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Polarization effects and charge separation in AgCl-water clusters
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Structural, energetic, vibrational, and electronic properties of salt ion pag€l and NaCJ in

water (W) clusters were investigated by density functional theory. In agreement with recent
theoretical studies of NaCl-water clusters, structures where the salt ion pair is separated by solvent
molecules or solvent separated ion g&6IP were found in AgCI-W and AgCI-W; aggregates.

Our results indicate that for small AgCl-water clusters, contact ion (@iP) structures are
energetically more stable than SSIP, whereas an opposite tendency was observed for NaCl-water
clusters. In comparison with CIP, SSIP are characterized by extensive electronic density
reorganization, reflecting enhanced polarization effects. A major difference between AgCl-water and
NaCl-water CIP aggregates concerns charge transfer. In AgCl-water CIP clusters, charge is
transferred from the solvertaten to the ion pair. However, in NaCl-water CIP clusters charge is
transferred from the ion pair to the water molecules. The electronic density reorganization in the
aggregates was also discussed through the analysis of electronic density difference isosurfaces. Time
dependent density functional theory calculations show that upon complexation of AgCl and NacCl
with water molecules, excitation energies are significantly blueshifted relative to the isolated ion
pairs(~2 eV for AgCl-W; SSIB. In keeping with results for Nal-water clustdiReslherbest al,

J. Phys. Chem. A04, 4533(2000], electronic oscillator strengths of transitions to excited states are
weaker for SSIP than for CIP structures. However, our results also suggest that the difference
between excitation energies and oscillator strengths of CIP and SSIP structures may decrease with
increasing cluster size. @005 American Institute of Physic§DOI: 10.1063/1.1826032

I. INTRODUCTION The energetics and structure of SSIP clusters were the
subject of several computer simulation studies based on in-
Charge separation of salt ion pairs in solution is one ofteraction potential modefs’*41%0n the other hand, quan-
the most important processes in chemi$ty.The under- tum mechanical studies of SSIP in small salt-water clusters
standing at a molecular level of the electronic reorganizatiorare relatively scarce. One exception isaminitio study by
leading to charge separation is of wide interest. One fundajungwirtht’ that predicted the separation of the NaCl ion pair
mental process driven by charge polarization and separatiophen it is microsolvated in a cluster with six water mol-
is the dissolution of salts in polar solvedts The classical ecules. However, several aspects concerning the microsolva-
example is the NaCl dissolution in water. Although this pro-tion of salt ion pairs deserve further investigation. Two of
cess is empirically well known, theoretical investigations ofthem are polarization effects and charge tran&¥e? which
the NaCl ionic separation in small water clusters are quiteare often analyzed through the calculation of atomic charges,
recent:>**These works were based on quantum mechanicadithough a direct approach based on the reorganization of the
calculations and provided relevant information on the enerelectronic density(r) induced by the interactions of the ion
getics and structure of NaCl-water clusters. In general, thesgair with the solvent can also be carried out. Moreover, it is
previous studies on small NaCl-water clusters indicated thagf interest to know how electronic properties such as excita-
they can be characterized as contact ion (@iP) structures.  tion energies depend on the cluster size for both CIP and
This means that the Na—Cl distance is only slightly increase&SIP structures. This is motivated by relevant experimental
in comparison with the isolated ion paft'® CIP aggregates works on reaction dynamics in gas phase clust&#&which
are, at least from the structural point of view, quite differentinvolve transitions from the ground state to dissociative ex-
from solvent-separated ion paigSIP, where the insertion cited states.
of some solvent molecules between the two ions may induce  Another issue concerns the dependence of the charge
additional polarization and charge separation. polarization and separation on the specific nature of
the ion-pair and ion-pair-solvent interactions. This is the

dAuthor to whom correspondence should be addressed. Electronic maif?as_e for systems SF‘Ch a$ silver Chlc_)r@Q]Q) and silver
ben@adonis.cii.fc.ul.pt iodide (Agl), where induction effects including quadrupolar
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inductiorf® are expected to play a significant role in the sol- AEp n=E[X-Wy]—E[X]—E[Wy]. (2
vation process. These systems are of great interest for atm he ab it hich identical e 1. includ
spheric chemistry. They were detected in condensates col- € above quantities, which are ldentical 197 -, include
lected from volcanoe® and there is experimental evidence gnscaled Ze“"po”?t vibrational energy corr_ect|ons. By add-
that the presence of water vapor increases the concentratidi® thermal corrections at.: 2.98'15 K we define the enthal-
of AgCl in the condensates by up to two orders of pies AH; y and AHy . Binding energies calculated at the
magnitude, strongly suggesting the formation of hydrateoB3LYP/6'311++G(de’p)/lB3LYP/6_3l+G(d’p) level

AgCl agglomerate&® The study of the formation of these Wertﬁ d(icl)r_lr_icted for tB,SSE by l:StmgO/tthO/COL:‘nttf?rptOItsT
agglomerates is important in the chemistry of aerosols anff'€thod- ese corrections amount to >7—107 of the fota

may also contribute to understand how rain precipitation iSnergy depending on the cluster size. For estimating binding

induced by cloud saturation with silver sat<® energies, the structure of the water clustersyfWor N
In this work we are reporting an investigation on the =1-6, 8 were also optimized. These structures correspond

2-44
structural, energetic, vibrational, and electronic properties of° the most sta_ble conformer_ for eantt
small AgCl-water clusters. The results are compared with The analysis of polarization effects and charge transfer

those for NaCl-water aggregates, which were the subject opas carried out with charges fitted to the electrostatic poten-
some theoretical studié¢3-*®This p,aper is organized as fol- ual (ESP charggsand with charges derived from natural

; ; 20,21
lows. Section Il presents the computational methods used fomic orbitals(NAO). ESP charges were calculated by

study AgCl-water and NaCl-water clusters. Results for thé"e Breneman methdtlAll the atomic radii for the charges

structural, vibrational, and energetic properties are presente‘i?”eSpond to ESP default values with the exception of Ag

in Sec. lll. Charge polarization and electronic density reor-fqr Wh'qh the value of 1.4 A was u_sed. we al_so _prov_lde a
ganization are discussed in Sec. IV. Kohn—Sham orbitals angISCUSSIOn on the electronic density reorganization in the

excitation energies are analyzed in Sec. V. We conclude b) Iuste]rcs ?é representing  elecironic  density difference
pointing out some fundamental differences between Nac|Sosurtaces. : .
Excitation energies were calculated by time dependent

water and AgCl-water clusters and placing emphasis on thegensity functional theoryTDDFT) 4-%A detailed compari-

importance of carrying out a theoretical analysis of charg . o .

polarization based on the electronic density reorganization.sOn betwegn theoretical excitation energies based on TDDFT
and experimental results for a series of molecules was re-
cently reported by Furche and AhlricffsIt was concluded

