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Solvation of Copper Ions by Acetone.
Structures and Sequential Binding Energies
of Cu�(acetone)x, x � 1–4
from Collision-Induced Dissociation
and Theoretical Studies
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Collision-induced dissociation of Cu�(acetone)x, x � 1–4, with Xe is studied as a function of
kinetic energy using guided ion beam mass spectrometry. In all cases, the primary and lowest
energy dissociation channel observed is endothermic loss of one acetone molecule. The
primary cross section thresholds are interpreted to yield 0 and 298 K bond energies after
accounting for the effects of multiple ion-neutral collisions, internal energy of the complexes,
and dissociation lifetimes. Density functional calculations at the B3LYP/6-31G* level of theory
are used to determine the structures of these complexes and provide molecular constants
necessary for the thermodynamic analysis of the experimental data. Theoretical bond disso-
ciation energies are determined from single point calculations at the B3LYP/6-311�G(2d,2p)
and MP2(full)/6-311�G(2d,2p) levels, using the B3LYP/6-31G* optimized geometries. The
experimental bond energies determined here are in good agreement with previous experi-
mental measurements made in a high-pressure mass spectrometer for the sum of the first and
second bond energy (i.e., Cu�(acetone)2 3 Cu� � 2 acetone) when these results are properly
anchored. The agreement between theory and experiment is reasonable in all cases, but varies
both with the size of the cluster and the level of theory employed. B3LYP does an excellent job
for the x � 1 and 3 clusters, but is systematically low for the x � 2 and 4 clusters such that the
overall trends in sequential binding energies are not parallel. In contrast, all MP2 values are
somewhat low, but the overall trends parallel the measured values for all clusters. The trends
in the measured Cu�(acetone)x binding energies are explained in terms of 4s-3d � hybridiza-
tion effects and ligand-ligand repulsion in the clusters. (J Am Soc Mass Spectrom 2002, 13,
453–468) © 2002 American Society for Mass Spectrometry

Recently there has been growing interest in the
development of ligands that are able to effec-
tively and selectively bind metal ions through

multiple noncovalent interactions. Potential uses for
such ligands include various applications, e.g., sensing
elements in cation selective electrodes, the removal of
metals from environmental sources and toxic waste
stores, and for use in biological transport mechanisms
for drug delivery schemes. This interest has led to a
great deal of research involving the synthesis of such
ligands, the measurement of binding constants in solu-
tion of such ligands in aqueous and a variety of organic
solvents, and gas phase studies of the binding affinities

of such ligands to various metal ions. One advantage of
the gas phase studies is that they allow the direct
determination of the strength of the intrinsic interac-
tions between the metal ion and the ligand in the
absence of solvents effects. However, the binding in
solution can differ markedly from that observed in the
gas phase as a result of the influence of solvent on these
interactions. In general, the solvent significantly weak-
ens electrostatic forces (and hydrogen bonding interac-
tions when present) between ions and ligands by
shielding and competing for their attractions. The rela-
tive behavior in solution often parallels that of the gas
phase, but in some cases a marked change in the
relative binding affinities is observed. A number of
examples of solvent-induced selectivity have been doc-
umented including the interaction of alkali metal ions
with benzene [1–3], 18-crown-6 [4–8], and dibenzo-18-
crown-6 [4, 9]. By measuring the strength of noncova-
lent interactions both in solution and the gas phase, the
influence of the solvent on such interactions can in
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principle be elucidated. Alternatively, insight into the
influence of solvent on noncovalent interactions be-
tween an ion and a ligand can also be gained by
considering the competition between the solvation of
the ion, and complexation of the ion by the ligand of
interest, reaction 1.

M��Solvent�x � Ligand3M��Ligand� � x Solvent

(1)

Such analyses proved useful in understanding the role
of solvent in determining the binding preferences of
benzene [1] and 18-crown-6 in aqueous solution [5–8].
This seminal work suggests that accurate gas phase
measurements of binding energies between metal ions
and various ligands combined with analogous mea-
surements of solvation enthalpies can be used to pro-
vide a detailed understanding of such interactions in
solution. A particularly important aspect of such gas-
phase studies is that the measurement of solvation
enthalpies of metal ions can be potentially useful in the
study of a wide variety of ligands. This provides
motivation for the work performed here as well as a
series of related studies currently being performed in
our laboratory in which the solvation enthalpies of a
variety of metal ions are being examined to commonly
used solvents [10, 11]. In particular, we are interested in
extending such microsolvation studies to include metal
ions other than the alkalis, and solvents other than
water. There are two major reasons for this extension.
First, solvent induced selectivity is dependent upon the
solvent. For example, the observed selectivity for bind-
ing of alkali metal ions by dibenzo-18-crown-6 in ace-
tonitrile, an aprotic solvent, differs from the selectivity
observed in protic solvents, such as water and methanol
[9]. Second is our interest in thiacrown ethers, which
preferentially bind transition metal ions over alkali
metal ions.
Much of our recent work has made use of quantita-

tive threshold collision-induced dissociation (CID)
methods to obtain accurate thermodynamic informa-
tion on a variety of noncovalently bound metal–ligand
complexes. These studies have either directly probed
the interaction between metal ions and organic [12–17]
and biological ligands [18, 19], or have examined solva-
tion of metal ions by various solvents [10, 11, 20, 21]. In
the present study, we use guided ion beam mass
spectrometry to collisionally excite Cu�(acetone)x clus-
ters. The kinetic energy-dependent cross sections for the
CID processes are analyzed using methods developed
previously [22]. The analysis explicitly includes the
effects of the internal and translational energy distribu-
tions of the reactants, multiple collisions, and the life-
time for dissociation. We derive (acetone)x�1Cu

�–ace-
tone bond dissociation energies (BDEs) for all of the
complexes, x � 1–4, and compare these results to ab
initio and density functional calculations performed
here. Comparison is also made to previous experimen-

tal measurements for the total binding energy of the
Cu�(acetone)2 complex [23, 24]. Finally, the trends in
the sequential binding energies of Cu� to acetone
measured here are compared to a variety of other
ligands previously examined including: CH3CN [11],
H2O [25, 26], NH3 [27], and CH3OCH3 [28].

Experimental

General Procedures

Cross sections for collision-induced dissociation of
Cu�(acetone)x clusters are measured using a guided ion
beam tandem mass spectrometer that has been de-
scribed in detail previously [15]. The Cu�(acetone)x
clusters are generated in a flow tube ion source by
condensation of the copper ion and neutral acetone
molecule(s). These complexes are collisionally stabi-
lized and thermalized by �105 collisions with the He
and Ar bath gases such that ions emanating from the
source region are well described by a Maxwell-Boltz-
mann distribution at room temperature. The ions are
extracted from the source, accelerated, and focused into
a magnetic sector momentum analyzer for mass analy-
sis. Mass-selected ions are decelerated to a desired
kinetic energy and focused into an octopole ion guide,
which traps the ions in the radial direction [29]. A static
gas cell containing the neutral collision gas, Xe, sur-
rounds the octopole. In general, Xe is employed for all
of our CID measurements and is used here because it is
heavy and polarizable and therefore leads to more
efficient kinetic to internal energy transfer in the CID
process [30–32]. To ensure that multiple ion-neutral
collisions are improbable, the pressure of Xe in the cell
is kept low, and varied between 0.05 and 0.20 mTorr for
different experiments. Product and unreacted beam
ions drift to the end of the octopole where they are
focused into a quadrupole mass filter for mass analysis
and subsequently detected with a secondary electron
scintillation detector and standard pulse counting tech-
niques.
Ion intensities are converted to absolute cross sec-

tions as described previously [33]. Absolute uncertain-
ties in cross section magnitudes are estimated to be
20
%, which are largely the result of errors in the pressure
measurement and the length of the interaction region.
Relative uncertainties are approximately 
5%.
Ion kinetic energies in the laboratory frame, Elab, are

converted to energies in the center of mass frame, ECM,
using the formula ECM � Elab m/(m � M), whereM and
m are the masses of the ionic and neutral reactants,
respectively. All energies reported below are in the CM
frame unless otherwise noted. The absolute zero and
distribution of the ion kinetic energies are determined
using the octopole ion guide as a retarding potential
analyzer as previously described [33]. The distribution
of ion kinetic energies is nearly Gaussian with a fwhm
typically between 0.2 and 0.4 eV (lab) for these experi-
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ments. The uncertainty in the absolute energy scale is

