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Abstract

An inductively coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass spectrometer has been employed in
systematic study of room-temperature reactions of benzejs(@ CsDg) with 20 main-group atomic cations (non-transition
metals). These include the Group 1 ions,lKRb*™ and Cs, the Group 2 ions Cl, Sr™ and Ba', the Group 12 ions Zh, Cd*,
and Hg", the Group 13 ions G In* and TI, the Group 14 ions Ge Snt and P, the Group 15 ions A, Sb* and Bi, the
Group 16 ion Tes and the Group 17 iorfl. The atomic ions were produced at ca. 5500 K in a plasma ion source and allowed
to decay radiatively and to thermalize by collisions with Ar and He atoms prior to reaction in He at 0.35 Torr and 296 K.
Benzene addition was observed to proceed rapidly,3 x 10-19 cm? molecule ! s~ with most ions. Hg and It reacted by
electron transfer and electron transfer was observed to compete with addition (in a ratio of 1:3) in the reactiof wiitbsZn
of the other cations added two benzene molecules, but the larger Grobjpiéh&Ca, Srt and Ba added three benzene
molecules in rapid succession. Equilibrium was achieved among the first additions only for Group 1 cations and for most
the second benzene additions that were observed. Standard free energy changes derived from the corresponding equilibi
constants are reported and compared with predictions based on B3LYP density functional theory. Both the experiments ¢
theory show a large free energy change for the first ligation with benzene (more negativelthkeal mott), except for
the Group 1 cations which have a rare-gas electronic configuration. A large decrease in the absolute free energy change
the addition of the second molecule of benzene is also observed. Theory has provided structural parameters for half- ¢
full-sandwich structures and periodic trends in these structures are rationalized in terms of the valence shell electron (VSE
configuration of the atomic ion.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The thermochemistry, structural chemistry and bio-
chemistry of atomic catiors interactions involving
_ benzene have been receiving growing attention in re-
* Corresponding author. Tel#1-416-736-2100x66188; t ticularl . b h b
fax: +1-416-736.5936. cent years, particularly since benzene has become a
E-mail address: dkbohme@yorku.ca (D.K. Bohme). prototype aromatic molecule in the study of catian—
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interactions that determine the structures of biomole- and theoretically, in the context of its application in
cules[1]. The very recent detection of benzene in ion-attachment mass spectrometry by Arulmozhitaja
circumstellar environments also reinforces the pos- and Fujii[11,12]. In the experimental studiesrwas
sible importance of the organometallic chemistry of generated by thermionic emission.
benzene in the interstellar medium where it may serve  In the experimental and theoretical study reported
as a sink for metal iong2,3]. here, we have surveyed the kinetics and energetics
Among the main-group atomic cations, alkali-metal of reactions of benzene with 20 main-group atomic
cations have received the most attention so far in stud- ions in Groups 12—-17 on the periodic table, as well as
ies of their interactions with benzene. Early work by Groups 1 and 2. The experimental technique that has
Wooden and Beauchani] using ICR techniquesand  been employed is sufficiently versatile to provide both
Kebarle et al[5] using high-pressure ion source mass kinetic and equilibrium measurements. The theoretical
spectrometry focussed on the determination of the approach was at a level sufficient to provide structural
