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The binding enthalpies at 0 K of the silver ion to water, methanol, ethanol, diethyl ether, and acetone were
calculated using density functional theory (DFT) using the hybrid B3LYP level of theory with the DZVP
basis set; they were also measured using the threshold collision-induced dissociation (CID) method. There is
good agreement between the two sets of data. For the five ligands, the DFT/threshold CID values are: water,
28.1/31.6( 2.5; methanol, 30.1/33.0( 3.7; ethanol, 32.0/33.9( 3.5; diethyl ether, 33.3/33.2( 1.5; and
acetone, 36.2/38.0( 1.4 kcal/mol. The average of the absolute differences between the DFT and threshold
CID results is 2.0 kcal/mol, a value smaller than the average experimental uncertainty of 2.5 kcal/mol. For
identical ligands, the silver ion binding energies are lower than the lithium ion binding energies, but higher
than the sodium ion binding energies.

Introduction

The bio-inorganic chemistry of the silver ion is diverse and
interesting. The Ag+ ion has long been used as a bactericide in
eye drops for newborns.1,2 Furthermore, some silver complexes
have been found to have remarkable antimicrobial activities.3,4

The metallothioneins, a class of small proteins believed to be
involved in metal detoxification in mammals, exhibit very high
affinities for Ag+.5,7 Binding of Ag+ to other proteins and
peptides has also been observed,8-10 and has been used as a
means for gas-phase sequencing of peptides.11

There has been very little work on the strength of the silver-
ligand bond in the gas phase for even the simplest ligands. The
binding energy between Ag+ and a ligand, L, is the enthalpy
change,∆H°T, of the following dissociation reaction at tem-
peratureT, typically 0 K

The earliest quantitative study of Ag+ complexes in the gas
phase was for Ag(H2O)n+ (wheren ) 1-6) and for Ag(NH3)n

+

(where n ) 2-5) using high-pressure mass spectrometry.12

Subsequently, the energies for formation of the diadducts, AgL2,
where L) water, primary alcohols, alkyl bromides, benzene,
methyl acetate, alkyl ketones, ammonia, methyl cyanide, di-
methyl sulfide, and dimethyl sulfoxide, were measured via
exchange equilibria in a modified atmospheric pressure ioniza-
tion mass spectrometer.13 The binding energies of Ag+ to
benzene, acetone, isoprene and 2-pentene were measured from
analysis of radiative association kinetics in a Fourier transform
mass spectrometer; these were found to agree well with
estimated values obtained from ab initio molecular orbital
calculations.14 Calculated binding energies of Ag+ to a number
of small ligands were reported.15 Recently, stepwise binding
energies of Ag+ to ammonia in Ag(NH3)n

+ (n ) 1-8) were

reported in a principally theoretical study using density func-
tional theory (DFT);16 good agreement with published experi-
mental data12 was reported.

Here, we report the binding energies of Ag+ to a number of
small oxygen-containing ligands, namely water, methanol,
ethanol, diethyl ether, and acetone. These, together with
ammonia, serve as models for some of the functional groups in
bio-macromolecules. The binding energies were obtained both
theoretically using DFT molecular orbital calculations and
experimentally using threshold collision-induced dissociation
(CID) measurements. The rationale in adopting this combined
approach was that (1) few silver binding energies exist for us
to verify the accuracy of either the DFT or threshold CID
approach; and (2) threshold CID experiments are typically
performed on specially constructed mass spectrometers.16-23

The silver (I) ion has 46 electrons with a closed shell structure
of 4s2 4p6 4d10; few basis sets have been optimized for this
element. The study on Ag+ binding to acetone and unsaturated
hydrocarbons14 employed the silver basis set developed by
Langhoff,25 which combines the relativistic effective core
potential of Hay and Wadt26 with a (6s6p5d3f)/[5s4p4d1f] set
describing the valence shell plus polarization functions. The
work on Ag+ binding to a number of small ligands15 employed
also the relativistic effective core potential of Hay and Wadt26

plus a double-zeta valence basis set for Ag+, and the 3-21G(d)
basis set for the ligand for geometric optimization at the MP2
level of theory. Single-point calculations at the CCSD(T) level
of theory were then employed, again with the Hay and Wadt
set for Ag+ and a 6-31G basis set for the ligand. The silver-
ammonia binding study16 used the double-zeta-valence-polariza-
tion (DZVP) basis set27,28 developed for DFT. Using the DFT
hybrid method, B3LYP,29-31 Shoeib et al.16 demonstrated that,
at least for Mg(NH3)n

