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We have studied the photodissociation spectroscopy of weakly bound Al+salkene bimolecular complexes
(sethene,spropene, andsbutene) in the 216-320 nm spectral region. Molecular absorption bands are
assigned to photoinduced charge transfer transitions to states that correlate with the Al(3s23p) + (alkene)+

product channels. Similarities in the absorption spectra for Al+sethene,spropene, ands1-butene suggest
similar equilibrium geometries with the metal ion lying above the alkene CdC π-bond in each case. The
vibrational resonance structure is assigned to intramolecular modes of the alkene. The absorption spectra for
Al +s2-butene are broader with less identifiable structure. A clear threshold for charge transfer dissociation
to each alkene ion product gives a limit for the corresponding Al+salkene bond dissociation energy:D0′′-
(AlsX) e 9.2, 19.1, 19.8, 24.7, and 28.2 kcal/mol for X) ethene, propene, 1-butene,cis-2-butene, and
trans-2-butene, respectively. Experimental results are in good agreement with ab initio predictions.

I. Introduction

The interactions of metal ions with hydrocarbons are impor-
tant in wide ranging areas of chemistry including heterogeneous
and homogeneous catalysis, organometallic chemistry, and
biochemical processes. Consequently, tremendous effort has
gone into investigating bimolecular metal ion-hydrocarbon
reaction mechanisms and energetics.1-5 Detailed information
about the structure and bonding of metal ion-hydrocarbon
complexes is also important for developing a fuller understand-
ing of chemical processes at metal ion catalytic centers. In this
effort mass-resolved photodissociation spectroscopy of isolated
molecular clusters has proven to be a valuable tool for probing
the structure and chemical interactions of metal ion-hydro-
carbon complexes under gas phase conditions.6-9

We have previously reported on the photodissociation spec-
troscopy of a series of light metal ionsethene clusters, M+-
(C2H4) with M ) Mg, Ca, Zn, and Al.10-13 Each bimolecular
complex is weakly bound in aC2V π-bonding geometry with
the metal ion lying above the plane of the ethene ligand. For
the group II metal ions (Mg, Ca, and Zn), the dominant
absorption features correspond to metal-based excitations that
correlate with the metal ion s-p resonance transitions.10-12

However, for Al+sethene the Al+(3s3pr3s2) resonance lies
at much higher energy (∼7.42 eV) and the metal-centered band
is not accessible for excitation wavelengths>220 nm. Rather,
the near UV absorption spectrum is dominated by photoinduced
charge transfer to excited states of the complex that correlate
asymptotically with Al(3s23p) + C2H4

+ product channels.13

Typically, such metal ion-hydrocarbon charge transfer pro-
cesses result in a fast dissociation and exhibit broad and
structureless absorption bands.14 The absorption spectrum for
Al+(C2H4), however, shows three molecular bands that are
assigned as 11B2, 11B1, and 21A1 r 11A1, corresponding to the
three different symmetry alignments of the Al neutral ground
state p-orbital with respect to the intermolecular bond axis. These

excited states exhibit distinctly different molecular orbital
interactions with the ethene ligand, giving useful insight into
the Alsethene charge transfer interactions. Of these excited
states, 11B1 is found to be long-lived, and the absorption band
shows pronounced vibrational structure corresponding to excita-
tion of both intermolecular and intramolecular vibrational
motions.

Here we extend these studies of charge transfer interactions
to the larger alkenes, propene and butene. We are particularly
interested in determining how the complex structure, bonding,
and charge transfer dynamics might be affected by the change
in size and complexity of the alkene ligand. We will focus on
the Al+ clusters with ethene, propene, and 1-butene that show
similar spectral absorption features, reflecting similar bonding
and interactions. We will only briefly discuss the spectroscopy
of Al+s2-butene clusters that show very different spectroscopic
structure.

