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Abstract: Formation of ML™ and ML," complexes of coronene was investigated with 25 atomic iors) (Mthe
low-pressure gas-phase environment of the Fourier-transform ion cyclotron resonance (FT-ICR) ion trapping mass
spectrometer. All of the atomic ions formed"{Cor) except the alkalis (and also excepting a few cases which were
dominated by charge transfer). All the other cases reacted with large, collisionally saturated rates, implying bond
strengths>35 kcal moi?, except for the larger alkaline earthstSind Ba, whose noticeably slower rates were
attributed to relatively lower bond strengths around 32 kcafdoMany of the M~ (Cor) complexes reacted further

to M*(Cor), with collisionally saturated rates, but several cases(Md*, Sit, Int, Pbf, Bi*) reacted more slowly

or not at all, indicating weaker bonds. The important role of transition-metal character({@dy), bonding is
suggested by the observation that transition metal iong ¢ Mn", for instance) rapidly formed NMCor),
complexes, while comparable non-transition ions Mgl ™, Si*) did so poorly or not at all. The rates of formation

of the various complexes were interpreted to estimate-f@utral bond strengths, or at least to give upper or lower
limits to the bond strengths. Atomic-ion/benzene bond strengths were generally well correlated in a qualitative way
with the observed patterns of formation of ion/coronene complexes. Comparison with the isomeric ligand
tribenzocyclyne (TBC) supports the interpretation that small ion,(®ir") partially insert into the cavity of TBC,
resulting in inhibited ML+ formation relative to coronene.

Introduction When an atomic ion is trapped in the presence of a
o ) ) background pressure of coronene in the ion trap of the Fourier-
The binding of ions tor faces has considerable current ansform jon cyclotron resonance (FT-ICR) spectrometer, the

interest, both in terms of the formation of ionic clusters and (eaction sequence leading to ion/coronene complexes can be
complexes in gas phasé and condensed phases, and also in g, mmarized as follows:

terms of its participation in the folding and reactivity of proteins
in solution® The interaction of molecules with extensively M* + Cor MiCon  —S ~ mH(cCon
conjugatedr faces may also have interest related to interactions ko | Kat Keo| a2 2
of ions with graphitic surfaces. It is thus useful to explore the
complexation of gas-phase ions, such as atomic metal ions, with
planarz systems of experimentally tractable size. Coronene is
an excellent model system, being sufficiently large in conjuga-
tion to present a surface-like aspect to small ions, yet small
enough for convenient detailed kinetic and thermodynamic
investigation from a single-molecule point of view. It also
provides comparisons and contrasts with binding to other
macrocycles like porphyrins, phthalocyanines, and cyclynes. The
present study investigates the formation kinetics of monomer
and dimer complexes of coronene with a variety of atomic ions
(mostly metals). Analysis of the kinetics leads to conclusions
about the binding energies and the favorable or unfavorable
factors affecting complex formation, focussing particularly on
the comparison with the isomeric molecule tribenzocyclyne
(TBC) for which a similar body of data already exists.

M + Cor* M(Cor) + Cor* (1)

Cor represents the neutral coronene molecule, present at a
pressure of the order of 18 Torr in the FT-ICR cell. As
indicated in eq 1, charge transfer may potentially compete with
complex formation both for the reaction of the bare metal ion
and also for the reaction of the monomer complex. Such charge
transfer reactions are often significant.

Under the low-pressure conditions used here, complex
formation proceeds by the process of radiative association, in
which the initial metastable collision complex is stabilized by
emission of a photofr.8 In addition to giving a qualitative
indication of favorable complex compositions, the kinetics of
complex formation have been analyzed in a variety of cases to
give values for complex binding energies (the RA, or radiative
association, kinetics approach). Some previous investigations
have studied the RA kinetics for reactions involving metal ions
CaaHy macrocycles with benzene and other unsaturated hydrocarbéridand there
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Table 1. Properties of the Atomic lons Relevant to Complexation

