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Silver(l) complexes with ammonia show the anomalous property that in aqueous solution the second association
constant is larger than the first. This effect is known not to arise from gas-phase energetic effects or from any
known mechanism through which similar anomalous behavior has been observed for other systems. Using
density-functional theory (DFT) calculations for the inner-shell gas-phase complexes of Cu(l), Ag(l), and
Au(l) with ammonia and/or aquo ligands, we conclude that the anomalous behavior of Ag(l) arises from its
poor affinity for the solvent. Addition of the first ammonia results in the exclusion of not one but two water
molecules from the inner solvation shell, selectively reducing the equilibrium constant for the first association.
This is a strong specific solvation effect that cannot be described using dielectric continuum models of solvation.

Introduction TABLE 1: Observed Stepwise Formation ConstantsK,’s for
the Production of MT(NH3) and M*(NH3), in Solution?

It is well established that ammonia has a strong preference

to react with the Ag in aqueous solution to produce the stable 'on log K log Ko log 2° ref
[Ag(NH3),]* complex ion. This species also forms in the solid Cu(l) 11.381 41
state! In the past, the unusual propensity for silver toward two- Ag(l) ??),'267 %%984 77-22051 67
coordination has been attributed to the linear sd hybridiz&tfon Au(l) ' : 26.5 42

known for this group of the periodic tableThe stepwise . _ _
formation constants for most simple metal complexes follow ffrbcﬂ:“(_')'}fi(_ ;éséltizrrgct)gqorr?lf 43, for Ag(l)Ks = —1.60 from
the general rufethatKj is the largest, with successive stepwise L e R Y-

constants decreasing in a regular manner, reflecting progressivey the reactions in which the full inner coordination shell is
charge neutralization of the central metal ion, the increasing expjicitly included; in this model, the most important contribu-
influence of steric hindrance, and/or statistical effects. As tijons from solvation are included in an approach amenable to
indicated in Table 1, the formation of [Ag(N§3] * is unusual  pigh-level computation¥) The observed product formation

in that K; is larger thank,.57 Occasionally, other complexes constantsf, = KiK, for the ammine complexes of Cu(l),
have been shown to exhibit similar anomalous stepwise stability Ag(l), and Au(l) are shown in Table 1; another irregularity is
behavior (see, for g)_(amplg, Irving et8J.but thls can usually apparent for Ag(l), with its value g8, being much less than
be related to specific steric and/or electronic effects such asthgse for Cu(l) and Au(l). Hence, we investigated the inner-
change in the metal’s spin state. Silver(l) is ¥ thetal ion sphere ammine and/or mixed aquo complexes of Cu(l), Ag(l),

ammonia is a small unidentate ligand, and so, interligand steric gnomalous properties of Ag(l).

effects, at least for low coordination numbers, are expected to
be minimal. Furthermore, previous gas-phase stldmese Methods
shown that this effect appears not to be intrinsically associated

with the nature of the silverammonia bonding. The DFT technique was used to determine molecular

. . . structures and vibration frequencies usf@gussian 982 The
For small-to-medium-sized clusters of ammonia and/or water q 9

3 . .
with Ag(l), calculations and gas-phase-cluster mass spectroscop)ﬁDDl basis set was used for Ag(l), Cu(l), and Au(l), while

-cc- 4 i i
have shown that subtle solvent effects involving first and second ?rjng Ii)c g;/?hi BV\:/S?_SYF%Sc?gnsfic;r-;Sr?ctlilgr?gld:\ﬁ dA\lflve(izl?élaégtr:(’j
coordination shells are extremely importahtOuter-sphere ploy Y P

. 16 .
solvent effects are also known to be important for a number of using PW9T.> B3LYP was chosen bec_ause I has be_er_1_shown
processes including thid-alkylation of nickel and chromium to reproduce_both experimental and high-quality ‘.”‘b Initio data
amine complexe’t We examine the possibility that inner-sphere ZV?:;Jafiggél% tzgncéﬁ:sﬁj(gc)tirgﬁ;?ivd;;hfszyrt];martc')c\)/ri' dgf an
solvent effects are responsible for the anomalous equilibrium egtirﬁate of the reliabili)t/ of the results: PW91 WF;S chosen
constant in the silver diammine case. Density-functional theory because this functional é in wide use tr;rou hout the phvsics
(DFT) calculations were performed to evaluate the free energies . S ; 9 the phy

community for the binding of organic molecules with metals

i i 18
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TABLE 2: Calculated M —L Distances for Gas-Phase Inner-Shell Complexés

