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Abstract Ab initio calculations (coupled cluster with
single and double excitations; CCSD) have been used to
investigate the model redox systems ethylene:M(0) (M
= Li, Na, K, Rb, Cs) and ethylene:M(I) (M = Be, Mg,
Ca, Sr, Ba, Zn, Cd, Hg). Within C2v symmetry, the
ground (2A1) states correspond to the charge distribu-
tion given in the title. The lowest (2B2) excited states
correspond, somewhat counter intuitively,
to the ethylene��=M IIð Þ ion pair:These trends can be
rationalized on the basis of simple electrostatic and
configuration-mixing arguments that lead to two simple
equations for predicting the electron-transfer energies
for oxidation or reduction of the ethylene. The electron-
transfer energies to the 2B2 ion pairs are dominated by
the electrostatic ion-pairing energies.

Keywords Electron transfer Æ Ab initio Æ CCSD(T) Æ
Ethylene

Introduction

We have shown previously [1–3] that the catalysis of
simple closed-shell reactions by Group II metal radical
cations can be explained as the result of electron transfer
from the metal to the substrate during the reactions.
This electron transfer is also known experimentally for

transition-metal complexes [4–7] and the resulting geo-
metrical changes in the substrates have been studied
extensively [8]. In this paper we focus our attention on
electron transfer from different Group II and Group XII
metal radical cations to ethylene as a model system in
order to understand this type of catalysis better. We will
show that the energy required for electron transfer is
governed mainly by simple electrostatic interactions and
physical properties of the metals such as ionization po-
tentials and ionic radii.

We now report model ab initio molecular orbital
calculations on electron-transfer reactions of the ground
state (2A1 in C2v symmetry) complexes M

�
: C2H4 (M =

Li, Na, K, Rb, Cs) and M
�+

: C2H4 (M = Be, Mg, Ca,
Sr, Ba, Zn, Cd, Hg). Electron transfer from the metal to
ethylene (the reductive process) leads to the first excited
(2B2 in C2v symmetry) M + : C2H

��
4 and M2+ :

C2H
��
4 states. Transfer of an electron from the ethylene

to the metal (the oxidative process) leads to a higher-
lying 2A1 excited state, as shown in Scheme 1, where the
three relevant molecular orbitals (MOs) and their oc-
cupancies in the three different states are shown sche-
matically. For the purposes of this analysis, and for
most of our calculations, we have constrained the
structures to C2v symmetry. In most cases, the C2v

structures are also minima, as shown below.
The bonding combination (Y1) of the ethylene p-

HOMO and the s-orbital of the metal is concentrated
on the olefin, as shown in Scheme 1, as long as the
ionization potential of the metal is significantly lower
than that of ethylene (10.51 eV, 242.4 kcal mol�1) [9].
The corresponding antibonding combination, Y2, is
thus concentrated on the metal so that the excitation
of an electron from Y1 to Y2 essentially corresponds
to electron transfer from the olefin to the metal, which
we have called the oxidative process. This redox pro-
cess is intuitively attractive in the gas phase because it
involves only a charge shift, not a separation of
charges. The ethylene p*-LUMO can possibly interact
weakly with a metal P- (or even d-) orbital, as shown
in Y3 of Scheme 1. Excitation of an electron from Y2
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(metal centered) to Y3 (ethylene p*), therefore, re-
presents an electron transfer from the metal to the
olefin, which we have denoted the reductive process.
At first sight this redox option is less attractive than
the oxidative process because it involves charge se-
paration. However, the product is an intimate ion pair
so that Coulomb attraction between the ions can play
a significant role. We now report calculations designed
to assess the roles of the different physical parameters
in determining the redox behavior of ethylene:metal
systems.