‚+ complexes, the DZVP basis set produces
energies and structures that are comparable to those obtained
using the better-tested basis set, 6-31+G(d).32-35 For Ag-
(NH3)n+ complexes, the binding energies calculated using
B3LYP/DZVP agreed well with published experimental val-

* To whom correspondence should be addressed. Tel: (416) 650-8021.
Fax: (416) 736-5936. E-mail: kwmsiu@yorku.ca, siadfttcidpa4.

Ag+-L f Ag+ + L (1)

2908 J. Phys. Chem. A2002,106,2908-2914

10.1021/jp014005+ CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/28/2002



ues.12 Both the B3LYP/DZVP and the HF/LANL2DZ (a basis
set that combines the Hay and Wadt26 relativistic effective core
potential with a double-zeta description of the valence space)
approaches were found to yield comparable structures and
energetics for the silver(I)-glycine complex.10 Furthermore, in
a recent study the binding energies of acetonitrile to
Ag(NCCH3)n

+ (n ) 0 and 1) calculated using B3LYP/DZVP
were found to be virtually identical to experimental energies.36

In addition, the DZVP basis set has also been found to be
reliable in determining the structures and energetics of proto-
nated and methylated species, including those of the relatively
heavy atoms, Kr and Xe.37 Thus, there is evidence from the
few studies that are available to allow one to be guardedly
optimistic that accurate Ag+ binding energies can be calculated
using B3LYP/DZVP.

One of the most effective ways to measure metal ion-ligand
binding energies is threshold collision-induced dissociation.17-24

Under single-collision conditions, the threshold energy required
to dissociate the Ag+-L complex into Ag+ and L is the binding
energy of Ag+, provided that the observation window for the
dissociation is sufficiently wide, relative to the lifetime of the
collisionally activated complex, to render the kinetic shift
negligible.17-23 For complexes whose lifetimes are sufficiently
long for the kinetic shift to be sizable, the effect of the kinetic
shift must be subtracted from the apparent threshold energy.22,23

Threshold CID measurements have traditionally been measured
on guided ion beam tandem mass spectrometers specially
constructed for the purpose.17-23,38 In recent years, they have
also been successfully implemented on similar, commercially
available tandem mass spectrometers for electrospray-generated
ions.36,39-42 In this study, threshold CID binding energies of
Ag+ were measured on one of these tandem mass spectrometers.

Computational Methods

DFT calculations employing the hydrid B3LYP method (using
Becke’s three-parameter exchange functional29,30 and the cor-
relation functional from Lee, Yang, and Parr31) with the DZVP
basis set27,28 in Gaussian 9843 have been used to calculate the
optimized geometries, energetics, and vibrational frequencies
of the ligands and their silver (I) complexes. All structures were
characterized to be at minima by harmonic frequency calcula-
tions.

The binding energy between Ag+ and a ligand, L, the standard
enthalpy change of the reaction, Ag+-L f Ag+ + L, at 0 K,
∆H°0, was calculated as follows

where∆Eelecand∆EZPVE are the changes in electronic energies
and zero-point vibrational energies, respectively, between the
products and the reactant in the dissociation reaction.

