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Theoretical Study of the Solvent Effect on Triiodide lon in Solutions
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The free-energy surfaces aof lin aqueous, methanol, and acetonitrile solutions as well as in the gas phase
are examined in the ground state by means of the ab initio RISM-MCSCEF (reference interaction site model-
multiconfigurational self-consistent field) method. TX&,* state in the gas phase has a highly symmetrical

D.., geometry as its stable structure. In solution phases, the electronic structgrésagtrongly affected by

the surrounding solvent molecules and the energy profiles are drastically changed. Especially in aqueous
solution, the ground-state free-energy surface around the gas-phase equilibrium geometry becomes virtually
flat, indicating an increased population of asymmetrical structures due to the solvent effect. It is suggested
that this broken symmetry can explain the appearance of transitions in the IR and Raman spectra, which are
symmetry-forbidden in the gas phase.

1. Introduction - hw
I3 (12u+) — 1 (22u+) + |(2P1/2) ()
An active topic in modern chemical physics concerns
chemical processes taking place in liquid phbsk.is well- They observed that in acetonitrile, a solvent in which the Raman

known that molecular structure, reaction dynamics, rates, andspectra do not show symmetry-breaking, the photodisso-
yields in solution are significantly influenced by solvent ciation product was formed vibrationally hotter and with less
environments. A complete description of such phenomena vibrational coherence than in ethanol, a solvent in which the
requires quantum as well as statistical mechanical treatment. [tSPectroscopy indicates marked asymmetry. Their group also
is virtually impossible to perform ab initio molecular-orbital ~reported molecular dynamics simulations based on an empiri-
(MO) calculations for the entire system including solute and Ca—LEPS potential functions and compared their results with
solvent. The RISM-SCF/MCSCF method proposed recently by experimental dat&? Detailed studies of the solvent effect on
us is a hybrid approach based on the ab initio electronic-structureth€ €xcited states ofT in solution are still far from complete.

theory (SCF/MCSCF) and the classical statistical mechanics of Compared to the experimental studies, theoretical reports on
liquids (RISM) and is capable of accounting for the solvent the electronic structure of the triiodide ion are very limited, even

effect on the solute electronic structure in atomic détail. those in gas phase. Novoa et al. employed pseudopotential MP2
) . . calculation* and confirmed that the stable structure of the
The molecular properties of the triiodide ions () in polar

liquids h b died b hni " th ‘ triiodide ion in the gas phase is linear wif, symmetry.
lquids have been StL! led by many techniques in the past €Wpanovich et al. presented a detailed report on the efficiency of
decades, motivated in part by the expected strong coupling

4 : effective core potentials at various levels of theBryAb initio
between the solutesT electronic structure and the environ- 50 iations for the solvated triiodide ion had been impracticable
ment~*% In particular, there is strong experimental evidence pecause of the difficulties in dealing with the molecular nature
that the nominaD., symmetry of the ground-state structure —of the solvent. The RISM-SCF/MCSCF metfiis particularly
can be broken by counterions or solvation. The infrared (IR) suited for this purpose and can provide us detailed molecular
spectra of many triiodide complexes with cations were reported information concerning the solvent effect on the electronic
to show a band corresponding to the symmetric stretching mode,strycture of the solute.
which is expected to be symmetry-forbidden,while Raman In this report, we present a RISM-SCF/MCSCEF study for the
and resonance Raman (RR) spectra in several solvents also shoytee-energy surface of the triiodide ion in its ground state in
a weak band corresponding to the antisymmetric stretch mode,acetonitrile, methanol, and aqueous solutions. The observations
which again should be symmetry-forbiddeh®12 in some solutions of vibrations that are symmetry-forbidden in
Other important observations concern the excited-state dy-the gas phase are discussed in the light of the free-energy
namics of }~. Femtosecond laser flash photolysis studies by profiles. To our knowledge, this is the first explanation
Ruhman et al. examined photodissociation and recombinationconcerning the physical origin of broken symmetry in the
dynamics of triiodide ion in water, ethanol, and aceto- Molecular structure ofsi based on a reliable ab initio theory
nitrile:13a—c and also the first concerning reported energy surfaces of the
ground state not only in the gas phase but also in solution phases.

