (2.9) 54.5 41.3 (0.7) 8.2 (3.1) 13.2

el of theory using the MP2(full)/6-31G* optimized geometries with frequencies
ed by 10% variation in the molecular constants.

or pyrrole and 10 � electrons over 9 atoms for indole. The
electron density is therefore 1.2 and 1.1 per ring atom for

yrrole and indole, respectively. From this simple analysis, it
s clear that pyrrole and indole are � excessive as compared to
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enzene, which has 6 � electrons distributed over 6 atoms result-
ng in a � electron density of 1.0. Thus, the measured BDEs
f the M+(C4H5N)x complexes are expected to be greater than
hose of the corresponding M+(C6H6)x [30] complexes. This
s exactly what is observed for all of the alkali metal cations
xcept Cs+. Similarly, the calculated BDEs of M+(C4H5N)x

re greater than M+(C6H6)x for all of the alkali metal cations
Table 2). However, in the M+(C8H7N) complexes, all of the
lkali metal cations favor binding to the � cloud above the
henyl ring over the pyrrolyl ring of the indole ligand, which
annot be explained by this simple � character analysis. In this
tudy, the electrostatic potential maps of the isolated ligands
nd NBO analyses of these complexes are used to examine the
nfluence of the N heteroatom on the distribution of electron

ensity and binding geometry of the N containing ligands in
etail. The natural charge populations and electrostatic poten-
ial maps of the Na+ complexes are showed in Figs. 6 and 7,
espectively. The negative charge is evenly distributed over the

a
f
C
a

Fig. 6. Natural charges of neutral pyrrole, benzen
ss Spectrometry 267 (2007) 233–247

arbon atoms of benzene and produces a symmetric electrostatic
otential map. Thus, alkali metal cations bind to the center of �
loud of benzene. However, the lone pair of electrons of N delo-
alize electron density to C2 (−0.327e) and C3 (−0.327e) of
yrrole and to C5 (−0.264e), C7 (−0.270e) and C3 (−0.324e)
f indole and thus produces asymmetric electrostatic potential
urfaces for these ligands. Therefore, alkali metal cations bind
o the � cloud of pyrrole close to the C2–C3 bond. Because pos-
tive charge is concentrated on C8 (0.190e) and C2 (0.023e) of
ndole, the alkali metal cations prefer to bind near C5 and C3 of
ndole corresponding to the phenyl and pyrrolyl rings, respec-
ively. Furthermore, redistribution of electron density is found
fter alkali metal binding to indole. For the �6 conformer, all of
he carbon atoms become more negative than in the free ligand

s a result of greater degree of electron density delocalization
rom N and H into the ring. While for the �5 comformer, C2,
3, C4, C8, C9, and N1 become more negative while C5, C6,
nd C7 become more positive as a result of electron density

e, and indole and their complexes to Na+.
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Fig. 7. Electrostatic potential maps of pyrrole, benzene, and indole at an iso-
surface of 0.05 au of the total SCF electron density. The position of the ring N
a
a

w
t
d
i
o
G
b
a
p
s
b
b
i
c
i
p
s
c

t
m
a

m
d
p
c
f
t
e
i
t
i
a
b
1
i
s
t
t
d
e
l
a
i
f
i
a
c
c
I
p
d
a

4

b
r
F
c
t
a
b
b
i
t
b
b
c
t
M
b
o
N
tion in the Mg+ and Al+ complexes polarizes electron density
tom of pyrrole and indole are indicated with an asterisk. Top and side views
re shown, respectively.

ithdrawal from the 6-membered ring, which thereby enhances
he binding to the pyrrolyl site. Our calculations show that the
ifferences in BDEs between the phenyl and pyrrolyl rings of
ndole account for only ∼10% of the corresponding total BDE
f the ground state conformers for all five alkali metal cations.
okel and co-workers found that metal cations can be stabilized
y interaction with the pyrrolyl ring [38,39]. Thus, their results
long with the theoretical results indicate that the � clouds of the
yrrolyl and phenyl rings of indole cooperate with each other,
uch that the whole � surface of indole is favorable for cation-�
inding. This suggests that indole may maintain significant sta-
ilization via cation-� interaction even when optimum binding
s not possible due to steric interactions or slight geometrical
hanges that may occur in proteins and enzymes during biolog-
cal processes. The ability of the indolyl side chain of Trp to
rovide relatively strong binding of cations over the entire �
urface may well explain the preference of Trp for engaging in
ation-� interactions in nature.

