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The binding energiest® K of sodium and silver ions to ammonia, methylamine, ethylamine, acetonitrile,
and benzonitrile were determined using threshold collision-induced dissociation (CID) and molecular orbital
calculations at the ab initio and density functional theory levels. There is good agreement between experimental
and calculated binding energies. For the five ligands, threshold CID/CCSD(t)(fu)/6-8G{2df,p)//MP2-
(fu)/6-311++G(d,p) Na binding energies are the following: ammonia, 25.®.8/24.8; methylamine, 27.0

+ 1.4/25.9; ethylamine, 27.#& 2.3/27.1; acetonitrile, 30.8 2.3/30.3; and benzonitrile, 32% 1.4/35.0

(B3LYP/6-311++G(d,p)//B3LYP/6-31%+G(d

,p)) kcal/mol. Threshold CID and B3LYP/DZVP Adinding

energies are the following: ammonia, 46t63.0/38.9; methylamine, 41.% 2.3/41.1; ethylamine, 42.%
1.4/43.2; acetonitrile, 40.& 2.0/39.3; and benzonitrile, 4145 2.8/43.1 kcal/mol. Wherever comparisons
with literature data are possible, the Nainding energies determined in this study are in good agreement
with established data. For Advinding energies, agreement with the few published theoretical values is not
as good. A comparison of Neand Ag" binding energies for the five N-containing ligands in this study and
those for water, methanol, and ethanol published earlier (El Aribi, H.; Shoeib, T.; Ling, Y.; Rodriquez, C. F.;
Hopkinson, A. C.; Siu, K. W. MJ. Phys. Chem. 2002 106, 2908-2914) shows that for every ligand the
Agt binding energy is higher than the Nhinding energy. As a group, the amines exhibit the largest differences
between Ag and Na binding energies, followed by the nitriles; the alcohols exhibit the smallest differences.
These results are in line with previous observations that pigfers binding with nitrogen to binding with

oxygen.

Introduction

Metal ions are essential to life. They play diverse roles in
biology 12 Alkali metal ions such as Naand K" are important

charge carriers and are responsible for osmotic balance in a cell

Alkaline earth metal ions, for example, Mgand C&", are

integral parts of proteins and are essential to their functions.
Some ionophores (e.g., monensin A) display remarkable selec-

tivity for Na*, whereas others (e.g., nonactin) are selective for
K*. Polypeptides such as gramicidin A form ion channels
through which N& can be transporteld3 The Agh ion has long
been used as a bactericide in newbdspme silver complexes
have been found to have remarkable antimicrobial activities.
The silver ion binds very tightly to metallothioneins, a class of
small proteins believed to be involved in metal transport as well
as detoxificatior? 10

The binding energy between a metal ionf Mand a ligand,
L, is defined as the enthalpy chang®°r, of the following
dissociation reaction at temperatdrewhich is almost always
at 0 K:

MTf—L—M"+L 1)
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The binding energies of Neaare, perhaps, the most extensively
known among all metal ion binding energiés?® Experimental
techniques that have successfully been used to measure Na
binding energies include high-pressure mass spectrometry
(HPMS) 1116719 threshold collision-induced dissociation
(CID),13.14.26-23 and Fourier transform ion cyclotron resonance
(FTICR) 22 Many theoretical methods have also been applied
to calculate N& binding energied3152223|n contrast, the
binding energies of Ag are among the least known, despite
recent interest in the binding chemistry of Atgp amino acids
and peptide¥—3° and in employing argentinated peptides for
sequencing®2734 HPMS? threshold CID?34! and FTICR?
methods have all been employed, but the number of studies
and the ligands covered are comparatively limited. Theoretical
treatment of Ad binding is almost as spardg28-33.41-46 g
reason for this may be the very limited availability of basis sets
for silver.