koP
ion AlE? (M*+1L) (ML*+1L) cation valence configy coord radiu benzene bond energy
Na 2.15 31 13 220 (1S) 2.39 280 (30)
K 2.95 25 11 3B (1S) 2.84 19" (15)
Rb 3.13 18 11 £4rf (1S) 3.33,2.98 (12)
Cs 3.40 15 11 55° (1S) 3.19
Mg —0.36 31 12 35(%S) 2.3% <27 (309
Sr 1.61 18 11 552S) 3.17 (17)
Ba 2.09 15 11 65°S)
Al 1.30 29 12 33(1s) 237> 35'(39M)
Si —0.86 29 12 38p' (°P) 2.5002.29 (320 44)
Sd 0.74 23 11 34s (°D) 2.30 (40)
Tis 0.47 23 11 3 (“F) 2.06 62 (617
Cr 0.52 22 11 38(5S) 2.11 40 (37)
Mn -0.14 22 11 3eus (’S) 2.30 32 (359)
Fe! —0.58 21 11 364s' (°D) 1.83 49 (48)
Ni -0.35 21 11 38(%D) 1.78 58 (59)
Cu —0.44 20 11 3 (1S) 1.98/1.86 52 (45 50)
Zn -2.10 20 11 3tP4s
Y 1.07 18 11 53(1S) 2.42 (41
Nb 0.41 17 11 44(°D) 2.13 64" (52)
Ag —-0.29 16 11 4¢P (1S) 2.35 39V (37)
In 1.50 16 11 4452 (1S)
Te —1.72 15 11 5850 (4S)
Re —0.47 13 11 586< (’S)
Pt -1.32 13 11 58(2D)
Pb -0.12 13 11 6%6p! (2P) 26
Bi 0.00 13 11 6% (°P) =3¢

a Difference in ionization energy of the atom and coronene (positive values imply endothermic charge transfertftoredvbnene). IE of
coronene= 7.29 (ref 31)." Langevin orbiting rate constant (18 cm® molecule’? s'1) assuming an isotropic polarizability of 38 for coronene
(according to ref 19)¢ References 32 and 33lon-ring plane distance for benzene complexation ¢kcal mot?. Experimental numbers are
given where available. Variowb initio calculated values are given in parenthes®4P2/6-31G* (ref 34) 9 Reference 35" Reference 36.Present
calculations, MP2/lanl2dz//MP2/lanl2dzEstimated by extrapolation from Nausing alkali crystal radii* Reference 17.Reference 37" MP2/
6-31G(d,p) (ref 10)" Reference 122 Present calculations f&@s, symmetry, MP2/6-31G(d,p)//MP2/6-31G(d,p). Srinivas et al. (ref 24) obtained 34
kcal mol! binding for this structure with MP2/6-31G**//UHF/3-21G*. However, this complex is apparentiZgpsee following footnote? Srinivas
et al. (ref 24) found this much stronger binding for an unsymmetricabmplex with the Si considerably off centef Sc™ has a 34 (°F) state
lying 14 kcal mot? above the ground state that might possibly give more favorable bondimdaces, but this possibility has not been pursued.
"Reference 183 Ti* has a 38 (D) state lying only 2 kcal moft above the ground state, which is undoubtedly the state that complexeates,
and it is this state for which the binding energy and bond length are repbRederence 2! Fe™ has a low-spin state 3¢*S) lying 6 kcal mot*
above the ground state. This is probably the state that bindsligands. Bauschlicher’'s benzene calculations suggest that the more favorable
binding of the low-spin configuration overcompensates for the atomic promotion energy by around 6 kdalTielbinding energy and bond
length given here refer to this stateReference 38" Reference 9% Reference 39 Reference 40.

have been some radiative association studies involving moretion about structural characteristics of their atomic monocation
complex ions reacting with aromatic molecufg4:13-16 complexes is available from condensed-phase studies of stable
An interesting point of comparison for the present work is a complexes. In the course of considering the coronene and TBC
parallel study previously reported for the ligand tribenzocyclyne complexes of atomic ions, we have been interested in the size
(TBC), which is a planar, highly conjugated isomer of coronene, of these ions in the context af complexation. Theory gives
but which has a central cavity potentially capable of accom- the only feasible approach to assigning binding radii for most
modating a small atomic catic¥f. The metal ion/TBC results  of the ions; fortunately a reasonable estimate of the bond length
suggested that several small metal ions, most notabtyaNi does not require a very large-scale calculation in most cases.
Cu*, inserted at least partially into the cavity, resulting in greatly The ion-ring distance in the benzemecomplex can serve as
suppressed formation of ME. It was, however, considered a good measure of the.ccomplexation radius. For many first-
quite possible that this suppression of Mlwas instead due to  row and a few second-row transition metal ions, the calculations
electronic effects in the metaligand binding, such as overfill-  of Bauschlicher’s group give binding radii to benzéfééand
ing of the 18-electron shell. The comparison with coronene, various other values are available from the literature. A few
which clearly has no cavity of possible importance, should be additional calculations were carried out in the course of this
revealing in clarifying the role of cavity effects in forming these work.
complexes, and differentiating the relative importance of cavity  The set of atomic ions is shown in Table 1, along with several
effects versus electronic effects. properties useful in thinking about the present results. For each
For most of the elements1 is an exotic oxidation state in  jon the exothermicity (endothermicity) of charge transfer to
condensed phases, and for the majority of elements no informa-coronene is given, along with the electronic configuration of
the isolated-ion ground state. The association rates will be
considered below relative to the calculated encounter rate
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Figure 2. FT-ICR spectrum of the Cucoronene system, at a reaction
time of 2 s, showing the species participating in the kinetics of eq 1.

