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To understand the hydration phenomena of noble transition metals, we investigated the structures,
hydration energies, electronic properties, and spectra of tliéHg0),_g and Au'(H,0),_g clusters
usingab initio calculations. The coordination numbers of these clusters are found to be only two,
which is highly contrasted to those of Agf,0), (which have the coordination numbers of 3-24

well as the hydrated alkali metal ior{svhich have the coordination numbers 6f6). For the
possible identification of their interesting hydration structures, we predict their IR spectra for the
OH stretch modes. @005 American Institute of PhysidDOI: 10.1063/1.1849134

I. INTRODUCTION guantities, spectra, and structural and coordination chemistry

The hydration phenomena are very interesting subjectgf multiply hydrated systems with respect to the hydration

. . . o . ] Aumber-® This will provide the right answer for the coordi-
in solvation chemistry and bio-inorganic chemistry.Hy- : ; .
) : . ; .nation numbers of copper and gold cations by hydration.
dration chemistry of monovalent systems including alkali : .
. . ) . . Thus, for the comparison of these hydrated clusters with the
metal ions has been intensively studied experimen hydrated silver cation clusters, we here investigate monoh
and theoretically>?? Their characteristic coordination re- : 9 y

flects the intrinsic properties of ions. It is of importance to drated to hexahydrated copper and gold cations, focusing on

. . ) . . " the same subjects. We have employed density functional
investigate the hydration structure of transition metal ions . . .

) . ; theory (DFT) calculations using the hybrid Becke three-
which can be self-synthesized into self-assembled nanostruc-

tures upon reductioft Despite very few studies on hydrated parameter with Lee-yang-Parr correlation .funct|onals
. ) . : B3LYP), Mgller-Plesset second-order perturbation method
heavy metal ions, there are some interesting studies on t

hydration energies of transition metal iof{s??In particular P2), and coupled cluster method including single, double,

' ' _.and perturbative triple excitatiof€CSIO(T)]. The coordina-
%ion structures, binding energies, and IR spectroscopic fea-
tures are discussed, and compared to those of hydrated silver
monocations. The distinctive differences in hydration fea-
tures between CUAu* and Ag" are discussed.

tion numbergCN) of hydrated copper and silver cation clus-
ters have been reportéﬁg. The noble monovalent cations
(Cu, Ag, and Al have characteristic electronic properties
with high electron affinity EA). These noble metal monova-
lent cations have much smaller energy geps, between the
highest occupied molecular orbitdHOMO) and the lowest ||. CALCULATION METHODS
unoccupied molecular orbitdLUMO) in comparison with
alkali metal monovalent cations. Their LUMOs are com- 10 obtain the low-lying energy structures, we searched
posed ofs orbitals. The energies of occupiedorbitals are ~ for various hydration structures of Qi,0); ¢ and
close to thes orbitals, while those of virtuap orbitals are Au"(H;0); ¢ and calculated their binding energies at the
high. The noble metal atoms show considerable solvatio?3LYP/6-31+G* and MP2/6-31+G* levels of theory, as in
energie€* which would provide important information of OUr previous study of AgH,0)_¢*° The relativistic effec-
the interface between meté block and organic materials tive core potential$RECP including contracted6s5p3d1f]
(p block).?® and [7s5p4dif] basis sets were used for Cwand AU
There are a few theoretical studies of small hydratedons:®****The relativistic effect is known to be very large in
noble metal ion€®22In particular, Felleet al. reported high ~ gold?’ The interaction energies for the low-lying energy
level theoretical values for accurate prediction of the bindingStructures were further investigated using MP2 and
energy of novel metal clusters with a few water molecdfes. CCSDT)//MP2 calculations with the aug-cc-pVDZ basis set
Then, they conjectured that the structure of pentahydrate@hich will be shortened as avDZor water, the Wachters
copper cation would have tricoordination. On the other hand¢ontracted basis s¢Bs4p3d] with Hay's diffuse functions
we have studied monohydrated to hexahydrated silver cat2pd] and onef function for Cur,*® and the RECP potential

ions, focusing on the changes of various thermodynami@nd the 7s5p4df] basis set for Al This whole basis set will
be simply denoted as aVDZ for brevity. The experimental

) L _IP/IEA of Cu and Au are 7.73/1.23 and 9.23/2.31 eV,

a)Eg:;naa.nent address: Department of Chemistry, Paichai University, Tae]eo?‘espectivel);.g The calculated IP/EA of Cu and Au are