The relative binding affinities of benzene, pyrrole, and indole

o alkali metal cations can be understood by examining the dipole

oment, quadrupole moment, and polarizability of these lig-
nds. Benzene has a center of symmetry and thus has no dipole

1
a
w
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oment. The N heteroatom of pyrrole and indole leads to a
ipole moment that points towards the � ring and lies in the
lane of the � surface, and thus ion–dipole interactions do not
ontribute directly to the binding. However, electron density
rom the electron-rich N heteroatom is partially delocalized into
he � cloud along the direction of the dipole moment. The �-
xcessive character of pyrrole and indole leads to an increase
n the quadrupole moments of pyrrole and indole as compared
o benzene. Thus only ion–quadrupole and ion-induced dipole
nteractions play a direct role in the binding in the M+(C4H5N)x

nd M+(C8H7N)x complexes. The polarizabilities of pyrrole,
enzene, and indole are calculated to be 7.82, 10.00, and
4.87 Å3, respectively [33]. Therefore, the ion-induced dipole
nteraction should result in stronger binding to benzene and even
tronger binding to indole as compared to pyrrole. However, this
rend is not consistent with the measured or calculated BDEs for
hese systems indicating that the ion-induced dipole interactions
o not dominate the binding. According to NBO analyses and
lectrostatic potential maps, pyrrole and indole are �-excessive
igands as compared to benzene such that ion–quadrupole inter-
ctions to pyrrole are stronger than benzene and weaker than
ndole. This trend parallels the measured and calculated BDEs
or the alkali metal cation complexes of benzene, pyrrole, and
ndole. This behavior indicates that the ion–quadrupole inter-
ction dominates the cation-� interaction in alkali metal cation
omplexes to benzene, pyrrole, and indole, as has been con-
luded for other aromatic ligands previously studied [22,24–30].
t is also clear that the N atom enhances cation-� binding to
yrrole and indole because it delocalizes part of its electron
ensity into the aromatic ring making these ligands �-excessive
s compared to benzene.

.5. Comparison of binding to other cations

Gapeev et al. determined the binding energies of a num-
er of main-group and transition metal cations to pyrrole using
adiative association kinetics and ligand exchange methods [32].
or the M+(C4H5N) complexes, the binding of the alkali metal
ations, except to Li+, is significantly weaker than for all of the
ransition metal cations, V+, Cr+, Mn+, Fe+, Co+, Ni+, Cu+, Mo+,
nd W+. The enhanced binding of transition metal cations arises
ecause of the d orbital involvement in the binding, i.e., electron
ack-donation from the 3d orbitals of the transition metal cation
nto the �* orbitals of the aromatic ligand [72], and thus leads
o partial covalent character in the binding. While for Li+, the
inding strength of pyrrole is comparable to that of Cr+ and Mn+

ecause of the small size of the cation and the higher degree of
ovalency in the binding of the Li+(C4H5N) complex. Similar
o alkali metal cations, the binding of main group metal cations,

g+ and Al+, is electrostatic in nature, and thus is weaker than
inding to most transition metal cations and comparable to that
f Cr+ and Mn+. Mg+ and Al+ bind to pyrrole more strongly than
a+, K+, Rb+, Cs+, and comparable to Li+ because sp polariza-
80◦ away from the metal cation–pyrrole binding interaction,
nd therefore allows the ligand to approach the metal cation
ith minimum electronic repulsion. For the M+(C4H5N)2 com-
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lexes, alkali metal cation binding is weaker than the analogous
ono-complexes for all of the transition metal cations. In con-

rast to the M+(C4H5N) complexes, the binding of the second
yrrole ligand to Mg+ and Al+ is weaker than Na+. The change
n the relative BDEs for the mono- and bis-complexes occurs as
result of the sp polarization of Mg+ and Al+ that enhances the
inding in the mono-complexes diminishes as the second pyr-
ole ligand approaches, and thus weakens binding of the second
yrrole ligand.