Il. COMPUTATIONAL DETAILS that TDDFT is a reliable procedure for predicting vertical
excitation energies. All the calculations were carried out with

The properties of AgCl-water (AgCI-\y and NaCl-  theGaussiaN 98program>* Molecular orbitals and electronic
water (NaCl-W,) clusters, wheré&N=1-6 andN=8 is the  densities were analyzed by using the Molekel visualization
number of water molecule@V), were investigated by den- program?z
sity functional theory® The well known B3LYP hybrid func-
tional, which provides an adequate description of ionic sysill. STRUCTURE, VIBRATIONAL, AND ENERGETIC
tems was adopted. In this method, the exchange functional BROPERTIES
represented by the Becke’s three parameter functi@a|>°
which is combined with the Lee, Yang, and P#tiyP)3!
correlation functional. B3LYP/6-31+ G(d,p) optimized structures of AgCI-

Ag was described by the Stuttgart/Dresd&PDD) effec-  water and NaCl-water clusters are presented in Figs. 1 and 2,
tive core potentiaf?~3®In this approach 19 valence electrons and AgCl-water structural parameters are reported in Table I.
(4s%4p%4d'%s') are included® Full geometry optimiza- For the isolated ion pair, the Ag—Cl distanB¢Ag—Cl) is
tions and frequency calculations were carried out with the2.33 A, in good agreement with experimentaf' and theo-
6-31+G(d,p) basis séf % for the hydrogen, oxygen, so- retical results>*®The dependence &(Ag—Cl) on the clus-
dium, and chlorine atoms. Additional single-point energy re-ter sizeN is illustrated in Fig. 3R(Ag—ClI) increases from
sults with the 6-31% +G(2df,p) basis séf* for these 2.31 A (AgCI-W,) to 2.65 A (AgCI-W). In these struc-
atoms are also reported. Although no extensive energy sear¢tres the ion pair is in contact.
has been carried out, the optimized aggregates were charac- For AgClI-W; and AgCI-W; clusters, CIP and SSIP
terized as local minima on the potential energy surface, i.estructures were found. Two SSIP structures of AgCE-W
all vibrational frequencies are real. Transition state structurewere found and are represented in Fig. 1. In the first cluster
connecting CIP and SSIP were not investigated. [AgCI-W; (a)], a few water molecules separate the ion pair.

The energetics of the AgCl-\vand NaCl-W, aggre- The chlorine atom is on the cluster “surface,” but the Ag
gates was investigated through the analysis of the formatioatom is surrounded by four water molecules. This result is in
and binding energies. The formation energy of the aggregatkeeping with experimental information for Agin water>’
with the salt ion pairX=(AgCl,NaCl) andN water mol-  X-ray and neutron diffraction studies predict that the coordi-
ecules is given by nation nurr'jrrté)?er of A in water is 4 in a tetrahedral

arrangement! In the second clust¢iAgCI-W; (b)] the ions

AE; n=E[X=Wn]—E[X] = NE[W,]. (@D are at the cluster surface and the ion pair is separated by six
The binding energy oK to a cluster withN water molecules water molecules. A similar SSIP structure for NaClgWas
is defined as reported by Jungwirth! For AgCI-W; CIP, R(Ag—Cl) is

A. Structure and vibrational properties
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FIG. 1. (Color) Optimized structures of AgCI-\ s and AgCI-W; clusters. O--H hydrogen bonds are represented by dashed lines.

2.43 A. In comparison with the CIP aggregate, AgCls-W observed between the present results for the structural prop-
SSIP clusters are characterized by lardR{iAg—Cl) dis-  erties and data from the literatugsee Table . In keeping
tances of 3.89 and 4.45 A for the conforméas and (b),  With the results reported by Yamakeal *® we also find two
respectively. SmalleR(O,—Ag) and R(H:--Cl) hydrogen NaCl-W; conformers. This is in contrast with the results for
bond distances are also observed in SSIP structures. For eAgCI-W; for which only one conformer was found. We
ample, the averageR(O—Ag) distance is 2.87 A in note, however, that Ag-water interactions are strongly aniso-
AgCIl-W; (a) SSIP and 3.41 A in AgCI-WCIP. The same tropic due to the presence of Aigorbitals. NaCl-W (a) is
tendency is observed when AgCI5WIP and SSIP clusters stabilized by a H-Cl hydrogen bond. NaCl-\V (b) in-
are compared. Ag—Cl distances for AgClzW2.41 A) and  volves the head-to-tail alignment of the dipoles of the ion
AgCl-W; (2.43 A) CIP structures are quite similar. pair and water. The dependence of the structural properties
Vibrational frequencies related to the Ag—CI stretchingon the cluster siz&\ (Fig. 3) shows similarities with AgCI-
(vag-c) are also reported in Table I. With the exception of water. TheR(Na—Cl) distance increases from 2.39 in NaCl
the AgCI-W, cluster,vay_c is redshifted by 189 cmwhen t02.76 A in NaCI-W. The present results for NaCl with six
we move from AgCl to AgCI-W CIP. and eight water molecules confirm that both CIP and SSIP
The optimized structures of NaCl-water clusters are restructures can be found in these aggregates. For Nagl-W
ported in Fig. 2 and some geometrical parameters are reSSIP two conformers were found. In the first diNaCIl—Wj
ported in Table Il. Several quantum mechanics studies ofa)], the ion pair is separated by a few water molecules and it
NaCl-water clusters were report&t28A good agreement is is characterized by the three HCl hydrogen bonds. The Na
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FIG. 2. (Color) Optimized structures of NaCl-Wg and NaCl-W clusters. ©--H hydrogen bonds are represented by dashed lines.
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TABLE |. Structural properties of AgCl-water clusters from B3LYP/6-31
+G(d,p) optimizations. Distances in AVAQ_C| stretching frequency in
cm L. Different oxygen atoms are representedxbigee Fig. 1

R(Ag—Cl)

Vag-cl

X

R(O,~Ag) R(H:--Cl)

AgCl

AgCl-W,
AgCI-W,

AgCI-Wj;

AgCI-W,

AgCI-Wj5

AgCl-W; CIP

AgCI-W; (a) SSIP

AgCIl-Wg (b) SSIP

AgCl-W; CIP

AgCl-Wjg SSIP

2.33
2.312¢2.28P
2.33
2.31
2.37

2.51

2.53

2.65

2.43

3.89

4.45

241

4.16

316

349

307

249

202

170

127

I

=

abrwnN

O~NOUOBRARWNRPONOORMRWNPEPOAORMWNRPEPOUORAWNREPOOORMWN

[E

2.25
2.29
3.14
2.29
2.44
3.38
2.34
2.34
3.57
3.57
2.29
2.29
3.47
3.55
3.61
2.34
2.38
3.91
3.94
3.91
3.98
2.26
231
2.54
2.66
3.47
3.95
3.05
3.05
3.05
4.16
4.16
4.16
2.20
2.84
3.56
3.68
3.71
3.80
3.92
3.96
2.30
2.37
2.44
2.55
3.90
3.96
4.00
4.44

252
225
223
2.23
231

2.22

2.23
2.21
2.06
2.07
2.07
2.07

2.07
2.07

2.22

2.26
2.09
2.15
2.21

#Experimental(Ref. 53.
PExperimentalRef. 54.

