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Charge transfer to solvent (CTTS) energies of small X “(H,0),-1_4
(X=F, CI, Br, 1) clusters: Ab initio study

D. Majumdar, Jongseob Kim, and Kwang S. Kim®
Department of Chemistry, Pohang University of Science and Technology, National Creative Research
Initiative Center for Superfunctional Materials, San 31, Hyojadong, Namgu, Pohang 790-784, Korea

(Received 26 August 1999; accepted 7 October 1999

Charge transfer to solve€TTS) energies of small halide—water clusters, (¥,0),-1_4 (X=F,

Cl, Br, 1) have been studied using first-order configuration interaction as well as time dependent
discrete Fourier transform density functional methods. The only available experimental data are the
recently reported CTTS energies for(H,0),-,_, clusters by Johnson and co-workdfB.
Serxner, C. E. H. Dessent, and M. A. Johnson, J. Chem. RB$s7231(1996]. These results are

in good agreement with our predicted values. The calculated CTTS energies indicate that there is
regularity in the change of CTTS energies with respect to the change of halide anion as well as the
cluster size. Our investigations have shown that this observed trend of CTTS energigdigOX,

clusters could be quantitatively explained by the ionization potential of the halide anions and the
binding energies of the respective clusters. 2600 American Institute of Physics.
[S0021-960600)30101-5

INTRODUCTION clusters of T(D,0),,_4_s and I'(H,0),_»_4. The CTTS

) ) L . spectra of CI and Br are available experimentally in bulk
The ultraviolet(UV) absorption spectra of halide ions in \aier byt there is no available data for their small water
water constitute a unique class of electronic specffae clusters.

electronic transitions in solvated halides involve bound ex- In our earlier studies on the TH,0),_;_¢ clusters!3
n=1- ’

cited states, which are not property of the ion itself, but exis{q haye calculated the possible CTTS excitation energies of
due to stabilizing potential created by the surrounding Solg— o e to stepwise increase in the water cluster size. This
vent molecules. The aqueous solution of iodine, €.9., exhibitg ;5 b ompted us to explore the CTTS transition energies of
broad electronic bands in the UV region corresponding t0 thene other halide ions also. The present report is thus based on

electron ejection from iodide to the solveénknown as o calculation and plausible interpretation of the CTTS
charge transfer to solve(€TTS) states. The spectrum con- bands of X (H,0),__4 (X=F, Cl, Br, ) clusters. The pre-

sists of two bands around 21_00 A, separated by the ?araﬁise definition of the CTTS energy indicates that it is an

teristic spin—orbit Sp“ttquSO_, 0'94, eV of neutral iodin - electronic transition related to transfer of charges from halide
The CTTS _phenomenon finds |rr_1p0rtance asa deVIc_e % the water, and the energy would be less than the ionization

trap electrons in polar solvents, which in turn plays an im-n,entia|(1P) of the corresponding anion—water syst?

portant role in radiation chemistry, electron transfer, anQcgening this definition in mind we have explored the verti-

charge induced chemistry. A microscopic understanding Of:ally excited states of the minimum energy clusters of

the factors that govern such electron solvation is of particulag(f(Hzo) through configuration interactiokCl) calcula-

. . . .. n

importance. CTTS bands of various inorganic ions he_lve beefiyns. Results onI(H,0),, CTTS energies have been found

extenswglyﬁ catalogued and g%(s:ussed _earlier by, pe in good agreement with experiméhiOur investiga-

Rabinowitclt and Blandamer and FoxAll these investiga-  j5nq have further revealed that the IP of the halide anion and

tions were restricted to the ion solvated in bulk solvent mey;, o binding energy of the XH,0), cluster have the domi-

. . . n
dium. The dynamics of the states were later experimentally,,n¢ role to interpret the nature and energy ordering of their

i ; ; i
investigated by Eisenthal Gaudeul, and Bradfortfi and 113 pands. To the best of our knowledge, such theoretical
their co-workers, while theoretical simulations were made by ,dies on the small halide—water clusters have not been re-
Sheu and RossRyand Staib and Borgi¥. Recent availability oorted earlier.