There have been several theoretical studies of
ground-state metal:ethylene complexes. As far as we
are aware, Trenary et al. [10] were the first to study
Li:ethylene in detail. They investigated both the 2A1

and the 2B2 states and found the latter to be the
ground state and to be bound by 18 kcal mol�1. We
[11] later investigated reductive electron transfer from
alkali metal atoms to ethylene and were able to de-
scribe the energy required for this process in terms of a
simple electrostatic model. Using a diffuse-augmented
basis set, we found 2A1 to be the ground state with 2B2

as the first excited state 9.7 kcal mol�1 (CISD/6-
31++G*//UHF/6-31++G*) higher in energy. A later
DFT/coupled cluster study [12] of C2v Li:ethylene
concluded that the ground state was 2B2, in contrast to
our previous findings. We suspect that the reason for
these discrepancies is basis set superposition error
(BSSE) in Refs. [10, 12], which did not use diffuse-
augmented basis sets for ethylene. In both cases, the
authors were not able to optimize the geometries

correctly so that this may also be a source of the dis-
agreement. Our results reported below confirm those of
our earlier work that the ground state of C2v Li:ethy-
lene is 2A1. However, experimental work in an argon
matrix [13, 14] reveals a 2B2 ground state. We have,
however, pointed out [11] that solvation, even by a
nonpolar but polarizable solvent such as argon, favors
the 2B2 state over the nonpolar 2A1. We will return to
the question of the ground state of C2v Li:ethylene
below.

Calculations on Na:ethylene and K:ethylene were
also reported in Refs. [11, 12]. In both cases, the 2A1

state was found to be more stable. However, a CASSCF
study of Na:ethylene [15] later reported results con-
sistent with a 2B2 state. Once again, this study did not
use a diffuse-augmented basis set so that it may artifi-
cially favor the 2B2 configuration because of BSSE. We
have not been able to find previous calculations on
Rb:ethylene and Cs:ethylene. Note that calculations on
the b-lithium [16, 17] and sodium [17] substituted ethyl
radicals have also been reported.

Calculational studies on the complexes of ethylene
with Group II and Group XII radical cations are less
common. Balaji and Jordan [18] investigated the inser-
tion of Be and Mg atoms with acetylene and ethylene
and included C2H4Be

� + and C2H4Mg
� + in their

study. As far as we are concerned, electron transfer in
Be

� + :ethylene and Mg
� + :ethylene has not been in-

vestigated. Calculations involving ethylene and the
coinage metals have concentrated on the neutral metal
atoms.

M0M++M+

2A1
2A1

2B2

Ψ3

Ψ2

Ψ1

Scheme 1 Schematic view of
the orbital occupations for the
three states discussed in the text
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Calculations

Geometry optimizations were the first performed within
C2v symmetry with Gaussian03 [19] at the coupled
cluster with single and double excitations (CCSD) level
[20–23]. Where available (H, C, Li, Na, K, Be, Mg and
Zn), the 6-311+G(d,p) basis set [24–31] was used. For
the other metals, the Stuttgart/Dresden SDD basis sets
and pseudopotentials [32–33] were used. The optimized
structures were characterized as minima, saddle points
or higher stationary points by calculating their normal
vibrations within the harmonic approximation by nu-
merical differentiation of the analytical CCSD first de-
rivatives. If the C2v structure was not found to be a

minimum, minima of lower symmetry were sought. The
energies were refined by CCSD(T) calculations [34] at
the CCSD-optimized geometries.

Results

Table 1 shows the results obtained for calculations of
the relevant ionization potentials for this work.

The trends are consistent throughout the table. Both
first and second ionization potentials are reproduced
well for the lighter elements and errors increase (ioni-
zation potentials are underestimated) for the heavier
metals. The error increases steadily up to one electron

Table 2 CCSD/6-311+G(d,p)
optimized carbon–carbon bond
lengths (C=C, Å), carbon–
metal distances (C...M, Å),
C=C–H angles ( \CCH, �) and
metal–C–C–H dihedral angles
(˘M...CCH, �) for the 2A1

metal:ethylene complexes

Li Na K Rb Cs

C=C 1.340 1.340 1.340 1.351 1.339
C...M 4.651 4.900 4.598 3.466 4.615
\CCH 121.6 121.6 121.6 121.7 121.6

˘M...CCH 90.1 90.1 90.3 90.7 90.5
Be

�þBe+. Mg
�þ Ca

�þ Sr
�þ Ba

�þ

C=C 1.365 1.353 1.347 1.346 1.345
C...M 1.956 2.677 3.057 3.315 3.442
\CCH 121.4 121.4 121.4 121.4 121.4

˘M...CCH 95.8 95.6 95.6 95.3 95.2
Zn

�þ Hg
�þ Cd

�þ

C=C 1.361 1.368 1.358
C...M 2.492 2.651 2.702
\CCH 121.2 121.0 121.1

˘M...CCH 95.7 96.6 96.1

Table 1 Calculated total
energies and ionization
potentials (IP) for the metal
atoms and ions used in this
work

Species Exp. IP [43]
(kcal mol�1)

CCSD CCSD(T)

Total energy
(a.u.)