Basis set superposition errors (BSSE) were calculated using
the full counterpoise correction procedure.44

Experimental Method and Data Treatment

Mass Spectrometric Hardware.Threshold CID measure-
ments were conducted on a PE SCIEX API III triple-quadrupole
mass spectrometer (Concord, Ontario). The samples were
typically 50 µM in ligand and 30µM in silver nitrate in a
solution of 50/50 water/methanol. The sample solution was
introduced into the ion source at atmospheric pressure using a
syringe pump (Harvard Apparatus, Model 22, South Natick,
MA) at a typical flow rate of 2µL/min and ionized by means
of pneumatically assisted electrospray with air being the

nebulizer gas. The optimum electrospray probe position was
established from time to time, but was typically with the tip
about 2 cm from the interface plate and with the spray off-axis
from the orifice. The ions were sampled from the atmospheric-
pressure ion source into an “enclosed” quadrupolar lens region
(q0) where multiple collisions with the ‘curtain-gas’ molecules
(nitrogen) sampled along with the ions take place. The bias
potentials in this lens region were set up to strike a compromise
between adequate transmission and minimal collisional heating
of the silver-ligand complex. Extensive studies have shown that
thermalization of the sampled ions is highly efficient in the lens
region (from the orifice to q0 in our mass spectrometer).45-52

Mass analysis of the ions was performed at unit-mass resolution
at a step size of 0.1 Th and at a dwell time of 50 ms/step.
Collision-induced dissociation was performed with argon or
xenon as the neutral gas. The gas pressure in q2 was continu-
ously monitored with an upstream baritron gauge, the read out
of which was converted into collision-gas thickness (CGT)53

by the mass spectrometric software. (CGT is the product of the
neutral gas number density and the length of q2.)

Determination of the Threshold CID Energies. The
threshold energy for the collision-induced dissociation of a given
Ag+-L complex was determined using the curve-fitting and
modeling program, CRUNCH, developed by Armentrout and
co-workers17-23

where σ(E) is the dissociation cross-section,σ0 is a scaling
factor,E is the center-of-mass collision energy (Ecm), E0 is the
threshold energy,Ei is the internal energy of a given vibrational
state with a relative population ofgi, and n is an adjustable
parameter.

An inherent assumption in the use of Equation 3 is that a
precursor ion with an internal energy greater thanE0 will
fragment to form the product ions in q2. With increasing
complexity of the precursor ion, there is an increasing probability
that the fragmentation reaction would not occur within the
precursor ion’s residence time in q2. For a relatively large
precursor ion (having many degrees of freedom), additional
internal energy may be needed to ensure that the fragmentation
rate is sufficiently high for the dissociation to be observable
within q2. This additional internal energy, the kinetic shift, must
be subtracted from the apparent threshold to yield the trueE0.
The magnitude of the kinetic shift can be estimated from the
unimolecular rate constant of the dissociation according to the
Rice-Ramsperger-Kassel-Marcus (RRKM) theory.54-56 When
this is done, Equation 3 is modified to become

whereP is the probability that a precursor ion of collision energy
E and internal energyEi will fragment within a residence time
of t.

The residence time of a given precursor ion is estimated
according to Klassen and Kebarle.41 In our apparatus, ion
residence times for the Ag+-L complexes of the five oxygen-
containing ligands were found to range from 28 to 34µs, a
range very similar to that reported by Kebarle and co-
workers.40,41

Determination ofE0 requires the vibrational frequencies and
rotational constants of the precursor ions and the transition states.
The transition states were assumed to be loose and product-
like (the phase-space limit, PSL) and their vibrational frequen-
cies are approximated by those of the neutral products obtained

σ(E) ) σ0 Σgi (E + Ei - E0)
n/E (3)

σ(E) ) σ0 ΣgiP(E, Ei, t)(E + Ei - E0)
n/E (4)

∆H°0 ) ∆Eelec+ ∆EZPVE (2)
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in the DFT calculations (Table 2s). The vibrational modes of
the precursor ion that became rotations of the completely
dissociated products were treated as rotors. The transition state
was assumed to be variationally located at the centrifugal barrier
and the adiabatic 2D rotational energy was calculated using the
statistical average approach detailed by Rodgers et al.22 In the
Results and Discussion it will be shown that theE0 obtained
both with and without the kinetic shift consideration are
comparable (i.e., the kinetic shifts are insignificant) except for
those of the largest ligand, diethyl ether, thus rendering details
of the choice of the transition states and vibrational frequencies
relatively unimportant.