0.05 eV (lab).
Even when the pressure of the reactant neutral is

low, it has previously been demonstrated that the
effects of multiple collisions can significantly influence
the shape of CID cross sections [26]. Therefore, we have
performed pressure-dependent studies of all cross sec-
tions examined here. Data free from pressure effects are
obtained by extrapolating to zero reactant pressure, as
described previously [26]. Thus, outcomes reported
below result from single bimolecular encounters.

Thermochemical Analysis

The threshold regions of the reaction cross sections are
modeled using eq 2,

��E� � �0 �
i

gi�E � Ei � E0�
n/E (2)

where �0 is an energy independent scaling factor, E is
the relative translational energy of the reactants, E0 is
the threshold for reaction of the ground electronic and
ro-vibrational state, and n is an adjustable parameter
that describes the efficiency of kinetic to internal energy
transfer [34]. The summation is over the ro-vibrational
states of the reactant cluster ions, i, where Ei is the
excitation energy of each state and gi is the population
of those states (	gi � 1). The populations of excited
ro-vibrational levels are not negligible even at 298 K as
a result of the many low-frequency modes present in
these ions. The relative reactivity of all ro-vibrational
states, as reflected by �0 and n, is assumed to be

equivalent.
The Beyer-Swinehart algorithm [35] is used to deter-

mine the density of the ro-vibrational states, and the
relative populations, gi are calculated by an appropriate
Maxwell-Boltzmann distribution at 298 K, the temper-
ature appropriate for the reactants. The vibrational
frequencies and rotational constants are derived from
electronic structure calculations as described in the
Theoretical Calculations section. The average vibra-
tional energies at 298 K of the Cu�(acetone)x clusters are
given in Table 1. We have increased and decreased the
scaled vibrational frequencies by 10 % to encompass the
range of average scaling factors needed to bring the
calculated frequencies into agreement with experimen-
tally determined frequencies as found by Pople et al.
[36]. The corresponding change in the average vibra-
tional energy is taken to be an estimate of one standard
deviation of the uncertainty in vibrational energy (Table
1).
We also consider the possibility that collisionally-

activated cluster ions do not dissociate on the time scale
of our experiment (approximately 10�4 s) by including
statistical theories for unimolecular dissociation, specif-
ically Rice-Ramsperger-Kassel-Marcus (RRKM) theory,
into eq 2 as described in detail elsewhere [22, 37]. This
requires sets of ro-vibrational frequencies appropriate
for the energized molecules and the transition states
(TSs) leading to dissociation. The former sets are given
in Tables 1 and 2, whereas we assume that the TSs are
loose and product-like because the interaction between
the copper ion and the acetone molecules is largely
electrostatic. In this case, the TS vibrations used are the

Table 1. Vibrational frequencies and average vibrational energies at 298 K

Species Evib, eVa Vibrational frequencies, cm�1 b

acetone 0.11 (0.01) 36, 132, 368, 477, 521, 771, 877, 880, 1074, 1109, 1221, 1383, 1385, 1461, 1465, 1469,
1486, 1788, 2985, 2992, 3040, 3047, 3104, 3105

Cu�(acetone) 0.14 (0.01) 84, 127, 308, 486, 489, 506, 848, 873, 904, 1101, 1105, 1263, 1391, 1393, 1440, 1447, 1461,
1468, 1700, 2992, 3001, 3046, 3054, 3116, 3117

Cu�(acetone)2 0.32 (0.02) 29, 30 (2), 96, 98, 155, 156, 235, 328, 452, 485 (2), 497 (2), 515, 833, 837, 878, 880, 904 (2),
1098, 1100, 1102 (2), 1261 (2), 1393 (2), 1396 (2), 1445, 1446, 1450 (2), 1463 (2), 1472
(2), 1714, 1724, 2993 (2), 3000, 3001, 3047 (2), 3055 (2), 3114 (3), 3115

Cu�(acetone)3 0.48 (0.03) 23, 26, 30, 33, 36, 38, 53, 75, 77, 87, 98, 111, 128, 135, 143, 160, 171, 226, 260, 281, 392,
401, 413, 477, 480, 481, 525, 568, 576, 802, 806, 807, 886, 887, 888, 904, 911, 913, 1076,
1077, 1084, 1100, 1103, 1106, 1253, 1261, 1262, 1389, 1390, 1393, 1397, 1398 (2), 1450,
1451, 1452, 1453, 1455 (2), 1460, 1462, 1466, 1474, 1476, 1478, 1681, 1683, 1704, 2989,
2990, 2991, 2996 (2), 2998, 3048 (2), 3049, 3055, 3057 (2), 3087, 3091, 3101, 3113, 3115,
3117

Cu�(acetone)4 0.66 (0.04) 5, 14, 21 (2), 25, 31, 34, 35, 44, 52, 61, 73, 79, 85, 87, 95, 103, 109, 116, 122, 133, 139, 148,
156, 188, 221, 241, 242, 387, 392, 394, 395, 474, 476, 477, 479, 543, 545, 549, 556, 793,
794 (2), 798, 882, 883, 884, 885, 905, 917, 918, 922, 1071, 1073, 1075, 1081, 1100, 1102,
1103, 1104, 1250, 1251 (2), 1252, 1389, 1390, 1391 (2), 1395 (3), 1397, 1452 (2), 1453,
1454, 1455, 1456, 1458 (2), 1463 (2), 1466, 1467, 1475, 1476, 1480, 1485, 1683, 1689,
1690, 1699, 2987, 2988, 2992 (3), 2993, 2998, 2999, 3047 (4), 3056, 3058, 3060, 3062,
3097, 3101, 3110 (3), 3112, 3113, 3115

aUncertainties listed in parentheses are determined as described in the text.
bVibrational frequencies (scaled by 0.9804) are obtained from a vibrational analysis of the geometry optimized structures for these species obtained
from density functional calculations performed at the B3LYP/6-31G* level. Frequencies indicated in boldface correspond to non-imaginary CH3
torsional motions and were replaced by 1-D rotors as indicated in Table 2.
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frequencies corresponding to the products, which are
also found in Table 1. The transitional frequencies,
those that become rotations and translations of the
completely dissociated products, are treated as rotors, a
treatment that corresponds to a phase space limit (PSL)
and is described in detail elsewhere [22]. Two of the
rotors are simply the two rotational constants of the
acetone product with axes that are perpendicular to the
reaction coordinate, and correspond to the its 2D rota-
tional constant (0.31 cm�1). In the Cu�(acetone) system,
which yields one atomic product, these are the only two
transitional modes. For the larger clusters, three addi-
tional transitional modes exist. Two of these rotors are
the rotational constants of the Cu�(acetone)x�1 product,
again those that are perpendicular to the reaction coor-
dinate. Of the two rotational constants of the products
with axes that lie along the reaction coordinate, one is a
transitional mode and is assigned as the remaining
rotational constant of the acetone product (5.28 cm�1).
The other becomes the 1-D external rotor of the TS.
These are listed in Table 2. The external rotations of the
energized molecule and TS are also included in the
modeling of the CID data. The 2D external rotational
constant of the TS is determined by assuming that the
TS occurs at the centrifugal barrier for the interaction of
Cu�(acetone)x�1 with the neutral acetone molecule,
calculated variationally as outlined elsewhere [22]. The
2-D external rotations are treated adiabatically but with
centrifugal effects included. The adiabatic 2-D rota-
tional energy is treated using a statistical distribution
with explicit summation over the possible values of the
rotational quantum number, as described in detail
elsewhere [22].
The model represented by eq 2 is expected to be