°MP2/6-31 G(2df,p) and SDD for Ag(Ref. 55.

dCASSCF(Ref. 56.

atom of NaCl-W (a) interacts with four water molecules
and the averagR(O—Na) distance is 2.72 A. NaCl-)\(b)

J. Chem. Phys. 122, 044316 (2005)

R(A)

FIG. 3. Distance between the ion pair in AgCl-water and NaCl-water CIP
clusters as a function of the number of water molecuiMs

NaCl-W; SSIP(a) and(b), respectively. This last distance is
in good agreement with the MP2/6-815(d) result reported
by Jungwirtd’ (4.43 A). R(Na—Cl) distances of 2.97 and
4.24 A are found in NaCI-\WCIP and SSIP respectively. In
both structures, four oxygen atoms are close to Na at average
distances of 2.39 ACIP) and 2.30 A(SSIP. The average
R(H---Cl) distances are 2.29 and 2.06 A for CIP and SSIP,
respectively.

Na-Cl stretching frequencies(,_c) are also reported
in Table IIl. For NaCI-W_, they are in excellent agreement
with the MP2/cc-pVDZ results reported by Woon and
Dunning?®

B. Energetic properties

Formation and binding enthalpies for the AgCl-water
and NaCl-water clusters are reported in Table$ACl) and
IV (NaCl). The discussion will be based on B3LYP/6-311
++G(2df,p) results. For completeness, B3LYP/6-31
+G(d,p) results are also reported. For CIP structures, the
dependence of the formatiotAH; \) and binding AHy, \)
enthalpies on the number of water molecu(®8 is illus-
trated in Fig. 4.AH;,, the formation enthalpy of the
AgCI-W; cluster is —0.82 eV (—18.9 kcal/mo). AH; y
changes from—1.26 eV (N=2) to —4.51 eV for the CIP
complex with eight water molecules.

AgCl-Wjg CIP is more stable than the AgCI-\\&SIP
(a) and(b) conformers by-0.42 and—0.23 eV, respectively.
The difference betweeAHy \'s of conformers(a) and (b)
(0.2 eV reflects the stabilization of conformér) by O --H
hydrogen bondindsee Fig. 1L AgCI-Wjg CIP is —0.49 eV
more stable than the SSIP structure. Binding enthalpies
(AHy, ) for AgCl-water clusters from AgCl-W to
AgCl-Wjg follow a very simple pattern, which reflects the
energetical stabilization of the clusters with an even number
of water moleculegsee Fig. 4. This is basically related to
the formation of hydrogen bonds involving water molecules.

is a symmetrical structure where the separated ions are at theH,  for AgCI-W; CIP is —1.05 eV, which is—0.2 eV

cluster surface. In this case, the aver&{®©—Na) distance

lower than AH, \ for AgCI-Wg (b) SSIP (—0.86 eV).

is 3.06 A. TheR(Na—Cl) distances are 3.72 and 4.59 A for AHy y for AgCI-Wjy CIP and SSIP are-1.2 and—0.8 eV,
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TABLE II. Structural properties of NaCl-water clusters from B3LYP/6-31 TABLE lll. Energetic properties of AgCl-water clusterSE; y andAEy g

+G(d,p) optimizations. Distances in Auy,c stretching frequency in cnt.

Different oxygen atoms are representedxbisee Fig. 2

are the formation and binding energies, respectively. The formafity )
and binding @QHyy) enthalpies include thermal corrections &t
=298.15K. Data in eV. Values in square brackets include counterpoise

R(Na—-Cl) Vna—cl X R(O—Na) R(H:---Cl) correction for BSSE.
NaCl 2.39 348 AE;y AH¢y AE, AHp y
2.362.4% : i : :
NaCl-W, (a) 2.48 318 1 2.22 2.25 B3LYP/6-31+G(d,p)
2.5P 311° 2.32 223 AgCI-W, -0.72 -0.74 -0.72 -0.74
NaCl-W,; (b) 2.41 317 1 2.28 AgCl-W, -1.02 -1.07 —-0.86 —0.89
241 2.2% AgCl-W; -1.31 -1.39 —-0.79 —-0.78
NaCl—W, 2.48 278 1 2.21 AgCIl-W, -1.85 -197 —-0.84 —-0.83
269 278 239 AgCIl-Wj -212 -2.26 -0.76 -0.74
2 3.39 2.13 AgCl-Wg CIP —-2.69 -2.85 —-1.04 —-1.03
NaCl-W, 2,59 244 1 223 AgCI-Wg (a) SSIP —2.26 —2.45 —0.60 —0.63
> 295 299 AgCl-Wg (b) SSIP  —2.33 —2.55 -0.67 -0.72
3 350 215 AgCl-W; CIP -3.45 -3.71 -1.11 -1.10
NaCl-W, 2,59 216 1 225 .. AgCI-Wjg SSIP —-3.04 -3.28 —-0.71 —0.68
2.54 2.42 B3PLYP/6-311 + G(2df,p)
2 2'2; AgCI-W, ~0.80 -0.82 —0.80[—0.75 -0.82[—0.77]
2.4 AgCl-W, ~120 -1.26 -0.97[-0.93 —1.00[—0.96]
3 3.59 2.17 AgCI-W, ~156 —1.64 —0.85[-0.77 —0.85[-0.77]
1.o0 AgCI-W, ~221 -2.33 —094[-0.83 —0.93[-0.82
4 3.59 2.17 AgCl-Wg 258 -271 -0.90[-0.79 —0.89[—0.7§]
1.9¢ AgCl-W; CIP -323 -3.39 -1.21[-1.06) —1.20[—1.05|
NaCl-Ws 2.76 183 1 2.28 AgCl-W, (@) SSIP  —2.70 -2.97 —0.76[-0.67] —0.79[—0.70]
2 2.28 AgCI-W, (b) SSIP  —2.94 —3.16 —0.92[—-0.80] —0.98[—0.86]
3 2.31 2.28 AgCI-Wj CIP 425 -451 -136[-1.20] -1.35[-1.19
4 3.68 2.18 AgCl-W; SSIP —-3.78 —-4.02 -0.88[—0.79 —0.85[—0.76|
5 3.69 217
NaCl-W; CIP 2.75(2.66° 127 1 2.24
2 2.27
3 2.43 2.17
4 3.49 respectively. Therefore, the present results for small AgCl-
2 213 ;;g water clusters indicate that CIP are more stable than SSIP
NaCl-W (a) SSIP  3.72 1 225 - structures. _
2 227 Formation enthalpies AH¢ ) of NaCl-W clusters
3 2.36 2.06 change from—0.77[NaCl-W; (a)] to —5.0 eV (NaCl-W
4 2.37 2.07 SSIP. Our B3LYP/6-311- +G(2df,p) prediction for the
2 g;; i formation (or binding energy NaCl-W (a) is —0.76 eV,
NaCl-W; (b) SSIP 4.594.43° 1 306 508 which is in very good agreement V\_nth the MPZ{(S:c-pVDZ
5 3.06 208 result reported by Woon and Dunning-0.75 e\).™> The
3 3.06 2.08 hydrogen bonded NaCl-Wa) conformer is—0.14 eV more
4 4.15 stable than NaCIl-\(b), illustrating the role played by hy-
S 4.15 drogen bond for the energetical stabilization of the aggre-
NG Gl 507 2 ‘2"12 gates. Formation enthalpies for NaCls\@IP and SSIP are
acl-W C 9 5 2'29 nearly identical—3.9 e\). Therefore, in agreement with the
3 om ab initio results by Jungwirth! SSIP and CIP clusters of
4 2.43 211 NaCl with six water molecules are practically isoenergetic.
5 2.98 AHy \ for NaCl-W; CIP and SSIP are-5.0 and—4.9 eV,
6 3.43 2.09 respectively, indicating that these structures are nearly isoen-
7 3.48 2.42 ergetic.
NaCl-W, SSIP 424 f 2; Binding enthalpies 4H, ) in NaCl-water clusters
2 2.29 change slowly from—1.21 (NaCl-W) to —1.59 eV
3 2.30 (NaCl-W; SSIB. The SSIP and CIP NaCl-}\¢lusters have
4 2.35 2.05 very similar binding enthalpies. However, for NaClgW
> 3.61 SSIP the binding enthalpy of the ion pair to the water mol-
S g'gg ?:95 ecules is~0.1 eV stronger than in the CIP cluster. Therefore,
8 412 210 in contrast with the present results for AgCl-water we are