Cu—N/O (A) Ag—N/O (A) Au—N/O (A)
series species symmetry B3LYP PW91 B3LYP PW91 B3LYP PW91
1 M*(NH3) Cs, 1.93 1.90 221 2.17 2.10 2.07
2 M*(H20) Cs 1.93 191 2.23 2.21 2.18 2.16
3 M*(NHs)2 D3y 1.92 191 2.16 213 2.09 2.07
4 M*(NH3)(Hz0) 191N 1.89N 2.16 N 213N 2.07N 2.05N
1910 1.900 2,180 2.16 0 2120 2100
5 M*(H20), Cau 1.90 1.88 2.18 2.15 2.09 2.07
6 M*(NH3)s Can 2.07 2.04 2.32 2.29 2.30 2.28
7 M*(NHz3)2(H20) —1lw —1lw —1lw —1lw —1lw —1w
8 M*(NH3)(H20), —1w —1w —1lw —1w —1lw —1w
9 M*(H20)s Can 2.06 2.04 2.33 2.31 2.34 2.32

a“—1w” indicates spontaneous loss of a water molecule to the outer 8betay33-35 values in the range 2.:2.14 A,

unscaled harmonic frequencies using standard statistical ther- It is well-knowr? that the point group symmetry of complexes
modynamics relation¥. All single-point energy calculations  of this type is very difficult to predict because the relative
were also performed usingsaussian 98 at these final energies of possible isomers are typically only on the order of
optimized geometries. The use of the harmonic vibrational 0.1 kcal moll. Changes to the basis set of the computational
model to describe complexes such as these that possessnethod can thus give rise to quite different predicted structures.
significant numbers of low-frequency modes is not always However, this is expected to affect calculated binding energies
appropriate as often these modes may be associated withonly minimally. There will also be a configurational contribution
hindered rotations whose barriers are less than the availableto the molecular entropy that is not considered explicitly, but
thermal energy. We have considered this issue in detail for again, this term should only have a minor contribution to
[AgNH3]*™ and [Ag(NHs)2]* and find that all low-frequency  calculated free energies.

modes do in fact remain harmonic in nature at the available = With the exception of the recent cluster solvation studies of
thermal energy. Although this result is not necessarily general Fox et al.l® most previous computational studies of the
and every complex should be considered individually, it is Ag(l)?25-2° and Cu(l}2%-32 ammine complexes have concen-
anticipated that large errors are not introduced through the usetrated on the simple gas-phase reactions 1 and 2

of the harmonic approximation.

Free energies in solution are estimated from those in the gas M* + NH; — M™(NH,) (1)
phase by subtraction of the gas-phase translational entropy
contribution and addition of solvation contributions estimated M+(NH3) + NH,— M+(NH3)2 2)

using theCOSM@° self-consistent reaction-field method.

Historically, it has been usual to correct calculated binding cajculated values of the change in enthalpy, change in
errors for basis set superposition error (BS&EJhis is an entropy,AS, and change in the Gibb’s free energy at 298 K,
undesirable feature associated with the use of restricted atomicAG, for these reactions in the gas phase are given in Table 3
basis sets that results in perceived overbinding of complexes.ang compared to experimental data. The agreement between
The basis set used in these calculations is sufficiently large t0 cajculated and observed data is only semiquantitative, with
eliminate gross errors associated with BSSE, however, and itg3| yp energies typically overbinding the complexes by up to
is now known that further expansion beyond this level results 10 kcal mot?, while PW91 overbinds by up to 20 kcal méj
in increased binding caused by the allowed improved description these errors are sufficiently small that the major qualitative
of electron correlation being of greater importance than the yrends in the data are properly identified, however. One
associated reduction in the BSSE:?22% Hence, BSSE cor-  jgnificant feature is that the silver ammines are much less
rection methods are not applied to the calculated binding strongly bound (by 1620 kcal mot™) than the copper and gold
energies; our calculations are estimated to display underbindingones, an effect that may be reflected by the predicted longer
on the order of 2 kcal mot compared to calculations performed  pong lengths for silver shown in Table 1. This effect can
at the complete basis set linfit’ qualitatively explain the observed lower value @f for Ag
indicated in Table 1, and this is confirmed by the calculated
and observed values for the sum of reactions 1 and 2 that are