thermodynamics of benzene ligation of'Land K, information and moderately accurate thermochemical
respectively, with equilibrium constant measurements parameters.
and theory. Especially noteworthy is the reported ob-
servation by Kebarle et a[5] of equilibria for the 1.1. Experimental method
addition of up to four benzene molecules to Kver
a wide range in temperature. The fourth adduct was The results reported here were obtained using the
observed only below 280 K. Later Castleman reported selected-ion flow tube (SIFT) tandem mass spectrom-
high-pressure reaction cell measurements of equilib- eter in the lon-Chemistry Laboratory at York Univer-
rium constants as a function of temperature for the sity, described in detail elsewhef&3,14] Recently,
single ligation of N& and Pl with benzeng6]. Very it has been modified to accept ions generated in an
recently, Amicangelo and Armentroi#] reported the inductively coupled plasma (ICP) torch through an
determination of the absolute bond energies of both atmosphere/vacuum interface (ELAN series, Perkin
mono- and bis-benzene adducts with almost all of the EImer SCIEX). The ICP ion source and interface have
alkali cations (Li*, Nat, KT, Rb" and Cg) using also been described previous[{t5,16] Solutions
threshold collision-induced dissociation experiments containing the metal salt of interest were peristatically
and ab initio theory. Also, the geometries and binding pumped via a nebulizer into the plasma. The nebulizer
enthalpies of adducts of benzene with the same alkali flow was adjusted to maximize the ion signal detected
ions were obtained by Dixon, Nicholas and co-workers downstream of the SIFT. The sample solutions were
[8,9] from large basis set second-order perturbation prepared using atomic spectroscopy standard solu-
theory and coupled cluster theory calculations. tions commercially available from SPEX, Teknolab,
The interactions of main-group ions other than the J.T. Baker Chemical Co., Fisher Scientific Company,
alkali ions with benzene have received considerably Perkin-Elmer and Alfa Products. Aliquots of standard
less attention. Reactions of ZnCd"™ and Hg" with solutions were diluted with highly purified water pro-
benzene have been investigated previously at the low duced in the Millipore Milli-Qplus ultra-pure water
pressures of a FT-ICR mass spectroméi€l. The system. The final concentrations were varied from 5
time dependence of the ionic evolution due to se- to 20 ppm to achieve suitable intensity of the resultant
guential reaction was monitored, but rate coefficients ion beam. Normally, a stabilizing agent was added to
were not deduced. The major reaction observed with each solution to prevent precipitation. That was either
Znt and Hg~ was electron transfer, while Cdwas HNO3 or HCI for acid-stabilized salts, and KOH for
observed to add one molecule of benzene. The attach-those base-stabilized.
ment of In™ to benzene to form the half-sandwichwas  The transition-metal ions emerge from the plasma
investigated for the first time, both experimentally at a nominal plasma temperature of 5500K. After
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extraction from the ICP the plasma ions may expe- puted harmonic vibrational frequencies were utilized
rience both radiative electronic-state relaxation and un-scaled. The synchronous torsional vibration of ben-
collisional electronic-state relaxation. The latter may zene molecules in the MgElg)2>™ clusters was treated
occur with argon as the extracted plasma cools upon as a free internal rotation and typically accounted for
sampling and then by collisions with He atoms in the 9 calmoltK~1 of entropy in the sandwich cluster.
flow tube (ca. 4x 10° collisions) prior to the reaction