The dissociation cross sections of the product ion, Ag+, were
determined as a function of the center-of-mass collision energies
at four neutral gas (typically Ar) pressures, expressed as CGT
units, and typically) 100, 70, 50, and 30× 1012 atoms cm-2.
For an ion that has a collision cross section of 100 Å2, it will
have on average one collision in q2 with a neutral gas molecule
having a CGT value of 100× 1012 atoms cm-2. To eliminate
the effects of multiple collisions,E0 values were obtained from
threshold curves constructed only fromσ(E) at zero CGT
(pressure). These cross sections were obtained by extrapolating
theσ (E) versus CGT function to zero CGT via the least-squares
fit of the presumed exponential function (vide infra). Typically
a threshold curve comprises 120σ (E) values over anEcm range
of 0-4 eV.

The effects of the ion energy distribution57 and the thermal
motion of the target gas57,58onσ(E) were taken into account.17,59

A target gas temperature gradient likely exists in our mass
spectrometer, as its vacuum is maintained by cryopumping. Thus
target gas molecules that are closer to the periphery of q2 are
likely to be cooler than those near the axis. As accurate
temperature measurements are very difficult to implement, we
have opted to assess the effects of the target gas thermal motion
by determining the binding enthalpies using two possible
extreme target temperatures, 20 K (the temperature adjacent to
the cryosurface) and 298 K. Binding enthalpies were determined
at minimum in triplicates; the uncertainty in these repeat
analyses was comparable to the difference in the means
determined for these two target gas temperatures. As a result,
all binding enthalpies reported in this study are averages of,
and the uncertainties the combined uncertainties (2-4 kcal/mol)
of, the two temperature data sets (vide infra). The kinetic energy
distributions of the ions entering q2 were estimated by perform-
ing the following stopping potential experiments. The quadru-
polar lens, q0, was typically biased to 40 V; the first quadrupole
to 39.9 V; the potential applied to q2 was decreased from 45 to
35 V. The first-derivative plots of the relative abundance versus
the difference in bias potentials between q0 and q2 (two
examples are shown in Figure 1s of the Supplementary
Information Section) show typical full-width-at-half-maximum
values of approximately 2 V, thus translating to center-of-mass
energy distributions of approximately 0.3-0.5 eV in the
threshold CID experiments, which were factored in the deter-
mination of σ(E). These kinetic energy distributions are
comparable to the best results obtained in earlier studies on
electrospray-generated ions using an older version of our
apparatus.39-41

The ion temperature is a reflection ofEi. It has been generally
assumed that ions sampled under low-field conditions in
apparatus such as ours would have a temperature close to that
of ambient.39,45 In this study, we are assuming an ion temper-
ature of 298 K; the ions were generated at room temperature
and that at the end of the free jet the ion temperature would be

approximately room temperature.51 This degree of uncertainty
is acceptable as the exact value of the ion temperature is
noncrucial in the data analysis. In fact, the ion temperature can
vary over a wide range for the determinedE0 values to stay
within their experimental uncertainties. For Ag+-H2O, having
the ion temperature range from 85 to 565 K produces anE0

error that matches the 0.11 eV uncertainty in theE0 measure-
ments. For Ag+-diethyl ether, an ion temperature range of 210-

Figure 1. Most stable structures of the ligands and the silver
complexes: gray circle, carbon; open circle, hydrogen; oxygen and
silver atoms are labeled; bond distances in Å.
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364 K matches the smaller 0.07 eV uncertainty in theE0

measurements.
Validation. The performance of our mass spectrometer for

threshold CID measurements was evaluated and found to be
satisfactory in an exercise of measuring the binding energies
of Na+ to water, methanol and ethanol.