of the techniques to generate halide water clusters of desired
size has prompted scientists to study this phenomenon from a
real microscopic point of view. Johnson and co-workkrs METHODS OF COMPUTATION

have measured the photodetachment spectra of The central theme of our calculation is to get more or
I7(H,0)n—1-4 Clusters to identify the CTTS bands, while in |ess accurate energy of the vertically excited first singlet state
a recent article, Neumark and co-workérsave studied the (S,) of X (H,0), clusters. The vertical transition energy
dynamics of the electron solvation in the photoexcited anior{E, ;) with respect to the ground stat&y) would be the
measure of the CTTS energ¥£rrg) Of these clusters. To
aAuthor to whom correspondence should be addressed. Electronic maipChieve our goal we have initially used restricted Hartree—
kim@postech.ac.kr Fock (RHF) wave functions to generate tl$g states of these

0021-9606/2000/112(1)/101/5/$17.00 101 © 2000 American Institute of Physics
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TABLE I. Sy to S; vertical excitation energies\E, /eV) and the amount of charge transférg/a.u.) from
halide to water in theS; states of the X(H,0),-1_, (X=F, CI, Br, ) clusters. Experimenta g Of
I7(H,0), (h=1-4)* and theE 115 of halides in bulk water are also included for comparison.

AEys° Aq

Cluster Ecrrs(l7)

size(n) F Cl~ Br- I~ (Expt)°© F Cl~  Br- I~
1 4.61(6.94 4.28(6.27) 4.00(5.58 3.74(4.98 3.60 0.036 0.857 0.496 0.395
2 5.34(7.58 4.52(6.55 4.19(5.83 4.08(5.17 3.95 0.013 0.828 0.561 0.487
3 5.77(7.94 5.21(6.99 4.78(6.22 4.29(5.49 4.25 0.010 0.715 0.493 0.439
4 6.02(8.00 5.45(7.42 5.01(6.45 4.44(5.6H 4.50 0.010 0.654 0.495 0.466

Bulk watef [7.10] [6.29] [5.47]

#Experimental values as obtained from Ref. 14.

PThe AEy; values are calculated at the time dependent DFT-B3LYP and FOCI levels of calculation. The
AE,/FOCI values are presented within parentheses.

‘Reference 11.

clusters through first-order configuration interacti®&©CI) geometry, and they were obtained from our previous calcu-
calculations. The Mulliken charges calculated for 8eand  lation on the F(H,0), clusters® The notation of each
the S; states were used to monitor the amount of chargestructure is represented by coordination numhbey+(n,),
transfer to the water from the halide anion in the CTTS statewith symmetries presented within parentheses. Herand
The restricted space FOCI generaf@dstates usually over- n,, respectively, denote the number of water molecules in
estimate theE,; values, and to get more reliable results weprimary and secondary hydration shells, and consequently
have further calculated the energy of tBestates using time whenn,=0, the structure is simply representedrgs The
dependent discrete Fourier transform density functionaCl™(H,0),, Br (H,0),, and I'(H,0), clusters are of simi-
(DFT) technique’® The Becke-3 exchange correlattBrio-  lar symmetry. Their mono-, di-, tri-, and tetra-hydrated clus-
gether with the nonlocal functional provided by Lee, Yang,ter structures are of TQ;), 2(C;), 3(C3), and 4C,) type,
and Part’ (B3LYP) was employed. The method is basically respectively. These minimum energy structures are of the
a first-order random phase approximati®PA) calculation same type as obtained by Combaretaal ?* and have been
within the framework of DFT, and throughout the article we found to explain their vibrational spectfaA stereo view of
term this method as DFT-RPA. The accuracy of the calculathe optimized structures for (H,O), clusters are presented
tion in DFT-RPA technique was checked against the experiin Fig. 1 as representative for the structures of(M,0),
mental values of 1(H,0), clusterd! and it was quite satis- (X=ClI, Br, I) clusters. Regarding the position of the halide
factory. The minimum energy ground state geometries of thand the water molecules, the (H,0), clusters are similar
clusters were available through second-ordeildtePlesset in structure with respect to the other halide—water clusters up
(MP2) optimizationst® to n=3. In the case of tetra-coordinated cluster, the
In case of F(H,0), clusters, Pople’'s 6-311+G** ba- F (H,0), cluster structure differs from the other halide—
sis set&’ were used both for F and water. For other halide—water clusters regarding the arrangement of water molecules
water clusters the effective core potenti&CP of Chris-  around it. While in CT, Br~, and I' cases the water mol-
tiansenet al?® were used for the haloge(Cl, Br, and ) ecules are on the same side of the halide(i6ig. 1), in the
atoms, while the same 6-3+HG** basis set was used for F (H,0), cluster the F ion is situated in the center of a
water. Following the suggestion of Combariztzal > the CI  pyramid with three water molecules on one side of &hd
basis set was further augmented with one diffuse and three last water molecule on the opposite vertex, making it a
sets ofd orbitals. Thed orbital exponents were optimized for strongly bound internal structufd.
the use in ECP basis setgxponents: 2.53, 0.76, and The AE, values presented in Table | indicate that the
0.2598. The Br ECP basis set was augmented with a set ofalues calculated at the RHF-FOCI level grossly overesti-
one diffuse and fived orbitals, while the | basis set was mate theE-r5 values when compared with the correspond-
augmented with two sets of diffuse and an exdrarbital.  ing DFT-RPA values. A comparison of theE,; values of
The choice of exponents was similar to the suggestion of (H,0),-_4 clusters calculated at the DFT-RPA level with
Combariza and co-workefd.All the calculations were car- the experimental values of Johnsenall! indicates that
ried out usingGAMESS?? and GAUSSIAN9E program suites.