II. Experimental Arrangement

The experimental apparatus and its application in mass-
selected cluster photodissociation experiments has been previ-
ously described so only a brief overview will be given here.9-13

Weakly bound Al+(alkene) complexes are produced in the
supersonic molecular beam expansion from a standard transverse
laser vaporization source. The supersonic expansion is initiated
by a gas pulse of mixed alkene (5% ethene, propene, or butene)
in Ar carrier gas from a pulsed supersonic valve operated at a
backing pressure of∼40 psi. Alkene samples of 99+% purity
were obtained from Aldrich and used without further purifica-
tion. Downstream from a molecular beam skimmer, ionic
clusters are pulse-extracted and accelerated into the flight tube
of an angular reflectron time-of-flight mass spectrometer. The
target cluster is mass-selected by a pulsed mass-gate and probed
in the region of the reflectron with a Nd:YAG pumped tunable
optical parametric oscillator (Spectral-Physics MOPO-SL) with
frequency doubling capabilities. The laser band width ise0.15
cm-1. Parent and daughter ions are then reflected to an off-
axis microchannel plate detector in a standard tandem time-of-
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flight arrangement. Digital oscilloscopes and a multichannel
scaler are used to monitor the mass spectrum. Integrated
daughter ion signals are collected as a function of laser
wavelength with a set of gated integrator channels, interfaced
to a laboratory personal computer for data analysis.

The overall photofragmentation action spectrum is determined
by measuring the integrated daughter ion signals as a function
of photolysis laser wavelength, normalized by the parent ion
signal and laser intensity. The major products observed in every
case are Al+ and the corresponding alkene ion charge transfer
product. The photofragment signals are verified to be linear over
the range of laser pulse energies used in this work, consistent
with a one-photon dissociation process.

III. Results and Discussion

A. Electronic Structure Calculations. We have carried out
ab initio electronic structure calculations for the Al+salkene
complexes (sethene,spropene, andsbutene) using theGauss-
ian ‘94 software package.15 In each case ground state optimiza-
tion calculations at the QCISD(T)//MP2/6-311++g(2d,p) level
find a weakly bound singlet ground state in an equilibrium
geometry with Al+ lying above the CdC π-bond of the alkene.
Equilibrium structures are shown in Figure 1 and binding
energies are summarized in Table 1. For Al+sC2H4 (Figure
1a) the metal ion lies above the bond midpoint inC2V symmetry
with an equilibrium bond distance (measured to the terminal
carbon atom) ofRAl-C ) 2.91 Å, an AlsCdC bond angle of
76.6°, and a bond-dissociation energy ofDe′′(AlsC2H4) ) 12.6

kcal/mol. The ethene moiety shows only a slight out-of-plane
distortion, and the calculated CsC bond length (RC-C ) 1.342
Å) is close to the experimental bond length for isolated ethene
(1.337 Å), consistent with the weakly bound nature of the
complex.13

For Al+sC3H6 (Figure 1b) the metal ion again lies above
the CdC π-bond, but off-center, closer to the terminal carbon
atom. Stronger binding is found for Al+spropene, which has
an equilibrium intermolecular bond distance (measured to the
terminal carbon atom) ofRAl-C ) 2.57 Å and an AlsCdC bond
angle of 93.8°. The bond-dissociation energy isDe′′(AlsC2H4)
) 18.1 kcal/mol.

For Al+s1-butene there are three stable isomers, as shown
in Figure 1c(i)-(iii), differing essentially in the orientation of
the terminal methyl group with respect to the Alsbutene
intermolecular bond. In the most stable isomer (Figure 1c(i))
the CsC chain lies in a plane, with Al+ above the CdC π-bond
and close to the midpoint, as in Al+sC2H4. For this isomer the
equilibrium intermolecular bond distance (measured to the
terminal carbon atom) isRAl-C ) 2.71 Å, with an AlsCdC
bond angle of 76.1°, and a bond-dissociation energy ofDe′′-
(AlsC2H4) ) 19.6 kcal/mol. However, the distinct isomers of
Figures 1c all have very similar binding energies. For the trans
form of Al+s1-butene shown in Figure 1c(ii), the binding
energy is 19.2 kcal/mol, while for the cis form of Figure 1c(iii)
the binding energy is 19.0 kcal/mol. We have explored the
potential energy surface as a function of the dihedral angle of
the terminal methyl carbon and find a barrier of∼3 kcal/mol
for isomerization. The clusters in our supersonic molecular beam
expansion are expected to be relatively cold, and this barrier is
probably too high to allow the methyl group to readily “flip”
between these isomeric forms. However, it is likely that all three
isomers are formed in the laser vaporization source and our
spectroscopic results will then represent an average over the
spectra for all three isomers. This will probably lead to a
broadening of the observed spectrum for this complex.