PElectronic mail: kim@postech.ac.kr 8.26/1.31 and 9.23/2.20 eV at the B3LYP/6-31+G* level,
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FIG. 1. Structures of monohydrated to hexahydrated copper monocatiot{$ O,

7.47/0.77 and 8.69/1.81 eV at MP2/6-31+G*, 7.15/0.52lll. RESULTS AND DISCUSSION

and 8.69/1.81eV at MP2/avDZ, and 7.16/0.83 andp Hydration structures

8.59/1.88 eV at CCSO)/avDZ. The HOMO-LUMO en- )

ergy gaps of Ctiand AU are 4.64 and 4.69 eV at Figure 1 shows mon_ohydrated to hexahydrateq struc-
B3LYP/6-31+G*. These energy gapée., between the tures of copper monocatiof€u’(H,0),=1_¢. Table | lists

* i i 1 i B
splitting thed ands orbitalg are smaller than that of Agon theB MP2/6'3_1+G predicted Interaction energlé#Ee/
(6.49 eV) AEg), enthalpies, and free energies. These energies are re-

eported with full BSSE correction, since these BSSE-

The vibrational frequencies were calculated at th corrected energies are close to the experimental energies and
-31+G* -31+G* . .
B3LYP/6-31+G*, MP2/6-31+G*, and MP2/aVDZ levels the BSSE-uncorrected energies at the MP2/avDZ and

T.hese frequencies were useq {o obtain the zero point ene{fCSEIT)/aVDZ levels which will be discussed later. Here
gies(ZPE) and thermal energig@nthalpy changeAH, free ny, N, andng in clustern;+n,+n; indicate the numbers of

energy changeAG at 298 K and 1 atm Their infrared(IR) . . :
) _ ater molecules in the primary, secondary, and tertiary hy-
spectra were analyzed using the MP2/avVDZ calculation re\-N uies | primary Y ary ny

Its. The CCS h q , . btained dration shells, respectively. The symmetry of each cluster is
su_ts. € OY) thermodynamic q_uantltles_ were O taine given in parentheses. If the structure is composed of$ing
u;mg the MP2/aVDZ thermal energies. The interaction enery is denoted asn,+n,+n;—mRn,, where mRn, is m
gies (AE; AE./AEy: ZPE-uncorrected/corrected energre

. ) " n-membered rings. A structure with twg-membered and
reporte_d with E:‘ull/hﬁllf bas!s set superposnmn_er(Bﬁsg one n/-membered rings is simply denoted as rgRn..
correction(AE®/AE™) or without BSSE correctiofAE™). Rnnn, and Rnnnn are simply denoted as 3R and

For the calculations using small basis sgs31+G*) the  5Rn respectively. If the structures have the same coordina-
BSSE correction was made using the counterpoise m&thodiion numbers with same notations, the additional structure is
since otherwise the binding energy is overestimated, whilgjistinguished by a prime. In the cases of*Gi,0),, the

for the calculations obtained with large basis sgtgDZ), lowest-energy structures iAE, for n=1-6 are 1+0C,,),

we did not employ the BSSE correction with which the bind-2+(C,), 2+1(C,), 2+2C,), 2+3(C,), and 2+4C,), re-

ing energies are seriously underestimated. For the aVDZ bapectively. The second lowest-energy structuresntoB—6

sis set, the MP2 energies without BSSE correction are closgre 3+@C,), 2+2C,), 2+3-R5C,) [3+2-R4C})], and 2

to the experimental value. All the calculations were per-+3+1(C,), which are 4.1[3.7], 1.9 [2.2], 5.1 [4.5], and
formed using thesAUSSIAN 03 suite of programg.2 Pohang 2.91.1] kcal/mol higher than the lowest ones at the
Sci-Tech Molecular Modelingposmol package was used MP2/6-31+G*[B3LYP/6-31+G*] level. The coordination

to draw figuresg.3 numbers for Ctiare 2 forn=2. The lowest-energy struc-
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TABLE I. MP2/6-31+G* interaction energies, enthalpies, and free energies @H0),, (n=1-6). IF is the
number of imaginary frequencies. CN/HB is the number of coordination/the number of water-water H bonds.
Superscripts “N” and “B” denote non-BSSE and full-BSSE corrections, respectively. The free energy changes
for low frequencies less than 26 chrwere corrected using the smallest rotational free energy of the water

monomer.