The pressure uncertainty is the dominant uncertainty in the rate constant
calibrations, and since a pressure calibration error affects all the
measurements equally, the relative rate constants across this data set

bet the i d th tral: this i d to be th are less uncertain. We would consider comparisons among these
etween (he 1on an € neutral. this 1S assumed 10 be e iqe ont rate constants to be accurate in general within 30%.

Langevin orbiting collision rate, based on the assumption that — ap |nitio Calculations. Useful computations are not yet available
the long-range ion-induced dipole attractive force determines for the metal-ion/coronene system, nor for most benzene dimer
the encounter rate, and that coronene can be approximated foeomplexes. However, calculations of the metal-ion/benzene monomer
this purpose as having an isotropic polarizability of 38 A  complexes give some insight into thebonding. Some calculations
(according to ref 19). were done here to complement the results available from the literature.
To illustrate these complexes, Figure 1 shows models of The Gaussian 92 program sdftevas used. For $j Rb*, Sr*, and
metal-ion complexes of coronene and TBC, using a complex- CU" the structures were optimized and energies calculated at the MP2

ation distance of 2.32 A, and a displayed van der Waals radius'€V€! With the LANL2DZ basis sétin Ce, symmetry. For Sia larger

. . calculation was also made, with structure optimizatio@§nsymmetry
Iﬁerléhsirﬁ](stﬁlels?o?ftf%jgy'(&j\rgn;glg?rjllsa)r mechanics MM2 force and energy calculation at the MP2 level with the 6-31G(d,p) basis set,

allowing direct comparison with the similar calculation for AP

. . although our Si calculation was not a significant improvement on the

Experimental Section calculation of Srinivas et a¥, which used nearly as high a computa-
The experiments were carried out in an electromagnet-based FT-tional level, and considered more geometries. Comparing different

ICR instrument used in previous laser desorption/ionization sté@dfés. ~ computational levels for Al and S¥, as well as for Cu, against

The ICR cell had 2.54 cm cubical geometry, in a magnetic field of 1.4 Bauschlicher’s calculatior’$,it appears that the insufficient flexibility

Figure 1. Models of ML and ML, complexes of coronene and TBC,
illustrated for a metal ion with a ring/metal ion separation of 2.32 eV.

T. An lonSpec data system was used. of the LANL2DZ basis overestimates the metal-ring bond length by
Atomic ions were produced by laser desorptionfionization from the 0.1-0.2 A, and underestimates the binding energy by perhaps 5 kcal
solid element (or, in the case of'Sfrom polycrystalline SrG). The mol~t. However, counterpoise calculations suggest that basis set

solid sample was mounted at the center of the trapping plate plane, sosuperposition error (BSSE) gives an offsetting overstimate of the
that the emerging ions traveled along the magnetic field lines into the binding energy by a few kilocalories per mole. Such small-basis, single-
center of the cell. A small prism mounted at the center of the opposite configuration calculations are thus substantially uncertain, but can

trapping plate deflected the incoming laser bearf, gving perpen- provide a useful first indication of properties of the complexes.
dicular laser incidence on the sample surface. The laser was focused
onto the sample with an external lens of 20 cm focal length. Results

Coronene was introduced from a reservoir of powdered solid

connected to the vacuum system. At the working temperature of 85 displavs a mass spectrum corresponding to the reaction sequence
°C its volatility was sufficient to give a steady pressure of the order of play P P g q

1 x 108 Torr. To have an unambiguous and reasonably homogeneous®f €d 1 for the Cu case. By taking such spectra at various
thermal environment for the cell, the entire high-vacuum can was f€action times a time plot of the kinetics can be made and fitted
maintained at 85C, as measured by a thermocouple mounted on the t0 the kinetics of eq 1, as illustrated in Figure 3. Such fits
trapping plate. produce the set of rate constants displayed in Table 2. We lack
No reliable absolute pressure measurement of coronene was avail-confidence in the Naresults: occasional laser shots yielded
able. To estimate the pressure and make an approximate assignmengignificant Na peaks, for which no significant corresponding
of the absolute rate constants, it was assumed that the fastest reactiopya(Cor)t peaks were observed, indicating that complexation
observed proceeded at the Langevin orbiting collision rate. Th_ls fas_testv\,(,iS slow. However, no systematic results for this ion were
reaction turned out to be the charge transfer of non-thermalized iron obtained, and uncertainty remains about this rate constant.