RESULTS AND DISCUSSION (-] - ) (-]
The vertical transition energies of XH,0),, clusters for T o i.4 &J% &_ é._;

the Sy— S, transition are presented in Table I. The calcula- - - )

tions have been carried out using the minimum energy ge- (e 2(C) 3G 4(Cy

ometry of each halide cluster optimized at the MP2 level. FOIi:IG. 1. Stereo view of the optimized minimum energy geometries of

F~(H;0),-1-4 clusters the chosen mono-, di-, tri-, and tetra-|—(n,0),_, , clusters. The Cl and Br clusters have similar geometrical
hydrated structures are of €(), 2(C,), 3(Cs),and 4C,) arrangements. For §H,0),-,_, cluster geometries, see Ref. 13.
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TABLE Il. Dissociation energiesXE,), vertical binding energiesEy), electrostatic interaction energies between halides and water cluatggg ( the
empirical CTTS energiesHqrro for the X (H,0), (X=F, CI, Br, and |;n=1-4) clusters, and the dipole momerigD) of the water clusters in the
geometry of X (H,0), .2

Empirical Ecrrs

X n Structure  —AE, —AE} w of (H0), —AE —AEy+IPP —AEy+IPP+ES —AE}+IPP+ES
F 1 1(Cy 1.09 1.18 2.35 0.83 4.49 4.59 4.68
2 2(Cy) 1.88 2.05 0.14 0.81 5.28 5.38 5.37
3 3(Cy) 2.53 2.73 1.35 1.15 5.93 6.03 6.29
4 4(C,) 3.04 3.12 1.29 2.34 6.44 6.54 6.62
cl 1 1(Cy 0.57 0.57 2.33 0.54 4.18 4.28 4.28
2 2(Cy) 1.07 0.99 3.85 0.93 4.68 4.78 4.70
3 3(Cy) 1.57 1.28 3.33 1.25 5.18 5.28 4.99
4 4(Cy) 2.03 1.54 3.91 1.64 5.64 5.74 5.25
Br 1 1(Cy 0.50 0.52 2.32 0.23 3.86 3.96 3.99
2 2(Cy) 0.96 0.89 3.93 0.30 4.32 4.42 4.36
3 3(Cy) 1.43 1.16 3.98 0.63 4.79 4.89 4.63
4 4(C,) 1.86 1.38 4.19 0.93 5.24 5.34 4.85
I 1 1(Cy 0.41 0.43 2.32 0.22 3.47 3.57 3.59
2 2(Cy) 0.81 0.71 4.13 0.27 3.87 3.97 3.89
3 3(Cy) 1.24 0.88 3.98 0.52 4.30 4.40 4.04
4 4(C,) 1.67 1.00 4.89 0.75 4.73 4.83 4.16

2All the energy values are in e\ AE, andAEy are corrected with ZPE an%(BSSE) at the MP2 level. The structures of CIBr—, and I water clusters are

available in Fig. 1, while the HH,0), cluster structures are in Ref. 13.

"The IPs of F, CI-, Br~, and I" are taken to be 3.40, 3.61, 3.37, and 3.06 eV, respect{Rdy. 30.