n Cu*(H,0), CN/HB IF -AEY -AEB -AEB -AHS,  —AGH,

1 1+0Cyp,) 1/0 0 43.54 38.21 36.75 37.48 31.24

2 1+1Cy) 1/1 0 65.23 56.75 52.82 54.30 40.07
2+0(Cy) 2/0 0 91.89 79.06 74.70 76.26 60.13
2+0(Dyy) 2/0 2 91.77 78.94

3 1+2Cy 1/2 0 83.79 72.41 66.23 68.12 45.89
2+1(Cy) 2/1 0 112.32 96.40 89.74 91.88 68.08
3+0(Cy) 3/0 1 107.79 91.86 85.63 88.10 62.60

4 2+2Cy) 2/2 0 131.62  112.74  103.96 106.50 74.24
2+2(Cy) 2/2 0 129.62  110.81  102.11 104.48 73.17
2+2-RHC,) 2/3 0 127.34  108.18 97.90 101.28 66.73
3+1-R4C)) 3/2 0 127.30  107.30 97.76 100.71 67.00
4+0(Cy) 4/0 -+ 12046  100.74

5 2+3Cy) 2/3 0 148.24 126555  115.86 118.49 79.33
2+2+1-RGC,) 2/4 0 146.46 12359  110.55 114.71 70.79
2+3-R5C)) 2/4 0 14534 12314  110.79 114.46 71.83
3+2-R44C)) 3/4 0 14573  122.24  110.10 113.72 70.77
3+2-R44C) 3/4 0 14539 12225  109.42 113.52 69.42
3+2-R4C)) 3/3 0 14511  123.00  110.73 114.37 71.88
3+2-R4C)) 3/3 0 14456  121.83  110.40 113.56 71.97

6 2+4(Cy) 2/4 0 163.90  139.43  126.81 129.56 82.81
2+3+1-RGCy) 2/5 0 162.67  137.07  122.29 126.44 75.35
2+3+1Cy) 2/4 0 160.91  136.65  123.94 126.87 80.04
2+4-R55C,) 2/6 0 157.62  131.93  116.48 120.99 68.26
3+3-R44C)) 3/5 0 16221  136.07  121.26 125.57 73.56
3+3-R44C)) 3/5 0 161.34 13501  120.75 124.63 73.51
3+3-R4C)) 3/4 0 160.13 13478  121.33 124.69 75.42
3+3-R54C)) 3/5 0 161.09 13429  118.82 123.63 70.40
3+3-3R4C;) 3/6 0 154.72  128.72  114.10 118.22 66.98
4+2-5R4C,) 4/6 0 163.90 13627  119.83 125.25 69.42
4+2-R44C)) 4/4 1 15498 12897 -
6+0-R33D,) 6/6 -+ 14711 121.10

tures with coordination number 3 for clustenss3—6 are change, while the absolute binding energies seriously depend
3+0(Cy), 3+1-R4C;), 3+2-R4C)[3+2-R4C;)], and onit. Since these low level calculations focus on the relative
3+3-R4C,), which are 4.1[3.7], 5.6 [4.9], 5.1[4.5], and  energies to find the lowest-energy structures, the level of
5.5[3.6] kcal/mol higher in energy than the lowest-energy BSSE correction is not an issue here. The lowest-energy
structures with the coordination number 2. The structurestructures iIME, for Au*(H,0),-;_gare the same with those
with the coordination numbers 3, 4, and 6 are higher in engf Cy*(H,0),-,_g except that Ct(H,0) has theC,, symme-
ergy than that with the coordination number. 2 by 4-6, 7-124y while Au*(H,0) has C, symmetry. The lowest-energy
and ~18 kcal/mol, respectively. Thus, multicoordination of ¢t ctures of Ati(H,0),, for n=2 have coordination number

. . . o
Cu bﬁ’ water molecules is pragtlcaflly S"ff'C“'t- h 2. The most lowest-energy structures ford—6{2+2(C,),
The structures and energies for Al,0)y-1¢ at the 2+3(C,), and 2+4C,)} are lower than the second lowest-

MP2/6-31+G* level are reported in Fig. 2 and Table Il. In
this case, the energies are reported with 50% BSSE corre€N€"Y structure{2+2(Cy), 2+2+1+REC,), and 2+3

tion because the MP2/6-31G* binding energies with full * XG0} by 1.6[1.7), 4.914.5], and 3.4[1.1] keal/mol (in
BSSE correction are much smaller than the MP2/avDZ andsEf) at the MP2/6-31+G{B3LYP/6-31+G]level. For
CCSOT)/avDZ binding energies, while those with 500 AU (H20)s, the case with coordination number 2 is
BSSE correction are very close to them. The reason Wh)7'4 kcal/mol lower than that with coordination number 3.
different levels of BSSE correction were employed for This energy difference is much greater than that for
Cu*(H,0), and Au(H,0), is that the former used full Cu'(H;O)s (5.1 kcal/mo). Thus, in the case of AUH,0),
atomic basis sets and the latter used effective core potentiai)e tricoordination is hardly possible.

