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Cu™ in Liquid Ammonia and in Water: Intermolecular Potential Function and Monte
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The solvation structure of Cuin water and in liqguid ammonia has been investigated using the Metropolis
Monte Carlo method. The systems consisting of oné @15 solvent molecules have been simulated at a
temperature of 240 K for ammonia and 298 K for water, respectively—@mmonia and Ct—water pair
potentials have been newly developed based on ab initio calculations of dpgigity. Structural properties

were investigated by means of radial distribution functions and their running integration numbers, leading for
the first solvation shell to an average coordination number 6 aneNCdistance of 2.20 A in ammonia, and

to number 6 and CuO distance of 2.20 A in water. The RDFs, coordination number distributions, and pair
interaction energy distribution analyses indicate that ligand exchange reactions take place more easily in
water than in liquid ammonia.

1. Introduction three-body interactions markedly improves the agreement with
experimental datat

The electrostatic interaction between'Cand ligands should

be much weaker than in the case of the doubly charged cation
CU?t, so that the neglect of 3-body effects seemed acceptable
. . for the present work, especially after some ab initio calculations
Holland and Castlemah reported on the basis of high- [Cu(NHs).]* and [Cu(HO)]* complexes had been performed

pressure mass spectroscopy that copper forms a [’-@MH . in order to estimate their order of magnitude. Pair potential based
cluster n the gas phase_, but no experimental data is ava_ﬂ_ableMome Carlo simulations were performed, therefore, for systems
for_Cu+ In aqueous solution, probably d_ue to the Iow_ solubility consisting of one Ctiand 215 ammonia molecules and one

OT |ts_ salts in water. Stevgnson and his gr%?u_}ﬁstgdled thg Cu' and 215 water molecules, respectively. The results are
triaminocopper(l) complex in aqueous ammonia using ultraviolet reported and discussed in terms of structural properties and

spectroscopy. The stability constants for the stepwise formation compared with other theoretical and experimental investigations
of [Cu(NH3)3]™ were determinedtd M ionic strength, resulting P P 9 '

in an overall value of 0.05. The preferred Cspecies in aqueous

ammonia solution is [Cu(Ng)z] ™ with a stability constant of

0.86x 1P at 2 M ionic strength. So far, there is no experimental 2.1. Estimation of Many-Body Effects.To investigate the

data referring to the microscopic structure of these complexes.inﬂli(_:‘hCe of many-body terms on the intéractions betweeh Cu
The structural and energetic features of the hydration of Cu 4q water and ammonia, ab initio calculations with energy

in aqueous solution have been studied by Monte Carlo simula- ontimization of Cu(L)* complexes, where L is D or NH,

tion, resulting in a coordination number of six for the first andn = 1-6, were carried out using the doullevalence

hydration shell of the Cty'* corresponding to an octahedral (DZV) basis set of ScHar et al?2 for copper. The doublé-

structure in the first shell. The structure of a second hydration plus polarization (DZP) basis sets of Dunriidgorresponding

shell of Cu" could not be described because of the use of only {4 D95+ in the Gaussian 94rogrant* were used for water

20 water molecules in this simulation. and ammonia. The experimental gas-phase geometries of the
In most simulations, pair interaction potentials have been used gmmonia molecuf&with N—H distance of 1.0124 A and HNH

to describe iorrligand interactions. It is known, however, that  angle of 106.67and for wate#6 with O—H distance of 0.9601

the assumption of pairwise additivity can lead to serious errors A and H-O—H angle of 104.47were taken as starting values
in the description of ions in watet>16and liquid ammoni&—1° for the optimization.

as well, especially for doubly charged cations, as a significant
part of the many-body effects is due to polarization efféets.
The C#"—NH3 and Cd+t—H,0 ab initio pair potentials are
inadequate to describe the solvation structure offCieading AE.. = —E —E 1)
especially to an overestimation of the coordination number (8 s TML, M L

instead of 6) and of hydration energi€s® The inclusion of

Binding of Cu" to small molecules has been the focus of
several experimental and theoretical studies. These include
complexes of Ct with one and more molecules of wakef
and/or ammonig:1°