IP
(kcal mol�1)

Total energy
(a.u.)

IP
(kcal mol�1)

Li 123.0 �7.43203 123.1 �7.43203 123.1
Li+ �7.23584 �7.23584
Na 114.0 �161.84598 114.0 �161.84598 114.0
Na+ �161.66429 �161.66429
K 100.0 �599.33270 97.7 �599.33604 98.0
K+ �599.17697 �599.17983
Rb 96.3 �23.82486 88.8 �23.82503 88.8
Rb+ �23.68336 �23.68349
Cs 89.8 �19.86914 81.7 �19.86927 81.7
Cs+ �19.73900 �19.73911
Be

�þ 420.0 �14.27620 417.8 �14.27620 417.8
Be2+ �13.61038 �13.61038
Mg

�þ 346.7 �199.36389 338.8 �199.36389 338.8
Mg2+ �198.82299 �198.82299
Ca

�þ 273.3 �36.49760 271.5 �36.50167 272.0
Ca2+ �36.06490 �36.06824
Sr
�þ 254.4 �30.30922 250.6 �30.31060 250.9

Sr2+ �29.90980 �29.91081
Ba

�þ 230.7 �25.06024 222.5 �25.06372 222.8
Ba2+ �24.70572 �24.70860
Zn

�þ 414.3 �1777.73606 399.6 �1777.74408 400.7
Zn2+ �1777.09917 �1777.10547
Cd

�þ 389.8 �166.66930 370.3 �166.67226 370.8
Cd2+ �166.07922 �166.08137
Hg

�þ 432.5 �152.33820 409.5 �152.34073 410.0
Hg2+ �151.68566 151.68735
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Volt for the second ionization potentials of mercury and
is independent of whether the metal is treated in an all-
electron calculation or using pseudopotentials. It is
known [35, 36] that correlation is important for re-
producing the second ionization potentials of metals and
that a basis set adequate to allow an accurate description
of core–valence correlation is important [37]. Errors
found can be expected, both for the 6-311+G(d,p) all-
electron calculations with inflexible nonvalence basis
functions and for the pseudopotential calculations.

2A1 structures and complexation energies

Table 2 shows some geometrical details of the 2A1 C2v

complexes. The neutral complexes (those with alkali-
metal atoms) all show the typical geometrical para-
meters of weak complexes, long C...M distances and an
essentially unperturbed geometry for the ethylene moi-
ety. The exception is the rubidium complex, which

shows a larger deformation of the C2H4 unit. As ex-
pected from the theory of odd-electron bonds [38], the
interaction between the metal and the olefin, and
therefore also the perturbation of the olefin geometry, is
far stronger for the singly charged (Group II and Group
XII) complexes. The strengths of the interactions are
shown in Table 3, which also give the total, zero-point
and complexation energies.

As expected [38], the neutral complexes are all very
weakly bound with complexation energies below
1 kcal mol�1. The complexation energies of the cationic
complexes should fall off exponentially with increasing
difference between the first ionization potential of the
metal and that of ethylene (DIP). Figure 1 shows a plot
of DIP vs. log10(Ecomp). There is a good linear correla-
tion for all metals except beryllium, which can be ex-
pected to give a more negative complexation energy
because it is the only first-row element [38]. Thus, the
complexation energies between the metals and ethylene
in the 2A1 state behave exactly as expected for three-
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Fig. 1 Plot of the logarithm of
the calculated complexation
energies (CCSD(T), Table 3)
against the differences in first
ionization potential between the
metal and ethylene
(experimental values)

Table 3 Total energies (a.u), number of imaginary normal vibrations (NIMAG), lowest frequency (m1, cm
�1), zero-point vibrational

energies (ZPE, kcal mol�1) and complexation energies (metal + ethylene fi complex, corrected using the unscaled CCSD-ZPE,
kcal mol�1) for the 2A1 metal:ethylene complexes

Metal CCSD CCSD(T)

Total energy NIMAG m1 ZPE Ecomp. Total energy Ecomp.