aReference 70.

PMP2/cc-pVDZ (Ref. 15.

°B3LYP/6-31+ G(d) (Ref. 18.
YRHF/6-31G¢l) for NaCl and EFP for watefRef. 16.
®MP2/6-31+ G(d) (Ref. 17.

providing evidence that fosmall NaCl-water clusters, SSIP
can be more stable than CIP structures. This tendency seems
to increase for larger aggregates, in keeping with previous
studies on Nal-water clustetsOnce again, this is a conse-
quence of the specific interactions between the NaCl ion pair
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TABLE IV. Energetic properties of NaCl-water clustefsk; y andAE, y
are the formation and binding energies, respectively. The formatity () -0.8
and binding QHy,) enthalpies include thermal corrections &t = B
=298.15K. Data in eV. Values in square brackets include counterpoise ©. -1 __
correction for BSSE. z,
:{:c" 1.2 ~
- S _ -
AE¢n AH¢y AE; N AHy N < 14— * ~ \)@\
B3LYP/6-31+ G(d,p) 16 B S ————
NaCl-W, (a) -0.73 -0.76 -0.73 —-0.76 Or i
NaCl-w; (b) -0.61 -0.61 -0.61 —-0.61 18k X AgCl-W, ]
NaCl-W, ~135 —141 ~1.19 -1.23 CL X NaCl-Wwy i
NaCl-W, -1.99 -2.06 —1.46 —1.45 0
NaCl-W, —252 -2.63 —-1.51 —1.49 B I I | I _
NaCl-Wg —2.99 -3.12 —-1.63 —1.60 = _
NaCl-W; CIP —3.36 —3.52 —-1.69 -1.70 Z "
NaCl-W; (&) SSIP —3.35 —3.53 —1.66 -1.71 - N
NaCl-W; (b) SSIP —3.31 —3.54 -1.70 -1.71 5’-2 —
NaCl-W; CIP —4.07 -4.33 —1.74 -1.73 4 -
NaCl-W; SSIP —4.23 —4.49 —-1.90 -1.88 3 —]
B3PLYP/6-311 +G(2df,p) ¥ AgCl-W,
NaCl-W; (a) -0.76 -0.77 -0.76-0.71]  -0.71-0.72 -4 | %X NaCl-W,
—-0.75% —0.67 o
068 s I N NN RN N Mt
NaCl-w; (b) -0.63 —0.63 -0.63-057  —0.63-0.57] 1 2 3 4 5 6 7 8
-0.58 N
NaCl-W,; —1.45 -1.52 -1.24-1.17 —1.26-1.21]
NaCI—V\é 214 -221 1 4%—1 31} _142([_1 30% FIG. 4. Formation AH¢ ) and binding AH,, \) enthalpies(eV) vs the
NaCl-W, 72'74 72.85 71.48;1.36] *1.4(1*1.343 cluster sizeN for AgCl-water and NaCl-water CIP clusters.
—W, ) ) ) ) : .
NaCl-Wg -3.28 -3.41 -1.61-1.42  -1.59-1.39
NaCl-W; CIP -3.73 -3.90 -1.74-1.55  -1.71-1.54
NaCl-W; (@) SSIP —3.73 —3.90 —1.74-1.49 —1.74-1.49 o . . . .
NaCI—Wz Ebi SSIP —3.73 —3.96 _1.7?[_1.55} _1.7%_1.61% larization effects are induced by the interaction of the ion
NaCl-W, CIP —4.63 —4.89 ~1.74-154 -1.79-153 pair with the water molecules and are related to the elec-
NaCl-W,; SSIP -4.75 —-5.00 -1.89-160] -184-159  tronic density reorganization induced by the electrostatic
MP2/copVDZ(Ref. 15 field of the water molecules. It should be stressed that the
bB3LYP,6p_31+G(d)'(Réf. 18. atomic charges of the water clusters are in fact associated
°RHF/6-31G¢) for NaCl and EFP for watefRef. 16. with polarization effects as well as with charge transfer. CT

can be discussed by estimating the total charge of the ion

pair. If it is not zero, then the value can be associated with
and water, and seems to illustrate basic energetical featurgise global charge transferred between the ion pair and the
of small clusters that can be related to the well known soluwater molecules. The total charge of the ion pair is repre-
bility and ionic dissociation of NaCl in bulk waté¥. sented asSqct (see Table V. To discuss specifically polar-

The presence of energetically stable SSIP aggregates ipation effects, the following iterative procedure was

small salt-water clusters may be eventually related to thedopted. Initially, ESP or NAO atomic charges of the iso-
structure of alkali halide solutior§-®' Based on a recent IR lated ion pair in the geometry of the cluster were calculated.
spectroscopy study, Max and Chapdtesiggested that each By using these charges, the charges of the water molecules
pair of ions are close bound and form a complex in a clustewere estimated. In the following step new charges on the ion
organization with a fixed number of water molecu(&sfor  pair induced by the charges of the water molecules were
NaCl). It was proposed that strongly bound aggregatescalculated. The process was then repeated until convergence,
where the cation and anion aneseparableare present in  which was attained after four to five steps. These charges are
alkali halide solution§! However, we stress that comparison essentially related to polarization effects because CT be-
between the present results with solution data is difficult. tween the ion pair and the water molecules is not allowed.