2. Details of the Calculations

The stabilization energies of the complexésq, were
calculated as

n

whereEw,, Em, andE_, are the total energies of [Cu(NJ] ™

T Permanent address: Austrian-Indonesian Centre for Computer Chem-O' [(:_U(HZQ)n]+: Cu* andn NHs or H,O molecules in the same
istry, Gadjah Mada University, Yogyakarta, Indonesia. configuration as that of the [Cu(k])" complexes, respectively.
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TABLE 1: Final Optimized Parameters for the Interactions of N and H Atoms of Ammonia and of O and H Atoms of Water

with Cu*2
pair charge A B C D
Cu"—NHs (a.u.) (kcal mott AS) (kcal mol Ag) (kcal mol?) (AY
Cu—N —0.8022 —7898.9937 6436.6190 119469.5589 3.6357
Cu—H 0.2674 —1401.6483 1402.2589 5468.8967 2.7279
Cut—H,0 (a.u.) (kcal mot A%) (kcal mol Ag) (kcal mol?) (AY
Cu-0 —0.6598 —1113.5410 948.7345 61435.4148 3.8498
Cu—H 0.3299 —328.7231 223.0600 4196.7013 2.9325

aThe atomic net charges are given in a.u., interaction energies and distances in kéaamdoR, respectively.

TABLE 2: Optimized Geometries and Corresponding
Many-Body Effects in Cu(NHz),™ and Cu(H,0)," Complexes

Cu"—NHjs
n Tcu-N TIN-H DHNH AEstb AEavbin AEavpi 0A)AEani AErpI
1 208 1.01 106.0 —43.4 —43.3 —434 0.0 .
2 205 101 106.0 —87.8 —43.8 —43.6 0.6 3.1
3 218 1.01 106.0-113.7 —37.8 —41.7 9.2 10.0
4 228 101 106.1-136.7 —34.1 —39.8 14.2 19.6
6 253 101 106.4-163.0 —27.1 —-373 27.2 41.8

Cu—H,0
N Tce-o To-H DHOH AEstb AEavbin AEavpi 0/OAEa\vpi AErpl
1 207 095 107.0 —334 —334 —-334 0.0 0.0
2 205 095 107.3 —66.3 —33.1 —33.2 0.3 14
3 215 095 106.8 —89.3 —29.8 —-32.1 7.0 5.7
4 224 095 106.8-109.7 —27.4 -30.9 11.3 11.6
6 242 0095 106.6 -140.3 —234 -—-294 205 30.0

The average binding energy per ligand molecli&gyping iS
computed as

AEavbind = AEstt/n (2)

To evaluate possible errors of the assumption of pairwise
additivity of interactions due to many-body effects, average pair

interaction energies between M and L in MtomplexesAEayyi
were calculated and defined as

n

AE [(Ew, —Eu —EJn 3)

avpi =
=

where ML denotes any of the ML pairs in the Micomplexes.
The percentage of nonadditivity, B4, was then defined as

%Eavpi =100(1— AEavbir/AEavpi) (4)
The repulsion energy between ligands is calculated as
AErpI = ELn —ng ©)

The fitting process to an analytical potential function was
performed by the least-squares method with Levenberg
Marquart algorithm, with various potential types. The best
analytical potential function form describing all electronic and
van der Waals interactions resulted as

4
AEgr= ) Aw ri7M6 + B riirvl8 + Ciyy exp(Diyriv) +

=
G ' (7)
for Cut—NHj3 pair potential and

3
ABer = ) Ay ri7M5 + B I‘ﬁ + Ciy exp(Dyyriv) +

£
0 Om rﬁ/ll 8)

for Cut—H,O pair potential, wherédy, Bim, Cim, and Dy
denote the fitting parametensy, are distances between thh
atom of the ligand and Cuy q; are the net charges of thth
atom of the ligand obtained by Mulliken population analysis,
andqy is the atomic net charge of CuWeight factors were
introduced to give special emphasis to values near the global
and local energy minima and repulsive, destabilized configura-
tions with energies above 50 kcal mblwere excluded. The
standard deviations of the fitted values from SCF data were
+1.3 kcal mott and+2.1 kcal mot? for the Cu"—water system
and Cu—ammonia system, respectively. This analytical po-
tential function form is in analogy to the form of potential
functions previously constructed for other solvated metal
ions_17,27729

In the pair potential construction, artificial charge-transfer
effects at larger iontligand distance have been observed for
Cu—water>3%and Cud—ammoniat® The ECP-DZP basis sets
proposed by Stevens et3lor Hay and Wad# for Cu* also
produced very large charge-transfer effects and thus gave
partially erroneous energies at larger-idigand distances. For

The results of geometry optimization and the data for estimating €@mPple, calculations using the basis set proposed by Stevens

many-body effects are given in Table 2.