Li �85.80643 0 19.8 32.07 �0.11 �85.81829 �0.16
Na �240.22036 0 11.4 32.03 �0.13 �240.23220 �0.17
K �677.70719 0 14.3 32.11 �0.12 �677.72244 �0.21
Rb �102.20162 0 8.9 33.04 �0.62 �102.21401 �0.26
Cs �98.24606 0 18.3 32.51 �1.24 �98.25845 �0.55
Be

�þ �92.71711 0 107.7 32.35 �40.56 �92.71940 �35.61
Mg

�þ �277.76548 0 81.7 32.90 �16.33 �277.77766 �16.59
Ca

�þ �114.89169 0 102.2 32.73 �11.80 �114.90847 �12.38
Sr
�þ �108.70019 0 90.3 32.62 �9.95 �108.71415 �10.46

Ba
�þ �103.45049 0 69.8 32.50 �9.62 �103.46653 �10.11

Zn
�þ �1856.14807 0 78.5 33.06 �22.70 �1856.16942 �23.70

Cd
�þ �245.07860 0 118.5 33.07 �22.00 �245.09489 �21.98

Hg
�þ �230.75905 0 112.7 33.19 �29.13 �230.77539 �29.41
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electron interactions. Note that the different behaviors
of Groups II and XII with respect to the dependence of
DEcomp on atomic number parallels the behavior of the
relevant ionization potentials.

The good correlation shown in Fig. 1 suggests that
the individual k-values [35] of the original equation are
very similar for the seven metals included in the corre-
lation, which in turn suggests that they all have very
similar symmetrical three-electron bond energies [39],
which seems very reasonable.

2B2 structures and electron-transfer energies

Table 2 shows some geometrical details of the 2A1 C2v

complexes.
With the exception of Rb and Cs, the complexes

all have the expected structures for
M2 + :ethylene

�� ion pairs: An ion pair of this type can
be optimized at the UHF/6-311+G(d,p) level for
M=Rb and Cs, but at the CCSD level, this collapses to
the structure described in Table 4, which is a nonpolar
2B2 complex between neutral ethylene and a 2P metal
atom.

All other Group I and II structures correspond to the
ion-pair configuration with long (1.43–1.48 Å) C–C
bonds, short C–metal distances and significantly non-
planar C2H4 moieties. The Group XII metals give sig-
nificantly longer (1.50–1.53 Å) C–C bonds, suggesting
that these complexes can be seen as metallacyclopro-
panes.

All C2v structures except that for M = Mg
�þ are

found to be minima. We were unable to find a minimum
of any symmetry corresponding to an
M2 + :ethylene

�� ion pair and have therefore used the
energy for the C2v transition state in the remainder of the
discussion. Note that this does not mean that we were
unable to find a minimum but rather that distorting
C2H4Mg+ from the C2v structure is accompanied by a
change in the electronic character to that corresponding
to a distorted 2A1 state. The electron-transfer energies

range from 2–3 for Li and Be
��ð Þ to 53 Hg

� +
� �

kcal mol�1. Perhaps most remarkably, Be
�þ is found to

be able to reduce ethylene as well as Li. In these two
cases, we find the 2A1 state to be slightly lower in energy
than the 2B2, but the assignment must be considered
tentative because of the small calculated energy differ-
ences.

Table 5 Total energies (a.u), number of imaginary normal vibrations (NIMAG), lowest frequency (m1, cm
�1), zero-point vibrational

energies (ZPE, kcal mol�1) for the 2B2 metal:ethylene complexes and electron-transfer (2A1 fi 2B2complex, corrected using the unscaled
CCSD–ZPE, kcal mol�1)

Metal CCSD CCSD(T)

Total energy NIMAG m1 ZPE DEET Total energy DEET

Li �85.80128 0 390.7 31.86 3.02 �85.81342 2.85
Na �240.18512 0 156.5 30.68 20.76 �240.19748 20.44
K �667.66442 0 254.3 30.64 24.92 �677.68492 22.06
Rb �102.15853 0 93.7 32.17 26.17 �102.17117 26.01
Cs �98.20663 0 77.1 32.32 24.56 �98.21916 24.46
Be

�þ �92.70336 0 489.5 32.30 8.58 �92.71584 2.18
Mg

�þ �277.71385 1 251.6i 31.67 32.40 �277.72617 32.31
Cd

�þ �114.86120 0 322.1 31.99 18.39 �114.87907 17.71
Sr
�þ �108.66642 0 288.3 31.73 20.31 �108.68125 19.87