ions, for which the theoretical orbiting collision rate constant is21 . . S .
1071 cm® molecule® s7%. Al the rates reported here are referenced Otherwise, _the observatlo_ns of the kln(_etlcs were SiitlS_ffCtOl’y.
to this assumed rate. This is a fairly crude calibration, both because it Metal Oxide and Hydroxide lon Reactions. Sct, Y*, Tit,

need not be true that the reference reaction proceeded on every collisiorfNd Nb" reacted with background water and/or oxygen, giving
as assumed and also because the collision rate of these iron ions, which (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

were probably kinetically excited, might have been higher than the johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
orbiting collision rate (due to hard-sphere collision effects). It seems M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,

reasonable to give a factor of 2 uncertainty to the absolute rate constantsJ. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. A., Gaussian 92/DFT; Gaussian, Inc.: Pittsburgh,

Atomic lon Reactions. As a typical illustration, Figure 2

(19) savchik, K. J.; Miller, J. AJ. Am. Chem. Sod 979 101, 7206. PA, 1993.
(20) Pozniak, B.; Dunbar, R. Q. Am. Chem. S0d.994 116 4113. (23) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.
(21) Pozniak, B.; Dunbar, R. @nt. J. Mass Spectrom. lon Prot994 (24) Srinivas, R.; Hriak, J.; Sulzle, D.; Bohme, D. K.; Schwarz, B.
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Table 2. Reaction Rate Constants and Efficiengies

Pozniak and Dunbar

reactions of M

reactions of ML*

association efficiencies

ion kal kctl kaz kctz (Dral ((Dtotl) CI:'ra2 (q)totz)
Na* slow

K* <0.01 <0.01 <0.001

Rb* <0.02 <0.02 <0.001

Cs* <0.02 <0.02 <0.001

Mg* 1.3 10.4 <1.0 <1.0 0.04 (0.38) <0.1

Srt 25 0.0 2.8 0.0 0.11 0.25

Bat 25 0.0 4.8 0.0 0.10 0.44

Al* 13.0 0.0 <0.1 <0.1 0.46 <0.01

Sit 13.8 4.5 <0.1 3.4 0.48 (0.64) <0.01 (0.28)
Sct 5.8 0.0 3.2 0.0 0.25 0.29

Tit 6.3 0.0 4.6 0.0 0.28 0.43

Crt 6.6 1.1 3.8 0.0 0.30 (0.35) 0.34
Mn* 8.9 0.0 35 1.4 0.40 0.31 (0.43)
Fe" 6.0 6.0 6.0 9.0 0.29 (0.58) 0.55 (1.4)
Ni* 25 3.8 3.8 0.0 0.13(0.33) 0.34
Cut 3.1 35 4.5 0.0 0.16 (0.34) 0.41
zZnt <0.2 6.4 <0.01 (0.32)

Y+ 4.5 0.0 4.4 0.0 0.25 0.40

Nb* 3.9 0.0 4.4 0.0 0.23 0.40

Agt 1.8 15 1.1 0.0 0.11 (0.20) 0.10

Int 51 0.0 <0.1 <0.1 0.31 <0.04

Tet <01 7.3 <0.01 (0.49)

Ret 1.4 3.0 5.6 0.0 0.10 (0.31) 0.51

ptt 0.25 4.5 3.8 0.0 0.02 (0.35) 0.34

Pb* 1.4 35 <0.1 1.9 0.10 (0.35) <0.01(0.17)
Bi* 34 3.0 <01 15 0.26 (0.49) <0.01 (0.14)

a Association and charge transfer rate constants'flé® molecule s~

1). @, is the efficiency of radiative association per orbiting collision,

using the Langevin orbiting rate for the collision rate constant. The sum of the association and charge transfer efficiencies is alzg)diwen (

the cases where the charge transfer reaction is significant.