We have also carried out similar calculations for both Al+s
cis-2-butene and Al+strans-2-butene, and the results are also
shown as Figures 1d-e. The theoretical binding energies are
21.8 and 21.2 kcal/mol, respectively. The general increase in
binding energy with alkene size is likely due to the increasing
polarizability of the hydrocarbon.

We have previously carried out ab initio calculations of the
excited states of Al+(C2H4).13 Potential energy curves for the
four low-lying singlet states of the complex are reproduced in
Figure 2 merely to help guide the discussion. The three lowest
electronically excited states all have appreciable charge transfer

Figure 1. Optimized Al+salkene complex geometries: (a)sethene;
(b) spropene; (c)s1-butene; (d)scis-2-butene; (e)strans-2-butene.

TABLE 1: Al +sAlkene Bond Dissociation Energies
(kcal/mol)

alkene D0′′ (experimental)a De′′ (theoretical)

ethene 9.2, 13( 2b 12.7
propene 19.1 18.1
1-butene 19.8 19.6, 19.2, 19.0c

cis-2-butene 24.7 21.8
trans-2-butene 28.2 21.2

a Uncertainty in the spectral threshold is<0.5 kcal/mol. These
threshold values represent an upper limit to the actual bond energy.
b From ref 16.c Values are given for the three stableπ-bonded isomers
as discussed in the text.

Figure 2. Low-lying singlet states of Al+(C2H4). Calculational details
are given in ref 13.
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(CT) character and correlate to the Al (3s23p) + C2H4
+

asymptote at long range. Energy differences in the CT states
result from the differing alignments of the neutral Al(3s23p)
p-orbital with respect to the CdC π-bond of the ethene ion. In
the deeply bound 11B2 state, the p-orbital is aligned parallel to
the CdC bond. In the weakly bound 11B1 state it lies
perpendicular to the AlsCsC plane. In the 21A1 state, which
is repulsive at long range, the Al p-orbital lies in the AlsCsC
plane but perpendicular to the CsC bond. These ab initio results
predict three distinct UV molecular absorption bands in the
200-300 nm range, in good agreement with experimental
observations.13

B. Action Spectra. 1. Al+sEthene,sPropene, ands1-
Butene.Al+ is the major photofragment observed, with the
alkene ion product channel accessible only above a clear
spectroscopic threshold in each of these Al+salkene complexes.
The action spectra for dissociation to Al+ from each of these
complexes are remarkably similar, as shown in Figure 3. In each
case there is evidence for three distinct absorption bands: a
weak continuum band at longer wavelengths, a stronger band
at intermediate wavelengths showing vibrational resonance
structure, and a third incomplete continuum band at shorter
wavelengths. The similarities in the absorption spectra indicate
similar electronic structure, which in turn supports the conclu-
sion based on ab initio calculations that the ground state
equilibrium geometry of the complexes should be similar, with
the Al+ lying above the plane of the alkene CdC π-bond. The
electronic absorption bands are then expected to be similar since
the dominant molecular orbital interactions in the photoinduced
charge transfer state involve the Al ground state p-orbital with
the CdC π-orbitals of the alkene ligand, and these will be
similar and relatively independent of the structure and complex-
ity of the rest of the alkene molecule.

We have previously discussed the assignment of the absorp-
tion bands of Al+sethene.13 (Figure 3a) The very weak, low
energy continuum band of Al+(C2H4) in the range 290-250
nm is assigned as 11B2 r 11A1 in C2V symmetry. In this
alignment the Al p-orbital can overlap with theπ*-antibonding
LUMO of ethene allowing for efficient transfer of electron
density, which weakens and stretches the CdC bond. This is
accompanied by formation of a partial AlsCsC σ-bond with
a dramatic shortening of the Alsethene bond length.13 This bond
stretch insertion process facilitates a nonadiabatic transition to
the ground state through an avoided surface crossing conical
intersection in A′ symmetry. Equivalently, thein-plane wag
vibrational motion (of b2 symmetry) in the1B2 excited state
can couple this state to the1A1 ground state [B2 X B2 ) A1],
allowing an efficient pathway for nonadiabatic quenching. The
observed 11B2 r 11A1 absorption band is a broad structureless
continuum, as expected for a large geometry change. Ab initio
calculations support the bond-stretch quenching mechanism.
SCF level calculations find that the equilibrium geometry of
the 11B2 state of the complex shows significant insertion
character with a considerable stretch in the CdC bond,
accompanied by a dramatic shortening of the Alsethene bond.
We have also identified an accessible region of 11B2(A′)s11A1-
(A′) surface crossing with substantial insertion character.13