region, but the actual extent of electronic relaxation

(either radiative or collisional) is not known. The colli- 2 Results and discussion

sions with He ensure that the ions reach a translational

temperature equal to the tube temperature ot28% The reactions of 20 main-group atomic metal ions
prior to entering the reaction region. The helium buffer Were investigated with benzeneglls/CeDe). These
gas pressure was35+ 0.01 Torr. Benzene, obtained  include the Group 1 ions K, Rb" and C¢’, the Group
from Sigma (GHs: +99.9%, GDg: 99.6atmd%) 2 ions Cd, Sr* and Bd, the Group 12 ions Zh,
was introduced into the flow tube as a ca. 10% Cd*,and Hg', the Group 13 ions Gg In* and TI*,

solution in He. the Group 14 ions Gg Sn" and Ph, the Group 15
Reaction rate coefficients were determined in the ions As’, Sb" and Bi", the Group 16 ion Te and
usual manner using pseudo first-order kinefl&;14] the Group 17 ion.

The rate coefficients for the primary reactions reported ~ 1he predominant feature of the observed chemistry
herein have an absolute accuracyde80%; those for ~ Was sequential addition of two benzene molecules ac-
higher-order additions have an absolute accuracy of cording to reactions (1) and (2).

better thant-50%. M+ + CgHg — MC6H6+ (1)
The multicollision-induced dissociation (MCID)
of sampled ions is investigated by changing the po- MCeHs" + CsHs — M(CsHg)2" (2)

tential of the sampling nose cone from 0 +80V The Group 3 ions Ci Sr* and Ba were observed

[17]. Threshpldg for dlssgglatlon are optalned from to add a third benzene molecule according to reaction
plots of relative ion intensities as a function of accel- 3)

erating voltage and these provide insight into bond

connectivities. M(CeHe)2" + CsHe — M(CsHe)s™* 3)
. Reactions (1)—(3) are presumed to occur in a termolec-
1.2. Theoretical method ular fashion with He acting as the stabilizing third

_ . . body. The reactions were not measured as a function of
lon structures, reaction enthalpies, and reac'ch:n free pressure so that the possible contribution of radiative
energies were computed for the binding of KCa', association could not be ascertained. Electron transfer,

Zn* through Sé, Rb", Sr* and Cd" through Te reaction (4), was observed to be the only competing
with one and two benzene molecules. Computations primary reaction channel.

were performed using Gaussian §B3]. The den- N N

sity functional method denoted as B3LYP consisting M~ + CeHs — M + CeHe (4)

of Becke’s three-parameter exchange functidal —_— o , _
bined with th lation f . lof L Y developed and distributed by the Molecular Science Computing

combined with t .e'corre ation functional of Lee, Yang Facility, Environmental and Molecular Sciences Laboratory which

and Parr was utilized20,21] Salahub’s DZVP ba- is part of the Pacific Northwest Laboratory, P.O. Box 999, Richland,

sis set was used for all nuclear Centag]_l Com- Washington 99352, USA, and funded by the U.S. Department

of Energy. The Pacific Northwest Laboratory is a multi-program
. laboratory operated by Battelle Memorial Institue for the U.S.
1Basis sets were obtained from the Extensible Computational Department of Energy under contract DE-AC06-76RLO 1830.
Chemistry Environment Basis Set Database, Version 2/25/02, as Contact David Feller or Karen Schuchardt for further information.
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Of the atomic cations studied, electron transfer from ficient computed using the algorithm of the modified

benzene (E. = 9.24378eV [23]) is exothermic variational transition-state/classical trajectory theory
for Hgt (IE(Hg) = 10.4375eV[24]), I (IE() = developed by Su and Chesnavi@r].
10.4513eV [25]) and Zn™ (IE(Zn) = 9.3942eV For many of the main-group ions, the effective bi-

[26]). Electron transfer, exclusively, was observed molecular rate coefficient for attachment at 0.35 Torr
with Hg™ and I, while both electron transfer and and 296K is quite largek > 3 x 10~1%cm?® mole-
benzene addition was observed with*Zim the ratio culels™1, and the corresponding efficiencidgkc,

of 1:3. are >0.28. In the case of the Group 1 ion$,KRb"
and Cg, weak bonding with benzene and the conse-
2.1. Reaction kinetics quent occurrence of the reverse reaction and approach

to equilibrium allowed only the determination of lower
Table 1summarizes the observed reaction kinetics limits to the rate coefficients for benzene attachment.
and presents the corresponding reaction efficiencies. There were no obvious trends in the rate coefficient for
The reaction efficiency is taken to be equal to the ra- attachment with electronic configuration of the atomic
tio k/k; wherek is the experimentally measured rate ion, except perhaps for the systematic decrease in rate
coefficient andk is the capture or collision rate coef- going down the periodic table observed with the Group

Table 1
Apparent bimolecular reaction rate coefficients and reaction efficiencies obtained under ICP/SIFT conditions (0.35 Torr He, 296 K) for the
reactions of benzene with main-group atomic cations

lon MCgHg formation M(GsHg)2t formation Extent of clusterirty
Kb k/kc© Ko k/k:©

K+ >0.040 >0.027 >0.040 >0.037 2

Rb* >0.013 >0.011 >0.0017 >0.0016 2 (3)

Cst >0.012 >0.011 NA NA 1)