appropriate for translationally-driven reactions [38] and
has been found to reproduce CID cross sections well
[10, 11, 25, 30, 37, 39, 40]. The model is convoluted with
the kinetic energy distributions of both the reactant
cluster ion and neutral Xe atom, and a nonlinear least-
squares analysis of the data is performed to give opti-
mized values for the parameters �0, E0, and n. The error
associated with the measurement of E0 is estimated
from the range of threshold values determined for
different zero-pressure extrapolated data sets, varia-

tions associated with uncertainties in the vibrational
frequencies, and the error in the absolute energy scale,
0.05 eV (lab). For analyses that include the RRKM
lifetime effect, the uncertainties in the reported E0
values also include the effects of increasing and de-
creasing the time assumed available for dissociation by
a factor of 2.
Equation 2 explicitly includes the internal energy of

the ion, Ei. All energy available is treated statistically
because the ro-vibrational energy of the reactants is
redistributed throughout the ion upon impact with the
collision gas. The threshold for dissociation is by defi-
nition the minimum energy required leading to disso-
ciation and thus corresponds to formation of products
with no internal excitation. The threshold energies for
dissociation reactions determined by analysis with eq 2
are converted to 0 K bond energies by assuming that E0
represents the energy difference between reactants and
products at 0 K [41]. This assumption requires that there
are no activation barriers in excess of the endothermic-
ity of dissociation, which should be valid for the simple
electrostatic bond fission reactions examined here [42].

Theoretical Calculations

To obtain model structures, vibrational frequencies,
rotational constants, and energetics for the neutral
acetone ligand and for the Cu�(acetone)x clusters, den-
sity functional calculations were performed using
Gaussian 98 [43]. Geometry optimizations and fre-
quency analyses of the geometry optimized structures
were performed at the B3LYP/6-31G* level [44, 45],
When used to model the data or to calculate thermal
energy corrections, the B3LYP/6-31G* vibrational fre-
quencies are scaled by a factor of 0.9804 [46]. The scaled
vibrational frequencies thus obtained for these systems
are listed in Table 1, whereas Table 2 lists the rotational
constants. Single point energy calculations were per-
formed at the B3LYP/6-311�G(2d,2p) and MP2(full)/
6-311�G(2d,2p) levels using the B3LYP/6-31G* opti-
mized geometries. To obtain accurate bond dissociation
energies, zero point energy (ZPE) corrections were
applied and basis set superposition errors (BSSE) were
subtracted from the computed dissociation energies in

Table 2. Rotational constants of Cu�(acetone)x, x � 1–4 in cm�1

Reactant

Energized molecule Transition state

1-Da 1-Db 2-Dc 1-Dd 1-Db 2Dd 2-Dc,e

Cu�(acetone) 0.28 5.28 (2) 0.047 0.16 - 0.31 0.0048
Cu�(acetone)2 0.14 5.28 (4) 0.013 0.16, 0.28 5.28 (2) 0.31, 0.047 0.0064
Cu�(acetone)3 0.0097 5.28 (6) 0.016 0.16, 0.14 5.28 (4) 0.31, 0.013 0.0016
Cu�(acetone)4 0.011 5.28 (8) 0.0084 0.16, 0.0097 5.28 (6) 0.31, 0.016 0.0017

aActive external.
b1-D rotor replacing the frequency associated with CH3 torsional motion (in many instances, the calculated frequency is imaginary). Degeneracies
are given in parentheses.
cInactive external.
dRotational constants of the transition state treated as free internal rotors.
eTwo-dimensional rotational constant of the transition state at the threshold energy for dissociation, treated variationally and statistically.
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the full counterpoise approximation [47, 48]. The ZPE
corrections are small, and are 3.3, 4.0, 4.4, and 1.9
kJ/mol for the Cu�(acetone)x, x � 1–4 clusters, respec-
tively. Similarly, the BSSE corrections are small for the
B3LYP calculations and range from 2.7 to 3.4 kJ/mol,
but are significantly larger for the MP2 calculations, and
range from 12.0 to 18.5 kJ/mol. As will be discussed
later, the MP2 calculations may overestimate the BSSE
corrections necessary.

Results

Cross Sections for Collision-Induced Dissociation

Experimental cross sections are shown in Figure 1 for
the interaction of Cu�(acetone)x, x � 1–4, clusters with
Xe. The sequential loss of intact acetone molecules and

ligand exchange with Xe are the only processes ob-
served in these systems over the collision energy range
examined, typically 0 to 10 eV. The primary (most
favorable) process for all clusters is the loss of a single
acetone molecule in the CID reactions 3.

Cu��acetone�x � Xe

3 Cu��acetone�x�1 � acetone� Xe (3)

The maximum cross section for reaction 3 (as well as the
total cross section) increases in magnitude as the size of
the Cu�(acetone)x cluster increases, from�3.8 to 11.6 to
72 to 108 Å2 for x � 1 to 4, respectively. In contrast, the
threshold for reaction 3 increases slightly from x � 1 to
2, and then decreases with increasing size of the cluster.

Figure 1. Cross sections for the collision-induced dissociation of the Cu�(acetone)x, x � 1–4 [parts
(a) through (d), respectively], with Xe as a function of the kinetic energy in the center-of-mass frame
(lower x-axis) and laboratory frame (upper x-axis). Data are shown for a Xe pressure of �0.2 mTorr.
Primary, secondary, tertiary, and quaternary product cross sections are shown as an open circle, open
inverted triangle, open diamond, and open triangle, respectively. Primary, secondary, and tertiary
ligand exchange product cross sections are shown as a filled triangle, filled square, and filled inverted
triangle, respectively.
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This behavior is not consistent with conventional ideas
of ligation of gas-phase ions; i.e., stepwise sequential
bond energies decrease because of increasing electro-
static repulsion between the ligands, causing the dis-
tance between the cation and ligands to increase. How-
ever, this behavior has been observed for other
transition metal ions binding to a number of different
ligands and can be explained in terms of 4s-3d �
hybridization effects as discussed below [11, 25, 27, 28].
Dissociation of additional acetone ligands is ob-

served for the larger clusters at elevated energies. The
shapes of the CID product cross sections confirm that
these clusters are formed sequentially from the larger
clusters, i.e., the primary product, Cu�(acetone)x�1,
decreases as the secondary product, Cu�(acetone)x�2,
appears. Similar behavior is observed for the higher
order dissociation processes. In all cases, complete
dissociation of the reactant cluster ion to produce bare
Cu� is observed. As the size of the cluster increases,
higher order dissociation (secondary, tertiary, and qua-
ternary) accounts for a greater percentage of the total
cross section, approximately 2, 8, and 60 % for x � 2, 3,
and 4, respectively, at the highest energies examined. In
general, the cross section magnitude decreases from the
primary to secondary to tertiary to quaternary dissoci-
ation product at all energies examined. However, a
deviation from this behavior occurs for the
Cu�(acetone)4 cluster, where the primary and second-
ary product cross sections are observed to cross at �3.5
eV such that the magnitude of the secondary product,
Cu�(acetone)2, is larger than that of the primary prod-
uct, Cu�(acetone)3, at high energies. This is likely the
result of 4s-3d � hybridization effects that leads to very
strong binding for the first two ligands as discussed
below.
The cross sections for ligand exchange decrease as

the size of the cluster increases. For the case of x � 1, the
cross section for the ligand exchange process is substan-
tial, having a maximum nearly 17 % as large as the CID
process. The magnitude of the ligand exchange cross
section for the x � 2 cluster is half as large as it is for the
x � 1 cluster, but its contribution to the total cross
section has dropped by nearly a factor of five, such that

it accounts for less than 4 % of the total cross section.
Similarly, the ligand exchange cross sections continue
to decrease with increasing solvation such that for the
x � 3 and 4 clusters, the ligand exchange processes
account for less than 0.3 and 0.2 % of the total cross
section.