while the 6-31+G* basis set is somewhat incomplete to de- The LUMO of Cu, Ag®, and AU ares orbitals, while
scribe the systems. However, regardless of the level of BSStheir HOMO are fivefold degeneratkorbitals. The LUMO
correction, the relative energies between clusters hardlgnergies of Cti(-11.09 eV} and AU (-12.11 eV ions are
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FIG. 2. Structures of monohydrated to hexahydrated gold monocatiorigH4),..

lower than that of Ag ion (-10.68 e\J. The HOMO ener- water cations the dihydrated structures show better stabili-
gies of CU (-15.73 eV and AU (-16.80 eV are higher ties, while in the cases of silver-water cations, the trihydrated
than that of Ag (-17.17 eV. Therefore, thes-d or LUMO-  and tetrahydrated systems have better stabilities than the di-
HOMO energy gapsEg,, of Cu" (4.64 eV} and AU hydrated systems at higth initio calculation levels. Namely,
(4.69 eV are much smaller than that of Ag6.49 e\). all the coordination numbers for hydrated*Gand Au are 2,
Then, thes-orbital characteristics of Cuand AU ions are  while the coordination numbers for hydrated *Aaye 34
more included in the hydrated structure in comparison withiThe lowest-energy structures of GH,0), and Au(H,0),
Ag*-water complexe%? Therefore, in the copper and gold- at O K are the same with those at room temperature.

TABLE Il. MP2/6-31+G* interaction energies, enthalpies, and free energies tt0), (h=1-6). See the
caption of Table I. Superscript “H” denotes 50%-BSSE correction.

N Au*(H,0), CN/HB  IF  -AEY -AE" -AEY -AHY,  -AGH

1 1+0Cy 1/0 0 38.96 35.73 34.04 34.98 28.59

2 1+1Cy 1/1 0 61.06 56.05 51.93 53.59 38.83
2+0(Cy) 2/0 0 85.68 78.92 74.14 75.92 59.37
2+0(Dyg) 2/0 2 84.39 7768 -

3 1+2Cy 1/2 0 80.45 73.80 67.61 69.55 46.98
2+1(Cy) 2/1 0  106.85 98.44 91.55 93.80 69.76

4 2+2C,) 2/2 0 12674 11673  107.67  110.36 78.12
2+2(Cy 2/2 0 12504 11503  106.10  108.56 76.83
4+0(Sy) 4/0 4 104.98 9515 .-

5 2+3Cy) 2/3 0 14427 13271 12174 12452 84.52
2+2+1-RBCy) 2/4 0 14206  130.02  116.87  121.08 76.89
2+2+1-RGC}) 2/4 0 14045 12833 11558  119.64 75.60
2+2+1-R§Cy) 2/4 0 13795 126.05  113.35  117.28 73.89
3+2-R4C) 3/3 0 13719 12548 11432  117.33 76.27
3+2-R44Cy 3/4 0 13725 12518 11317  116.70 74.20

6 2+4(Cy) 2/4 0  160.64 14758 13460  137.64 89.31
2+3+1Cy) 2/4 0  157.30 14438 13121 13441 86.29
2+3+1-RBCy) 215 0  159.08 14554  130.64  134.84 83.29
2+3+1-REC}) 215 0 15853  144.85  129.94  134.29 82.21
2+2+2-R7Cy) 2/5 0 15731 14351 12811  132.90 79.93
2+3+1-RGC)) 2/5 0 15834 14457 12971  134.06 81.72
2+2+2-R644C,) 2/6 0  159.84 14523  128.67  134.16 77.98
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In Fig. 3, the stronges- andd-orbital hybridization ap-
pears in the orbital interactions of Awwater and Ct-water
complexes due to their small&y,, in comparison with the

J. Chem. Phys. 122, 064314 (2005)

gold cation tends to attract electron clouds from water mol-
ecules(i.e., strong charge transfer from the gold cation to
water molecules and so the charge of the gold cation tends
to be much smaller than 1. The charge transfer from the gold
cation to water is much stronger than that from the copper
cation. The LUMO energies of copper and gold cations are
lower than that of silver cation, and in the hydrated systems
the charge transfers from gold and copper cations to water
are much greater than that from the silver cation.