Very recently, we reported experimental and theoretical Ag
binding energies of a number of small oxygen-containing
ligands?® Measurements were performed by means of the
threshold CID techniqué!4.2%-2341 while calculations were
carried out using density functional theory (DFT) via the hybrid
B3LYP method’~#%in combination with a double-zeta valence-
polarization (DZVP) basis s&ét°1developed for DFT. Because
our threshold CID experiments were performed on a com-
mercially available triple-quadrupole mass spectrometer, as
opposed to a well-tested guided ion-beam system, we also

© 2002 American Chemical Society

Published on Web 08/20/2002



Binding Energies of Sodium and Silver lons J. Phys. Chem. A, Vol. 106, No. 37, 2002799

decided to measure the Nainding energies of a number of E,. The magnitude of this additional energy can be estimated

the O-containing ligands as well as calculate them using from the unimolecular rate constant of the dissociation according

coupled-cluster and DFT methods to validate our experimental to the Rice-RamspergerKassel-Marcus (RRKM) theony8—70

protocol. There was good agreement between our experimentaMWhen this is done, eq 2 is modified to become

and theoretical Na binding energies and acceptable to good

agreement between our data and literature data. THebikgling o(E) = 0,2 gP(E, E, t)(E+ E, — Ep)"/E 3)

energy is consistently larger than the correspondintybilading

energy for every ligand in which both binding energies were WhereP is the probability that a precursor ion of collision energy

available?? E and internal energfz will fragment within a residence time
Here we report threshold CID and calculated binding energies t. The residence time of a given precursor ion was estimated

of Na* and Ag' for a number of nitrogen-containing ligands: using a procedure similar to that of Klassen and Kebérle.

ammonia, methylamine, ethylamine, acetonitrile, and benzo- our apparatus, ion residence times for the"Na complexes

nitrile. The first three ligands mimic the amino functional group were found to range from 30 to 4, and those for the Ag-L

on the N-terminus in peptides as well as that on the side chaincomplexes, from 25 to 3@s. These values are comparable to

of lysine residues; metal ion binding to the last two ligands those reported earli€rand are very similar to those of Kebarle

(the nitriles) has attracted much recent intet®3t41The relative ~ and co-workerg!"2

binding strengths of Naand Ag" to these nitrogen-containing Determination ofq requires the vibrational frequencies and
ligands as well as to the oxygen-containing ligands examined rotational constants of the precursor ions and the transition states.
earlie?? will be compared. These transition states were assumed to be loose and product-
) like (the phase-space limit, PSL), and their vibrational frequen-
Experimental Method and Data Treatment cies were approximated by those of the neutral products obtained

The experimental details and information on the full data in the ab initio and DFT calculations (see Table 1s). The
treatment have been reported elsewRéielow is a summary  vibrational modes of the precursor ion that became rotations of
of the key features. Threshold CID measurements were con-the completely dissociated products were treated as rotors. The
ducted on a PE SCIEX API Ill triple-quadrupole mass spec- transition state was assumed to be variationally located at the
trometer (Concord, Ontario, Canada). Samples were typically centrifugal barrier, and the adiabatic 2D rotational energy was
50 uM in ligand and 30uM in silver nitrate in solutions of calculated according to the statistical average approach of
50:50 water/methanol. They were electrosprayed at a typical Rodgers et &’ In Results and Discussion, it will be shown
flow rate of 2uL/min with air being the nebulizer gas. lons that theEy values for ammonia, methylamine, ethylamine, and
thus formed were sampled from the atmospheric pressure ionacetonitrile obtained with and without the kinetic shift consid-
source into an “enclosed” quadrupolar lens region (q0), where eration are comparable (i.e., the kinetic shifts are insignificant),
multiple collisions with the “curtain-gas” molecules of nitrogen thus rendering the details of the choice for the transition states
sampled with the ions occur. The bias potentials in this lens and vibrational frequencies relatively unimportant. Even for
region were selected to optimize between adequate transmissiorbenzonitrile, the largest ligand, the kinetic shift amounts to only

and minimal collisional heating of the silveligand complex. 9 and 16% of the PSE, values for its sodium and silver ion
Extensive studies have shown that thermalization of the sampledcomplexes, respectively.
ions from the orifice to the lens region is highly efficiéAt>? The dissociation cross sections of the product ions), &tz