Ca" 0.35 0.24 0.70 0.65 3

Srt 0.26 0.22 0.61 0.60 3

Ba' 0.62 0.61 0.75 0.77 3

Znt 0.97 0.78 0.28 0.27 2, etransfef

Cdt 0.41 0.39 0.21 0.21 2

Hg* 0.87 0.88 NA NA e transfer

Ga" 1.17 0.96 >0.029 >0.028 2

Int 0.44 0.41 >0.021 >0.021 2

TI+ 0.27 0.28 >0.017 >0.018 2

Ge" 0.95 0.79 >0.033 >0.032 2

Snt 0.85 0.79 >0.077 >0.078 2

Pb* 0.46 0.47 >0.039 >0.041 2

As* 0.55 0.46 NA NA 12

Sb* 0.76 0.71 >0.033 >0.033 2

Bit 0.61 0.62 >0.065 >0.069 2

Tet™ 0.82 0.77 >0.029 >0.029 2

I+ 0.62 0.59 NA NA e transfer

aNumbers in parentheses indicate that an adduct peak was observed in the mass spectrum but was too weak for use in accurate kinetic
measurements.
b Effective bimolecular rate coefficient in units of 19cm® molecule 1 s~1. The estimated accuracy #30% for the primary addition
and up to+50% for the secondary addition. NA indicates that data could not be fit to prawvitethat electron transfer was observed
for the primary reaction instead of benzene addition.
¢ Reaction efficiency. The capture rate coefficints computed (see text) assuming a value ofx100~24cm?® for the polarizability
of benzene.
dBranching ratio for clustering versus electron transfer is 3:1.
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13ions G4, In* and TI" and the Group 14 ions Gg addition could be obtained for the Group 2 ions'Ca
Snt and PU-. Srt and Ba and the Group 12 ions Znand Cd

The number of sequential additions of benzene that and these are included ifable 1 In the remaining
were observed was generally 2. This is illustrated in cases, again because of weak bonding with benzene
Fig. 1 for the reactions of the Group 14 ions Ge and the consequent occurrence of the reverse reaction
Snt and Pl Rate coefficients for the second benzene and approach to equilibrium, only lower limits could
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Fig. 1. Reaction profiles for the reactions of Ge&sr*, and PB reacting with benzene to form M§Eig).™ clusters by sequential addition.
lon signal ratio-plots (lower right) show the variation in Mys)2"/MCgHe ™ with the flow of benzene.
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be obtained for the rate coefficient for the attachment benzene molecules in rapid succession. Experimen-
of the second benzene molecule (Seble ). tal results obtained for this chemistry are shown in

The Group 2 (% ions Ca, Srt and Ba exhib- Fig. 2 The effective bimolecular rate coefficients
ited an exceptional behaviour in that they added three for the three sequential additions are 3.5 and ¥
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Fig. 2. Reaction profiles for the reactions of ‘CaSrt, and Ba with benzene to form M(gHg)2" clusters by sequential addition. lons
signal ratio-plots (lower right) show the variation in the ratio Mig)s™/M(CeHg)2™ with the benzene flow. Only calcium exhibits
equilibrium kinetics upon addition of a third benzene molecule to.Ca
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10~ 0cm® moleculets™1 for Cat (first two), 2.6, Keq = [M(CgHe)$)I/(IM (CsHe)5 ] x [CeHe]) for re-
6.1, and 80 x 10~1%cm® molecule*s~* for Srt and action (3). At equilibrium I(M(GHg)2")/I(MCgHZ)
6.2, 7.5, and 8x 10~ 19cm® molecule 1 s~ for Bat. = Keq [CeHe] for reaction (2) and I(M(GHg)s™)/
The higher number of added benzene molecules to (M (CeHG)j) = Keq [CeHg] for reaction (3).Fig. 1,
these Group 2 ions can be attributed to their larger size. for example, shows the attainment of equilibrium for
the second addition of benzene in the reactions of the
2.2. Equilibrium kinetics and thermodynamics Group 14 ions Gg, Sn™ and P Fig. 2 shows the
failure to achieve equilibrium, even for the addition
The first addition of benzene was observed to of a third molecule of benzene, in the case of the
achieve equilibrium for the Group 1 ions*K Rb* reactions involving the Group 2 ions Srand B4,
and Cg. A large number of the higher-order benzene while Ca" (a smaller ion) dose achieves equilibrium
addition reactions were also observed to approach on the addition of the third benzerféig. 3 shows the
and attain equilibrium under the SIFT conditions that attainment of equilibrium for each of the two benzene
were employed. The approach of equilibrium was additions observed with in together with a mea-
monitored by tracking I(M(GHg)2")/I(MCeHg™) surement of the multi-collision induced dissociation
and I(M(GsHe)3T)/I(M(CgHe)2™) with added ben-  of In(CgHg)2™ and InGHg". The relative binding
zene. The attainment of linear dependence is a signa-energies are clearly apparent with the second benzene
ture of the attainment of equilibrium becaukgq = molecule being bound much less strongly than the
M (C6H6)§“)]/([MC sHgT][CeHg]) for reaction (2) and first.
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Fig. 3. Equilibrium kinetics (left) for the clustering of benzene ontd Ishowing the sequential formation of In{8s)2™. lon signal
ratio-plots (right, lower) for the determination of reaction equilibrium constants and multi-collision induced dissociation (right, upper) of
In(CgHg)2* and InGHe™* to form bare Irf.