They are represented &g, and are also reported in Table
IV. POLARIZATION EFFECTS, CHARGE TRANSFER, V. The iterative self-consistent procedure was carried out at
AND ELECTRONIC DENSITY DIFFERENCE the B3LYP/6-31% + G(2df,p)//B3LYP/6-31+ G(d) level.
Convergence was assumed when the difference between the
charges of successive cycles was less tharfd.0

Atomic charges fitted to the ESP and derived from NAO First, ESP atomic charges will be discussed. Upon com-

are shown in Table V, where we also report the total dipoleplexation with one water molecule the Ag charge is reduced
moments of the AgCl-water and NaCl-water clusters. Thesérom 0.5% to 0.4% and the CI charge is not significantly
results are from B3LYP/6-3H.+ G(2df,p)//B3LYP/6-31  changed, indicating electronic density migration from the
+G(d,p) calculations. It may be instructive to analyze sepa-water molecule to the Ag atom. Charge transfer from water
rately polarization effects and charge trangfe¥).? For our  to Ag™ was previously pointed out by Lest al.®” who at-
purposes the discussion can be focused on the ion pair. Ptibuted the effect to electronic density migration from the

A. Polarization effects and charge transfer
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TABLE V. Atomic charges and total dipole momertf3) in AgCl-water and NaCl-water clustef83LYP/6-311+ + G(2df,p)]. dqct(e) is total charge of
the ion pair.qg,, (e) is the charge associated with polarization effects.

AgCl ESP NAO
Sqcr pol oqcr Upol

Ag Cl Ag Ag Cl Ag %
AgCl 0.570 —-0.570 0.705 —0.705 5.76.07=0.06?
AgCl-W, 0.452 —-0.573 -0.121 0.629 0.661 -0.713 —0.052 0.732 9.1
AgCI-W, 0.553 —0.588 —0.035 0.669 0.734 -0.771 —0.037 0.787 5.5
AgCl-W; 0.592 —-0.621 —-0.029 0.750 0.797 —0.842 —0.045 0.871 4.1
AgCI-W, 0.604 —-0.634 —0.030 0.794 0.808 -0.834 —0.026 0.896 3.2
AgCl-W;5 0.621 —0.565 0.056 0.828 0.808 —0.851 —0.043 0.925 2.0
AgCl-Wg CIP 0.559 -0.619 —0.060 0.806 0.774 —-0.794 —-0.020 0.869 2.5
AgCI-W;g (a) SSIP 0.687 —-0.621 0.066 0.948 0.855 —0.785 0.070 0.988 5.7
AgCIl-W; (b) SSIP 0.725 —0.604 0.121 0.964 0.869 —0.789 0.080 0.996 1.4
AgCIl-W;g CIP 0.519 —-0.575 —0.056 0.791 0.769 —0.806 —0.037 0.859 2.3
AgCl-W;g SSIP 0.741 -0.621 0.120 0.962 0.869 —0.819 0.050 0.995 2.9
NaCl ESP NAO

5qCT qpol 5qCT qpol

Na Cl Na Na Cl Na "
NaCl 0.763 —-0.763 0.933 —0.933 8.88.97)°
NaCl-W; (a) 0.799 —-0.726 0.073 0.807 0.945 —-0.906 0.039 0.959 7.5
NaCl-W; (b) 0.677 —0.761 —0.084 0.796 0.929 —0.938 —0.009 0.951 11.8
NaCl-W, 0.780 -0.719 0.061 0.831 0.942 -0.893 0.049 0.967 6.9
NaCl-W, 0.826 —0.687 0.139 0.866 0.942 —-0.886 0.056 0.980 5.6
NaCl-W, 0.803 -0.710 0.093 0.887 0.936 —0.882 0.054 0.984 4.9
NaCl-W 0.927 —0.633 0.294 0.888 0.927 -0.863 0.064 0.989 3.7
NaCl-W; CIP 0.827 -0.629 0.198 0.913 0.928 —-0.863 0.065 0.991 3.3
NaCl-W; (a) SSIP 0.905 —0.622 0.283 0.923 0.931 -0.792 0.139 0.996 6.0
NaCl-W; (b) SSIP 0.916 —-0.611 0.305 0.948 0949 -0.794 0.155 0.998 3.8
NaCl-W; CIP 0.804 —-0.654 0.150 0.906 0.903 -—-0.844 0.059 0.992 5.4
NaCl-W; SSIP 0.987 —0.604 0.383 0.943 0929 -0.784 0.145 0.998 39

#Experimental(Ref. 63.
PExperimental(Ref. 64.

water lone-pair to hybridized orbitals comprised of occupiedpair and the CI charge is not significantly modified. For CIP
4d and empty 5 orbitals of Ag". With the exception of clusters, small variations of the Ag charge relative to AgCl
AgCI-Ws, CIP clusters exhibit a negativ@yct, indicating are observed from AgCl-Wto AgCI-Wg. In agreement
charge transfer from the water molecules to the ion pairwith ESP charges, NAO charges indicate thgtt is nega-
Quite interestingly,5qct is positive in SSIP. This can be tive for CIP and positive for SSIP clusters. NAO atomic
explained by observing that SSIP structures involve the prefeharges also show that AgCl-water SSIP are characterized by
erential interaction of each ionic species with, at least, a fevstronger polarization effects than CIP. For examplg, of
solvent molecules. In these cases, the final charges depeid) in AgCI-Wg are 0.8@ and 0.9@ for CIP and SSIP,
mainly on the interaction of the polarized ionic species withrespectively. The dipole moment of Ag(8.7 D) is in good
the water molecules. Polarization effects can be estimated bygreement with experime®.07+0.06 D).%® In AgCl-water
comparingg,, in the clusters with the charges of isolated clusters, dipole moments decrease from 9.1 (AgC|)-\¢
AgCl. Our results clearly show that these effects are en2.5 D (AgCl-W; CIP). The AgCI-W, (a) SSIP has a strong
hanced in SSIP structurésee Table V. In addition, signifi-  dipole (x) of 5.7 D. However,u=1.4 D for the AgCI-W
cant charge transfer from chlorine to water is observed inlb) SSIP aggregate. Although polarization effects are en-
SSIP. For example, if only polarization effects are taken intchanced in SSIP clusters, the total dipole of AgClg-W) is
account, the CI charge in AgCl-}M(a SSIP would be small due to obvious cancellation effects. The dipole mo-
—0.9% instead of—0.62. This means that 0.8&3are trans- ments of AgCI-W CIP (2.3 D) and SSIR2.9 D) are quite
ferred from CI to water, whereas only 0@re transferred similar.
from water to Ag. Therefore, our results indicate that positive ~ Atomic charges of NaCl water clusters are also reported
8qc7's for AgCl-water SSIP structures are basically relatedin Table V. From ESP values, the Na charge shows some
to charge transfer from Cl to water. weak dependence on the cluster size. It is 8.In6NaCl and