Threshold Analysis

The model of eq 2 was used to analyze the thresholds
for reactions 3 in all four Cu�(acetone)x systems. As
previously discussed [30, 37, 39], the analysis of the
primary CID thresholds provides the most reliable
thermochemistry for such studies. This is because sec-
ondary and higher order products are more sensitive to
lifetime effects, and additional assumptions are needed
to quantitatively include the multiple products formed.
The results of these analyses are provided in Table 3.
Experimental cross sections and fits to the data using

a loose PSL model are shown in Figure 2 for loss of a
single acetone molecule in the interaction of
Cu�(acetone)x, x � 1–4, clusters with Xe (reaction 3). In
all cases, the experimental cross sections for reaction 3
are accurately reproduced using a loose PSL TS model
[22]. Previous work has shown that this model provides
the most accurate assessment of the kinetic shifts for
CID processes for electrostatic ion-molecule complexes
[10–22]. Good reproduction of the data is obtained over
energy ranges exceeding 3.5 eV and cross section mag-
nitudes of at least a factor of 100. For the x � 3 and 4
clusters, the cross sections are finite at the lowest
energies we examine, and hence, the reproduction does
not cover quite the same magnitude range.
Two values of E0 are listed in Table 3 for each cluster:

One for analyses that do not include the RRKM lifetime
effects, and one where the lifetime analysis is included
(a loose PSL TS model). The unimolecular dissociation
rate and therefore the kinetic shifts observed for these
systems depend both upon the threshold energy and
the number of acetone molecules surrounding the cop-
per ion. The total number of vibrations increases with
the size of the cluster from 27 for Cu�(acetone) to 117
for Cu�(acetone)4. Likewise, the number of heavy at-

Table 3. Fitting parameters of eq 2, threshold dissociation energies at 0 K, kinetic shifts, and entropies of activation at 1000 K of
Cu�(acetone)x, x � 1–4a

Species �0
a nb E0

c (eV)
E0(PSL)

(eV)

Kinetic
shift
(eV)

�S†(PSL)
(J mol�1 K�1)

Cu�(acetone) 3.0 (0.1) 1.2 (0.1) 2.21 (0.03) 2.06 (0.04) 0.15 30 (1)
Cu�(acetone)2 18.5 (0.9) 0.9 (0.1) 2.83 (0.04) 2.17 (0.07) 0.66 54 (3)
Cu�(acetone)3 61.2 (1.2) 1.2 (0.1) 0.72 (0.04) 0.67 (0.03) 0.05 113 (3)
Cu�(acetone)4 139.9 (7.1)d 0.7 (0.1)d 0.87 (0.04)d 0.63 (0.03)d 0.24d 82 (3)d

129.6 (4.7)e 0.4 (0.1)e 0.95 (0.03)e 0.72 (0.03)e 0.23e 82 (3)e

aUncertainties are listed in parentheses.
bAverage values for loose PSL transition state.
cNo RRKM analysis.
dAverage values obtained when fitting the total cross section.
eAverage values obtained when fitting the channel corresponding to the loss of one acetone molecule.
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oms increases from 5 to 17 as the size of the cluster
increases from one to four acetone molecules. Thus the
number of low frequency vibrations, those resulting in
the largest impact on the density of states and therefore
lifetime of the dissociating cluster, increase with the size
of the cluster. The density of states also increases with
energy such that kinetic shifts increase with threshold
energy. Thus, dissociation of the Cu�(acetone) system
exhibits a modest kinetic shift of 0.15 eV. The
Cu�(acetone)2 system exhibits a much larger kinetic
shift of 0.66 eV, while Cu�(acetone)3 and Cu

�(acetone)4
exhibit kinetic shifts of 0.05 and 0.24 eV, respectively.
Thus, the kinetic shifts observed for the Cu�(acetone)3
and Cu�(acetone)4 clusters are smaller than for the
Cu�(acetone)2 cluster as a result of the much weaker
binding in the former systems (Table 3).
Two sets of fitting parameters are listed in Table 3 for

the Cu�(acetone)4 cluster. These represent analysis of
the total cross section for dissociation and an analysis of
the cross section for loss of a single acetone molecule.
The experimental cross section and fit to the total CID
cross section using a loose PSL TS model is shown in
Figure 3 for the interaction of the Cu�(acetone)4 cluster
with Xe. For the x � 1, 2, and 3 clusters, these two
models give identical results. For the x � 4 cluster, the
fitting parameters obtained using the two models differ
somewhat, and result in threshold values that differ by
0.09 eV. In this system, the cross section for reaction 3 is
strongly affected by subsequent dissociation shortly
after the threshold, such that the energy range unaf-
fected by this second-order process is narrow. As a
result, the fits of the total cross section were able to
reproduce the data with higher fidelity.
The entropy of activation, �S†, is a measure of the

Figure 2. Zero-pressure-extrapolated primary product cross section for collision-induced dissocia-
tion of the Cu�(acetone)x, x � 1–4 [parts (a) through (d), respectively], with Xe in the threshold region
as a function of kinetic energy in the center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). A solid line shows the best fit to the data using eq 2 convoluted over the neutral and
ion kinetic energy distributions. A dashed line shows the model cross sections in the absence of
experimental kinetic energy broadening for reactants with an internal energy corresponding to 0 K.
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looseness of the TS and also a reflection of the complex-
ity of the system. It is largely determined by the
molecular parameters used to model the energized
molecule and the TS, but also depends upon the thresh-
old energy. Listed in Table 3, �S†(PSL) values at 1000 K
range between 30 and 113 J K�1 mol�1 for the clusters
containing one to four acetone molecules. The entropies
of activation for the x � 1 and 2 clusters compare favor-
ably to a wide variety of noncovalently bound complexes
previously measured in our laboratory. These values also
compare favorably to the �S†1000 values in the range of
29–46 J K�1 mol�1 collected by Lifshitz for several simple
bond cleavage dissociations of ions [49]. The much larger
entropies of activation determined for the x � 3 and 4

clusters are likely the result of the conformational changes
in the acetone ligands associated with steric crowding in
these clusters.