Collision-induced dissociation was performed using argon as Ag"™, were determined as a function of the center-of-mass
the neutral gas; in our hands, the performance of Ar and Xe energies at four argon pressures, typically at CGT values of
were comparablé® The gas pressure in g2 was continuously 100 x 102, 70 x 10%2, 50 x 10, and 30x 10% atoms cm?.
monitored with an upstream baritron gauge, the read out of For an ion that has a collision cross section of 130 idwill
which was converted into collision-gas thickness values (CGT, have, on average, one collision in g2 with argon having a CGT
the product of the neutral-gas number density and the length ofvalue of 100x 10 atoms cm?. To eliminate the effects of

g2)° by the mass spectrometric software. multiple collisions, Eq values were obtained from threshold
The threshold energy for the CID of a given"ML complex curves constructed only from(E) at zero CGT. These cross
was determined using the curve-fitting and modeling program sections were obtained by extrapolating th{&) versus CGT
CRUNCH developed by Armentrout and co-workers’ function to zero CGT via the least-squares fit of the presumed
exponential functior® Typically, a threshold curve comprises
o(E) = 0,2 g(E+ E — Ey)"E ) 120 0(E) values over arkg, range of G-4 eV.

Evaluation of Ey took into account of the ion energy
where o(E) is the dissociation cross sectiong is a scaling distributior7® and the thermal motion of argda’4These details
factor, E is the center-of-mass collision enerds.f), Eo is the have been discussed elsewh¥r& As before, uncertainties in
threshold energyE; is the internal energy of a given vibrational the binding energies measured in replicate analyses were
state with a relative populatiog;, and n is an adjustable comparable to the difference in the means determined at the
parameter. An inherent assumption in the use of eq 2 is that atwo possible extreme argon temperatures of 20 and 298 K; as
precursor ion with an internal energy greater than will a result, the binding energies reported herein are averages, and
fragment to form the product ion in 2. With increasing the uncertainties are the combined uncertainties of the data sets.
complexity of the precursor ion, there is an increasing probability lon energy distributions of approximately 2 eV (full width at
that the fragmentation reaction will not occur within the half-maximum) in the laboratory frame were observed for all
precursor ion’s residence time in g2. For a relatively large ion complexes. These values are practically identical to those
precursor ion that has many degrees of freedom, additionalobserved in an earlier study and are comparable to the best
internal energy may be needed to increase the fragmentationresults seen on similar instrumentati@i2 As shown earlier,
rate to a magnitude that the dissociation in g2 becomes the ion temperature is not a sensitive parameter in the modeling;
measurable. This additional internal energy, the kinetic shift, although we are assuming an ion temperature of 298 K, varying
must be subtracted from the apparent threshold to yield the truethe ion temperature by approximatetyl00 K results in a
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Figure 1. Minimum structures of the ligands and their sodiated comple@e€; O, H; N and Na are labeled. Bond distances are in A; italicized
numbers are from MP2(fu)/6-33#4-G(d,p) calculations; and nonitalicized numbers are from B3LYP/6+3®(d,p) calculations.

change in theky value that is typically<3 kcal/mol, a value
comparable to the stated uncertainties e8Xcal/mol forEq.23

Computational Methods

Ab initio and DFT calculations were employed using Gauss-
ian 9875 For sodiated complexes and their ligands, geometric
optimizations were first performed at the MP2(fu)/6-311G-
(d,p) and B3LYP/6-31:+G(d,p) levels of theory, followed by
single-point calculations using CCSD(t)(fu)/6-3t1G(2df,p)

at the optimized MP2 and B3LYP geometries. For argentinated

AEgec and AEzpye are the changes in electronic energies and
zero-point vibrational energies, respectively, between the prod-
ucts and the reactant in the dissociation reaction. Basis set
superposition errors (BSSEs) were evaluated using the full
counterpoise procedufeand were subtracted from the uncor-
rected binding energies.