In comparison with ESP charges, NAO charges lead tancreases up to 0.@9in NaCl-W; SSIP. In contrast, NAO
quite similar conclusions about polarization effects andresults indicate that the Na charge is not very dependent on
charge transfer. From NAO results, the Ag charge inthe cluster size and almost identical values are found for
AgCI-W; is reduced by 0.0# relative to the isolated ion NaCl (0.93%) and for NaCl-V§ SSIP (0.928). With the
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exception of NaCl-W (b), 6qct>0 for NaCl-water clus-

ters, although NAO charges lead todgct close to zero. ao C%Q 1‘)
Moreover, it should be observed that in the case of NaGl-W <

(b), the CI atom is not directly involved in the interaction o—»® ‘ —o “—®
with the water moleculésee Fig. 2. Both approacheESP ”

and NAO indicate a reduction of the chlorine charge from NaCl-W,[a] NaCl-W,[b] NaCl-W,

the isolated ion pair to the larger aggregates. These trends
together with positivedgct's indicate charge migration from

the chlorine atom to the water molecules. Small differences g
betweenq,, and atomic charges of Na are observed in

NaCl-water clusters. This seems to confirm negligible charge &{ C D ‘; )
transfer between the Na atom and the water molecules. Con- “ -
sequently, our results suggest that NaCl-water clusters are Ag* -W, Agt -W,
characterized by charge transfer from the ion pessentially !

from the CI atom to the water molecules for both CIP and : ¢
SSIP structures. @J 2

The size dependence of the dipole moments in NaCl- c 50 QL
water clusters follows a pattern quite similar to the AgCl- i "

water clusters. Our prediction for the NaCl dipole moment is

8.8 D, which is in very good agreement with the experimen-
64 :

tal Value($'97 D. ) Na_CI_Wl (b) has a strong deOIe.Of 1_1'8 FIG. 5. (Color) Electronic density differencANp(r) for AgCl-W,_, and

D, reflecting polarization effects and the head-to-tail orientanaci—w,_,, and for complexes of Agwith one and two water molecules.

tion of the water and ion pair dipoles. For the others NaCl-For NaCI-W, two conformerg(a) and (b)] are shown. The isosurfaces

water ClUSterSﬁL decreases from 7.5 D in the most stablecorrespond to electronic density differences ©0.02A~3 (dark and

e
NaCl-W,; (a) conformer to 3.7 D in NaCl-\W. We find a +0.02 A7 (white)
significant difference between the dipole moments for the

NaCl-Wg CIP (3.3 D) and NaCl-\¥ (a) SSIP(6.0 D) struc- o the water molecule. A rather similar electronic density
tures. The dipole moments of AGCIACIP and SSIP are (gqrganization is observed in AgCl-Vénd reflects specific

AgCIL-W, AgCI-W,

5.4 and 3.9 D, respectively. Ag-water interactions, where the Algorbitals play an im-
portant role. Increased polarization effects are present in
B. Electronic density difference AgCIl-W,. The anisotropic reorganization @f(r) around

. o Ag is clearly visible. In addition, H-Cl hydrogen bond
Although the analysis of polarization effects and charge ?juces somye reorganization pfr) around él. Ingcompari-

transfer in the aggregates based on the ESP and NA on with Ag', ANp(r) for Ag* —W, reflects increased po-

charges leads to sy_mlar cpnclusmns, ato’T“C charge; are n atrization effects induced by hydrogen bonding. The isosur-
observable quantities. Different population analysis an

. - . aces also suggest an increase of the electronic density close
atom|c; charge par't|t|o.ns can be Qeflr?édiherefore, to fur- to the Cl atom. The electronic density around the water oxy-
ther discuss polarization effects in the aggregates, the ele

tronic density difference for X-W-x cluster was defined E)'en atoms is almost not changed in these clusters. Compari-
onic density ditterence 1o n clusterwas defined as - o, betweem\Np(r) of AgCl-W; CIP and SSIP structures

ANp(r)sz_WN(r)—pX(r)—pWN(r), ©)] (Fig. 6) supports our conclusion concerning the importance
i ) o of polarization effects and electronic density reorganization

wherepy ., () is the total electronic density in the aggre- i, sg|p clusters.
gate with the salt ion paiK and N water moleculespy(r) ANp(r) isosurfaces for NaCl-\W(a) and NaCl-W (b)
and py, (r), which were calculated in the geometry of the (Fig. 5) indicate a negligible reorganization p{r) around
X—W, cluster, are the total electronic densities of the iso-the Na atom. They also illustrate the changespgn) in-
lated X ion pair and VY, respectivelyANp(r) isosurfaces duced by hydrogen bondingNaCl-W, (a)] and charge-
for AgCl-water and NaCl-water clusters are reported in Figsdipole [NaCl-W,; (b)] interactions. In agreement with the
5 and 6 for a few clusters of different size including CIP andNAO results, ANp(r) isosurfaces for the NaCl-water clusters
SSIP structuresANp(r) isosurfaces for complexes of one indicate that the atomic charge of Na is not strongly depen-
and two water molecules with Agare also represented in dent on the cluster sizesee Fig. 6. The electronic density
Fig. 5. We find that they are useful to understand the natureeorganization around the water oxygen atoms suggests an
of the interactions involved in the AgCl-water clusters. Forincrease of the electronic density, which can be possibly as-
these clustersANp(r) isosurfaces indicate some electronic sociated with charge transfer from the ion pair to the water
density rearrangement involving the ion pair. In particular,molecules as it was previously indicated by the analysis
electronic density difference isosurfaces around the Ag atorhased on atomic charges.
suggest an anisotropic reorganizationpgf). This is well The relevance of charge transfer in halides {-water
illustrated for Ag"—W, (Fig. 5), whereANp(r) shows mi- clusters K ---W,X=F,Cl,Br,) was discussed by Thompson
gration of the electronic density from the lobes of theand Hyne$? By examining Lavdin charges on different
Ag*d,2 orbital to the rin§® and the significant polarization fragments within the clusters, these authors provided evi-
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FIG. 6. (Colon) Electronic density differencANp(r) for AgCl-water and NaCl-water clusters. The isosurfaces correspond to electronic density differences of
—0.02% A3 (dark and +0.02% A3 (white).

dence on charge migration frodd~ to water. Not surpris- water molecule, the™ orbital (LUMO, lowest unoccupied
ingly, the present results indicate that charge transfer from Qinolecular orbital of AgCl is raised by 1.4 eV. The LUMO of
to water is also observed in AgCl-water and NaCl-waterAgCIl-W, delocalizes over the whole complex. The twofold
clusters. Moreover, our results strongly suggest that specifidegenerater orbitals (HOMO, highest occupied molecular
Ag-water interactions involving the Ady orbitals may in-  orbital and HOMO-}1 and thes (HOMO-2) orbital of AgCI
duce charge transfer from water molecules to the ion pair irare destabilized by-0.6 eV. There is no significant contri-