For more accurate results of Gtl,0),, and Au(H,0),
we further optimized the MP/6—-31+G* predicted lowest-
energy conformers using the MP2/aVDZ calculations, and
also carried out CCS@O)/avVDZ//MP2/aVDZ calculations.
The interaction energies and their thermodynamic quantities
including the corresponding experimental data are listed in
Table Ill. In this case, the BSSE correction was not done to
reproduce realistic binding energies because otherwise the
binding energies are underestimated compared with the ex-
perimental data. The thermodynamic quantities were ob-
ined using MP2/aVDZ frequency calculations. The MP2/
aVDZ ZPE-corrected binding energiedE, of Cu*(H,0),
for n=1-6 are 36.2, 735, 89.1, 1034, 116.0,
127.5 kcal/mol, those of AiH,0), are 36.3, 79.9, 97.3,
113.3, 127.1, and 139.8 kcal/mol, and those of &0),
are 29.7, 58.4, 74.5, 88.4, 100.2, and 113.3 kcal/fhatt
room temperature and 1 atm, the MP2/avDZ free energies

Ag*-water complex. In the case of the monohydrated catiorrAGazgs Of Cu(H,0),, for n=1-6 are30.6, 59.3, 67.8, 74.2,

systems, Ct(H,0) has charge-dipolég-u) interaction with
C,, symmetry, while At(H,O) shows the interaction be-
tween charge and “lone-pair electrons” with-bent struc-
ture. For Au(H,0), the C; symmetry induces more stabi-
lized orbital interaction due to the effective orientationslof

79.4, and 84.0 kcal/mol, those of At,0),, are 30.8, 65.1,
75.4, 83.7, 90.0, and 94.7 kcal/mol, and those of (AgO),

are 24.2, 46.1, 55.4, 60.3, 64.7, and 69.7 kcal/mol. The
MP2/aVDZ enthalpies AH,qg of Cu*(H,0), are 37.0, 74.9,
91.1, 106.3, 118.6, and 130.1 kcal/mol for1-6, ingood

orbitals and lone-pair electrons. The noble gold atom haggreement with the experimental valug5.0, 74.0, 91.0,

large electronegativity in comparison with copper and silverl06.0,
atoms. The LUMO energy of Atis lower than that of Cu

and 120.0 kcal/mol forn=1-52% those of
Au*(H20)n:1_6 are 37.3, 81.7, 99.6, 116.1, 130.0, and

The gold cation is a stronger electron acceptor. Thus, th@42.9 kcal/mol, and those of A(H,0),-1_g are 30.4, 59.3,

TABLE IlIl. MP2[CCSDOT)]/aVDZ interaction energies of C(H,0), and Au(H,0), (n=1-6). The experi-

mental enthalpies are evaluated from the successive enthalpies in ®R&dgGeralet al. for n=1-4) and Ref.

5 (for n=5). To show the realistic values close to the experimental enthalpies, the energies obtained with the
large aVDZ basis set are reported without BSSE corrections in contrast to the cases obtained with small basis
sets for which the BSSE correction is included. The CCBRomplete basis set limitRkef. 19 of —~AH,qg for
Cuf(H,0); and Au(H,0), are 36.5 and 39.3 kcal/mol, respectively.

n Cu*(H,0), -AE, -AE, —AH g —AGygg —AHSE
1 1+0C,,) 37.6936.90 36.2(35.47 36.9936.17] 30.5729.79 35.0
2 2+0(Cy) 77.5674.85 73.5470.82 74.9072.18 59.3156.59 74.0
3 2+1(Cy) 95.3692.05 89.1285.81] 91.0987.7§ 67.7664.45 91.0
4 2+2Cy) 112.15108.3§  103.79100.00  106.25102.44  74.1970.4Q 106.0
5 2+3Cy) 126.14122.07  115.97111.90  118.55114.4§  79.4Q75.33 120.0
6 2+4(Cy) 139.35134.99  127.53123.17  130.09125.74  84.0479.69