2.2. Construction of the Pair Potentials.To construct the
Cut—NHs and Cu—H0 pair potentials, the ligand molecule
was fixed in the origin of the coordinate system and"Quas

et al3” show that the total Ct—ammonia complex energy,

wheref = 0° and¢ = 0° (Figure 1), changes from206.4 au
to —140.0 au upon increasing the €N distance from 6 to 7
A, one to be the formation of Cu and NH Such charge-transfer

moved in configuration sphere varying geometrical parameters effeCts were not observed when the VDZ basis set proposed by

within 1.5 A < reyL < 15.0A, 0 < 6 < 180 and O< ¢ <
60° (Figure 1). The interaction energieskE,y, between Cti—
ammonia and Ct—water were computed by subtracting the
ab initio energies of the isolated speckes, andE, from those
of the monosolvateEq, , where L denotes ammonia or water

ABy=Ecy " —Ec) — EL (6)

Schider et al??2 was used for copper. The global minimum of
—43.4 kcal mot?! of the Cu"—NH3 system was considerably
higher than the experimental resul-49.34 kcal mot?),3°

whereas for Ci—H,O the global minimum resulted only 1.4

kcal mol! above the experimental vakief —35.0 kcal mot™.

The larger discrepancy in the case of Nidight be due to the

larger charge-transfer effects as well as to a larger error in
comparison to water, using a noncorrelated wave function.

Both pair potentials were developed from more than 900 SCF  2.3. Monte Carlo Simulations.One Monte Carlo simulation

energy points for Cimammonia and Ct—water, respectively.

was performed for a system consisting of one"@nd 215 NH
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Figure 1. Comparison of the energies obtained from the SCF calculatidBssr and from the potential functiodEgr, for (a) Cu'—ammonia
system and (b) Cu—water system, using the final values of the fitting parameters as given in Table 2 for val@es 6f, 60° and 150, and

¢ =0°.

using the newly developed two-body function at temperature evaluation of structural data a further 3 million configurations
of 240 K. Ammonia-ammonia interactions were described by were sampled.

a function taken from literatur®. A periodic box length of

20.8546 A was set in accordance with the experimental density 3 Results and Discussion

of pure liquid ammonia at 240 K and 1 atm (0.682 g @émA

second simulation was performed for CTin water, with one 3.1. Role of Non-Additive Terms.Table 2 shows that the
Cu' and 215 water molecules placed in the elementary box. At Cu—N and Cu-O distances increase and the stabilization energy
the temperature of 298 K, the edge length of this box is 18.7170 per ligand moleculeAEawin, decreases as expected with larger
A, corresponding to the density of pure water (0.997 g¥®m n. The elongation of CtL can be understood from the ligand
For water-water interactions, the CF2 potential proposed by ligand repulsion AEy). An exception is the [Cu(Ng,]"
Jancso and Heinzing@was used. Periodic boundary condition complex, where this repulsion seems to be overcome by neutral
and cutoff of exponential terms at half of this length were polarization effects, leading to a slightly higher binding energy
applied3! After generating a starting configuration randomly, per ammonia molecule than in the case of a single ligand.
the systems had reached energetic equilibrium after 3 million Therefore,AEaypin is more negative for [Cu(Nk,]* than for
configurations, setting an acceptance ratio of 1:3. For the [Cu(NH3)]™ and the Cu-N distance in [Cu(NH)2] " is slightly
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Figure 2. (a) Cu-N, Cu—H, and (b) Cu-O, Cu—H radial distribution functions and their running integration numbers for-Gammonia system
at 240 K and Cti—water system at 298 K, respectively.