AgCl-water CIP structures. bution from the water molecule to these orbitals and they
keep in the complex the same character they have in the

V. KOHN—SHAM ORBITALS AND EXCITATION isolated ion pair, although the degeneracy of the AgcCl

ENERGIES orbitals is slightly lifted. The next five lower AgCI orbitals

. (two §'s, two #'s, and oner) apparently do not play any role

A. Kohn—Sham orbitals in the energetical stabilization of the aggregate and their

The great interest in excitation energies of salt ion pairsshapes are not modified upon complexation. They are, how-
microsolvated in clusters of polar molecules is motivated byever, shifted to higher energies, and the twofold degeneracy
the fact that these energies and their dependence on the clg¥-the §s and 7 orbitals is also lifted. The next lower orbital
ter size can be useful to investigate routes to photodissocideflects the interaction between the watdr, Jorbital with
tion reactiong. A detailed discussion on this subject can beone 7 orbital from AgCI. The following orbital involves the
found in some recent works>We only stress that photodis- Water 3; and the AgClo. The lowest represented orbital
sociation and charge separation involve the adiabatic cousorresponds essentially to the watdr, Jorbital stabilized by
pling of the ionic and covalent electronic states, which isthe electrostatic interaction with the ion pair.
observed for systems such as NaCl and AYCrThe elec- KS orbitals for NaCl-W (a) and(b) are reported in Fig.
tronic states¥ *,> " ,I1,...) of theisolated AgCl and NaCl 8. In the most stable hydrogen bonded isorfiaCl-W,
species are defined by the symmetry specie€of. The (a)] the twor's ando orbitals of NaCl are slightly stabilized.
interaction of the ion pair with the water molecules will Moreover, the degeneracy of the orbitals is significantly
break this symmetry and it can be of interest to investigatdifted, reflecting different interactions of the twdgs with the
how Kohn—ShamKS) orbitals are modified upon complex- water molecule. In comparison with the isolated ion pair, the
ation with the water molecules. KS frontier orbitals and theLUMO energy is raised by 0.6 eV. The next three lower
corresponding eigenvalues are represented in Fig. ®rbitals of the complex correspond essentially to the water
(AgCI-W,) and Fig. 8 (NaCl-W), where they are com- molecule valence orbitals, which are lowered by the interac-
pared with the orbitals and eigenvalues of the isolated watetion with the ion pair. When KS orbitals of NaCl—-Whb) and
molecule and the salt ion pair. Upon complexation with oneAgCI-W; are compared to those of the isolated ion pairs,
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FIG. 7. (Color Kohn—Sham eigenvalues and frontier orbitals for AgCl-water clusters.

similar changes induced by complexation can be observeghorted by Rantez-Sols (3.89 e\).%® Inclusion of spin-orbit
Now, the LUMO of NaCl-W (b) is mainly localized on the coupling effect®®®® may still increase the deviation from
water molecule and its energy is nearly the same of the NaGixperiment.
LUMO. Upon complexation, ther and o orbitals are desta- Upon complexation with one water molecule, excitation
bilized by ~0.4 eV. The different structures of KS orbitals energies corresponding to the transitions from the HOMO
for NaCl-W; (a) and NaCl-W (b) reflect the role played by and HOMO-1 to the LUMO are blueshifted by 1 eV. The
hydrogen bond and ion-dipole interactions, respectively, in.lUMO+«+—HOMO-2 transition is blueshifted by 0.8 eV rela-
the energetical stabilization of the complexes. tive to the isolated NaCl. From AgCl-Wto AgCI-W;
(CIP), excitation energies increase by0.7 eV for the
LUMO+HOMO-2 transitions, indicating a weak depen-
_ . dence on the cluster size. The LUMEHOMO-2 excitation
B. Excitation energies energy of AgCI-W (b) SSIP is redshifted by-0.5 eV rela-
The excitation energies related to the transitions betweetive to that of AgCI-W CIP. In comparison with CIP, oscil-
the three highest occupied molecular orbitdlOMO-2, lator strengths are smaller for AgCI-\\SSIP structures,
HOMO-1, and HOMOQ and the LUMO were calculated. particularly for AgCI-W; (b) SSIP. For AgCI-W, CIP and
Only transitions from the ground state to singlets were conSSIP excitation energies and oscillator strengths correspond-
sidered. Excitation energies and electronic oscillatoling to the LUMO—HOMO-2 transition are rather similar.
strengths are reported in Tables YAgCl) and VII (NaCl). For NacCl, theo* «+ o excitation energy4.06 eV} is in
No significant basis set dependence of these properties wag®od agreement with the experimental regui4.2 e\).”®
observed and the discussion will be based onUpon complexation with one water molecule, LUMO
B3LYP/6-311+ +G(2df,p) results. For AgCI the first two <«HOMO-2 excitation energies are blueshifted by 0.6 eV in
energies(2.6 eV) correspond to théll—X 13" transiton  NaCl-W, (a) and redshifted by 0.4 eV in NaCl-Wb). This
involving the degenerater orbitals. The third energy3.46  can be explained by the different structure of the KS
eV) corresponds to th& «— X 3" transition, which has an orbitals for the two conformerésee Fig. 7. With the ex-
oscillator strength of 0.066, much greater than those for theeption of NaCl-W (b), from NaCl to NaCl-W CIP,
H1—X1'3 transitions(0.007. The TDDFT result for the LUMO—HOMO-2 transition energies are blueshifted by
13 X135 transition (3.46 eV is in fair agreement with ~1.8 eV and their size dependence seems to reflect the en-
experimental dat#3.92 eV}®® and the theoretical result re- ergetical stabilization of the aggregates. For CIP structures,
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FIG. 8. (Color) Kohn—Sham eigenvalues and frontier orbitals for NaCl-water clusters.