Theoretical Results

Theoretical structures for the neutral acetone ligand and
for the Cu�(acetone)x, x � 1–4 clusters were calculated
as described above. Table 4 gives details of the final
geometries for each of these species at the B3LYP/6-
31G* level of theory. Results for the most stable confor-
mation of the Cu�(acetone)x, x � 1–4 clusters are shown
in Figure 4 [50].
As pointed out earlier [51], many commonly used

aprotic solvents are characterized by a permanent di-
pole in which the positive charge is diffusely distrib-
uted over a large part of the molecule while the nega-
tive charge is concentrated in a small, accessible end of
the molecule. For acetone, this corresponds to the lone
pair of electrons on the carbonyl oxygen atom. Thus it is
not surprising that the calculations find that the Cu� ion
prefers to be bound to the lone pair of electrons on the
carbonyl oxygen atom along the axis of the C¢O bond,
rather than to the �-electrons of the C¢O bond. At-
tempts to calculate a stable Cu�(acetone) complex in
which Cu� binds to the �-electrons of the C¢O bond
always converged to the structure in which binding
occurs to the lone pair of electrons on the carbonyl
oxygen atom. Thus, calculations of structures involving
binding of Cu� to the �-electrons of the C¢O bond(s)
were not pursued for the larger clusters. The distortion
of the acetone molecule that occurs upon complexation
to Cu� is very minor. The change in geometry is largest
for the smallest cluster, Cu�(acetone), and decreases
with increasing number of solvent molecules. Bond
lengths and bond angles change in the most extreme
cases by less than 0.029 Å and 3.2°, respectively. The
arrangement of the acetone molecules around the cop-
per ion in the Cu�(acetone)x clusters approaches the

Figure 3. Zero-pressure-extrapolated total cross section for col-
lision-induced dissociation of the Cu�(acetone)4 with Xe in the
threshold region as a function of kinetic energy in the center-of-
mass frame (lower x-axis) and the laboratory frame (upper x-axis).
A solid line shows the best fit to the data using eq 2 convoluted
over the neutral and ion kinetic energy distributions. A dashed
line shows the model cross sections in the absence of experimental
kinetic energy broadening for reactants with an internal energy
corresponding to 0 K.

Table 4. B3LYP/6-31G* geometry optimized structures of acetone and Cu�(acetone)x, x � 1–4a

Species

Bond length (Å) Bond angle (°)

Cu�™O C¢O C™C C™H OCu�O Cu�OC CCC CCH HCH

acetone - 1.216 1.521 1.097 (4) - - 116.5 110.5 (4) 109.6 (4)
1.092 (2) 109.9 (2) 106.8 (2)

Cu�(acetone) 1.734 1.245 1.495 1.098 (4) - 180.0 119.7 109.7 (4) 109.8 (4)
1.091 (2) 111.5 (2) 106.2 (2)

Cu�(acetone)2 1.762 1.240 1.499 1.097 (8) 179.9 179.9 119.3 109.8 (8) 109.7 (8)
1.091 (4) 111.2 (4) 106.3 (4)

Cu�(acetone)3 1.881 (2) 1.240 (2) 1.502 1.097 (12) 124.8 158.5 119.2 110.2 (12) 109.6 (12)
1.903 1.237 1.092 (6) 121.0 134.9 110.5 (6) 106.6 (6)

114.2 129.2
Cu�(acetone)4 1.966 1.237 1.505 1.097 (16) 97.5 (2) 134.0 (2) 118.3 110.8 (16) 109.6 (16)

1.092 (8) 103.5 (2) 139.8 (2) 109.2 (8) 106.9 (8)
129.4 (2)

aAverage values are provided when there exists more than one essentially equivalent bond length or bond angle. In cases where like atoms are
involved but are found to be inequivalent, the numbers in parentheses indicate the number of bond lengths or bond angles that are equivalent. When
no numbers are given in parentheses, all bond lengths or angles are equivalent.
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Figure 4. Optimized B3LYP/6-31G* ground state geometries of Cu�(acetone)x, x � 1–4. The x � 1
complex and two views of the x � 2 complex are shown in part (a), two views of the x � 3 and 4
complexes are shown in parts (b) and (c), respectively.
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ideal structures predicted by the valence shell electron
pair repulsion (VSEPR) model, e.g., linear for x � 1 and
2, trigonal planar for x � 3, and tetrahedral for x � 4
[52]. However, modest deviations from these idealized
structures are observed for the x � 3 and 4 clusters. The
Cu�™O bond lengths increase as the number of acetone
molecules surrounding the Cu� ion increases. All of the
Cu�™O bond lengths are equivalent for the x � 2, and 4
clusters, but are not equivalent for the x � 3 cluster. In
addition, the OCu�O bond angles are not all equivalent
in either structure. It can therefore be assumed that the
third and even the fourth acetone molecules do not
provide a strong enough ligand field to completely
overcome 4s-3d � hybridization effects of the Cu� ion
(see discussion below). It is interesting to note that for
the x � 1 and 2 clusters, the Cu� ion lies along the
dipole moment of the acetone ligand, whereas this is
not the case for the x � 3 and 4 clusters. These
deviations are likely the result of steric effects associ-
ated with the crowding of multiple ligands around the
copper ion.

Conversion from 0 to 298 K

To allow comparison to commonly used experimental
conditions, we convert the 0 K bond energies deter-
mined here (experimentally and theoretically) to 298 K
bond enthalpies and free energies. The enthalpy and
entropy conversions are calculated using standard for-
mulas (assuming harmonic oscillator and rigid rotor
models) and the vibrational and rotational constants

determined for the B3LYP/6-31G* optimized geome-
tries, which are given in Tables 1 and 2. Table 5 lists 0
and 298 K enthalpy, free energy, and enthalpic and
entropic corrections for all systems experimentally de-
termined (from Table 3). Uncertainties in the enthalpic
and entropic corrections are determined by 10% varia-
tion in the molecular constants. Because theory may not
adequately describe the weak interactions in these
systems, the listed uncertainties also include contribu-
tions from scaling all frequencies below 150 cm�1 up
and down by a factor of two. The latter provides a
conservative estimate of the computational errors in
these low frequency modes and is the dominant source
of the uncertainties listed.

Discussion

Comparison of Theory and Experiment

The sequential BDEs for the Cu�(acetone)x, x � 1–4
clusters at 0 K measured here by guided ion beam mass
spectrometry are summarized in Table 6. The value for
x � 4 represents the value obtained from fitting the total
cross section with an error estimate that takes into
account the different threshold values obtained fitting
both the primary CID channel and the total cross
section. Also listed here are the 0 K BDEs calculated
at both the B3LYP/6-311�G(2d,2p)//B3LYP/6-31G*
and MP2(full)/6-311�G(2d,2p)//B3LYP/6-31G* levels,
including zero point energy corrections and basis set

Table 5. Enthalpies and free energies of binding of Cu�(acetone)x, x � 1–4 at 298 K in kJ/mola

System �H0 �H0
b �H298–�H0

b �H298 �H298
b T�S298

b �G298 �G298
b

Cu�(acetone) 198.6 (4.3) 180.1 3.2 (0.3) 201.8 (4.3) 183.3 24.4 (0.2) 177.4 (4.3) 158.9
Cu�(acetone)2 209.8 (6.5) 192.9 0.2 (0.5) 210.0 (6.5) 193.1 39.5 (2.8) 170.5 (7.1) 153.6
Cu�(acetone)3 64.3 (2.4) 54.4 1.3 (2.0) 65.6 (3.1) 55.7 53.3 (3.9) 12.3 (5.0) 2.4
Cu�(acetone)4 61.0 (5.4) 44.9 0.6 (1.5) 61.6 (5.6) 45.5 46.6 (5.4) 15.0 (7.8) �1.1

aUncertainties are listed in parentheses.
bAb initio values from calculations at the MP2(full/6-311�G(2d,2p)//B3LYP/6-31G* level of theory.