Results and Discussion

Ligand and Complex Structures and Energetics. Sodiated
Complexes.Table 1 shows the electronic energies, zero-point
vibrational energies, thermal correctiontd®fgs — H°o), and

complexes and ligands, all calculations were performed using entropies of the five N-containing ligandammonia, methyl-

B3LYP/DZVP. The DZVP basis set has previously been found
to work well for Ag-containing complexe%28-33:41,45
The binding energy betweenMand L, the standard enthalpy
change of the reaction M-L — M™ + L at 0 K, AH®,, was
calculated as follows:
AH®, = AE o+ AE pye

elec

(4)

amine, ethylamine, acetonitrile, and benzonitrignd their
sodiated complexes from B3LYP/6-3t#G(d,p) calculations.
Vibrational frequencies and rotational constants were used in
the Eo determinations; these values are listed in Table 1s in
Supporting Information. The optimum MP2 and B3LYP ge-
ometries of the ligands and their sodiated complexes are
illustrated in Figure 1. Bond distances in italics are those from
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TABLE 1: Electronic Energies, Zero-Point Vibrational
Energies (ZPVE), Thermal Energies, and Entropies of the
Ligands and Their Na* Complexes from B3LYP/
6-311++G(d,p) Calculations

electronic energy ZPVE H°9s— H°* entropy
species hartrees kcal/mol  kcal/mol cal/(K mol)

ammonia —56.58272 215 2.4 48.0
methylamine —95.89389 40.0 2.8 57.5
ethylamine —135.22152 57.9 3.4 65.1
acetonitrile —132.79620 28.3 2.9 60.1
benzonitrile —324.57783 62.0 4.4 78.5
Nat—ammonia —218.71702 235 3.0 60.4
Naf—methylamine —258.02908 41.6 3.7 69.4
Na"—ethylamine ~ —297.35857 59.4 4.4 76.9
Na"—acetonitrile —294.93697 29.1 4.0 72.6
Na"—benzonitrile ~ —486.72231 62.8 5.7 91.1
Na*™ —162.08757 15 35.3

a Sum of translational, vibrational, and rotational energies required
to convert between 0 and 298 K.

TABLE 2: Threshold Binding Energies of Na* to Ligands

Eo Eo (PSL) AS (PSL}

ligand eV eV cal/(K mol)
ammonia 1.1%+0.12 1.11+0.12 8.46
methylamine 1.14 0.06 1.174+ 0.06 9.14
ethylamine 1.206t 0.10 1.20+ 0.10 8.08
acetonitrile 1.3Gt 0.10 1.30+ 0.10 4.05
benzonitrile 1.55+ 0.06 1.42+ 0.06 5.54

aEntropy of activation at 1000 K.

MP2 calculations. It is readily apparent that the geometries
obtained from the two methods are virtually identical. Binding
of Na* occurs in every case at the nitrogen atom and with
minimal perturbation to the ligand structure. TheNaN bond
distance increases from a minimum of 2.247 A in sodiated
benzonitrile to a maximum of 2.353 A (B3LYP calculation) in
sodiated ammonia. The trend of increasingtN& bond
distance in sodiated complexes in the series benzonitrile
acetonitrile < ethylamine < methylamine < ammonia is
consistent with the trend of decreasing sodium ion binding

TABLE 3: Binding Energies of Na* to Ligands at 0 K2 (kcal/mol)

J. Phys. Chem. A, Vol. 106, No. 37, 2002301

energies in benzonitrile acetonitrile> ethylamine> methyl-
amine > ammonia (vide infra).