Table 1 summarizes the results of this validation exercise.
There is acceptable to good agreement between our data and
literature data, which have recently been reviewed and evalu-
ated.60 Our experimental values are in good agreement with our
calculated values and the G3 values of Rodgers and Armen-
trout.60 We have shown that calculations performed at the levels
of MP4 and CCSD(t) using large basis sets, such as 6-311++G-
(2df,p), are typically within 3 kcal/mol from the best experi-
mental results.65,66 For the Na+-methanol and Na+-ethanol
binding energies measured by threshold CID, the sets differ by
approximately 4 kcal/mol, which is comparable to the sum of
the uncertainties of the two measurements. There are too few
data points to allow one to comment on whether this reveals a
systematic difference between the two experimental sets of data.

Results and Discussion

DFT Structures and Energetics.The optimum structures
of the ligands and their Ag+ complexes are illustrated in Figure
1. The electronic energies, zero-point vibrational energies,
enthalpy corrections required to convert from 0 to 298 K, and
entropies of water, methanol, ethanol, diethyl ether, and acetone
and their Ag+ complexes are shown in Table 1s of the
Supplementary Information Section. The vibrational frequencies
and rotational constants of the ligands and the complexes used
in the E0 determinations are listed in Table 2s of the same
Section. For every complex, Ag+ binding occurs on the oxygen
atom; there is a small increase of the O-C bond distance (by
0.02-0.05 Å) upon argentination, otherwise the structures of
the ligands remain essentially unchanged. The Ag+-O bond
distance increases from a minimum of 2.245 Å in the Ag+-
acetone complex to a maximum of 2.307 Å in the Ag+-water
complex. In general, the order of increasing Ag+-O bond
distances is in keeping with the order of decreasing silver
binding energies, a reflection of the similarity in ligand structures
between their free and silver-bound states.

The ∆H°0 as deduced from the differences in electronic
energies and zero-point vibrational energies for the dissociation

reaction Ag+-L f Ag+ + L are shown in Table 2. The basis
set superposition errors and the∆H°0 incorporating this cor-
rection are also listed. The silver(I) binding energies range from
a low of 28.1 kcal/mol for water to a high of 36.2 kcal/mol for
acetone. For saturated ligands such as water, methanol and
ethanol, the Ag+ binding energies increase with the size of the
ligands. They are lower than the corresponding Li+ binding
energies,59,67,68 but are higher than the Na+ binding energies
(vide infra).24,60-64

Threshold CID Measurements.Figure 2 shows a typical
threshold curve for Ag+-H2O at zero CGT. The experimental
dissociation cross sections (the open circles) are near zero for
low Ecm values. They start to increase beyond a certain critical
Ecm value, approximately 1.1 eV. The increase slows down
between 2 and 3 eV and reaches a plateau beyond 3 eV (not
shown). The solid line is the best fit to the experimental data.
The dashed line shows the modeled cross sections at 0 K and
gives anE0 at (a) 1.50 eV (Ar temperature of 298 K) and (b)
1.37 eV (Ar temperature of 20 K).

As described earlier,σ(E) at zero CGT were obtained by
extrapolating the measuredσ(E) at CGT values of typically 30,
50, 70 and 100× 1012 atoms cm-2 to zero CGT. Figure 3 shows
the dependence of cross sections on CGT at twoEcm values,

TABLE 1: Binding Energies of Na+ to Water, Methanol,
and Ethanol at 0 K (kcal/mol)a

ligand water methanol ethanol

this study
threshold CID 24.7( 1.8 26.1( 2.7 28.1( 2.0
MP4b 22.8 24.1 26.4
CCSD(t)c 22.9 24.2 25.8
CCSD(t)d 22.7 25.0 25.5
B3LYPe 24.9 26.1 27.6

Rodgers and Armentrout60

threshold CID 22.6( 1.8 21.9( 1.4 24.4( 0.9
CBS-Q 21.2 23.0 25.0
G3 23.5 26.1 28.9

Guo et al.61 26.6( 0.2
Hoyau et al.62 21.3 23.7( 0.2
Marinelli and Squires24 20.2( 4
Dzidic and Kebarle63 23.2
Burdett et al.64 23.3( 2

a Literature values not at 0 K have been converted to that temperature.
b MP4SDTQ(fc)/6-311++G(2df,p)//MP2(fu)/6-311++G(d,p). c CCS-
D(t)(fc)/6-311++G(2df,p)//MP2(fu)/6-311++G(d,p).d CCSD(t)(fc)/6-
311++G(2df,p)//B3LYP/6-311++G(d,p). e B3LYP/DZVP//B3LYP/
DZVP.