n AU+(Hzo)n _AEe _AEO _AHzgg _Aezgg

1 1+0(Cy) 38.0236.95 36.3(035.23 37.2736.20 30.8729.74

2 2+0(Cp) 84.6480.85 79.9476.16 81.7477.94 65.1461.34

3 2+1(Cy) 104.0299.62] 97.3192.92 99.6495.24 75.3970.9¢

4 2+2Cy) 122.02117.1§  113.26108.41]  116.08111.23  83.7478.6Q

5 2+3C)) 137.63132.44  127.11121.90  130.00124.79  90.0084.49

6 2+4(Cy) 152.21146.79§  139.78134.3§  142.86137.44  94.6788.85
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Au*-water clusters are strong due to their large charge-
transfer effect. In particular, the first and second hydration
energies for Cti(in MP2/aVDZ ZPE-corrected binding en-
ergy) are 36.20 and 37.34 kcal/mol, respectively, and those
for Au* are 36.30 and 43.64 kcal/mol, respectively. Thus,
the second hydration energy is larger than the first hydration
energy, as already demonstrated by experim%&imce the
unoccupieds orbital of Au" is much lower than that of Cu

a smallers-d orbital energy difference for Authan for Cu
makes this interesting phenomenon more striking. Compared
with Ag*, the s-d orbital energy difference for Au(Cu") is
small. The LUMO of Ad (Cu") and the HOMO of water are
close to each other in comparison with those of® Aghus,

the interaction energies of Auwater and Ct-water clusters
show larger interaction energigse., due to the smalEg,,

and low LUMO energies of Alland Cu). In particular,
Au*-water clusters have large interaction energies by strong
charge transfer due to the strong electronegativity and large
relativistic effect. Overall, both CgH,0),, and Au(H,0),

are similar to each other in many respects, while they behave
differently from Ag"(H,O),, as shown in Fig. 4.

B. Geometrical and electronic properties

FIG. 4. MP2/avDZ-estimated and experimental hydration enthalpy changes  In hydration chemistry of ions, the distances between the

of CU*(H,0),,, Ag*(H,0),,, and Ad(H,0),.

ion and the oxygen atoms of primary water molecules are
important information. These interesting geometrical param-

75.5, 90.3, 102.6, and 114.9 kcal/mol, in good agreemengters including rotational constants obtained at the MP2/
with the experimental value@3.3, 58.7, 73.7, 88.6, 102.3, aVDZ level are reported in Table IV. The natural bond or-
and 115.6 kcal/mol*® Thus, Ad(H,0), have smaller bital (NBO) charges of hydrated noble metal cations are also
binding energies than C(H,0),, and Au(H,0),. The en- listed in the table. The charge transfers in*Aand Cu sys-
thalpies of Cti(H,0),, Au*(H,0),, and Ag(H,0), are in  tems are considerably large compared with those of alkali
good agreement with the experimental values, while themetal cations. Especially, the gold cation is much less posi-
CCSOT)/avDzZ/IMP2/aVDZ enthalpies are underestimatedtive because of its strong charge-transfer effect. The gold
due to the incompleteness of the aVDZ basis set at this leveatom has larger EA, i.e., stronger electronegativity than the
Therefore, we discuss the energetics based on the MPZu atom(Table IV), while the hydration effect strongly de-
aVDZ results. creases the EAs of noble metal cations.”Ahas strong
The di-coordinated interactions in Cwwater and electron-accepting property, as can be noted from the change

TABLE IV. MP2/aVDZ geometrical parameters and electronic properties ¢f{D),, and Au(H,0), (n=1-6. Distances(in angstrom and anglegin

degree are the average valuegsM*—0) is the average distance between the metal cation and the oxygen atoms of the primary water no(eicid. of

the water monomer is 103.94, B, andC are rotational constants in GHg\o, is the natural bond orbital charge of noble metal catiois the polarizability
in a.u. and EA is the vertical electron affinity in eV. The's of H,O, Cu’, and Au are 16.13, 8.60, and 16.46 a.u., respectively,£&f Cu and Au are
7.15 and 8.69 eV, respectively.

n CU*(H,0), r(M*-0) r(0-0) £ (OM*0) £ (HOH) A B c as @ EA,

1 1+0Cy) 1.950 - - 106.8 414.43 8.80 8.62 0.98 26.72 5.62
2 2+0C,) 1.898 e 178.0 107.0 195.59 3.60 3.60 0.86 46.27 3.83
3 2+1(Cy) 1.883 2.613 177.7 106.9 14.46 1.44 1.33 0.84 65.38 3.35
4 2+2C,) 1.871 2.628 177.9 106.9 453 0.86 0.75 0.83 80.14 2.85
5 2+3C) 1.864 2.665 177.9 106.7 2.09 0.65 0.54 0.81 98.36 2.54
6 2+4(Cy) 1.856 2.689 178.1 106.4 1.31 0.47 0.44 0.80 116.65 2.28
n AU*(H,0), r(M*-0) r(0-0) £ (OM*0) £ (HOH) A B C ds a EA,