Table 6. Bond dissociation enthalpies of Cu�(acetone)x, x � 1–4 at 0 K in kJ/mol

Complex

Experiment

Theory

B3LYP MP2

TCID
a

De
b D0

b,c D0,BSSE
b,d De

e D0
c,e D0,BSSE

d,e

Cu�(acetone) 198.6 (4.3) 206.3 203.0 200.6 195.7 192.4 180.1
Cu�(acetone)2 209.8 (6.5) 198.6 194.6 191.2 208.9 204.9 192.9
Cu�(acetone)3 64.3 (2.4) 67.0 62.6 59.9 73.9 69.4 54.4
Cu�(acetone)4 61.0 (5.4) 39.1 37.2 34.0 65.2 63.4 44.9

MADf 11.3 (10.2) 13.0 (11.9) 4.6 (1.6) 15.3 (3.8)

aPresent results, threshold collision-induced dissociation.
bCalculated at the B3LYP/6-31�G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries.
cIncluding zero point energy corrections with B3LYP/6-31G* frequencies scaled by 0.9804.
dAlso includes basis set superposition error corrections.
eCalculated at the MP2(full)/6-311�G(2d,2p) level of theory using the B3LYP/6-31G* optimized geometries.
fMean Absolute Deviation (MAD) between 0 K experimentally measured (TCID) values and theoretically calculated values.
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superposition error corrections [53, 54]. The agreement
between theory and experiment is illustrated in Figure 5.

Cu�(acetone)x, x � 1–2

The present results are the first direct measurements of
the BDEs for the Cu�(acetone) and Cu�(acetone)2 com-
plexes. As can be seen in Figure 5, excellent agreement
between B3LYP theory and experiment is found for the
Cu�(acetone) cluster. The experimental values lie 2.0
kJ/mol below the B3LYP value, well within the exper-
imental error of this measurement (4.3 kJ/mol) and the
expected accuracy of this level of theory. The agreement
between MP2 theory and experiment is much poorer.
The MP2 value is 18.5 kJ/mol lower than the experi-
mental value. It has previously been suggested that
BSSE corrections overestimate the effects associated
with the differing sizes of the basis set used to calculate
the cluster versus the products and can lead to binding
energies that are too low [55]. Indeed, much better
agreement is obtained when BSSE corrections are not
included. In this case, the MP2 value lies 6.2 kJ/mol
below the measured value.
The agreement between B3LYP theory and experi-

ment is not nearly so good for the Cu�(acetone)2 cluster.
In contrast to the measured value, B3LYP finds a
weaker bond for this cluster than the Cu�(acetone)
cluster. The B3LYP value lies 18.6 kJ/mol below the
value measured here. The MP2 value agrees well with
the B3LYP and is 16.9 kJ/mol below the measured
value. Again, much better agreement is found when
BSSE corrections are not included. In this case, the MP2

value lies 4.9 kJ/mol below the measured value, well
within the experimental error of this measurement (6.5
kJ/mol) and the expected accuracy of this level of
theory. In contrast to that found using B3LYP theory,
MP2 finds a stronger bond for the second ligand regard-
less of whether or not BSSE corrections are included,
consistent with the experimentally measured trend.
Similar results have previously been noted in an earlier
study of the solvation of Cu� by CH3OCH3, where
B3LYP theory failed to accurately predict the relative
bond energies of the first two ligands to Cu�, whereas
MP2 theory was found to do a much better job [28].

Cu�(acetone)x, x � 3–4

The BDEs for Cu�(acetone)x, x � 3 and 4 have not been
previously measured. As can be seen in Figure 5, the
theoretical BDEs for these clusters are consistently
lower than the experimentally determined values. In
fact, the deviation between the calculated and mea-
sured values increases with increasing size of the clus-
ter. For the x � 3 cluster, the B3LYP values lies 4.4
kJ/mol below the experimental value, just outside the
experimental error of this measurement (2.4 kJ/mol),
but well within the expected accuracy of this level of
theory. The agreement between MP2 theory and exper-
iment is poorer. The MP2 value is 9.9 kJ/mol lower than
the experimental value. Again, much better agreement
is observed when BSSE corrections are not included. In
this case, the MP2 value lies 5.1 kJ/mol above the
experimental value. The agreement between B3LYP
theory and experiment is not nearly as good for the x �
4 cluster. The B3LYP value lies 27.0 kJ/mol below the
experimental value. The MP2 value is in better agree-
ment with theory but is also lower than the experimen-
tal value by 16.1 kJ/mol. Once again, much better
agreement is observed when BSSE corrections are not
included. In this case, the MP2 value lies 2.4 kJ/mol
above the measured value.
Overall, the observed agreement between theory and

experiment seems reasonable, Table 6. The mean abso-
lute deviation (MAD) between the experimentally mea-
sured and B3LYP values is 13.0 
 11.9 kJ/mol. Al-
though not a large effect, the MAD for the B3LYP values
improves to 11.3 
 10.2 kJ/mol when BSSE corrections
are not included. The MAD for the MP2 values is larger,
15.3 
 3.8 kJ/mol. As discussed earlier, agreement with
the experimental values greatly improves for the MP2
values when BSSE corrections are not included. In this
case, the MAD between theory and experiment is only
4.6 
 1.6 kJ/mol. Thus the current results support the
suggestion by Feller that BSSE corrections can lead to
binding energies that are too low [55].

Trends in the Sequential BDEs

The BDEs of Cu�(acetone)x are observed to increase
from x � 1 to 2 and both are quite strong. A sharp
decrease in the BDE occurs for x � 3, and then a fairly

Figure 5. Experimental and theoretical bond energies at 0 K (in
kJ/mol) of [(acetone)x�1Cu

�–acetone] plotted versus x.
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small decrease is observed for x � 4. Similar behavior
has been observed in the solvation of Cu� binding to
several other ligand molecules, e.g., CH3CN [11], H2O
[25, 26], NH3 [27], and CH3OCH3 [28]. A comparison of
the trends in the sequential binding energies of Cu� to
acetone and the ligands mentioned above is shown in
Figure 6. As can be seen in the figure, the trends in the
sequential binding energies are very similar for all five
ligands. Binding to the nitrogen containing ligands is
stronger for the x � 1 and 2 clusters. Ammonia appears
to be the most strongly bound ligand, but as observed
earlier, the sum of the BDEs for the x � 1 and 2 ligands
appears to be too high by �28 kJ/mol. The relative
errors in the individual BDEs is not known, but com-
parison to other ligands suggests that the relative
values are reasonable and that both BDEs are too high.
In this case, CH3CN would be more strongly bound
than NH3 as expected based upon the dipole moments
and polarizabilities of these two ligands, 3.92 and 1.47 D
[56] and 4.48 and 2.26 Å3 [57], respectively. In contrast,
NH3 appears to be the most weakly bound ligand for
the x � 3 and 4 clusters. For all four other ligands, the
trends are very nearly parallel. Amongst the oxygen
containing ligands, binding to acetone is stronger than
to dimethylether, which in turn is stronger than to
water. This trend also parallels the polarizability of
these oxygen ligands, 6.40, 5.15, and 1.45 Å3, respec-
tively. However, this trend differs somewhat from
trend in the dipole moments for these ligands, 2.88,
1.30, and 1.85 D, respectively. This suggests that the

much larger polarizability of dimethylether compared
to water overcomes the smaller dipole moment.
These trends in the sequential BDEs of the