The Ep values of the five sodiated complexes are shown in
Table 2. Two types oEp data are on display: those obtained
without consideration of dissociation rates (i.e., no kinetic shifts
are assumed and the data are labeled simpEgpand those
for which kinetic shifts are taken into account (labeledEgs
(PSL)). It is apparent that the kinetic shift is significant only
for sodiated benzonitrile, the largest complex. TBgPSL)
values have been converted to'Nainding energies in Table
3, which also shows the calculated sodium binding energies of
the five ligands, the BSSE corrections (which have already been
factored into the displayed binding energies), and literature
binding energies. Our calculations show that, in four of the five
cases for which both MP2 and B3LYP geometric optimizations
were carried out, the B3LYP binding energies are higher by
approximately 2 kcal/mol. Coupled-cluster single-point calcula-
tions yield practically identical binding energies from MP2- and
B3LYP-optimized structures. There is good to excellent agree-
ment between our theoretical data and the recent data of Fetrie,
who employed more computationally intensive composite
techniques, and the theoretical data of Armentrout &t ahd
Valina et al??> The trend of higher binding energies from B3LYP
than from MP2 is also apparent in the data of the last two
groups!s2?

The threshold CID-determined binding energies obtained in
this study are in good agreement with the theoretical binding
energies. The experimental uncertainties in the rang£108
to £2.8 kcal/mol are comparable to the expected accuracies of
2—3 kcal/mol in our ab initio and DFT calculations, which have
repeatedly been observed when calculated binding energies at
these levels of theory were rated against the best experimental
data’®’” The differences between the theoretical binding
energies and the experimental Nainding energies are all
smaller thant3 kcal/mol. For ammonia and acetonitrile, two
cases in which comparisons of threshold CID data are possible,
our values are in good agreement with those of Armentrout et

ligand ammonia methylamine ethylamine acetonitrile benzonitrile
this study
threshold CID 25.6t 2.8 27.0+ 1.4 27.7£ 2.3 30.0+£ 2.3 327+ 1.4
MP2> 24.5 (2.0) 25.6 (1.8) 26.8 (1.8) 29.2 (1.1)
CCSD(t)(fu)t 24.8 (1.9) 25.9(1.9) 27.1(2.0) 30.3 (1.6)
B3LYP® 26.4 (0.9) 27.5(0.8) 28.8 (0.7) 32.3(0.3) 35.0 (0.4)
CCSD(t)(fu) 25.2 (1.5) 25.9(1.9) 27.3(1.9) 30.2 (1.7)
Armentrout et ab.
threshold CID 24.4- 1.3
MP2 24.5 26.0
B3LYP 26.0 27.6
Valina et al?
threshold CID 305+1.1
MP2 30.0
B3LYP 325
McMahon et al. 245+ 0.4 25.8+ 0.2 27.3£ 04 29.9+ 04
Hoyau et al. 247+ 0.2 25.7+£0.2
Petrié 25.0/25.2 26.6/26.8 27.7 30.7
Castleman et dl. 28.2+ 0.4
Marinelli et al™ 275+ 4.3
Davidson et af. 31

a | jterature values nott® K have been converted to that temperat@ndP2(fu)/6-31H-+G(d,p)//MP2(fu)/6-313%+G(d,p). ¢ BSSE correction,
which has been incorporated into the displayed binding ené@ESD(t)(fu)/6-313+G(2df,p)//MP2(fu)/6-31%+G(d,p). ¢ B3LYP/6-31H-+G(d,p)/
B3LYP/6-31H+G(d,p).f CCSD(t)(fu)/6-31¥+G(2df,p)//B3LYP/6-31%#+G(d,p).¢ Reference 13; MP2= MP2(fu)/6-31HG(2d,2p)//MP2(fu)/
6-31G(d); and B3LYP= B3LYP/6-311-G(2d,2p)//B3LYP/6-31G(d)! Reference 22; MP2= MP2(fu)/6-311-G(2d,2p)//MP2(fu)/6-31G(d); and
B3LYP = B3LYP/6-311-G(2d,2p)//B3LYP/6-31G(d).Reference 12; binding energies are those converted \@fyeg values by Petrié®
I Reference 11; converted fromH°,9s values using thermal corrections in this stubiReference 15; CPd-G2thaw/c-SLW3; the latter level is
available only for ammonia and methylamin&eference 17" Reference 207 Reference 19.
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Figure 2. Minimum structures of the ligands and their argentinated compl@ke€,; O, H; N and Ag are labeled. Bond distances from B3LYP/
DZVP calculations are in A.