570 G.K. Koyanagi, D.K. Bohme/ International Journal of Mass Spectrometry 227 (2003) 563-575

Table 2

and —25.1 calK 1 mol~! for AS®, we obtain values

Comparison of experimental and computed reaction free energies of —16.1 and—15.9 kcal mot® for AH° from our

changes £G54g in keal mol1) for clustering reactions that ex-
hibited equilibrium-like kinetics

lon AG° experimentdl AG® compute8
1st 2nd 3rd 1st 2nd

K+ —-9.5 -8.5 —-8.3 -6.1

Rbt -8.6 -7.1 —6.2 -5.3

Cs™ —8.6 -

Ca" <-15 -12.8 -9.2 —18.7 -9.1

Srt <-15 <-15 <-15 —-14.3 -95

Ba* <-15 <-15 <-12

Znt <-15 -111 —36.0 -11.2

Cd* <-15 —10.0 —24.1 —-7.5

Hgt e trans

Ga" <-15 -9.1 —23.4 —6.3

In* <-15 -9.2 -16.8 -55

TI+ <-12 -9.3

Ge" <-15 -9.4 —41.1 —6.7

Snt <-15 -10.4 —-293 -6.8

Pb"™ <-13 -9.7

Ast:¢ <-15 -59.1 -6.1

Sb* <-15 -9.7 —42.4 -7.1

Bit <-13 -10.1

Tet <-15 -9.2 -231 -54

aAccuracy estimated to be better than 0.2 kcalthol
bSeeTables 3 and 4
¢Weak signal observed for As§Elg)>™.

The measured equilibrium constants provide values
for the standard free energy changes°, for the ben-
zene additions sincAG° = —RTIn(Kgg). The values
of AG® determined in this study at 296 K are summa-
rized inTable 2 The dynamic range of the instrument

values of AG® for the addition of the first and the
second molecule of benzene, respectively. Our abso-
lute values forAH° are about 10% lower than the
corrected values 0f-18.3 and—17.0 kcal mot? ob-
tained from van'’t Hoff plots by Sunner et @]. For

the first addition of benzene slightly better agreement
is found with the collision-induced dissociation ex-
periments of Amicangelo and Armentro[®], who
have reported a value 6£17.71.0 kcalmot? for

A Hjqg derived from a measurementdp and a com-
puted thermal correction. For the addition of one ben-
zene molecule to Ry Amicangelo and Armentrout
[7] reported a value foAG5gg of —10.1kcal mot
that is 17% more negative than our value. It should
also be noted that best high level theoretical values
for the binding enthalpies at 298 for'Kbenzeng =
—20.1+0.4 kcal mol-t and Riy (benzeng= —16.4=+

0.2 kcalmot® reported by Feller et a[10] are sys-
tematically higher in absolute value than the values
of —14.6 and-12.5 kcal mot 1, respectively, obtained
here using B3LYP density-functional theory.