The binding of organic cations is also electrostatic in nature,
eaker than to transition metal cations and of comparable

trength as the larger alkali metal cations, Rb+ and Cs+. Although
H4

+ and K+ have similar ionic radii, the binding of NH4
+ to

yrrole is 75.4 kJ/mol stronger than to K+ [73]. The enhanced
inding likely arises as a result of the larger polarizability of
H4

+, 8.75 Å3, as compared to that of K+, 5.35 Å3. Thus a
reater portion of the electron density of NH4

+ can be polarized
way from pyrrole and allow the pyrrole ligand to approach
he positive charge center of NH4

+ more closely. While for
(CH3)4

+, the repulsion between the bulky side chains and N is
ufficiently strong that the positive charge center of N(CH3)4

+

ets shifted away from the center of the pyrrole ligand with one
f the methyl groups pointing to the center of the electron den-
ity [73,74]. Thus, although the polarizability of N(CH3)4

+ is
arger than that of NH4

+, the binding of N(CH3)4
+ to pyrrole

s 36.8 kJ/mol weaker than to NH4
+, and weaker than to all of

he other metal cations examined previously, indicating that the
olarizability of the cation may not always be a the dominant
actor that controls the strength of organic cation-� interactions.

The binding geometries of the M+(pyrrole) complexes com-
uted by Gapeev et al. are similar to those found here. The metal
ation binds to the � cloud of the pyrrole ligand and is displaced
rom the center of the ring in the direction away from the nitrogen
tom. The metal cation–pyrrole ring distances (M+–R⊥) were
ound to lie in the range from 1.912 and 2.416 Å, similar to the
orresponding distance in the Li+ and Na+ complexes. However,
he offset of the cation from the center of the ring varied more
ignificantly than found for the alkali metal cations, from close
o the center of the pyrrole ring to outside the perimeter of the
ing as a result of the variation in size of the alkaline earth and
ransition metal cations and the involvement of the d electrons
n the binding. Gapeev et al. also found a local minimum for
he Cu+(pyrrole) complex in which Cu+ resides directly above
he ring nitrogen atom however, this structure was computed
o be 67 kJ/mol higher in energy that the ground state cation �
omplex.

. Conclusions

The kinetic energy dependences of the CID of M+(C4H5N)x

omplexes, where M+ = Na+, K+, Rb+, and Cs+ for x = 1 and 2,
nd Li+ for x = 2, with Xe are examined in a guided ion beam
andem mass spectrometer. The dominant pathway observed for

ll complexes is loss of an intact pyrrole ligand. The thresh-
lds for these primary dissociation reactions are interpreted to
ield 0 and 298 K BDEs. The molecular parameters needed
or the analysis of experimental data as well as structures and

[
[
[
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heoretical estimates of the BDEs for the M+(C4H5N)x com-
lexes are obtained from theoretical calculations performed
t the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level of
heory. The agreement between theory and experiment is
ery good for all complexes. The absolute M+–(C4H5N) and
C4H5N)M+–(C4H5N) BDEs are observed to decrease mono-
onically as the size of the alkali metal cation increases from Li+

o Cs+. Similarly, the differences in the BDEs for the mono- and
is-complexes are also observed to decrease with the size of the
lkali metal cation. These trends are explained in terms of the
lectrostatic nature of the binding and changes in magnitude of
he ligand–ligand interactions in the M+(C4H5N)2 complexes,
espectively.

The influence of the N heteroatom on the cation-� binding
s examined. The ability of the N heteroatom to delocalize elec-
ron density into the aromatic ring makes pyrrole and indole
-excessive as compared to benzene and is crucial to the
nhancement of cation-� binding. Thus, pyrrole and indole are
tronger � ligands than benzene and both the ion–quadrupole
nd ion-induced dipole interactions play a direct role in the bind-
ng of these complexes. Furthermore, trends in the binding of
etal and organic cations to pyrrole suggest that the nature of the

ation profoundly affects the optimized geometry and strength of
inding. For alkali metal cations except Li+ and organic cations,
he cation-� interaction is purely electrostatic such that only the
ize, shape, and polarizability of the cation affect the binding
eometry and strength. In contrast, binding of Li+, Mg+, Al+,
nd the transition metal cations to pyrrole clearly establishes that
he valence or core electron configurations are important to the
inding, such that correlation, polarization, and hybridization of
his electron density is crucial in the binding to the � ligand. As
result, binding to these metal cations is significantly enhanced,
hile trends in the strength of binding among these cations are
etermined by a balance of several factors.
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