TABLE VI. Excitation energiegeV) from the valence orbitalsr=HOMO, 7-;=HOMO-1, c=HOMO-2) to
the 0* =LUMO in AgCl-water clusters. Oscillator strengths in parenthesés AgCl).

o —a oFe—m g o —0

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

X 2.60(0.007 2.60(0.007 3.49(0.068
LUMO —HOMO LUMO+«—HOMO-1 LUMO«—HOMO-2
X-W, 3.62(0.008 3.64(0.007 4.29(0.058
X-W, 3.82(0.010 3.91(0.017 4.41(0.070
X-Ws 4.08(0.015 4.13(0.011) 4.42(0.036
X-W, 4.38(0.022 4.51(0.011) 4.72(0.041)
X-Wi 4.39(0.012 4.96(0.014 5.05(0.035
X-Ws (CIP) 4.74(0.040 4.94(0.011) 5.08(0.056
X-Ws (a) (SSIP 4.62(0.01 4.67(0.009 4.77(0.017
X-Ws (b) (SSIP 4.55(0.009 4.62(0.003 4.62(0.003
X-Wg (CIP) 5.05(0.021) 5.25(0.016 5.27(0.023
X-Ws (SSIP 4.77(0.008 5.15(0.018 5.21(0.029
B3LYP/6-311 +G(2df,p)
X 2.61(0.009<3.13 2.61(0.007 3.46(0.066 3.893.92
LUMO —HOMO LUMO«—HOMO-1 LUMO—HOMO-2
X-W, 3.60(0.008 3.62(0.007 4.23(0.056
X-W, 3.82(0.010 3.89(0.017 4.38(0.069
X-Ws 4.05(0.014 4.12(0.011) 4.39(0.035
X-W, 4.35(0.02) 4.50(0.010 4.69(0.041)
X-We 4.36(0.012 4.93(0.013 5.01(0.035
X-Ws (CIP) 4.72(0.042 4.93(0.011) 5.04(0.055
X-Ws (a) (SSIP 4.61(0.009 4.65(0.009 4.75(0.017
X-Ws (b) (SSIP 4.51(0.009 4.57(0.002 4.57(0.002
X-Wg (CIP) 5.04(0.022 5.25(0.023 5.25(0.023
X-Ws (SSIP 4.77(0.006 5.02(0.005 5.20(0.026

aTheoretical(Ref. 56.
PExperimental(Ref. 69.
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TABLE VII. Excitation energiegeV) from the valence orbitaler=HOMO, 7-;=HOMO-1, s=HOMO-2) to
the 0* =LUMO in NaCl-water clusters. Oscillator strengths in parenthe3¥esNacCl).

o — o e—m_y o0

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

X 3.35(0.013 3.35(0.013 4.03(0.103
LUMO —HOMO LUMO«—HOMO-1 LUMO«HOMO-2
X-W; (a) 4.06(0.013 4.25(0.021) 4.61(0.070
X-W, (b) 3.25(0.009 3.25(0.009 3.75(0.041
X-W, 4.49(0.017 4.72(0.029 4.99(0.061)
X-WS 4.98(0.016 5.32(0.039 5.42(0.049
X-W, 5.24(0.018 5.59(0.030 5.65(0.053
X-Ws 5.69(0.033 5.76(0.043 5.81(0.045
X-W; CIP 5.77(0.030 5.90(0.037 5.97(0.066
X-Ws (a) SSIP 5.42(0.027 5.48(0.026 5.59(0.042
X-Ws (b) SSIP 5.57(0.036 5.62(0.029 5.62(0.029
X-Wg CIP 5.41(0.021) 5.51(0.026 5.74(0.053
X-Wg SSIP 5.580.028 5.63(0.035 5.68(0.037
B3LYP/6-311 +G(2df,p)
X 3.41(0.01) 3.41(0.01) 4.06(0.10)~[4.2P
LUMO —HOMO LUMO«—HOMO-1 LUMO«—HOMO-2
X-W, (a) 4.09(0.011) 4.27(0.021) 4.61(0.068
X-W, (b) 3.22(0.004 3.22(0.004 3.68(0.039
X-W, 4.52(0.014 4.73(0.024 4.99(0.058
X-W, 4.96(0.012 5.28(0.039 5.36(0.049
X-W, 5.20(0.014 5.53(0.027 5.57(0.055
X-Ws 5.65(0.030 5.69(0.039 5.74(0.041)
X-W; CIP 5.72(0.025 5.84(0.034 5.89(0.063
X-Ws (a) SSIP 5.390.020 5.44(0.023 5.55(0.031)
X-Ws (b) SSIP 5.530.034 5.57(0.027 5.57(0.027
X-Wg CIP 5.37(0.017 5.47(0.023 5.67(0.051)
X-Wg SSIP 5.530.023 5.57(0.031) 5.61(0.034

#Experimental(Ref. 70.

as the excitation energies increase from NaCl to NaG—wcomparison with ions in contact, electronic oscillator
the total dipole moment decrease from 8.8 D for NaCl to 3.3strengths are reduced for Nal and NalWhen the distance
D for NaCl-W; CIP. LUMO—HOMO-2 excitation energies between the ion pair was stretched up to 6.0 A. On the other
of the NaCI-W, SSIP clusters are redshifted by0.3 eV  hand, it was presently found that upon complexation with
relative to CIP. In comparison with CIP structures, electronicone water molecule, NaCl-Wexcitation energies can be
oscillator strengths are reduced in NaClgV8SIP. For blueshifted NaCl-W, ()] or redshifted NaCl-W,; (b)]. In
NaCl-W;, small differences between transition energies and@ddition, it was also found that excitation energies and elec-
oscillator strengths of CIP and SSIP structures are observetionic oscillators strengths of CIP and SSIP structures are not
In general, the present results concerning the size depenery different forX-Wyg clusters K=Ag,Na). One possible
dence of excitation energies for AgCl-water and NaCl-watelexplanation for these results is that the size dependence of
clusters are consistent with experimefitand theoreticdl  the excitation energies and oscillator strengths is determined
studies on Nal-water clusters. For example, th6.8 eV by a complex orbital energy distribution of the aggregates for
blueshift induced by complexation with one water moleculeboth ground and excited states. This would make difficult a
and the relatively weak size dependence with increasingimple relationship between vanishing oscillator strengths
number of water molecules are in qualitative agreement wittand charge separation.
experimental information for Nal-water clustér&nother is-
sue Concernzs electronic oscillator _s_treng_ths. Dedonder\-/L CONCLUSIONS
Lardeuxet al“ observed that the transition dipole moments
(or electronic oscillator strengthsan be strongly dependent The structural, energetic, and electronic properties of
on the distance between the ion pair. More important, as longgCl-water clusters were investigated by density functional
as the ion pair is in conta¢CIP structureg small changes theory.
on the transition probabilities are expected. However, elec- In agreement with recent investigations on NaCl-water
tronic oscillator strengths may be reduced by the insertion otlusters’ we are providing further evidence about the pres-
some solvent molecules between the ion pair or by the inence of SSIP structures ismall AgCl-water clusters. For
crease of the distance between the ions. Therefore, vanishiddaCl-water clusters, SSIP can be energetically more stable
or very small electronic oscillator strengths could be inter-than CIP structures. The opposite tendency was observed for
preted as an indication of charge separafiétiom the the-  AgCl-water clusters. In comparison with CIP, SSIP structures
oretical point of view, Peslherbet al.” pointed out that in  are characterized by stronger polarization effects. This con-
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ated with polarization, which were estimated through an it- D-C) 88, 899(1988.
erative self-consistent procedure. W. H. Thompson and J. T. Hynes, J. Am. Chem. Si®2, 6278(2000.
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