For the second addition of benzene, reaction (2),
values of AG® were obtained for Groups 1, 12,
13, 14, 15 and 16 ions and were in the range from
—7.1 to —11.2kcalmot?! (seeTable 9. A value of
AG° = —9.2kcalmol! was obtained for Ca for
the third addition of benzene, reaction (3). How-
ever, equilibria were not observed with the Group
2 ions SIt and Ba’, presumably becausaG°® <
—15kcalmot . In the case of K and Rb", good

prevents the measurement of reaction standard freeagreement is found for the second benzene addition

energy changes more negative thah5 kcal mot L.

For the first addition of benzene, reaction (1), val-
ues of AG° were obtained only for the Group 1 ions
K+, Rb" and C4 and were in the range-8.6 to
—9.5kcal mott. Equilibrium was not achieved for
the addition of benzene to the remaining main-group
ions, AG°® = —12kcal mot L. For the two additions
of benzene to K comparisons can be made with

with the collision-induced dissociation experiments
of Amicangelo and Armentroy¥] who have reported
values of—6.0 and—4.7 kcal mot1, respectively for
AG5gg These values are within 2 and 11% of our
values of—6.1 and—5.3 kcal mot 1, respectively.

2.3. Computed energies and structures

high-pressure ion source mass spectrometry measure- lon structures, reaction enthalpies, and reaction free

ments previously reported by Sunner et [&]. Us-
ing their experimentally determined values-6£2.4

energies were computed for'K Ca", Zn™ through
Set, Rb*, Sr* and Cd through Té binding with
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Table 3
Computed structures for MiElg™ and enthalpies, entropies and free energies for reactions of the type 8sHg — MCgHg™ at the
B3LYP/DZVP level of theory

Metal ion Coordination ce M+-CP aMm+)e AHjgg AGgq AS3qq
(kcal mol1) (kcal mol1) (cal K=t mol1)
K+ mne 1.404 3.310 0.89 —-14.6 —-8.3 -21.1
Rb* M6 1.403 3.508 0.91 -125 —-6.2 211
Ca" mne 1.406 2.976 0.74 —-25.3 —18.7 —22.1
Srt mne 1.405 2.852 0.78 211 -14.3 —22.8
Znt M6 1.410 2.631 0.48 —-41.9 —36.0 -19.8
Cd* ’r]sd 1.408 2.699, 3.413 0.64 —28.0 —24.1 —-13.1
Ga" M6 1.407 2.839 0.55 —30.6 —23.4 —24.1
In+ mne 1.406 3.079 0.66 —23.7 —16.8 —-23.0
Ge" n3 1.411 2.348, 3.383 0.44 —47.2 —41.1 —-20.5
Snt n3 1.409 2.626, 3.628 0.55 —-35.0 —29.3 —19.1
Ast n2 1.415 2.291, 3.606 0.39 —65.3 —59.1 —20.8
Sk n2 1411 2.580, 3.850 0.49 —48.0 —42.4 —18.8
Set mne 1.410 3.022 0.45 —43.0 —36.6 —-21.5
Te" mne 1.408 3.274 0.58 —29.3 —-23.1 —20.8

aC—C bond distance in A. When coordinationrjs or 3, this is the average C—C bond distance.

bM+-C bond distance in A. When two numbers are listed, they correspond to the shortest and IohgEsséyaration in amy or
m3 cluster.

¢Mulliken population analysis, charggin esu.

d Slightly offset from center.

one and two benzene molecules. The heavier elementsZn arises from a notable increase in computed reac-
were not computed because of basis-set limitations tion enthalpy for the full-sandwich of Zn Possible
and the need for relativistic corrections. Selected struc- explanations for this could include benzene-benzene
tural parameters for the half- and full- sandwich along interaction in the tilted sandwich structure and sub-
with reaction enthalpies, entropies, and free energies stantial electron transfer from the benzene rings to the
for the clustering reaction to produce these species arezinc center, remembering that the ionization energy
reported inTables 3 and Arespectively. Also given  of Zn is larger than that of benzene.
are the separations betweertnd a C atom on ben- The relative magnitudes of the first and second
zene. We note here that the high level theories applied ligation free energies measured for Kand Rb™ are
by Feller et al[10] that predicts stronger bonding in  reproduced by theory. The computed free energies
K*(benzene) and Rt{benzene) also predicts shorter for the first addition of benzene for all but the Group
M*—C distances (shorter by ca. 0.2 and 0.1A for 1 ions are very negative, in the range 4.3 to
K*(benzene) and Ri(benzene), respectively). —59.1 kcal mot!, and so account for our failure to
Table 2shows that the computed reaction free en- observe equilibrium experimentally for this ligation
ergies are systematically more positive than those step. Both our experiments and theory show a large
obtained experimentally, the mean and standard devi- decrease in the absolute free energy change for the