Ba
�þ �103.44042 0 228.9 31.76 5.58 �1856.08811 4.91

Zn
�þ �1856.08811 0 440.2 33.07 37.63 �1856.11062 36.91

Cd
�þ �245.00481 0 380.6 32.53 45.76 �245.02186 45.29

Hg
�þ �230.67299 0 346.9 32.72 53.53 �230.69040 52.86

Table 4 CCSD/6-311+G(d,p)
optimized carbon–carbon bond
lengths (C=C, Å), carbon–
metal distances (C...M, Å),
C=C–H angles ( \CCH, �) and
metal–C–C–H dihedral angles
(˘M...CCH, �) for the 2B2

metal:ethylene complexes

Li Na K Rb Cs

C=C 1.435 1.444 1.437 1.351 1.346
C...M 2.070 2.441 2.788 3.466 3.761
\CCH 119.6 119.2 119.2 121.7 121.7

˘M...CCH 104.1 105.6 105.8 91.9 91.5
Be

�þ Mg
�þ Ca

�þ Sr
�þ Ba

�þ

C=C 1.464 1.480 1.438 1.433 1.406
C...M 1.756 2.163 2.423 2.591 2.768
\CCH 119.3 118.6 119.1 119.2 120.1

˘M...CCH 102.4 106.0 105.5 105.4 105.4
Zn

�þZn+. Hg
�þ Cd

�þ

C=C 1.502 1.531 1.501
C...M 2.057 2.271 2.263
\CCH 118.6 118.3 118.5

˘M...CCH 104.5 104.7 105.1
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Discussion

The nature of the 2B2 states

The calculated charges and spin densities are shown in
Table 6. With the exceptions of M = Rb and Cs, for
which the 2B2-state simply represents an s fi p ex-
citation on the metal atom, the NPA-charges confirm
the electron-transfer interpretation of the nature of the
2B2 states, although this is not as clear from the Mulli-
ken charges. The Group XII metals also give lower total
charges on the metal ions than Group II, supporting the
idea that the 2B2 states for these metals have consider-
able metallacyclopropane character. However, the cal-
culated spin densities demonstrate clearly that electron
(and spin) transfer to the ethylene moiety has occurred.
Once again, the high negative spin densities found for
the Group XII metals suggest different bonding to the
Group II complexes. Figure 2 shows the calculated
(CCSD/6-311+G(d,p)) spin density for 2B2 Li:ethylene.
The unpaired electron clearly occupies the ethylene p*
orbital, polarized toward the lithium ion.

The situation is similar for 2B2 Be:ethylene
� + ; as

shown in Fig. 3, except that the beryllium is more

heavily involved in the C–Be bonding, making the
electron transfer less complete than in the lithium case.

An analogous plot for 2B2 Zn:ethylene
� + ; is shown

in Fig. 4. It is generally similar to that for M = Li but
shows more significant contributions from the metal ion.

Fig. 2 Calculated (CCSD/6-311+G(d,p)) spin density for 2B2

Li:ethylene. The isodensity level is 0.005 a.u

Fig. 3 Calculated (CCSD/6-311+G(d,p)) spin density for 2B2

Be:ethylene
�þ: The isodensity level is 0.005 a.u

Table 6 Mulliken and natural population analysis (NPA [44]) charges calculated for the 2B2 complexes

M Atomic charges Spin M Atomic charges Spin M Atomic charges Spin

Mulliken NPA Mulliken NPA Mulliken NPA

Li 0.431 0.817 0.11 Be
�þ 0.664 1.528 0.36 Zn+. 0.793 1.397 �0.22

Na 0.629 0.841 �0.05 Mg
�þ 0.942 1.510 �0.20 Cd

�þ 0.955 1.300 �0.44
K 0.894 0.921 �0.05 Ca

�þ 1.460 1.792 0.04 Hg
�þ 0.911 1.109 �0.48

Rb 0.036 0.058 0.96 Sr
�þ 1.203 1.790 0.27

Cs �0.037 0.006 1.04 Ba
�þ 1.318 1.720 0.40

Fig. 4 Calculated (CCSD/6-311+G(d,p)) spin density for 2B2

Zn:ethylene
�þ: The isodensity level is 0.005 a.u
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Finally, Fig. 5 shows an analogous plot for the 2B2

state of Cs:ethylene. As suggested above, this state does
not involve electron transfer but is rather a complex of
the 2P state of the metal atom.