The Al+spropene ands1-butene complexes have a similar
geometry with the metal ion lying above the plane of the CdC
π-bond, although somewhat off-center, closer to the terminal
C atom. On the basis of the similarities in the spectra, we assign
the longer wavelength continuum bands in the range 308-270
nm for both Al+spropene (Figure 3b) and Al+s1-butene
(Figure 3c) to the analogous photoinduced charge transfer

process, with the neutral ground state Al p-orbital aligned
roughly parallel with the CdC π-bond of the alkene. Ab initio
optimization calculations at the CIS level for the equilibrium
geometry of the first excited state of Al+spropene and Al+s
1-butene show that, following excitation, the complex relaxes
by stretching the CdC bond and pulling the Al atom in and
toward the center of the alkeneπ-bond. It is likely that, as in
Al+sethene, this bond stretch process will facilitate coupling
back to the ground state surface, leading to dissociation by
reverse charge transfer and accompanied by significant vibra-
tional excitation of the alkene. The photodissociation signal in
this band is much stronger for both Al+spropene ands1-butene
than for Al+sethene. This is probably because the reduced
symmetry and greater density of vibrational states allows for a
more efficient coupling to the ground state surface.

The spectra of Figures 3 all show a sharp onset of vibrational
resonance structure at intermediate energies. In Al+sethene we
can clearly identify the vibrational origin (00

0 ) 40 042 cm-1)
of the second excited electronic state, assigned as 11B1. Because
of limited molecular orbital overlap between Al p-orbital and
the alkene ion LUMOs in this symmetry, the state is character-
ized by relatively weak binding interactions. The pronounced
vibrational resonance structure of Figure 3a shows both low-
frequency intermolecular vibrational motions and higher fre-
quency intramolecular ethene vibrations. Vibrational assign-
ments have been discussed in ref 13. The low-frequency modes
are assigned to the AlsC2H4 a1-intermolecular stretch (ν2 )
230 cm-1) and the AlsC2H4 b1-intermolecular wag (ν3 ) 328
cm-1). The assignment for the higher frequency modes at 1264
and 1521 cm-1 is not conclusive, but these are probably
associated with the a1 HsCsH bend and CdC stretch,
respectively.13 The observation of significant excitation in the

Figure 3. Action spectra for the photoinduced charge transfer
dissociation of (a) Al+sethene (top panel), (b) Al+spropene (center
panel), and (c) Al+s1-butene (bottom panel).
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high-energy intramolecular vibrational modes of the hydrocar-
bon ligand is somewhat unusual. In metal-based transitions such
modes are generally not strongly excited because the equilibrium
geometry of the hydrocarbon does not drastically change on
excitation of the metal ion chromophore. However, significant
geometry changes are expected in this charge transfer process
that effectively ionizes the ethene ligand within the complex.

Again, on the basis of the similarities in the spectra of Figure
3, we assign the structured intermediate energy band in Al+s
propene ands1-butene to the analogous transition with the Al
p-orbital lying perpendicular to the AlsCdC plane. The onset
of vibrational structure (at∼37 500 cm-1 for Al+spropene and
at ∼37 100 cm-1 for Al+s1-butene) defines the energy
minimum of the second excited electronic state in each case.
These bands show a significant red-shift consistent with a
stronger excited state binding for both Al+spropene ands1-
butene than for Al+sethene. The low-frequency vibrational
structure is unresolved; however, we can clearly identify a
second vibrational resonance peak in each case that lies roughly
1500 cm-1 above the origin and probably corresponds to
excitation of one quantum of higher frequency intramolecular
alkene vibration, either the CdC stretch or HsCsH bend, or
both. Because the vibrational structure is not fully resolved, we
are unable to precisely assign the band origin or mode
frequencies. The increasing complexity of the vibrational
resonance structure with the size of the alkene ligand is expected
because of the lower symmetry and increasing density of states
that allows for more efficient intramolecular vibrational mode
coupling. There is an appreciable geometry change on excitation
to the charge transfer state with the alkene ligand distorting
toward the equilibrium geometry of the ion. Furthermore, in
the case of Al+s1-butene we are probably averaging over an
ensemble of the three stableπ-bonded isomers.