‘The E, values are the energies for process C in Fig. 2. For 1, 2, 3, and 4 water clusters the values are uniformly taken to be 0.1 eV. See the text for more
details.

they are quite satisfactory. Henceforth, for further analysisco-workerst! However, in F(H,0), clusters the dipole mo-

these DFT-RPA values would be used as representatives @ient trend is not consistent with the increasiigr values.

the theoretically calculateBcrrs energies. An examination For other halide clusters also there are deviations#2

of the calculated charge transfer from halide to wat®q)  snd 3 cases. The dipole moment of tive 2 water cluster is

in the S, state indicates that for C] Br™, and I clusters,  gjightly larger or almost similar to the=3 clusters. Thus

the charge transfer to water is appreciable, while forg, gjectrostatic stabilization the charge on the halide is also

Fclusters this charge transfer is marginal. This observatioflsorant. The calculated electrostatic interaction energies

develops a feeling that the CTTS phenomena could be le§g.yeen the halide and the water clusters as presented in

probable in fluoride clusters. I_-|owev<_ar, for the_ sake 9f COM-raple Il indicate that for a particular halide the electrostatic

pleteness of our study for halide series we will consider thestabilization increases with cluster size. It could also be seen

AEV_FhvaIAuES of luls rides alslo for f]y r)’glel: aonalysles. that for a particular cluster size the electrostatic stabilization
e AByr (=Ecrrg values of X (H;0), clusters as oo oaqeq rom Fio 1. Thus this decreasing stabilization

presented in Table | indicate that there is a regularity in thecouId also be taken as a factor to account for their decreasing

change of these values with respect to the halide ion and thlt.:eCTTS values. The variation of thE .- values as observed

cluster size. For a particular cluster size, thgrrg values . : . .
decrease from Fto |-, while keeping the halide ion fixed, in Table I, of course, still needs to be explained in a more
ntitative way.

the Ecqrs values increase with increase of cluster size. Let udiua i ,
It has been observed both experimentdllgnd in the

first try to visualize the increase &7 values with the . X
increase of cluster size for a particular halide ion. Johnsofr€Sent theoretical calculation, that the CTTS bands of

and co-workerd! while explaining the observed trend of iodide—water clusters show blue shift with stepwise incre-
Ecrrs values on T(H,0),_;_4 clusters, suggested that since Ment of water cluster size. The calcglqted CTTS bands of
in their optimized minimum energy structures the water mol-Other halide—water clusters show a similar trend. In case of
ecules are on the same side of theion, the electron is | (H20)n=14 clusters it has been argued that presumably
increasingly getting stabilized by interaction with the in- the cluster analogs to the CTTS band correspond to excita-
creasing dipole moment of the water cluster. This increasingon of the electron from an orbital localized on Into a
dipole moment of the water cluster arises due to the presenételocalized state supported by the network of water mol-
of halide ion, as the isolated neutrak3 and 4 water clus- €cules in the cluster. The neutral molecules with dipole mo-
ters display very small or zermE&4) dipole moment>?®  ments larger than-2.5 D can bind an electron in a dipole
This explanation is qualitatively reasonable but needs quarstate due to exchange repulsion between the excess electron
titative explanation of the increasifi.rrs values. Table Il and the electrons in the molecuf€s In view of the dipole
lists the extracted dipole moment of the water clusters in thenoments of the water molecules induced by the halides
equilibrium geometry of X(H,0),. The results are more or (Table ll), it could be reasonable to assign the upper state of
less consistent with the observation of Johnson andhe I"(H,O),-_4 cluster, initially generated by the pump
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pulse, to a short-lived state of the forr’R,) - (H,0),, in for the Eqyrs values of the X(H,0), clusters would be the
which the electron is transferred from the iodide to a dipoledP of the halide anion and the dissociation energy of the
bound state of solvent netwotk.This argument could be halide—water cluster. The electrostatic interaction energy
generalized for other halide—water cluster CTTS spectr&ould be responsible for the cluster stability but its inclusion
also. In the earlier attempts to explain the CTTS spectravith IP values of the respective halides could explain only
theoretically? the formation of % (H,0),, species was as- 20% of the observed/calculated trend of thgrrs values.
sumed to involve several energy steps. It is obvious from thdable Il lists the calculated dissociation energyE;) of the
present discussion that the transfer of an electron froniox  halide clusters. These dissociation energies are corrected
the water network needs preliminary dissociation of thewith the zero-point energ¢ZPE) and the basis set superpo-
X~ (H,0), to X~ and(H,0), to facilitate the detachment of sition error(BSSB corrections. Since the full BSSE correc-
an electron from the halide anion. The electron would therfion usually does not accurately explain the observed ther-
be finally recaptured by the water network with the resolva-modynamic properties, we have used 50% BSSE correction
tion of the halogen atom to form the-¥,0), species. here from our previous experiences of the medium-size basis
These, of course, are the well-known energy steps to explaifesults?® The empiricalEcrrs values calculated as the sum