The gas-phase structures optimized using B3LYP and PW91given in Table 3 as eq 3. Note that the absence of a linear
with the SDD/aug-cc-pVDZ basis set are shown in Table 2 for
all compounds of the form ML, where M= Cu, Ag, or Au; M+ 2NH; — M*(NHS)2 3)

L is any mixture of HO or NHs, andn = 1—3. Stable inner-

shell coordinated structures were not obtained for all species,progression in the properties of the Cu, Ag, and Au complexes
with some spontaneously losing a water molecule; this scenariomost probably arises from the relativistic contraction of the gold
is indicated as“1w” in the table. The homoligand species for orbitals rather than from anomalous properties of silver,
M = Ag andn = 1—-2 have been considered in detail by’ us however.

and by other8;?>-22 mixed-ligand species have been considered We are particularly concerned with the differenc®aH,

by Fox et all® and homoligand Cu species have also been AAS andAAG between the thermodynamic properties of the
studied*3%-32 On the basis of these results and other high-level second ammination, reaction 2, and the first ammination,
calculationd’ for Au™(NHj3), the computational methods appear reaction 1, and these are listed in Table 3 as eq 4. The values
to overestimate the metaligand bond length by about 0.03 of AAH are positive while all those foAAS are negative,

A. As shown in Table 2, X-ray structural da%a3® for species indicating that these two terms are predicted to reinforce each
of the form Agr(NHz)2 confirm this. other in determiningAAG. Experimental data for the difference