+
1.0 Cu’ + Coronene

0.8 + Cu
& Cor’

"
éx g  Cu(Cor)
iz 0.6 * Cu(Cor)2+
&
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§ 04
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Figure 3. Time plot for the Cti/coronene system, showing the fit to
the kinetics of eq 1 with use of the rate constants displayed in Table 2.

metal oxide ions (MO) and metal hydroxide ions (M(OH)).
(The latter might have the form of hydrated oxides, rather than
dihydroxides, which would be indistinguishable in these experi-
ments, but we will write them in the dihydroxide form for
convenience.) No further addition of oxygen-containing moieties
beyond M(OH)" was observed.

These MO and M(OH)™ attached to coronene to form the
(Cor)MO™ and (Cor)M(OH)* species, with rates similar to the

attachment rates of the corresponding bare metal ions. It was
shown by ion-ejection studies that these same products ((Cor)-

MO™ and (Cor)M(OH)*) were also formed to some extent by
reaction of M(Cor) with background oxygen/water for these
same four elements.

The (Cor)MO' ions attached a second coronene to form
(CorpMO™, with rates which were somewhat slower (by about
half) than the corresponding sandwich-formation rates for (Cor)-
M*. The attachment of (Cor)M(OHY ions to a second
coronene to form (CosM(OH),™ was either not observed or
just marginally observable with very low rates.

Discussion

Nearly all atomic cations undoubtedly form inherently stable
complexes with coronene, since the simple electrostatic attrac-
tion between the charge and the ligand is almost invariably
greater than the thermal tendency for the complex to break up.
Similarly, clustering of a second ligand onto the monomer
complex probably always gives an inherently stable dimer
complex. Accordingly experiments like the present ones do
not address the question of inherent stability of the complexes,
but rather the question of whether the complex is sufficiently
strongly bound to give an observable extent of complexation
on the experimental time scale (which requires that a complex
be formed within a few hundred, or at worst a few thousand,
ion-neutral collisions). Thus, although our goal is to gain insight
into the binding energies of the complexes, the analysis and
interpretation focus on the kinetics of complex formation.

Formation and Binding Energies of Monomer Complexes.
Radiative association kinetics, as studied here, offer a particu-
larly interesting application of such kinetic approaches to
investigating binding energies, because the range of binding
energies which turn out to be addressed by this approach covers
the 20-50 kcal mot region, which is typical of many metal
ligand bond strengths. Recent studf¢8have shown convinc-
ingly that in particular cases a detailed, quantitative analysis of

(25) Klippenstein, S. J.; Yang, Y.-C.; Ryzhov, V.; Dunbar, RJGChem.
Phys.1996 104, 4502.
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Table 3. Binding Energies (kcal mot) Corresponding to Various mol~1) and Pt (>27 kcal mofl). Zn™ and Te show only

Observed Collisional Efficiencies of Radiative Association in the charge transfer, and give no information about complexes. The
Atomic lon/Coronene System (Standard Hydrocarbon Mdyel alkali ions K*, Rb*, and C¢ (and probably N&) gave no
association binding energy (kcal mof) observable complexes, limiting their binding energies<@?
product 50% 10% 1% kcal moll. This leaves a small number of cases with low
ML+ 34 29 25 efficiencies (St, Ba", Y*, Nb*, Ag") for which we can
ML+ 40 34 29 compare the Table 2 efficiencies with the calculations illustrated