Cu�(ligand)x clusters can be understood on the basis of
two effects that were first explained by Bauschlicher et
al., 4s-3d � hybridization of Cu� and ligand–ligand
repulsion [58]. They attributed the very strong bonds
for the first two solvent molecules to the presence of
4s-3d � hybridization of the orbitals on Cu�. Cu� is a
4s03d10 ion, thus the d � orbital is occupied and leads to
greater Pauli repulsion between the metal ion and the
ligand than when it is unoccupied. 4s-3d � hybridiza-
tion is one mechanism by which that Pauli repulsion
can be reduced by hybridizing electron density away
from the ligand in a direction perpendicular to the
bonding axis. This allows the first two ligands to
approach Cu� with minimum electronic repulsion. As
can be seen in Figure 6, the BDE to the second ligand is
generally stronger than to the first ligand because the
energetic cost associated with the hybridization of these
orbitals is paid for by the first ligand.
4s-3d � hybridization effects continue to influence

the larger clusters because additional ligands placed
around Cu� experience greater electron repulsion with
the occupied 4s-3d � orbital. This results in much
weaker BDEs for these additional ligands. 4s-3d �
hybridization effects also exert an influence on the
geometry of the larger clusters. As mentioned above,
the deviations from ideal VSEPR structures found for
the x � 3 and 4 clusters are likely the result of 4s-3d �
hybridization effects. The third acetone molecule does
not appear to provide a strong enough ligand field to
overcome these effects such that two of the Cu�™O
bonds are shorter than the third, Table 3, indicating
stronger binding to these ligands. In addition, the
corresponding OCu�O bond angle, for the more tightly
bound acetone molecules, is closer to linear. Addition of
the fourth acetone appears to provide a strong enough
ligand field to overcome most of the 4s-3d � hybridiza-
tion effects resulting in 4 equivalent Cu�™O bonds.
However, the ligand field created by these four acetone
molecules is still not able to completely overcome the
4s-3d � hybridization effects as the OCu�O bond angles
are not all equivalent. Similar effects associated with the
geometries of the Cu�(ligand)x, x � 3 and 4 clusters
were also observed for other ligands [11, 28].
Ligand–ligand repulsion also influences the binding

energies and geometries of the multiply ligated com-
plexes. The bond energies decrease with increasing
ligation as a result of two effects that act in concert.
Increasing ligation leads to increasing electrostatic re-
pulsion between the ligands. In addition, the individual
electrostatic interactions become weaker because the
positive charge on Cu� is stabilized by multiple inter-
actions with the lone pairs of electrons from the car-
bonyl oxygen atoms. Both effects act in concert to
increase the distance between Cu� and the ligands,
resulting in weaker binding.

Figure 6. Experimental bond dissociation energies at 0 K (in
kJ/mol) of [(ligand)x�1Cu

�–(ligand)] plotted versus the number
of ligands x. Literature values are taken from Vitale et al. for
CH3CN [11], Dalleska et al. for H2O [26], Walter and Armentrout
for NH3 [27], and Koizumi et al. for CH3OCH3 [28].
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Anchoring of the Relative Cu�L2 3 Cu� � 2L
Affinity Scale

In their work on the determination of total bond ener-
gies of copper ion–ligand L complexes, CuL2

�, Jones and
Staley reported relative free energies for the reaction,
CuL2

� � Cu� � 2L for some 43 different ligands. These
values were determined by measuring exchange equi-
libria of the type Cu�A2 � 2B ^ CuB2

� � 2A in an ion
cyclotron resonance mass spectrometer (ICR MS) [23].
The ligands they examined were relatively weakly
bonding ligands, most of which were oxygen bases, and
included acetone. In later work, Deng and Kebarle
measured further equilibria of this type in a high-
pressure mass spectrometer (HPMS) for 23 different
ligands [24]. The ligands they examined included 10 of
the original ligands examined by Jones and Staley as
well as more strongly bonding nitrogen bases. Deng
and Kebarle converted the relative values they mea-
sured to absolute values by anchoring those values
using theoretical values determined by Bauschlicher
and co-workers [58] for Cu�(NH3)2. Deng and Kebarle
chose to anchor their results in this way because the
only experimentally measured values available at that
time were for Cu�(H2O)2 [25], which was not directly
measured in their study, but was included in the
absolute values they reported. In addition, Deng and
Kebarle missed work by Dalleska et al. [26] who had
also measured the sequential BDEs of H2O to the
first-row transition-metal monocations by threshold
CID techniques. If Dalleska et al.’s measured values for
the Cu�(H2O)x, x � 1–2 complexes are combined and
compared to the value reported by Deng and Kebarle,
after appropriate temperature corrections [59], a differ-
ence of 29.2
 17.5 kJ/mol in the total binding energy of
Cu�(H2O)2 at 0 K is found, Table 7. This suggests that

Deng and Kebarle’s choice of the theoretical binding
energy for Cu�(NH3)2, calculated by Bauschlicher and
co-workers, to anchor their values leads to absolute
values that are too low. Since this time, there have been
several additional studies of the sequential BDEs of
various ligands to Cu�, which might also be used to
anchor the CuL2

� relative affinity scale. The first of these
is a study by Walter and Armentrout [27] that appeared
at about the same time that Deng and Kebarle’s work
appeared. In this study, Walter and Armentrout mea-
sured the sequential BDEs of NH3 to the first-row
transition-metal monocations by threshold CID tech-
niques. If Walter and Armentrout’s measured values for
the Cu�(NH3)x, x � 1–2 complexes are combined and
compared to the value reported by Deng and Kebarle,
after appropriate temperature corrections [60], a differ-
ence of 56.5 
 25.5 kJ/mol is found, Table 7. This too
suggests that all of the values reported by Deng and
Kebarle are too low. However, this work suggests that
Deng and Kebarle’s values should be raised by a much
larger amount. Recently, Koizumi et al. [28] measured
the sequential BDEs of dimethylether, CH3OCH3, to
Cu�, again using threshold CID techniques. If Koizumi
et al.’s measured values for the Cu�(CH3OCH3)x, x �
1–2 complexes are combined and compared to the
values reported by Jones and Staley, and Deng and
Kebarle, after appropriate temperature corrections, a
difference of 25.2 
 25.1 kJ/mol is found, Table 7. This
too suggests that the values reported by Deng and
Kebarle are too low, but by a similar amount to that
found when Dalleska et al.’s values for H2O are used to
anchor the scale. Another recent study by Vitale et al.
[11], in which the sequential BDEs of CH3CN to Cu�

were measured using threshold CID techniques, might
also be used to anchor the CuL2

� relative affinity scale.

Table 7. Anchoring of the relative Cu�L2 3 Cu� � 2 L affinity scale

System �H0 �G393 �H393-�H0 T�S393 �H0 �(�H0)

Cu�(H2O) 157.3 (7.7)a 3.4 (0.4)c 30.2 (2.6)c

Cu�(H2O)2 169.8 (6.8)a 3.1 (1.0)c 48.1 (2.3)c

Sum of BDEs 327.1 (14.5)a 226.1 (8.4)b 6.5 (1.4)c 78.3 (4.9)c 297.9 (9.8) 29.2 (17.5)
Cu�(CH3OCH3) 185.3 (11.6)d 0.3 (1.4)d 36.4 (5.4)d

Cu�(CH3OCH3)2 193.0 (7.7)d �3.9 (0.6)d 44.9 (8.2)d

Sum of BDEs 378.3 (19.3)d 268.2 (8.4)be �3.6 (2.0)d 81.3 (13.6)d 353.1 (16.1) 25.2 (25.1)
Cu�(acetone) 198.6 (4.3)f 3.9 (0.3)f 33.3 (0.3)f

Cu�(acetone)2 209.8 (6.5)f �0.4 (0.5)f 52.0 (3.6)f

Sum of BDEs 408.4 (10.8)f 310.5 (8.4)b 3.5 (0.8)f 85.3 (3.9)f 392.3 (9.3) 16.1 (14.2)
Cu�(NH3) 237.0 (14.0)g 6.1 (0.4)c 37.7 (0.2)c

Cu�(NH3)2 246.0 (9.6)g 3.6 (1.3)c 52.5 (4.4)c

Sum of BDEs 483.0 (23.6)g 346.0 (8.4)b 9.7 (1.7)c 90.2 (4.6)c 426.5 (9.7) 56.5 (25.5)
Cu�(CH3CN) 238.1 (3.2)c 1.8 (1.2)c 40.3 (4.1)c