Results
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E & in AH is available for both the Ag and Cu complexes. For Ag,
2 2 & & ?o Sl e 3 S @ g the most recent observed value of 4:73.8 kcal mof?! from
~la|TT TT 7T OPTT OV T g the results of El Aribi et a#® and Deng and Kebandgis very
% > § close to the calculated values of 2.0 and 2.3 kcah;ntrbnj
ElR|o®m oo ®om o N O ® £ B3LYP and PW91, respectively. However, for Cu, the differ-
vl o|9Y 8 383 883 g 982 ences inAH are predicted to increase by-2 kcal mol.
El phor e . Although experimental resufts®8leading toAH = 7.8+ >3.6
|5 % kcal mol! support this, othePé of —2.6 & 4.3 kcal mol! may _
S| 2 ﬁ o £ not. While density-functional calculations such as ours predict
o|® wﬂ Yoo ?j ‘j‘j g that enthalpy disfavors the second zmm:]nation w;;gl Egtsr?ect to
i~ ) < the first31:32ab initio calculations predict the opposfté32the
? $ '\u\) HL? T 2 effect has been attributed to sd hybridizati.on of Cu gnd is
> ™ ; favored as the level of electron corre_lat_ion increds@dt is _
TN 32 379 gz93 9 w2 hence clearly important to resolve this issue andbalshofobtaln
£Te TS 3 = experimental free energies for these processes, both for gas-
~|a ‘ ! g phase clusters and in aqueous solution. Nevertheless, as has been
B2 gw ~a wow o~m o N [ previously demonstratéifrom Table 3, the gas-prlwa_se calculated
Zl8|ss 8g 949 gJ~v o @ AAG values are all in the range-45 kcal mot?, indicating
AR 2 precicted to decrease for al metals. This does not reieet the
7 = redicted to decrease .
S ® é\lﬁ 2 I[k)ey experimental result th&t, for the Ag complex in solution
2 Blexs FTog 8 B oueos 23 is larger tharK;, as shown in Table 1, with a negative value Qf
Z|° B :_AH:T] gfgj :? 3% '% S AAG, as shown in Table 3. It is thusf?éneost likely that this
Qe N B9 5 4d 4y i) phenomenon is caused by a solvent efféét.
$ % %' $ ? $ % :|'| $ ‘T' f a ':r- g j’. The simplest apprqach that can be used to model solvgnt
] © o L 3 effects in this system is through use of self-consistent reaction
g No ¥% ®x© o®o N g5 ° g field calculations. These treat the solvent as a continuum
o83 8% 888 887 " - %9 dielectric material that does not undergo specific chemical
—~ ll . B o) % interactions with the reacting species. Solvation corrections to
i = © © ﬁ = the gas-phase free energy changes for the reactions co_nS|dered
= o om @9 adw o e e w §E have been evaluated usi@PSMQ?° and the results are given
% § ol I A T i (Y % g’ﬁ in Table 3. Dielectric solvation results in theAG values for
Slw 5@ reaction 2 less reaction 1 becoming more positive, increasing
§ @ o 2 % the energy by which the first ammination is favqred cqmpareq
% 0?5 3 2 i’ é % ,_9,_ x to the second one. This change f;l]rises rt:ecautsr? d|electtr|ctsolxat|on
S|<(8| + H H & ® > favors the smallest ions, as these have the greatest charge
g p 283 © &5 density. Dielectric solvation thus cannot explain the key
E %F R\ $ ? - § 2 obseryation that the second ammination of"Agymost f_avored.
§: 5 E In addition, it is clear from the experimentgl d_ata in Table 3_
IS D2 o~ N~ N 2 f,- I <_? % that the total energy liberated _by both ammination processes is
g 12182 Ry 3 BS &8~ S S Oy dramatically reduced in solution compared to the gas phase,
| ! ! L " Ew with the free energy changes for reaction 3 (i.e., reaction 1 plus
% g 0 EE S reaction 2) being 6675 kcal mot? Ies(sj favgrid Thso(ljgtllon.t .
TZ[>(2% ®R ®IQ wA™ 0w D This solvent effect is also not reproduced by the dielectric
e § ;’ BY 8% an § R g 5 %o % % solvation approach, because this method again predicts changes
E 5% ll . U ' é S to occur in the alternate direction, with reactions in solution
g 92,0 5 E calculated to be more favored by ca. 15 kcal mMataused
TE‘ & 2 3 2 m 2 2 f; 8- largely by the loss of the translational entropy terms that favors
g|<|o| 1 g | g?‘u gas-phase dissociations. o
2 g If the observed anomaly in the successive ammination binding
E S| 55 ©5353 o933 © 3 %% constants arises from a solvent effect, then it is clear that this
g O< <0 <10 <10 < < 56 must involve specific solvation phenomena in which the solvent
% < S molecules form bonds to the reacting species. As a first
é ’I% EL approximation to understanding specific solvation, we investi-
) £ iy %ﬁﬁ gate the properties of theblsolzvatoed mpta;—sphert: (_:omfpclt:r(l(tas
3 T S T S described previously in Table 2. One of the most signifi
3 c é % :Z’ S % 3 results is that, of the innel_r-shell compounds with three Iigands,
= Sls T = I T 3 only the triammine and triaquo complexes are stable, with the
3 Q|1 Z S Tm S %g mixed NH—H.O ternary systems ejecting one of the water
S £ T i;, +Z § 39 molecules into the second coordination shell tp Ieave blnary
& Z z N o 22‘ complexes. For silver, this effect has been studied in det7a|l by
w s E gf % S8, Fox et al.X% while related effects are also known for Cuthy
g_lé ,f\ < %2 S - T Reactpns 1 and 2 may then be rewritten incorporating the effects
[ =~ =~ =~ ~ 5] of the inner-sphere solvent molecules, and the following gas-
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TABLE 4: Calculated Thermodynamic Data for Additional Reactions of Inner-Sphere Complexes