ation of the difference being 2.5 and 1.1 kcal migl addition of the second molecule of benzene, again
respectively. Notably the computed free energy except for the Group 1 cations which have a rare-gas
change for production of Zn@Ele)>™ lies outside & electronic configuration and so are expected to inter-

for this systematic trend at 2r4 This discrepancy for  act with benzene in a completely electrostatic fashion.
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Table 4

Computed structures for Mgls),™ and enthalpies, entropies and free energies for reactions of the tygel#€ CsHg — M(CeHg)2™
at the B3LYP/DZVP level of theory

Metal ion Coordination ct MtC gm)e AHSgq AG5gg ASS9g
(kcal mol1) (kcal mol1) (cal K=t mol1)
K+ me eclipsed 1.403 3.334 0.78 —-12.4 —-6.1 -21.1
Rb* ne eclipsed 1.403 3.5308 0.82 —-10.2 -5.3 -16.4
Ca’ me eclipsed 1.404 3.061 0.61 —-15.7 -9.1 -22.1
Srt mne eclipsed 1.404 3.218 0.64 —-14.7 -9.5 -17.4
Zn* e tiltedd 1.405 2.63, 3.24 0.37 —-17.9 -11.2 —22.5
Cd* ne Staggere® 1.405 3.02, 3.30 0.55 —-13.3 -7.5 —-195
Ga" mne eclipsed 1.404 3.067 0.53 —-12.5 —6.3 —20.8
Int ne eclipsed 1.404 3.283 0.60 —10.8 -5.5 -17.8
Ge" m3 eclipsed 1.405 2.704, 3.500 0.45 —-12.2 —6.7 -18.4
sn+ s Staggered  1.404 2.91, 3.73 0.51 ~12.6 6.8 ~195
Ast m32 eclipsed 1.406 2.659, 3.720 0.41 —-11.3 —-6.1 -17.4
Sb* m2 eclipsed 1.406 2.879, 3.879 0.47 —-12.5 -7.1 -18.1
Setr me eclipsed 1.406 3.1409 0.38 —-14.7 -9.7 -16.8
Te" mne eclipsed 1.405 3.437 0.49 —-13.6 -7.4 —-20.8

aC—C bond distance in A. When coordinationyjs or mgs, this is the average C—C bond distance.

bM+—C bond distance in A. When two numbers are listed, they correspond to the shortest and lohgEsséyaration in amy or
m3 cluster.

¢Mulliken population analysis, charggin esu.

dEach benzene ring is tilted 16rom a parallel geometry and staggered.10

€ Staggered 12

f Staggered 30

Our results obtained with multi-collision induced
dissociation (MCID) experiments are in general agree-
ment with computations but cannot provide accu-
rate thermochemical information from the measured Rb, ns Ge, ns As, N2
thresholds. The observed sequences of dissociation
are consistent with theory as are their differences in
the onset voltage. For example, as showRim 1, the
In(CgHe)2™ cluster is collisionally dissociated in a
sequential manner at16 and—58V respectively, to
ultimately produce bare th Computations predict the
respective sequential dissociation enthalpies to be 10.8
and 23.7 kcal mol®. A larger difference in sequential
dissociation enthalpy is computed for GeHs).™,
12.2 and 47.2 kcalmol, respectively, and only the
first dissociation is observed experimentally-it6 V.