smaller than in [Cu(NRB)]*. This unusual feature has recently investigation on more details, however, a mixed QM/MM
been reported in some experimeffand theoretical® studies simulatiorf”-32 appears favorable. Such a simulation will con-
on solvation of transition metal cations including’Cand should sume, however, approximately 100 times more computer time.
be attributed to a cooperative effect, similar to that found in 3.2, Structural Data. The radial distribution functions (RDFs)
hydrogen bonding® for Cu—N/Cu—H in ammonia and C#O/ Cu—H in water,
Table 2 also shows that the assumption of pairwise additivity together with their corresponding running integration numbers
of Cu™ complexes interaction energy may lead to a maximum are shown in Figure 2(a) and (b), respectively, and the
error (YAEayp) of 27.2% and 20.5% for [Cu(NJ]* and [Cu- characteristic values are summarized in Table 3.
(H20)s]* complexes, respectively. The ammonia value is higher ~ The ammoniaammonia and waterwater RDFs are almost
than in the case of other singly charged cation ammonia identical to those of liguid ammonia and pure water, respec-

complexes namely [K(NEJe] ™ (199%¢9), [Li(NH 3)]* (2396°3), tively, and therefore only listed by their characteristic values
and [Na(NR)g]™ (179%*3). The values for the hydrated com- in Table 3.
plexes [K(HO)s]* (17% 349), [Li(H20)e]* (20%6*), and [Na- The first solvation sphere of Guin liquid ammonia is

(H20)e]* (2096*) are rather similar, however. In complexes with  represented by a sharp peak of the-®GURDF, centered at
doubly charged cation, the corresponding values are consider-2.20 A, 0.1 A beyond the minimum of the SCF GtNH;
ably higher, e.g., 30% for [Mg(NgJs]?" 23 or 32% for [Ca- potential, and 0.33 A shorter than the optimized-Gudistance
(H20)¢]?".34 Comparing these values, it still seemed acceptable for the [Cu(NH)s]* complex. The average coordination number
to perform simulations with pair potentials alone, as they could for the first solvation shell integrated up to the first minimum
be expected to lead to at least qualitatively correct results. Forof 2.53 A is 6, and only 0.03% of Cuhas a different
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TABLE 3: Characteristic Values of the Radial Distribution

Functions, gag(r) for the Cu*—ammonia and Cu"—water2 | 5 % cu-ammonia
of vz Im1 Nes(M1) vz m2 Nop(M2)
Cut—NH3 -
CuN 220 2.53 5.99 432 641 23.54 S
CuH 274 3.32 18.29 497 6.66 97.63 Py
NN 3.38 5.02 12.03 6.55 8.04 51.17 8
NH 3.61 5.17 39.04 6.68 8.20 162.60 g
HH 3.83 5.22 40.07 6.82 8.45 171.32 3
Cut—H,0 8

CuO 220 275 5.99 422 541 19.25
CuH 292 3.48 14.13 503 6.01 63.26

| Ba_Ll mmﬂ]mmm.i

00 286 331 432 449 576 2531
OH 194 248 189 320 6.03 5863 ' -
H H 228 301 552 373 542 4241 -40 35 30 - 20 15 -10

a1y, Tvz @nd g, mz are the distances, in A, wheggs(r) has the pair interaction energy (kcal/mol)

first and second maximum and the first and second minimum, Figure_ 4._Distrib_ution of Cui—NH3; and Cu—H;0 pair interaction
respectivelyn,s(m1) andnes(m2) are the running integration numbers  energies in the first shell.
integrated up tow: andrw,, respectively.