AGSq AGSq AHSgg AS gas
solution (kcal mot?) gas (kcal mot?) gas (kcal mot?) (cal KT mol™)
reaction M B3LYP PW91 B3LYP PW91 B3LYP PW91 B3LYP PW9l
(5) M*(H20)3 + NHz — M*(NH3)(H20) + 2H,0  Cu -15.7 -16.8 -169 —186 54 -7.0 38.4 38.8
Ag -9.9 -11.3 —-12.0 -140 -26 —-45 31.4 31.9
Au -31.9 —-32.1 —32.8 —335 -—-218 242 36.9 31.0
(6) M*(NH3)(H20) + NHz — M*(NH3), + H,O  Cu -12.6 -14.2 —-14.6 —16.8 -16.2 —18.0 -5.1 -4.1
Ag —-12.1 —13.9 -131 -154 -151 -171 —-6.7 -5.7
Au —20.6 —20.7 —-225 —229 217 240 25 -3.6
(7) sum (5)+ (6) Cu —38.6 —41.3 -315 -354 -216 -—251 33.25 34.75
M+(H20)3 + 2NH3 - M+(NH3)2 + SHQO
Ag —32.2 —35.6 —-25.1 —-295 -178 217 24.71 26.17
Au —62.8 —63.1 —55.3 —56.4 —43.6 —48.2 39.38 27.37
(8) differencé (6) — (5) Cu 3.0 25 2.2 1.8 —-10.7 -—-11.0 -—435 —429
Ag -2.2 -2.6 -1.1 -14 -125 -126 -—-38.1 —37.6
Au 11.3 11.3 104 105 0.1 0.2 —345 346
(9) M*(NHg) + H,0 — +(NH3)(H:0) Cu  —243 —27.2 —-301 —32.6 —400 —428 -—-329 —34.1
Ag —19.2 —22.5 —-19.0 -214 -284 312 -316 —33.0
Au -29.1 -33.3 —-28.7 —-324 -393 —431 -354 358
(10) M*(H20) + NHz — M*(NH3)(H-0) Cu —34.9 —40.4 —48.3 —-543 -59.1 —-649 -36.3 -—355
Ag —28.0 -33.9 —-339 -394 443 496 -—-348 344
Au —48.0 —55.2 —-55.0 -61.9 -66.0 —729 -36.8 —37.0
(11) M*(H,0); —~ M™* + 3H,0 Cu 46.3 54.8 66.7 74.2 949 102.9 94.6 96.3
Ag 41.8 48.9 45.8 51.3 78R3 T77.4 85.3 87.4
Au 41.8 59.8 52.6 64.4 81.1 91.2 95.6 90.1
(12) M (H20)% — M* (H20) + 2H,0 Cu 19.3 23.6 31.4 35.7 53.7 57.8 74.7 74.3
Ag 18.1 22.6 21.9 25.3 41.6 45.1 66.2 66.3
Au 15.1 23.1 22.2 28.5 44.2 48.7 73.7 67.9

2 Observed 89 kcal mot?, but this may be for a more stable outer-sphere compjl®©bservedP 70.8 kcal mof? after a correctiotf of 1.9 kcal
mol~? for outer-sphere binding.Referred to in the text a8AH, AAS, andAAG.

phase reactions are thus considered a better model for theby 5.6 and 26.2 kcal mol, respectively, are quantitatively

formation of the diammine complexes in solution. reproduced by the calculated values of (for B3LYP) 6.4 and
30.6 kcal mot?, respectively.
M*(H,0); + NH; — M*(NH,)(H,0) + 2H,0  (5) The difference values between reactions 6 ani/stH, AAS,

andAAG, are shown as eq 8 in Table 4. The calculated values
M*(NH3)(H,0) + NH; — M (NH,), + H,O  (6) (in solution, obtained using B3LYP) of 3.0 kcal mélfor Cu,
—2.2 kcal mot? for Ag, and 11.3 kcal mot* for AAG indicate
The calculated changes in the enthalphy, entropy, and freethat for Ag' the second ammination reaction does have a more
energy of these gas-phase inner-sphere aquated systems aiegativeAG value than that for the first ammination. Hence,
given in Table 4, along with free energies for these processesthese calculations predict that for silver the calculdtgds now
in solution estimated usinQOSMQ?° as before. The calculated  larger than the calculateh. This inner-shell specific solvation
free energy changes for reactions 5 and 6, both in the gas phas@quated-ion model thus provides a chemical interpretation for
and in solution, show marked decreases compared to those fothe observed anomalous ammination equilibria of"Ag is
the bare-ion reactions 1 and 2. Reaction 6 involves ligand possible that these calculated numbers are only in fortuitous
replacement rather than ligand addition as in reaction 2, andagreement with the experimental data, because the absolute
hence, the magnitude of the free energy change driving the errors depicted in Table 3 fokG and AH evaluated for gas-
process is reduced by ca.-280 kcal mot . However, reaction phase complexes range up to 10 kcal midbr B3LYP and 20
5 involves the replacement of two ligands with just one, and kcal mol* for PW91, errors that are large compared to the
so, the effect of inner-sphere solvation on the free energy changecalculated values oAAG, which range from—3 to 11 kcal
is even more pronounced. These effects are best appreciatednol~*. However, the maximum difference between the B3LYP
by considering the calculated values for the sum of reactions 5and PW91 results foAAG in Table 4 is just 0.5 kcal mol,
and 6, shown in Table 4 as reaction 7. The calculated changegndicating that the errors in the calculations cancel and, hence,
the calculated free energy differences are expected to be much
M*(H,0); + 2NH; — M (NH,), + 3H,0 (7) more reliable than the free energies themselves.
Further insight into the origins of this effect can be obtained
in the free energy in going from the gas phase to the inner- by considering the following reactions:
sphere complexes range from 40 to 60 kcal Thah significant