The GeGHgt ion could not be dissociated at the
highest available nose-cone VOItage?’o_ V. Fig. 4. Structures for one and two benzene molecules bonded to
Structures for half- and full-sandwich clusters of Ryt (yg), Get(n3) and As (n2). Bond distances are reported in

Rb*, Ge", and As™ are shown inFig. 4 The peri- Tables 3 and 4
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odic trend in the full- and half-sandwich structures ev-
ident inTable 4can be rationalized in terms of the va-
lence shell electron configuration (VSEC) of the metal
cation. Examining the third row elements, we see that
K* and Ga have spherical VSECs: [Ar] and 4ge-
spectively, and are bothg coordinated. Caand Zn"
both have spherical 48/SECs and are alsgg coor-
dinated. Interestingly, Caand Zn are more strongly
and closely bound to the benzene ligand thah K
and Gd, respectively, suggesting that the unpaired 4s
electron (in Cd& and Zn") is participating, to some
degree, in a covalent bond with the benzene ligands.
Get has an VSEC of 4pand ism3 coordinated with
the metal lying directly above a carbon atom in the
half-sandwich complex. Ashas a VESC of 4pand

is 2 coordinated. Of the third row elements studied
computationally, the Arsenic half-sandwich has the
most negative reaction enthalpy and the full-sandwich
has the most negative sum of first and second cluster-
ing enthalpies. With the exception of €dwhich pos-
sesses a broad minimum covering much ofitheloud

of the benzene ring) these trends are repeated in the

clusters composed of fourth row metals. The energy
difference between & CdGsHgt and that in which
cadmium is bound almost vertically over a carbon is
only 0.1 kcalmot?.

Computations generally revealed that sandwich
clusters prefer an eclipsed conformation versus a stag-
gered conformation. However, a study of the barrier
height for internal rotation in the GagBlg)>* cluster
revealed this quantity to be a scant 0.02 kcalThol
Furthermore, for the Zn(§Hg)>™ cluster a canted or
tilted m4 structure was found to be the ground state
structure. In this complex, each of the benzene rings is
tilted 16> from parallel and staggered L0Compared
to the eclipsed k), conformer, the tilted structure was
0.5 kcalmott lower in energy.

The extent of electron transfer from the benzene
ligands to the metal cation is explored empirically in
Fig. 5in two separate correlation&ig. 5(a) shows
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Fig. 5. Variations of computed total bond enthalpies (a) and aver-
age C-C bond length (b) with the total atomic charge on the metal
(Mullikan population analysis). The solid circles and squares corre-
spond to half-sandwich and full-sandwich structures, respectively.
The open circles in (b) highlight the continuous fourth-period se-
guence for the half-sandwiches of Zn through Se which possibly
exhibits a steeper correlation.

creases asymptotically to approximately 0.4 esu with
increasing binding energy. The second addition intro-
duces only a relatively minor perturbatioRig. 5(b)

displays the variation of the average C—C bond length
in the benzene ligands as a function of the charge re-
tained on the metal ion. The C-C bond length reflects

the relationship between the charge on the metal atomthe extent of electron transfer out of bonding orbitals
and the strength of the interaction of the metal ion and into antibonding orbitals on the benzene ligand.
with the first and second benzene additions. For the Again, the C—C bond length in the half-sandwich is
first addition of benzene, the charge on the metal de- strongly sensitive to the charge on the atomic ion.
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Addition of the second benzene leads to a decreasedition of the second molecule of benzene; the latter lie
in the average C—C bond length, presumably becausein the range from-5 to —11 kcal mot-1. Experimen-
of the resulting competition for the atomic charge. tally, the Group 2 cations Cr Sr™ and Ba" exhib-

Of special note is the behaviour observed with"As  ited the largest absolute free energies of ligation for
and Gé . For these two ions, computations predictthat the second addition of benzene with values-df2.8,
the metal becomes more positive with the addition of <—15 and<—15kcal mot 2, respectively.
the second benzene ligand whereas in all other cases The B3LYP level of theory also can provide insight
the metal becomes less positive. In transiting from bare into the structures of the half- and full-sandwich ben-
to half- to full-sandwich clusters, K and Rb lose zene clustersqg, m3 andr structures are identified
positive charge in two equal steps of about 0.1esu, for the full-sandwich. Periodic trends in these struc-
suggesting a fully electrostatic interaction. tures are rationalized in terms of the valence shell

electron configuration (VSEC) of the metal cation.
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