al.,’® Marinelli and Squireg? and Valina et af? For ammonia, al.*! They are reproduced here for discussion. Similar to the
methylamine, ethylamine, and acetonitrile, the agreement be-trend observed for sodiated complexes, the™Af bond
tween our threshold CID data and the FTICR data of McMahon distance increases in the series benzonitdl@cetonitrile <
and Ohanessidh is equally good. Good agreement is also ethylamine < methylamine = ammonia. For argentinated
evident between our data and the HPMS data of Hoyau®8t al. complexes, the global correlation between bond distance and
and Davidson and Kebarlé. binding energy is less apparent (vide infra). However, within
Argentinated Complexes. Table 4 shows the electronic the amine or the nitrile group, the trend of increasing bond
energies, zero-point vibrational energies, thermal corrections distance with decreasing binding energy is still evident. The
(H°298 — H°p), and entropies of the five N-containing ligards differences between sodiated and argentinated complexes reflect
ammonia, methylamine, ethylamine, acetonitrile, and benzo- differences in metal binding; the covalent character in the
nitrile—and their argentinated complexes. Calculated vibrational Ag™—N bond is more prominent than that in the Na\ bond,
frequencies and rotational constants employed in He thus the chemical environment of the nitrogen (i.e., whether it
determinations are listed in Table 1s in Supporting Information. be an amine or nitrile nitrogen) is likely to have a more
The optimum B3LYP geometries of the ligands and their substantial effect on Ag—N binding than on Na—N binding.
sodiated complexes are illustrated in Figure 2. Computational As an example of the more prominent covalent character of the
data for ammonia were taken from our earlier publication Ag—N bond versus that of the NaN bond, consider the
(Shoeib et at®), and those for the nitriles were from Shoeib et Milliken charges on Ag—NH3z and Na—NHz. For the former,
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TABLE 4: Electronic Energies, Zero-Point Vibrational 50 1

Energies (ZPVE), Thermal Energies, and Entropies of the y = 1.0766x + 12.922

Ligands and Their Ag* Complexes from B3LYP/DZVP R? = 0.9577

Calculations 45 ' <on

electronic energy ZPVE H°,98— H°2 entropy ENH2

species hartrees kcal/mol  kcal/mol  cal/(K mol) 3 ACN

ammonia -56.56404  21.7 2.4 48.2 % 40 1

methylamine —95.87057 40.3 2.8 57.4 < -

ethylamine —135.19069 58.3 3.4 64.9 E T

acetonitrile —132.76885 28.5 2.9 60.3 £ 35

benzonitrile —324.51672 62.1 4.5 78.7 E —

Ag*—ammonia —5255.83100 24.1 2.9 64.0 S

AgT—methylamine —5295.14003 42.3 35 72.4 E 30 -

Ag*T—ethylamine  —5334.46288 60.0 4.4 80.0 2

Ag*—acetonitrile  —5332.03383 29.1 4.1 77.6 @

Ag*—benzonitrile —5523.78747 62.8 5.8 95.2 y = 0.661x + 15.45

Ag* —5199.19815 1.5 39.9 251 R2 = 0.9496

a Sum of translational, vibrational, and rotational energies required
to convert between 0 and 298 K. 20 . . . .
20 25 30 35 40

TABLE 5: Threshold Binding Energies of Ag™ to Ligands

Sodium lon Affinity (kcal/mol)