the CTTS proceSsand the energy cycle as presented inOf IP(X™) and AEo[X™(H;0),] are presented in Table II
Scheme | and they are in good agreement with the magnitude as well

as the variation ofAE\; (=Ec179 values presented in
Table I. In view of the small contribution of thg; values,
this term was not included in this approximation. The inclu-
sion of this term Ecrrs= —AEg+IP+EL) generally im-
A C proves theE 175 values when compared to our theoretically
estimated energies, but in case ofH,0), this approxima-
) Ecrrs ) ) tion could be seen to slightly overestimate the CTTS energy
X (HOp ——— = X (H,Oh for highern (Table lI). In view of the vertical nature of the
CTTS energy, one may consider thd=, values to be an

could be considered to be operative. The success of such &mpirical representative of the energy step A, as its estima-
energy cycle to explain the CTTS spectra obviously lies intion involves solvent relaxation. The vertical binding energy
the proper interpretation of the energy steps involved. ProtAEg), where the water molecules have their dipoles ori-
cess A in Scheme | involves separation of the halide aniognted towards the anion, could be viewed as the more logical
and water cluster in the gas phase. The energy associated @efinition of step A. These values are given in Table Il and it
the process would be the dissociation energy of the halidgould be seen from the table that the combination\&
cluster. Process B involves the transition of the electron fronWith IP andEc gives almost equivalent answer to tgrrs
the halide to the solvent and the energy factor would be th¥alues with respect to the two previous approximations. It is
IP of the halide anion. Process C is usually approximated t&° beé noted further that the dissociation energy of the halide
be associated with two energy terms. The first one is th&lusters in bulk water is higher than its small water clusters,
binding energy(i.e., electron affinity, EAof the water clus- and it is thus quite obvious why thEcrrs values of the
ters and the second term is the enthalpy of soIvatioﬂ"'?”deS in bulk_water as represented in Table | are much
AH(X*), as process C also involves the resolvation procesgigher than their small clusters.

of X*. These two terms are not usually easy to calculate

satisfactorily. However, both  the calculatéd and CONCLUSIONS

experimenta&f EA values for small water clusters are known

to be very small. For the anionic water cluster geometries, DFT-RPA calculations have been carried out on the
analogous to our X(H,0),-1_4 cluster structures, they minimum energy halide—water clusters,” ¢H,O),-1_4
were predicted to be 0.0, 0.01, 0.04, and 0.03 eV, respedX=F, Cl, Br, I) in order to calculate their CTTS energies.
tively for n=1-4 at very high levels of calculation, and The calculations have been verified against the known ob-
these values do not change significantly unless the geonserved CTTS spectra of (H,0),,_;_4 clusterd! and the re-
etries are drastically changéliThe AH(X*) term is also sults are found to be quite satisfactory. The calculated CTTS
very small and in most of the previous calculations they weresalues of X (H,0), clusters indicated that they have a regu-
considered to be the half of the heat of solution of the cordar change of CTTS energy with the change of the halide
responding halogen molecule and uniformly taken to be 4.@nion and with the variation of the cluster size. For a par-
kcal mol'! for all the halogens in aqueous solutidthe ticular cluster size the CTTS energy decreases frontoH -
estimation ofAH(X*) is, however, very gross here. In small clusters, while for a fixed halide cluster the CTTS energy
clusters this value could be expected to be much less than 4iBcreases with the increase in cluster size. Our present analy-
kcal mol ! and the value could only be between 0.05 and 0.1ses have indicated that although the electrostatic stabilization
eV for n=1-4 clusters. Thus, in view of the very small is an important factor to explain the observed trend, the
contribution of EA andAH(X*) values, we approximate the ground state stabilization energy of the clusters together with
Ec term uniformly to be 0.1 eV for all the clusters. The the halide IPs are the deciding factors to quantitatively ex-
contribution of thisE. term to the total CTTS energy is plain the observed CTTS energy variations. The decreasing
obviously very small, and thus the main factors to accountPs from F to I~ together with the decreasing binding en-

X+ (HO) —B—mx: + & + (H,0),
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