TABLE 2: Enthalpies for Reactions Ag+-L f Ag+ + La

L ∆H°0 BSSE ∆H°0(corr)
b

water 29.1 1.0 28.1
methanol 31.1 1.0 30.1
ethanol 33.1 1.1 32.0
diethyl ether 34.9 1.6 33.3
acetone 37.4 1.2 36.2

a All values are in kcal/mol.b Corrected for BSSE.

Figure 2. Zero CGT threshold curve for Ag+-water: open circles,
experimental data; solid line, best fit to the experimental data; dashed
line, modeled cross section at 0 K; Ar temperature of (a) 298 K and
(b) 20 K.
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0.5 and 3.0 eV; the plots of intermediate energies are similar.
σ(E) is evidently a nonlinear function of CGT; the choice of
using four CGT values is a compromise between time and
accuracy.

Argon and xenon performed equally well as the collision gas.
The threshold curves for a given complex at the full range of
CGT were very similar between the two collision partners. In
addition, no significant difference was evident between theE0

determined using the two gases; the relative standard deviations
were typically within 5% irrespective of one or both collision
gases were being considered.

The E0 of the five complexes are shown in Table 3. Two
types of E0 data are on display: those obtained without
considerations of dissociation rates (i.e., no kinetic shifts are
assumed; labeled simply asE0) and those for which kinetic shifts
are taken into account (labeled asE0(PSL)). The threshold
energies are averages of three independent measurements with
the exception of those for diethyl ether, which comprises four
measurements. The standard deviations of the measurements
range from a low of 3.6% for acetone to a high of 11.2% for
methanol, with an average of 7.7%. Comparing theE0 data with
and without kinetic shift considerations, it is evident that the
shifts are insignificant (<5%) for water, methanol, ethanol, and
acetone. For diethyl ether, the largest ligand under consideration,
the kinetic shift is approximately 11% of theE0 without ion
lifetime considerations. This means that even for the Ag+-diethyl
ether complex, minor inaccuracies in the choice of the type of
transition state structures, vibrational frequencies and residence
times are inconsequential.

The Ag+ binding energies as determined using DFT and
threshold CID are compared in Table 4. The experimental
binding enthalpies are those converted from the threshold values
listed in theE0 (PSL) column of Table 3. It is gratifying that

the binding energies obtained via the two approaches are
comparable, the average of the absolute differences being 2.0
kcal/mol, a value within experimental uncertainties (average of
2.6 kcal/mol) and expected accuracies of DFT calculations. The
good agreement between the two sets of data is in direct support
of the reliability of both the DFT and the threshold CID
approaches. For the binding enthalpies of water, methanol, and
acetone (for which comparisons are possible), there is good
agreement between our data and literature data.

The correlations between the silver, lithium, and sodium
binding energies are shown in Figure 4. It is evident that binding
energies increase with the degree of substitution in the alcohols
(water, methanol, and ethanol) and that the silver ion binding
energies are smaller than their corresponding lithium ion binding
energies, but larger than the sodium ion binding energies. The
interaction between the metal ion and the ligand is predomi-
nantly electrostatic.59,69 The increase in binding energy with
substitution has been attributed to increasing ion-induced dipole
interaction in the complexes,59 which is a consequence of
increasing polarizability from water (1.45× 10-24 cm3) to
methanol (3.29× 10-24 cm3) to ethanol (5.41× 10-24 cm3).70

The decrease in binding energy from Li+ to Na+ is due to an
increase in ion size, which decreases the metal ion-ligand
interaction because of increased bond distance.59 The silver ion
is even larger than the sodium ion; its relatively large binding
energies have been attributed to sdσ hybridization which reduces
electron- electron repulsion by lessening electron density in
the Ag-O axis.20,59
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