ligand 5\3 E"S;/SL) ?a?(fritﬁ Figure 3. Silver ion affinity versus sodium ion affinity:®, water,
9 methanol, and ethanol (data from ref 2, ammonia, methylamine,
ammonia 1.76: 0.13 1.76+ 0.13 7.41 and ethylaminea acetonitrile and benzonitrile.
methyla_mine 1.8& 0.10 1.80+£ 0.10 7.90
eth;;lamtw_}e i;’i 8-88 ig% 8-88 ;-gg our DFT calculations, but the DZVP basis set was specially
acetonitrile . . . . . ; 0,51
benzonitrile 500t 012 180+ 0.12 535 developed to work with D_FT’. _Thus, the_ good agreeme_n_t
o between theory and experiment is reassuring but not surprising.
2 Entropy of activation at 1000 K. In comparison, literature ddfa*46all appear to fall in the
TABLE 6: Experimental and Calculated Binding Energies V|C|n|ty of thled +3 k%allmol El(.jghe (;)]:j acceptabtljllty f(;om thle |
of Ag* to Ligands at 0 Ka (kcal/mol) experimental data. These published data were based on calcula-

tions using effective core potentials with a set of f polarization

. o _ ob i
ligand  threshold CID  DFT  AH°xg— AH%" literature functions on the Ag atom; the ligands were described by Pople

ammonia 40.6:3.0  38.9(1.9) 10 243-39: 43.3, basis sets such as STO-3t3-21G(d)** 6-31G(d)*® 6-31+G-
methylamine  41.5-2.3  41.1 (1.6) 08 204 (d,p)* and 6-313#+G(d,p)*3 The methods include additi\_/ity
ethylamine ~ 42.9-1.4  43.2 (1.6) 0.5 schemed? MP2/3 and B3LYP*¢ The employment of effective
acetonitrile 40.8£2.0 39.3(2.0) 0.3 4313 core potentials is most likely the major contribution in over-
benzonitrile  41.5£2.8  43.1(1.8) 0.2 estimating the binding energies.

a Literature values nottd K have been converted to that temperature. ~ Comparison between Na and Ag* Binding Energies. The

b Difference in enthalpy changes required to convert the binding energy silver ion affinities of the five ligands in this study and those
between 0 and 298 K.BSSE correction, which has been incorporated of water, methanol, and ethanol measured in our earlier Study
into the DFT binding energy: Reference 46: Reference 43. Refer- are plotted against the sodium ion affinities of these eight ligands
ence 44. in Figure 3. It is evident that the data fall into three grotps
Ag, +0.821; N,—1.086; and H,+0.422; for the latter, Na,  the alcohols, amines, and nitriteseach with its apparent
+0.917; N,—0.756; and H+0.280. The charge distributions  correlation within the group. The silver ion affinity is larger
clearly show that the metaligand bond in Ag—NHs bears a  than the corresponding sodium ion affinity for every ligand,

more prominent covalent character than that iﬁNNHs: This but the magnitude of the difference decreases from the amines
trend is also evident in the other four pairs of metigand to the nitriles and to the alcohols. The preference for Ag
complexes. Na" exhibited by the N-containing ligands (in comparison to

The Eo values of the argentinated complexes are shown in the O-containing ligands) is conventionally rationalized using
Table 5. The raw data for acetonitrile were taken from Shoeib the hard and soft acid/base princigfeThus, the softer N-
et al*! but were reevaluated in this study after the effects of containing ligands would prefer the softer Agand the harder
the ion energy distribution and the thermal motion of argon were O-containing ligands, the harder NaFor gas-phase ions,
taken into consideratiof? this had the effect of increasing the  however, this concept has recently been shown to play only a
binding energy by 2 kcal/mol (vide infra). The acetonitrile value secondary role to electrostatic interaction and is apparent only
in Table 5 is the reevaluatelfy value. Again, benzonitrile is  when the charge of the metal ion is effectively delocalized onto
the only ligand whose complex exhibits any significant kinetic  the ligand(sf° The nitrogen atom in amines is better able to
shift in its dissociation. Thdsg(PSL) values are converted to  accommodate the positive charge of Athan that of N4&. It
Ag™" binding energies in Table 6. B3LYP/DZVP results and would appear that this difference in preference is further
literature values are also given in this Table. The BSSE values enhanced when electron-donating substituents (alkyl groups) are
are in parentheses. As in the case of sodiated complexes, ther@resent; however, the number of data points is too small to draw
is good agreement between experimental and calculatéd Ag any definitive conclusions.
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