in Table 3 to assign actual binding energies of about 32 kcal
mol~1. Comparing with the metal ion/benzene binding energies
given in Table 1, it is seen that complex binding energies this
radiative association kinetics information, incorporating quantum '&rge are not at all surprising, even for the closed-shellodise,
chemical calculations and refined statistical kinetic theory, can @nd the experimental results on monomer formation mostly serve
lead to binding energy assignments with uncertainties of a few to confirm that metal ions bind to coronene at least as well as
kilocalories per mole. For larger ligands like coronene, analysis t© benzene.
at such a detailed level of theory is hard to achieve, but the less  On the other hand, for the alkali ions, we conclude from these
detailed generic approach that we have termed the “standardnegative results that the MLcomplexes with M = K*, Rb,
hydrocarbon” analysk627 serves in a similar way to give and Cs (and probably N&) are bonded by less than about 22
binding energy estimates of useful precision with much more kcal mof™™. ' As indicated in Table 1, Kbinds to benzene by
modest computational effort. less than 20 kcal mot, and Rb is even weaker; so it is not
The standard hydrocarbon estimation, as described mostSurprising th_at binding to coronene _is also_weak. It seems likely
recently in ref 27, gives estimates of Mland MLy* binding that Na will be _foun(_JI to associate with coronene at an
energies (for an ambient temperature of 350 K) as exemplified Observable rate, since it binds to benzene by 2Bkcal mof*
in Table 3. This suggests that an observed efficiency near (Table 1), althqugh thg present results suggest that association
collisional saturation corresponds to a bond streng®s kcal with coronene is surprisingly slow.
(240 kcal for MLy™); while a bond strengthz25 kcal &30 The alkaline earths Srand Bd also appear to be instances,
kcal for ML,*) is required to have a reasonable assurance of though less dramatic than the alkalis, where association is
seeing association products at this temperature. These numbersignficantly slower than the collisional saturation rate. (Mg
delimit the range of bond strengths accessible to estimation byalso associates with fairly low efficiency, but in this case the
the RA kinetics approach for the coronene system. large competing charge transfer rate obscures the interpretation.)
The association efficiencies of the™- L reactions shown Assuming that these association efficiencies reflect binding
in Table 1 for many metals are in the range-Z®%; most of energy kinetic control, we can place the monomer binding
those that are lower than this appear to be partly or completely €nergies for these two metals as-3&b kcal mor. This is
suppressed by competition with charge transfer such that theSomewhat greater than the calculated binding energies to
sum of®@, M and®crD), which is designatedy, is of the order bgn;gne noted in Table 1, suggesting that these metal ions bind
of 25 to 50%. @y values are given in parentheses in Table 2 Significantly better to coronene than to benzene.
for the ions where charge transfer is significant. Since so many Formation of Dimer (Sandwich) Complexes. A number
of the systems are in this same highly efficient range, it seems of the ions form dimer complexes ML. Quite a few do so
likely that RA efficiencies in this range are essentially colli- with efficiencies high enough to suggest collisional saturation,
sionally saturated, in the sense that after formation of the indicating binding energies higher than about 36 kcal Thol
metastable complex, the complex either stabilizes or dissociatedons in this category include Ba Sc', Ti*, Crt, Mn*, Fet,
by exothermic charge transfer, and seldom or never redissociatedNi*, Cut, Y*, Nb*, Re", and Pt. lons which do not form
to reactants. There are several reasonable explanations whybservable dimer complexes, limiting their binding energies to
collisionally saturated associations might not give 100% ef- <32 kcal mot?, include Mgf, Al*, Si*, In*, Bi*, and PB.
ficiencies in our measurements: First, the absolute pressure(Si* is a borderline case, since the fairly rapid charge transfer
calibration could easily be wrong by a factor of 2; second, the might suppress association entirely. However, it does not appear
encounter rates with coronene may be quite different from the that the charge transfég. is collisionally saturated in this case,
calculated Langevin orbiting rates, which are based on idealizedand on this basis we consider that sandwich formation is
long-range forces and isotropic polarizability; third, every inherently slow for this ion.)
encounter may not result in a metastable collision complex, since  All of the first transition series form dimer complexes readily
it is easy to imagine that some collisions with the coronene (except Zrt, which is dominated by charge transfer), even the
molecule could result in the partners bouncing off without closed-shell Ction. However, several small non-transition
finding their way to the intimate complex configuration. To ijons (Al*, Sit, Mg*) do not. The limited data suggest a similar
be conservative, we will consider that any case where the Tablepicture favoring transition metal complexation for the heavy
2 efficiency @y is greater than 25% is likely to be collisionally  jons, so that the transition metals'Rind Re form sandwiches
saturated, and for such collisionally saturated cases we will readily, while the non-transition elements'Bind Pl do not.
assign an approximate lower limit to the binding energy. The For the second-row metals, the same pattern almost holds true,
following ions fall in this efficient, collisionally saturated set, with the transition element Nbforming abundant sandwich
for which we delimit the monomer complex binding energy as complexes, while It is less favorable. (Afis a borderline
>32 kecal mot®: Alf, Sit, Scf, Tit, Crt, Mn*, Fet, Nit, Cut, case where sandwich formation rate is substantial but apparently
In*, Re*, Bi*, and PB. The following also appear likely to  not quite collisionally saturated.) However; Ya non-transition
be collisionally saturated, but because of severe charge transfeelement, forms abundant sandwich complexes, which this
competition, give less constrained upper limits: Mg 29 kcal simple-minded analysis does not account for.
- The role of transition element character in stabilizing the
3486) Herbst, E.; Dunbar, R. GMon. Not. R. Astron. S0d991, 253 ML, sandwiches is graphically shown in the contrast between
(27) Dunbar, R. Cint. J. Mass Spectrom. lon Pro&997, 160, 1. first-row transition metals and comparable non-transition ions.