1 1+0Cy 2.133 106.3 357.37 6.36 6.28 0.93 38.16 7.07
2 2+0(C,) 2.053 - 177.2 106.5 171.31 3.13 3.13 0.71 59.50 4.42
3 2+1(Cy) 2.041 2.585 177.2 106.6 11.66 1.32 1.20 0.68 78.29 3.76
4 2+2C,) 2.030 2.605 177.9 106.4 2.94 0.92 0.71 0.66 96.62 3.12
5 2+3Cy) 2.024 2.638 177.8 106.0 2.31 0.60 0.52 0.64 114.66 2.74
6 2+4(Cy) 2.019 2.663 178.3 105.8 1.32 0.48 0.43 0.62 134.37 2.40
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FIG. 5. MP2/aVDZ M -0 distances and NBO charges of metal ibisfor

CU(H,0),, Ag*(H;0), and A(H,0),, - et D

of charge of Al in Au*(H,0), (from 0.93 a.u. fom=1 to [ \ A A [ A A

0.71 a.u. fom=2 to 0.62 a.u. fon=6 in Table IV) whichis 400 700 -500 -300 -100 900 -700 -500 300 -100 100
compared with the change of charge of*do Cu*(H,0), SvOH(cm™)

(from 0.98 a.u. fom=1 to 0.86 a.u. fon=2 to 0.80 a.u. for

n==6). FIG. 6. MP2/aVDZ IR spectral shifts for the OH stretch frequencies of

The unique hydration properties of CUAng, and Au Cu*(H,0), an_d AU (H,0), With respect t_o the average value of asymmetric
and symmetric OH stretching frequencies of the water monomer.

would be understood from their ion-water distances as
shown in Fig. 5. For the monohydrated cations, thg _o IS
1.95 A andrp._o is 2.13 A, whilerag. o is 2.20 A. The  systems. Figure 6 represents the IR spectra of hydrated cop-
Mv+—o in Cu*(H0), for n=1-6 arel.95, 1.90, 1.88, 1.87, per and gold monocations. The shifts of OH stretching fre-
1.86, 1.86 A; those in Al(H,0), are 2.13, 2.05, 2.04, 2.03, quencies of aqueous clusters with respect to those of water
2.02, 2.02 A; those in AgH,0), with di-coordination are  onomer have often been used to identify the ion-water and
2.20, 2.16, 2.14, 2.12, 2.10, 2.09 A. The metal-oxygen disyy o0 interactions. The reference value for the shifts was
tancedr(M*—0)] decrease with the increase of water moI-Chosen as the average valae3700 cnd) of the experimen-

ecules due to the considerable electronegativities of Cu, Ag(,al symmetric and antisymmetric frequencies of the water

and Au atoms and the charge transfer from the metal to water 5 . o .
molecules. This is highly contrasted with the cases of hy_rponomerg.‘ Their MP2/aVDZ characteristic frequencies are

drated alkali metal ions where the metal-oxygen distanceliSted in Table V, where the frequencies are scaled by 0.96 in
increase with the increase of water molecules. The decreas@gder to reproduce realistic experimental values.
lengths of Cii—O/Ag'—O/Au*—0O distances fom=2-6 The OH stretch frequencies of Qi,0)[1+0(Cy,)] are

with di-coordination with respect to that of monohydrated 3703 and 3598 cfit, and those of At(H,0) are 3666 and
complex are 0.05/0.04/0.08, 0.07/0.08/0.09,3557 cm?. The dihydrated systems show similar frequencies

0.08/0.08/0.10, 0.09/0.10/0.11, and 0.09/0.10/0.11 A. Orto the monohydrated systems. In the cases d{i840), and
the other hand, the oxygen-oxygen distanpg®—-0)] be-  Au*(H,0), for n=3, the highest frequencies are blueshifted
tween H-bonded water molecules increase with increasingith the increasing number of (Table V). This is due to the
number of water molecules, while the bond angles of hydratenhanced metal-water interactions by the enhanced charge
ing water molecules are little changed. transfer from the metals to the relayed H-bonded water, as
can be noted from the increasing metal-water frequencies.
On the other hand, the OH stretch frequencies of the solely
H-bonded terminal water are redshifted. In the case of trihy-
Generally, the IR spectra for OH stretch frequencies ofdrated systems, the OH stretch frequency redshifts of the
aqueous clusters show the characteristic features of hydratedlely H-bonded terminal water in Gi@d,0); and

C. IR spectra
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Au*(H,0); [2+1(C1)] are 663 and 808 cm, respectively.
For the multihydrated systems of 24 conformers(n,=2),

Lee et al.
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TABLE V. MP2/aVDZ frequenciegcm™) and the IR intensities in subscripts0 km/mo). All frequencies are
scaled by 0.96. The scaled MP2/aVDZ frequencies of the water monomey: 8864 (7) b,: 3636(0) a;, and

vy: 1549(7) ay.