Electron-transfer energies

The electron-transfer process from the metal atom or ion
to the ethylene moiety can be visualized as a combina-
tion of the processes shown schematically in Scheme 2.
Conceptually, the electron-transfer process consists of
the following individual steps

– Separation of the 2A1 complex to give the separated
ethylene and metal components (�DEComp.)

– Ionization of the metal atom or ion (IPM)
– Reduction of the C2H4 moiety ( �EAC2H4

¼
+41.4 kcal mol�1 [40, 41])

– Formation of the ion pair (ECoulomb)

The electron-transfer energy, DEET is thus given by

DEET ’ �DEComp þ IP(M)� EAC2H4
þ ECoulomb ð1Þ

Thus, because EAC2H4
is constant and by introducing

the approximation that ECoulomb is inversely propor-

tional to the C–M distance in the 2B2 complex, we can
propose that DEET �IP(M) + DEComp. should be pro-
portional to the reciprocal of the C–M distance and that
the intersect should correspond to EAC2H4

: Figure 6
shows the corresponding plot for all metals that undergo
electron transfer in the 2B2 state.

Although Groups I and XII only contain three valid
points, the correlations are at least convincing for
Groups I and II. The intersects are clearly not equal,
even at the 99% confidence level, so the electron affinity
of ethylene is clearly affected by the proximity of a metal
ion. However, the intersects are of the correct order.
Similarly, a naı̈ve view would expect the slope for
Groups II and XII to be twice that for Group I (because
the metal ion is doubly charged for groups II and XII).
The factor between Groups I and II is found to be 2.4,
whereas the slope for Group XII is too poorly defined to
be able to make comparisons.

Thus, Fig. 6 supports qualitatively the simple re-
lationship expressed in Eq. 1 and thus the interpretation
of the electron-transfer process depicted in Scheme 2.
The simple model is, however, not adequate for quan-
titative predictions unless the slope and the intersect are
treated as empirical parameters for each group of the
periodic table. Nevertheless, Fig. 6 does support the
proposal that the Coulomb ion-paring energy plays a
dominant role in determining the reducing ability of
metal atoms and ions. This is of course not a proof of
the dominance of the Coulomb term. It is, however,
difficult to imagine another attractive force with an r�1

dependence in these systems. The poor correlation found
for Group XII may either be a consequence of only
having three points very close to each other, but may
also reflect the difference in the basis sets compared with
the calculations for the other metals.

The ground states of Li:C2H4 and Be:C2H
�þ
4

Our calculations suggest that the ground states of
Li:C2H4 and Be:C2H

�þ
4 are both 2A1. These results

Fig. 5 Calculated (CCSD/6-311+G(d,p)) spin density for 2B2

Cs:ethylene. The isodensity level is 0.0005 a.u

C2H4 + Mn+

-EAC2H4

C2H4 + M(n+1)+

C2H4
-. + M(n+1)+

C2H4
-.:M(n+1)+

IP(M)

C2H4:M
n+

-Ecomplex

ECoulomb

Scheme 2 Schematic energy
diagram showing the
components of the electron-
transfer energy
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contrast with earlier calculations [10, 12] and experi-
ments in an argon matrix, [13–14] which found 2B2 to
be the ground state. Although the energy difference
found here is very small (<3 kcal mol�1) for both
metals, so that we cannot assign the ground states
unequivocally, our calculations are the highest level yet
reported for these systems and at least indicate that the
ground state in vacuo is not as clearly 2B2 as the earlier
work suggests. In our earlier paper [11], we found a
significant solvent effect favoring the 2B2 state over the
2A1, but were unable to perform geometry optimiza-

tions with solvent simulation. We have therefore now
investigated the geometries and relative energies of the
two metal complexes in argon solvent using the PCM
model for the CCSD/6-311+G(d,p) geometry optimi-
zations [42]. We originally suggested [11] that the cavity
effect would be important in making the 2A1 state more
compact because of its very flat energy hypersurface.
The results of the PCM optimizations, shown in Ta-
ble 7, support this hypothesis. The C–Li distance in the
2A1 complex decreases from 4.651 Å in vacuo to
2.837 Å in the argon solvent. This is primarily an effect
of the cavity compressing the very flexible C...M dis-
tance. The total solvation energy of the 2A1 complex is
�2.9 kcal mol�1, compared with �5.8 kcal mol�1