2| is a hydrocarbon-type ligand the size of coronene, whilei
an atomic ion.
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We can compare Scand Mn', for instance, with Af, Sit, 12
and Mg". Judging from the benzene complexation radii in ] M" + Cor — M + Cor'
Table 1, all of these ions have fairly similar radii, and one would
expect the electrostatic binding contributions to be reasonably _ - ¢
similar. However, it is observed that Sand Mn" form 1
sandwich complexes near the collisional saturation rate, while
none of the three non-transition ions gave an observable
abundance of ML, which means that the former pair form
dimer complexes which are 10 kcal or more stronger than the
latter group.

The relatively higher propensity of the transition elements
to form sandwich complexes might be rationalized by arguing
that the presence of valence d electrons enhances sandwichz g, |
binding for the transition elements, or alternatively that the
presence of valence s or p electrons inhibits sandwich binding
for the non-transition elements. Theoretical reg@ltand 00 T 00—
experimental observations of the® complexes ¢ Mg* and 2 i 0 ! 2
Al have led Bauschlicher et #.and Armentrout et &%3to AIE (eV)

a persuasive argument that it is the presence of outer s electron&igure 4. Charge transfer rate from Table 2 as a fraction of total
in the non-transition elements that inhibits dimer complex reaction rate, plotted against the electron transfer endothermicity.
formation. In this interpretation, the first ligand gains electro-

static binding energy by polarizing the s electron(s) away from ring—ring repulsion plays a role in inhibiting formation of these
the ligand, but the resulting polarization of the electron density complexes. However, a molecular modeling calculation (using
around the metal ion reduces the electrostatic binding energythe MMX force field in the PCMODEL package, Serena
to a second ligand approaching from the other side. This is an Software, Bloomington, IN) suggests that this is unlikely. The
attractive rationalization, but the alternative argument in terms 'epulsion energy between two coronenes reaches 3 kcal'mol
of d-electron enhancement of transition metal sandwich bonding Only at a separation of 3.6 A, and is insignificant for separations
can certainly not be dismissed at our present level of under- much larger than this. Judging from the complexation radii in
standing. Table 1, none of these sandwich complexes would be likely to

In speculating about the factors governing sandwich formation have such a small ringring separation, so ringring repulsions
for the larger ions, we can draw from the limited evidence the are unlikely to be significant. To the contrary, an attractive
suggestion that the ions containing metal ions with high van der Waals potential well about 1.0 kcal mokeep is
ionization energies seem less likely to form dimer complexes; Predicted at a separation af about 4.4 A, which could conceiv-
this might be expected on the basis of extensive charge shifting@Ply play a minor role in sandwich stabilization for small ions.
off of the metal ion in the monomer complex. The resulting ~ Comparison of Coronene and TBC. Comparing the present
more charge-delocalized monomer complex would have weakercoronene results for Niand Cu" (and Fé to a lesser extent)
electrostatic binding to the second ligand. with the corresponding results for TBE gives convincing

In terms of assigning binding energies to the sandwich support to the importance of cavity effects in the TBC case.
complexes, the data of Table 2 pretty much divide into ions While ML;" formation was severely depressed for these two
which form sandwiches readily, suggesting binding energies 10nS in the TBC case, itis seen in Table 2 that Miformation
greater than about 35 kcal m@] and those which do not form IS ve_ry_efﬁment in the coronene case. ltis most natural to infer
significant amounts of sandwich, suggesting binding energies that it is the partial or complete accommodation of the metal
less than about 30 kcal mdl Except perhaps for Ag there ion in the TBC cavity in M(TBC} that leads to this contrasting

seem to be no cases of slow sandwich formation which could P€havior. This comparison makes a very strong case that it is
allow more precise assignment of binding energies. in fact the cavity effect, and not any electronic effects, that is

responsible for the suppressed Mlformation for first-row late
transition metals reacting with TBC.
The other notable contrast between TBC and coronene is the
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Looking at the several small ions (MgAI*, Sit) whose
rate of sandwich formation is low, it might be suspected that

(28) Bauschlicher, C. W. J.; Partridge, H.Phys. Chen991, 95, 9694. failure of the latter to associate with*Kand Na, while the
ggujzggmer' C. W. J;; Sodupe, M.; Partridge, J4.Chem. Phys1992 K*(TBC) and N&(TBC) complexes were readily formed. *K

‘(29) Dalleska, N. F.: Tielta, B. L.; Armentrout, P. B. Phys. Chem. is much too ]arge to pgnetrate mto .the TBC cawty, and the
1994 98, 4191. reason for this contrasting behavior is not clear.” @&l not

(30) Armentrout, P. BAcc. Chem. Re<.995 28, 430. associate with either macrocycle, which is not surprising on the

(31) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, : ; ; T
R. D.. Mullard, W. G.J. Phys. Chem. Ref. Dat98§ 17, Suppl. 1 basis of its large size and weak electrostatic binding.