The Al+sethene absorption spectrum of Figure 3a shows a
gradual increase at higher energies, corresponding to excitation
of the 21A1 r 11A1 band. In this symmetry the Al metal ion
p-orbital lies in the AlsCdC plane, but perpendicular to the
CdC bond. The state is repulsive at long range but shows
evidence for short-range chemical bonding due to mixing with
higher lying states. A similar high-energy continuum above
42 000 cm-1 is seen in both Al+spropene ands1-butene and
is assigned to the analogous charge transfer transition in these
complexes.

2. Al+s2-Butene.The photodissociation spectra for both
Al+scis-2-butene and Al+strans-2-butene are markedly dif-
ferent from the spectra for the other Al+salkene complexes
described above. The absorption bands are much broader and
show less identifiable structure. Figure 4 shows the spectrum
for Al+scis-2-butene for comparison. The spectrum for Al+s
trans-2-butene is similar. The significant difference with Al+s
1-butene may be due to the closer proximity of the metal ion
to the methyl groups in either thecis- or trans-2-butene
complexes. Because of this proximity, the extendedp-orbital
of Al in the charge transfer state will more strongly interact
with the methyl groups, leading to a larger electronic band shift
and more significant distortion of the complex, resulting in
greater vibrational excitation and a more complicated vibronic
spectrum. It is also interesting to note that dissociation of Al+s
2-butene gives a small branching (∼5%) to the reactive product
channel AlCH3 + C3H5

+, resulting from CsC σ-bond cleavage
in the complex. This observation is consistent with the
hypothesis that the Al metal atom strongly interacts with the
methyl groups in the charge transfer state.

C. Bond Dissociation Energies.In each of the Al+salkene
complexes studied, there is a spectroscopic threshold for
dissociation to the alkene ion charge transfer product. These
threshold values can be used to place an upper limit on the
ground state bond dissociation energy through the energy
cycle:14

Results are summarized in Table 1.
For Al+sethene the spectroscopic threshold is difficult to

determine. (Figure 3a) The C2H4
+ signal rises very weakly and

slowly fromλ ∼ 252 nm, over a long range of energies. Because
the signal is weak at longer wavelengths, it is not possible to
carry out the usual experimental linearity tests in the region
227 nm< λ < 252 nm. Forλ e 227 nm the observed C2H4

+

signal is linear in laser power. Above the energetic threshold,
the C2H4

+ product action spectrum appears as a weak con-
tinuum; relative branching to the C2H4

+ product increases with
photolysis energy, approaching 50% at the shortest wavelengths
accessible in these experiments.

Assuming a threshold wavelength ofλ ) 252( 1 nm (4.92
( 0.02 eV), we estimate the Al+sC2H4 bond dissociation
energy (BDE) by

For Al+sethene we were also able, in our previous work, to
obtain an independent estimate for the bond dissociation energy
from the measured translational energy release in the CT
dissociation channel at higher photolysis energies.13 The ob-
served maximum total kinetic energy release at 218 nm was
used to estimate the Al+sC2H4 binding energy:

The result, D0′′(Al+sC2H4) ) 0.4 ( 0.2 eV, is in good
agreement with the threshold measurement, although the relative
uncertainty is large.

Figure 4. Action spectra for Al+scis-2-butene.

D0′′(Al-alkene)e hνthreshold- [IP(alkene)- IP(Al)] (1)

D0′′(Alsethene)e 4.92- [10.51- 5.99])
0.40( 0.02 eV) 9.2( 0.5 kcal/mol

D0′′(Al+sethene)) hν - KER - [IP(C2H4
+) - IP(Al)]
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Our limit on the experimental bond energy from the spec-
troscopic threshold for C2H4

+ production,D0′′(Alsethene)e
9.2 kcal/mol (0.40 eV), is appreciably lower than the value of
De′′(Al+sethene)) 13 ( 2 kcal/mol reported by Sto¨ckigt et
al.16 This value was obtained from a combination of ab initio
quantum chemical theoretical methods and experimental kinetic
equilbrium measurements using Fourier transform ion cyclotron
mass spectrometry and bracketing techniques. The difference
is somewhat outside the combined error bars. Zero point energy
corrections are expected to be small∼0.7 kcal/mol and will
not fully resolve this difference. Rotational line shape data for
the origin band gives a rotational temperature<30 K for the
clusters in our apparatus, and the vibrational spectrum shows
no evidence for any hot band absorption. Thus, it appears
unlikely that the discrepancy results from dissociation of
vibrationally hot clusters from the source. The origin of this
discrepancy is not yet understood.