Cu�(CH3CN)2 238.3 (8.6)c �1.2 (0.5)c 51.5 (5.6)c

Sum of BDEs 476.4 (11.8)c 356.9 (8.4)b 0.6 (1.7)c 91.8 (9.7)c 448.1 (12.9) 28.3 (17.5)

aDalleska et al. [26]
bDeng and Kabarle [24]
cVitale et al. [11]
dKoizuma et al. [28]
eJones and Staley [23]
fPresent results.
gWalter and Armentrout [27]
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If Vitale et al.’s measured values for the Cu�(CH3CN)x,
x � 1–2 complexes are combined and compared to the
value reported by Deng and Kebarle, after appropriate
temperature corrections, a difference of 28.3 
 17.5
kJ/mol is found, Table 7. Yet again, the absolute values
measured in this study suggest that the values reported
by Deng and Kebarle are too low. Finally, the values
measured here for acetone might also be used to anchor
the CuL2

� relative affinity scale. If the values measured
here for Cu�(acetone)x, x � 1–2 complexes are com-
bined and compared to the value reported by Deng and
Kebarle, after appropriate temperature corrections, a
difference of 16.1 
 14.2 kJ/mol is found, Table 7. Thus
the work performed here also suggests that the values
reported by Deng and Kebarle are too low.
From the above analysis, it seems clear that use of

Bauschlicher and co-workers theoretical values for
Cu�(NH3)x to anchor Deng and Kebarle’s scale of Cu

�

binding affinities was inappropriate and results in
absolute values that are too low. Additional support for
this conclusion comes from the more accurate theoret-
ical calculations performed by Vitale et al. for these
clusters. At the B3LYP/6-311�G(2d,2p)//B3LYP/6-
31G* level of theory, they calculate a total binding
energy for Cu�(NH3)2 that is 8.5 kJ/mol greater than
that calculated by Bauschlicher and co-workers. Like-
wise, the use of Walter and Armentrout’s values for
Cu�(NH3)x, x � 1–2 complexes to anchor Deng and
Kebarle’s scale of Cu� binding affinities results in
absolute values that appear too high compared to the
other four studies. However, it should be noted that the
used of Walter and Armentrout’s values to anchor the
CuL2

� relative affinity scale still results in values that fall
within the combined experimental errors of these mea-
surements. The conclusion that Walter and Armen-
trout’s values might be too high comes from compari-
son of their values with the theoretical values
determined by Vitale et al. The total theoretical binding
energy they calculate for Cu�(NH3)2 is 33.5 kJ/mol
lower than that derived from Walter and Armentrout’s
measurements. Support for the reliability of Dalleska et
al.’s measurements comes from comparison to the the-
oretical values determined by Vitale et al. The total
theoretical binding energy Vitale et al. calculate for
Cu�(H2O)2 is only 9.2 kJ/mol lower than that derived
from Dalleska et al.’s measurements, well within the
experimental error of these measurements. Finally, the
theoretical total binding energy Vitale et al. calculate for
Cu�(CH3CN)2 is only 4.5 kJ/mol lower than their
measured values, again well within the experimental
error of their measurements. Thus internal consistency
is achieved for the eight studies involved (Vitale et al.,
Walter and Armentrout, Jones and Staley, Deng and
Kebarle, Magnera et al., Dalleska et al., Koizumi et al.,
and the present work) when the Cu� binding affinities
are anchored using the absolute values measured in the
any of the threshold CID studies. As mentioned above,
the values of Walter and Armentrout appear to be a
little too high, but are just within the combined exper-

imental errors of these measurements. This suggests
that the absolute values of Cu� binding affinities
(�G°393) reported by Deng and Kebarle should be
raised. The results of Dalleska et al. for Cu�(H2O)x
suggest that Deng and Kebarle’s values should be
raised by 29.2 
 17.5 kJ/mol. The results of Walter and
Armentrout for Cu�(NH3)2 suggest that Deng and
Kebarle’s values should be increased by 56.5 
 25.5
kJ/mol. The results of Vitale et al. for Cu�(CH3CN)x
suggest that Deng and Kebarle’s values should be
increased by 28.3
 17.5 kJ/mol. The results of Koizumi
et al. suggest that Deng and Kebarle’s values should be
raised by 25.2 
 25.1 kJ/mol. The present results
suggest that Deng and Kebarle’s values need only be
raised by 16.1 
 14.2 kJ/mol. In any case, internal
consistency is obtained within the experimental error
associated with these measurements. Therefore, the
values reported by Dalleska et al. for Cu�(H2O)x,
Walter and Armentrout for Cu�(NH3)2, Vitale et al. for
Cu�(CH3CN)x, Koizumi et al. for Cu

�(CH3OCH3)x, or
those reported here for Cu�(acetone)x provide accurate
absolute values by which relative Cu� binding affinities
might be anchored. A statistically weighted average of
the results from these five studies suggests that Deng
and Kebarle’s absolute scale should be raised by 27.0 

8.3 kJ/mol. The relative values reported by Jones and
Staley but not included in Deng and Kebarle’s work can
also be put on an absolute scale using the results of
Koizumi et al. for CH3OCH3 or those reported here for
acetone; the only two systems they measured in which
absolute values have been determined. Using either of
these two studies to anchor Jones and Staley’s relative
values results in values that are consistent to within 5
kJ/mol, well within the experimental error of these
measurements.

Conclusions

The kinetic energy dependence of the collision-in-
duced dissociation of Cu�(acetone)x, x � 1–4 with Xe
are examined in a guided ion beam mass spectrome-
ter. The dominant dissociation process in all cases is
loss of an intact acetone ligand. Thresholds for these
processes are determined after consideration of the
effects of reactant internal energy, multiple collisions
with Xe, and lifetime effects (using methodology
described in detail elsewhere) [22]. Insight into the
structures and binding energies of the Cu�(acetone)x
clusters is provided by ab initio and density func-
tional theory calculations of these complexes per-
formed at the B3LYP/6-311�G(2d,2p)//B3LYP/6-31G*
and MP2(full)/6-311�G(2d,2p)//B3LYP/6-31G* levels
of theory. The present results for all Cu�(acetone)x
clusters represent the first direct measurement of the
BDEs for these complexes. The total binding energy of
the Cu�(acetone)2 complex reported by Deng and Ke-
barle [24] using measured values by Jones and Staley
[23] (once properly anchored) is in very good agree-
ment with the value derived from our measurements. It
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should be noted that the values reported by Deng and
Kebarle [24] were anchored to theoretical values deter-
mined by Bauschlicher and co-workers [58] rather than
to experimentally measured values. The values they
reported should be correctly anchored to the values
measured by Dalleska et al. for H2O [26], Walter and
Armentrout for NH3 [27], Vitale et al. for CH3CN [11],
Koizumi et al. for CH3OCH3 [28], or to the values
measured here for acetone. The weighted average of the
results from these five studies suggests that Deng and
Kebarle’s absolute scale should be raised by 27.0 
 8.3
kJ/mol. The agreement between theory and experiment
is reasonable for x � 1–4 but varies both with the size of
the cluster and the level of theory employed. B3LYP
does an excellent job for the x � 1 and 3 clusters, but is
systematically low for the x � 2 and 4 clusters such that
the overall trends are not parallel. In contrast, all MP2
values are all somewhat low, but the overall trends
parallel the measured values for all clusters. Much
better agreement is observed between MP2 theory and
experiment when BSSE corrections are not included in
support of conclusions made earlier by Feller [55]. The
trends in the measured Cu�(acetone)x binding energies
are explained in terms of sd hybridization effects and
ligand–ligand repulsion in the clusters.
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