(32) RosiJ. Phys. Chem199Q 94, 8658. Charge Transfer Reactions. Charge transfer from Nto
(33) Moore, C. EAtomic Energy Leels as Deried from the Analyses coronene often happens in competition with, or to the exclusion

of Optical SpectraNational Bureau of Standards: Washington, DC, 1971; iati i
Vol NSRDS.NES 35, of, association. The degree of correlation between charge

(34) Caldwell, J. W.; Kollman, P. Al. Am. Chem. So4995 117, 4177. transfer rates and exothermicities is shown graphically in Figure

(35) Guo, B. C.; Purnell, J. W.; Castleman, A. WChem. Phys. Lett. 4 as a plot of the fractional charge transfer verAlE. The
1999 168 155. _ charge transfer probability is low for endothermic cases, and
18&9 Sunner, J.; Nishizawa, K.; Kebarle, P.Phys. Chem1981, 85, generally rises with increasing exothermicity. (The non-zero

(37) Willey, K. F.; Yeh, C. S.; Robbins, D. L.; Duncan, M. A. Phys. rate for Cr, whose charge transfer is 0.45 eV endothermic, is
Chem.1992 96, 9106. surprising, and probably reflects the persistence of a long-lived

883 g;’;r']‘lr;f/r'RS- JWéaF;t‘TésrﬁgnBASWP Byéhg:f’;‘%@?ggg 93266577-70 excited state in the Grpopulation.) However, the quantitative

(40) Willey, K. F.; Cheng, P. Y.; Duncan, M. Al. Am. Chem. Soc.  trend is ragged, and there is nothing close to a smooth rise in
1991 113 4721. electron transfer probability with increasing exothermicity. A
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good correlation would not really be expected for this plot, since studied form complexes with coronene of sufficient strength to
the probability of charge transfer depends on the competition be observed readily under radiative association conditions. Only
between charge transfer and association, and thus should be &or a few cases (Mg, Ba") does the complex appear to be weak
function of binding energy as well aslE. Thus, for instance, enough to reduce the radiative association rate significantly
Pb" and Bi* have relatively high charge transfer probabilities, below the encounter rate. Sandwich formation is observed more
but this likely reflects in part weak binding to these large ions, selectively. Several ions have sandwich formation rates unob-
disfavoring the association channel. However, further analysis servably slow, or at least clearly slower than the encounter rate
is futile in the absence of good knowledge of the binding (Mg*, Al*, Si*, In*, Pk, Bit).

energies. _ o i For sandwich complex formation the role of valence d
_Correlation with lon/Benzene Binding Energies. The electrons is vividly shown by the comparison of the non-
binding energies given in Table 1 for binding of a number of {ansition ions At, Sit, and Mg, which form sandwiches
atomic ions to benzene are interesting as an indication of the y,qrly if at all, and comparable transition metal ions like' Sc
strength of binding tor faces. With its larger polarizability — 5n4 pMnr which form sandwich complexes abundantly. The
coronene should form somewhat stronger electrostatic Com-jimjteq number of examples among heavier elements provide
plexes than benzene, but comparable behavior might beg,me sypport for a similar role transition-metal character in

expected. It is unsurprising fhaﬁ?a”d RO do not give enhancing sandwich complex formation, but the evidence for
observable coronene complexes, since Table 1 suggests tharl’his generalization is rather thin

even allowing for a binding energy increase for coronene, their
binding energies are unlikely to exceed th@5 kcal mot?

that would be required. It is less clear why™Nghould be slow.

Srt is the other interesting ion for which a rather low binding
energy is predicted, and rather slow association is observed.
However, this point of view fails to account for the rapid
sandwich formation by St this case clearly needs further
consideration. None of the other ions in Table 1 has a low
enough predicted binding energy that one would expect as-
sociation to form the monomer complex to be slow.

A particularly interesting contrast exists between the cavity-
containing TBC molecule and the cavity-free coronene case.
Small ions, particularly N and Cu', appear to insert at least
partially into the TBC cavity to a sufficient extent that sandwich
formation is severely inhibited, while with coronene these ions
form sandwiches at collisionally saturated rates.
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