Cu*(H,0), 1+0(Cy,) 2+0(Cy) 2+1(Cy) 2+2(Cy) 2+3(Cy) 2+4(Cy)
V3 3703(25) b, 3705(24) 3733(15) 3735(12) 3743(15) 3747(17)
3705(23) 3707 (22 3735(17) 3741(11) 3747(10)
3690(18)  3690(21)  3739(14)  3741(8)
3691(13) 3691(16) 3741(16)
3312(163 3332(145
3330(142
" 3598(12) a,  3602(0)  3617(4) 3619(6) 3625(3) 3628(2)
3600(25) 3603(12) 3619(2) 3624(3) 3628(4)
3066(165 3124(122 3622(4) 3623(2)
3109(18) 3254(70) 3623(4)
3147(156) 3277 (34)
3259(147)
I 1577(8) a4 1572(16) 1597(2) 1596 (3) 1597(0) 1597(3)
1572(1)  1571(9) 1596 (0) 1593(2) 1596 (0)
1547(8) 1549(3) 1559(5) 1558(2)
1548(15) 1549(9) 1558(10)
1545(9) 1551(10)
1551(7)
Vﬂ_w 383(1) a4 488 (1) 523(1) 539(1) 555(1) 569 (1)
365 (0) 395(0) 432 (1) 441 (0) 462 (0)
Au*(H0),  1+0(Cy 2+0(Cy) 2+1(Cy) 2+2(Cy) 2+3(Cy) 2+4(Cy)
V3 3666(24) a” 3662(26) 3730(16) 3731(24) 3738(13) 3739(27)
3661 (20) 3667 (22 3731(6) 3739(16) 3739(3)
3638(18) 3641(13 3736(12) 3737(19
3640(21) 3639(15 3737(3)
3178(162  3210(185
3208(119
2 3557(16) &” 3558(2) 3615(5) 3616(5) 3621(3) 3622(3)
3554(31) 3561(15) 3616(5) 3621(5) 3621(3)
2928(193  3013(193  3619(4) 3620(4)
2991 (154 3134(96) 3620(4)
3040(201) 3179(40
3152(195
v 1550(6) &’  1552(3)  1582(2) 1584(1) 1589(3) 1591 (4)
1552(13) 1552(8) 1583(2) 1580(7) 1590(1)
1536(7) 1542(5) 1560(5) 1560(0)
1541(12) 1548 (4) 1560(9)
1545(7) 1546(11)
1546 (5)
2Ly 337(5) &’ 454(13)  492(2) 497 (1) 521 (1) 522 (2)
398 (0) 415 (1) 462 (2) 474(0) 491 (0)

of Au*(H,0), for n=3-6 are 1582, 1584, 1589, and
1591 cm?, which are slightly increased with increasing

the redshifts of the solely H-bonded terminal water areThese frequencies correspond to the primary waters. For
slightly redshifted compared with those of the trihydratedAu*(H,0),, the weak blueshifts of the bending modes with
systems. Overall, the shapes of IR spectra of hydrated coppércreasingn are induced by weak OH bonds because of the
and gold monocations are similar due to the similar wateicharge transfer by the strong inductive effect.

structures. However, AlH,0), shows slightly larger red-

Despite that copper-water interactions are weaker than

shifts than Cti(H,O),, which shows much larger redshifts gold-water interactions, it is interesting to note that the fre-
than Adg'(H,0),.**
The bending modes of C(H,0), , were calculated as water clusters are higher than those of gold-water clusters.

1577 and 157@) cm L, while those of Al(H,0), », as 1550

guencies of metal ion-water stretch modeg.,,) of copper-

This indicates that the copper-water interactions have higher

and 1552e) cm . In Table V, the largest bending frequen- curvature of the potential wells. These ion-water stretch fre-

cies of Cu(H,0),, for n=3-6 are~1597 cm?, while those

guencies are blueshifted with the increase of water molecules
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