For Al+spropene andsbutene, the spectroscopic thresholds
for the corresponding alkene ion product channels are much
more clear and sharp (Figure 3b,c). The threshold for Al+s
propene lies atλ ) 271.5( 1 nm (4.57( 0.02 eV), leading to
a bond dissociation energy ofD0′′(Alspropene)e 19.1( 0.5
kcal/mol.

The corresponding ab initio value isDe′′ ) 18.1 kcal/mol at
the QCISD(T)//MP2/6-311++g(2d,p) level. Similarly, the
threshold for Al+s1-butene lies atλ ) 280( 1 nm, leading to
a bond dissociation energy ofD0′′(Als1-butene)e 19.8( 0.5
kcal/mol with a corresponding ab initio value ofDe′′ ) 19.6
kcal/mol for the most stable isomer (Figure 1c(i)). The
experimental bond energies for the larger clusters are in quite
good agreement with ab initio results. (This makes the limited
agreement for the case of Al+sethene even more perplexing.)
We have used analogous threshold measurements to obtain
upper limits on the bond energies for Al+scis-2-butene and
Al+strans-2-butene and the results are also summarized in
Table 1.

Finally, it is interesting to note that our experimental
spectroscopic results imply a long-range barrier to dissociation
on the charge transfer state surface for each of the Al+salkene
clusters with ethene, propene, and 1-butene. In each case,
vibrational resonance structure is observed at energies well
above the threshold for charge transfer dissociation to the alkene
ion product. Indeed, homogeneous lifetime broadening due to
this charge transfer dissociation channel may contribute to the
lack of resolvable vibrational resonance structure.

MCSCF excited state potential energy calculations for Al+s
ethene do indeed show a barrier in the 11B1 state, nearRAl-X ∼
3.2 Å, with a height above the CT asymptote estimated as 0.4
eV.13 We expect that more sophisticated calculations (that allow
for relaxation of the ethene ion) will show a higher long-range
barrier to dissociation on the 11B1 surface, consistent with these
experimental observations. A similar barrier may also be
expected for Al+spropene ands1-butene.

For each of these Al+salkene clusters, the relative branching
to the alkene ion channel increases above the threshold for
charge transfer dissociation. Evidently, Franck-Condon excita-
tion from the ground state equilibrium can access regions of
the excited state surfaces that allow a channel for direct CT
dissociation, but direct CT dissociation competes with non-
adiabatic quenching and reverse CT to Al+ products.

IV. Conclusions

We have reported on the photodissociation spectroscopy of
weakly bound Al+salkene bimolecular complexes (ethene,

propene, and 1-butene) in the 216-320 nm spectral region. For
each cluster three molecular absorption bands are observed and
assigned to photoinduced charge transfer transitions to states
that correlate with the Al(3s23p) + (alkene)+ product channels.
Similarities in the absorption spectra suggest similar equilibrium
geometries with the metal ion lying above the alkene CdC
π-bond in each case. The electronic absorption bands are
expected to be similar in this case since the dominant molecular
orbital interactions involve the Al neutral p-orbital with the
alkene ion CdC π-bond in each case and will be relatively
independent of the structure and complexity of the rest of the
alkene molecule. Vibrational resonance features are assigned
to intramolecular modes of the alkene ligand, probably the Hs
CsH bend and the CdC stretch. Excitation of these modes is
expected in the charge transfer transition that effectively ionizes
the alkene ligand in the complex. A clear threshold for charge
transfer dissociation to the alkene ion product allows us to place
a limit on the Al+salkene bond dissociation energy:D0′′(Als
X) e 9.2, 19.1, and 19.8 kcal/mol for X) ethene, propene,
and 1-butene, respectively. These experimental results are in
good agreement with ab initio predictions.

The absorption spectra for Al+scis-2-butene and Al+strans-
2-butene are markedly different, being much broader and
showing less identifiable structure. This is probably due to the
close proximity between the metal atom and the methyl groups
in the charge transfer state of these complexes, resulting in larger
electronic band shifts and more significant distortion of the
complex. Charge transfer threshold measurements give the bond
dissociation energies asD0′′(AlsX) e 24.7 and 28.2 kcal/mol
for X ) cis-2-butene andtrans-2-butene, respectively.
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