I, (2N =1Lz, +17('s 1 _ :
3 (24) = 1(%g7) (S) @) 2. Computational Details
T Institute for Molecular Science. _When we perform an ab i_nitio molecular-orbital calculation
* University of Rochester. with heavy elements, handling of many electrons as well as a
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TABLE 1: Properties of the Ground-State Triiodide lon

exptl
calcd, this work (gas phase) values remarks ref
Equilibrium Bond Length/A
3.006 2.83-3.04 in crystal 11
2.90 average value in crystals 13b
2.90-2.95 values in crystals 14
Harmonic Vibrational Frequencies/ctn
V2 58.4 69 IR in crystal 3
46—-49 IR in RyNI3z solid (R= Bu, Et) 4
and in CHCI; solution
2 106.7 103-114 Raman in various solutions 3
109-116 RR in RNI3 solid (R= Bu, Et) and in CHCI, solution 4
112 RR in methanol solution 6
111 RR in MeOH, HO solution 7
V3 122.2 143-152 Raman in various solutions 3
130-145 RR in RNI; solid (R= Bu, Et) and in CHCI, solution 4
143 RR in methanol solution 6
143 RR in MeOH, HO solution 7

Partial Charge on Terminal lodine
—0.564 (Mulliken population)
—0.427 (ESP fitting)

proper treatment of relativistic effects always become important
problems. The most popular and efficient technique to deal
with these problems is to use effective core potentials (ECP),
which have been well established in electronic-structure theory.
According to the study reported by Danovich et al, the ECP
method performs well in describing the electronic properties
of the L~ system, especially for the potential-energy profile of
the ground staté€® We use the ECP parameters suggested by
Stevens et al’ which replace the 46 inner-shell electrons with
the core potentials while the #p° valence electrons are treated
explicitly. The standard doublé-plus polarization basis set
with diffuse functions ¢sp = 0.0368) is employed. As we will
discuss later, the singtepolarization basis set works very well
with Stevens’s ECP parameters. The spinbit coupling effect, 30 4'? >0

which is considered to be important in electronic excited states, RI7A

is not consider in the present calculations. As Danovich et al. Figure 1. Potential-energy surface 8E,* (*X*) ground state in gas
have already reported, it does not affect the ground-statePhase with contour spacing of 2 kcal/mol.

potential-energy curve near the equilibrium geoméfry. about 10% as shown in the table. As pointed out by Danovich
The complete active-space self-consistent field (CASSCF) o 5 | these values are poorly reproduced at the Harfeek
method is used to construct the wave functions. Twelve active aye| and even the order of the andvs modes is reversed.

olrbitals (ie., JP”'Yba'enge orbitalﬁ °f31)bf"‘r? chc;]sen, an? IThe atomic partial charges obtained by Mulliken population
electrons are distributed among those orbitals. The same levely, v sis and by the standard least-squares fitting procedure to

of wav:e f_unctlrc:ns IS en:lplﬁyed lto Iso_lve the GQU?tIOI’]S in gﬁs the electrostatic potential (ESP) are also given in the table. These
and solution phases. All the calculations are performed in the oo .iye charges characterize the electronic structurgof |

Cz, subgroup for technical simplicity. The Lennard-Jones goiy of them indicate that the electron is localized on the
parameters of iodine suggested by Sheu and Ré$gky= terminal iodines and little density is found on the central one.
4.824 A€ = 1'22(31 keal/mol) are adopted. The SPC-Hkand  154ing account of spinorbit coupling and dynamical electron-
TIPS model®2? are ,U,SEd to de§cr|be the solvent water, o relation effects could improve the description of the potential-
methanol, and acetonitrile, respectively. All the van der Waals energy surfaces and reproduction of these physical constants.