found for the 2B2 ion pair. Thus, the argon matrix, as
expected, favors the ionic structure slightly, making the
two configurations essentially energetically degenerate
in the argon matrix. Adding the triples correction to
the CCSD energy would make the calculated energy
difference even smaller. Thus, our calculations suggest
that the 2A1 and 2B2 states are very close in energy in
vacuo and that solvation in an argon matrix favors the
2B2 ion pair by roughly 2.9 kcal mol�1. Our results are
thus compatible with the experimental detection of a
2B2 state but not with the results of earlier calculations
[10, 12], which suggest that 2B2 is clearly the ground
state in vacuo. We suggest, however, that the differ-
ences are primarily due to the smaller basis sets used in
the earlier calculations.

The geometries of the Be : ethylene
�þ complexes are

less strongly affected by solvation than the very weakly
bound 2A1Li:ethylene complex. The C...Be distances
become slightly longer in the argon solution. As for Li,

Table 7 Calculated (CCSD/6-311+G(d,p)) geometries and en-
ergies for Li:C2H4 and Be:C2H

� +
4 within C2v symmetry using a

PCM [42] simulation for argon as solvent. The geometrical vari-
ables are designated as for Tables 2 and 4

2A1
2B2

M=Li
C=C (Å) 1.343 1.436
C...M (Å) 2.837 2.103
\CCH (�) 121.5 119.6

˘M...CCH (�) 90.5 104.1
Total energy (a.u.) �85.81106 �85.81048
Solvation energy (kcal mol�1) �2.91 �5.77
Relative energy (kcal mol�1) 0.00 0.36

M=Be
�þ

C=C (Å) 1.361 1.459
C...M (Å) 2.138 1.769
\CCH (�) 121.2 119.3

˘M...CCH (�) 92.0 102.3
Total energy (a.u.) �92.75367 �92.74736
Solvation energy (kcal mol�1) �22.94 �27.59
Relative energy (kcal mol�1) 0.00 3.97

-400 -350 -300 -250 -200 -150 -100 -50

EET - IPM - Ecompl. (kcal mol-1)

0.31

0.36

0.41

0.46

0.51

0.56

1/
r C

M
 (

Å
)

Ca

Mg

Be

Sr

Ba

Zn

Hg
Cd

K

Na

Li

∆

Group Slope Intersect R2 

I -342 ± 15 45.5 ± 6.3 0.998 
II -818 ± 27 89.7 ± 12.1 0.997 

XII -1053 ± 535 80.0 ± 201.2 0.801 

Fig. 6 Plot of DEET �IP(M) +
DEComp vs. 1/rCM for the metals
that give electron transfer in the
2B2 state. CCSD(t)/6-
311+G(d,p)//CCSD/6-
311+G(d,p) calculated energies
with an unscaled CCSD/6-
311+G(d,p) ZPE correction
were used throughout. The
regression equations are listed
above
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the 2B2 state is stabilized preferentially relative to the
2A1, in this case by roughly 5 kcal mol�1. This pre-
ferential stabilization would suffice to make the 2B2 ion
pair the more stable configuration at the CCSD(T) level.

Summary and conclusions

Our results suggest that, despite more sophisticated
binding possibilities such as contributions from me-
tallacyclopropane structures, the simple redox/electro-
static model given in Scheme 2 and Eq. 1 does a
remarkably good job of rationalizing electron-transfer
energies between ethylene and the Group I metal atoms
or Group II and XII radical cations considered here.
The dominant effect of the Coulomb ion-pairing energy
means that, for instance, Be

�þ and Li
�
are similar in their

abilities to reduce ethylene. Our results suggest that
diffuse-augmented basis sets favor the 2A1 states relative
to the 2B2 ion pairs because BSSE with smaller basis sets
favors the ion pairs by stabilizing the C2H

��
4 moiety with

excess basis functions from the metal. PCM calculations
reveal a small preferential stabilization for the 2B2 ion
pairs in argon matrices. Finally, NPA charges and
Mulliken spin densities give more reliable descriptions of
the electronic structures of these complexes than Mulli-
ken charges, which underestimate the charge separation.
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