interaction of ammonia molecules between first and second

(a) - solvation shell, since on average four ammonia molecules in
1004 g:ﬁf{:ﬁ':\eu the second shell interact with one ammonia of the first shell.
For copper(l) in water, a sharp first peak is observed in the
80 Cu—0 RDF (Figure 2b), located at 2.20 A. The coordination
3 number distribution analysis (Figure 3b) for the first hydration
g 60+ shell of Cuf leads to 1.2% of 5 and 98.8% of 6 water molecules
8 around Cd. The peak separation of the first and second
‘g 40 - hydration shell is less than 0.25 A, and thus much smaller than
8 in the case of Ctiin liquid ammonia. This indicates that ligand
20 - exchange should occur somewhat easier in water, compared to
E%%%EEQ liquid ammonia.
0 e e T 12 14 16 18 ;‘) Fon 24 26 28 The average coordination number of the second hydration
4 8 101 shell, located between 3.0 and 5.41 A, is 19.3. This reveals that
coordination number ligand orientation and binding is mostly, but not exclusively
determined by hydrogen bonding since on average 3.2 ligand
(b) : . . . :
100 - B tirstshell molecules in the second shell interact with one ligand of the
S second:shel first shell.
801 The average coordination of Cioth in ammonia and water
s was found to be an octahedral arrangement of solvent molecules
% 60- in the first shell. It must be emphasized that there is an
% uncertainty in these results, namely the neglect of many-body
S 404 interactions. In the case of €y three-body corrections are
3 essential to reproduce the correct coordination number of the
° 20- first solvation shell>18 Comparing, however, the interaction
é E energies for C&#—NH3 (—111.7 kcal mof!) and for Cu—
0 K , == == | =S NH3 (—43.4 kcal mof?) it can be assumed that these effects
4 6 8 10 12 14 16 18 20 22 24 should play a much smaller role in the case of the monovalent
coordination number ion.
Figure 3. First- and second-shell coordination number distribution of ~ The pair energy distributions for Ct-NHz and Cu—H:0
Cu' in (a) liquid ammonia and (b) water. are shown in Figure 4. The average pair energy valuesiéf.2
kcal mol?! for Cut—ammonia and-29.2 kcal mot* for Cu™—
coordination number, namely 5. The fact that the-CURDF water are only 4.0 kcal mot higher than the global minima

comes to zero after its first peak and stays vanishingly small resulting from SCF calculations. These results are in a good
for more tha 1 A suggests that the first solvation shell is stable agreement with the investigation of nonadditivity of interaction
and that ligand exchange with the second shell should be ratherin hydrated Ct clusters} confirming that for Cd many-body
marginal. effects are much less important than for ?CuThe pair
The Cu-H RDF shows a sharp peak centered at 2.71 A RDFs interaction energies for Cu-H,0 are more widely distributed
representing the first solvation sphere of'dn ammonia and than those of Cti—NHg, indicating again a higher flexibility
not overlapping with the CuN RDF, indicating that the first ~ of ligand arrangements in water.
solvation shell has rather a rigid structure with the nitrogens  The angular distributions of Ng+Cu—NH3; and HO—Cu—
oriented toward the central ion in dipole moment direction. ~ H,O up to the first minimum of Ca¢N and Cu-O RDFs were
The second-shell coordination number distribution of"Cu evaluated and are shown in Figure 5 in order to elucidate the
in liqguid ammonia (Figure 3a) shows that 18 to 29 (average orientational arrangement inside the first solvation shell. The
23.5) ammonia molecules in this sphere interact with the 6 angle of the [Cu(NK)e]* complex obtained from the simulation
ammonia molecules in the first shell. This indicates that shows a sharp peak between®&nhd 114 with a maximum
hydrogen bonding is not the exclusive factor determining the centered at 88and a smaller peak between 2%5d 180 with
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Figure 5. Distribution of bond angles NH-Cut—NH; and HO—
Cu—H_0.

a maximum centered at 174The peaks at 8&and 174 indicate
that [Cu(NH)e] ™ is a slightly distorted octahedral complex. The
angles in [Cu(HO)s]* are almost the same as in [Cu(i)k]™,

but the intensities and their widths differ to some extent. The
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in the first shell are more flexible than ammonia ligands, which
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and by the lower interaction energy betweenGund water,
compared to the ammonia ligand.
4. Conclusion

Monte Carlo simulations using ab initio pair potential
predicted six ligands in the first solvation shell of Chioth in

ammonia and in water, corresponding to distorted octahedral

complexes.
The RDFs, coordination number distributions, and pair
interaction energy distribution analyses indicated that ligand
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211, 313.

(28) Tongraar, A.; Hannongbua, S.; Rode, B. @hem. Phys1997,
219 279.

(29) Hannongbua, S.; Kerdcharoen, T.; Rode, BJMChem. Phys1992

exchange reactions take place more easily in water than in liquid 96, 6945.

ammonia. In both cases, however, a nonnegligible amount of
this ion has a coordination number of 5, providing easy access

to a further incoming ligand.
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