fraction of experimentally observed changes in going from the M*(NH,) + H,0 — M*(NH,)(H,0) 9)
gas phase to solution of 600 kcal mot™. This indicates that
reactions 5 and 6 are much better descriptions of the process in M™(H,0) + NH; — M"(NH,)(H,0) (10)

solution than reactions 1 and 2; furthermore, the dielectric

solvation effects that pushed reactions 1 and 2 in the wrong These show the formation of the mixed binary complex from
direction now generate changes of the correct sign, indicating two different pathways. The calculatesiG values for these
that a physically realistic model of the chemistry is now processes are given in Table 4 and indicate that thg()gs)-
obtained. Furthermore, the experimental observationsAkat (H20) complex has a lower stability compared to the equivalent
for reaction 7 is less exothermic for Cand Au™ than for Ag" Cu™ and Au" complexes. It is proposed that the unusually low
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stability of Ag*(NHs)(H20) enhances the binding of the second  (2) Cotton, F. A.; Wilkinson, G.Advanced Inorganic Chemistry
NHa, resulting in the observed highk value for Agh(NHs)». W"e)g ’\C‘)eW |Y0er|'51398(§r'1 Socl958 50 4186
As is well-known1017.36-38.40these results also indicate that the (3) Orgel, L. E.J. Chem. Soc195§ 90, 4186.

A . . 4) Bauschlicher, C. W., Jr.; Langhoff, S. R.; Partridge, JHChem.
binding of Cuf, Ag™, and Au" to water is much weaker than it phy(s_)lggl 94, 2068. 9 9

is to ammonia. Also significant are the following reactions: (5) Miyawaki, J.; Sugawara, K.-I. Chem. Phys2003 119, 6539.
+ Ve (6) Nasanen, RActa Chem. Scand.947, 1, 763.
M (H20)3 M*+3H0 (11) (7) Garner, R.; Yperman, J.; Mullens, J.; Van Poucke, LJ.GCoord.

Chem.1993 30, 151.

M*(H20)3—> M*(HZO) + 2H,0 (12) (8) Irving, H.; Mellor, D. H.J. Chem. Socl962 5222.
. . . . (9) Widmer-Cooper, A. N.; Lindoy, L. F.; Reimers, J. RPhys. Chem.
Data for these are also given in Table 4; reaction 5 can be written o 2001, 105, 6567.

as a combination of reactions 1, 9, and 11. (10) Fox, B. S.; Beyer, M. K.; Bondybey, V. H. Am. Chem. So2002,
124, 13613.
M+(HZO)3—> M* + 3H,0 (12) (11) Clark, T.; Hennemann, M.; van Eldik, R.; Meyerstein, IBorg.
Chem.2002 41, 2927.
+ Mt (12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M"+NH;—~M (NH3) @ M. A,; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.;

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

M™(NH,) + H,0 — M"(NH,)(H,0) 9) D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

M+(H 0), + NH, — M+(NH )(H,0) + 2H,0 (5) Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

273 3 3 2 2 D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

For it, the relative instabilities of the 'O species in reactions ~ Ortiz, J. V.; Stefanov, B. B, Liu, G.; Liashenko, A.; Piskorz, P., Komaromi,
|.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

9 and 11 would thus tend to balance out because they appe€abeng, C. Y.; Nanayakkara, A.; Gonzalez, C.: Challacombe, M.; Gill, P. M.

equally distributed among reactants and products. However, byw.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

analogy reaction 6 can be expressed in terms of reaction 2. M. Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

+ —MT — (13) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.
M7 (NH3)(H,0) — M7 (NHy) + H,0 (=9) Theor. Chim. Actal99Q 77, 123.

M+(NH3) + NH3 . |\/|+(NH3)2 (2) lgg()l;%é(ggggl.l, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.
N N (15) Becke, A. D.J. Chem. PhysL993 98, 5648.
M™(NH;)(H,0) + NH;— M"(NH;), + H,O  (6) (16) Perdew, J. P.: Wang, Phys. Re. B 1992 45, 13244.

. . . (17) Lambropoulos, N. A.; Reimers, J. R.; Hush, NJSChem. Phys.
For it, particularly unstable aquated species for &ppear only 2002 116, 10277.
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