interactions between the atoms in solute and solvent molecules,, \eyer, these results show that this level of calculation works
are determined by means of the standard combination'fule. well enough to reproduce the energy profiles of this system to
an accuracy of a few percent.
We constructed potential-energy surfaces for the ground
3.1. Gas-Phase.The calculated results for the equilibrium  (34") states (Figure 1) as a function of the twel bond lengths
bond lengttR, harmonic vibrational frequenciestotal energies, (RiandRy). Since the equilibrium structure hBs,, symmetry,
and effective partial charges in the gas phase are shown in Tableve assumed a collinear geometry by fixing the bending motion.
1. I3~ hasD.n symmetry in the gas phase with a calculated (Inthe present study the., Symmetry labels are used, although
bond length of 3.006 A. This is comparable to values of 3.002 13~ possesseS.., symmetry except for the case Bf = R, and
A (at QCISD(T) level with two uncontracted d-type polarization the electronic state should actually be labeled=is)
functions) or 2.972 A (at QCISD(T) level with d- and f-type The relative stabilization energy of ground-stage to I, +
polarization functions) reported by Danovich et@hnd in good I~ in gas was reported to bel eV1® Energy differences
agreement with the experimental values (2:8304 A)11.13b.14 corresponding to this is obtained by computation at the ground-
The calculated vibrational frequencies are accurate to within state equilibrium geometry and finite bond-length separation

Yol

3. Results and Discussion
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Figure 2. (a) Free-energy surface &E4* (*=") ground state in acetonitrile solution with contour spacing of 2 kcal/mol. (b) Radial distribution
functions between triiodide ion and acetonitrile. Interaction sites in solvent molecules are denot¢ehbthyl group) ® (carbon), anch (nitrogen).

(one bond is elongated to 7 A, while the other is fixed at 3 A). -(Eéc?ul_n%-Zs:ta(t:each;JiilgéeigeFIfr?;Energy Components in the
Our estimates are 1.34 eV, indicating the reliability of our

calculations. The description by only ground state might acetonitrile methanol water
become worse at large internucler separation (the upper-right E, point A +0.12 +0.33 +0.75
region in the figures) where many electronic states correlate to point B +1.95 +3.67 +6.59
the same product states. However, we are interested mainly in A% point A —41.23 —45.82 —47.31

point B —49.69 —61.09 —66.59

the region near the ground-state equilibrium structure and in

focusing on properties only around it, so such problems can be 2Ey.: Electronic-polarization energy arising from distortion of

neglected. electronic structureAu: Excess chemical potential. All energies are
3.2. Acetonitrile Solution. The free-energy surface of N keal/mol.

ground-statesl” (*=4) in acetonitrile calculated by the RISM-

MCSCF method is shown in Figure 2a. It should be noted that the other handAu has a large negative value41.2 kcal/mol),

the free-energy surfaces in solution do not correspond to indicating large stabilization attributed to the electrostatic

potential-energy surfaces. The free-energy surfaces allow usinteraction between the solute and solvent. When one of the

to calculate the relative population of different structures in bonds is greatly elongated such tiRat= 3.0 A andR, = 5.0

solution, but one cannot estimate vibrational frequencies from A (point “B”), Au is reduced to-49.7 kcal/mol whileEp shows

the curvatures of these surfaces. The density of acetonitrile isonly a moderate increase (1.9 kcal/mol). The behavior of

assumed to be 0.777 g/érat a temperature of 298.15 K. solvent-induced stabilization of the iodide ion can be understood

Compared to the gas-phase potential-energy surface, the solufrom the radial distribution function (RDF) between the &nd

tion-phase free-energy surface is not quite as tightly bound, butsolvent at those points (Figure 2b). Among the RDFs, all of

the symmetry of the gas-phase structure is still largely main- which show sharp peaks between the iodine and the methyl

tained in acetonitrile solution. The IR and Raman selection rules group, the isolated iodine at point “B” exhibits the strongest

are governed by the ground-state energy surface. Thus, vibra-solvation.

tions that are symmetry-forbidden in the gas phase should not The effective charges on each iodine site are shown in Table

be observed in acetonitrile solution. 3. The electron distribution is greater at the central iodine than
The change in the surface from gas phase to solution can beat the terminal ones, which is contrary to the case in the gas

understood by decomposing the free energy into the erigfgy  phase. At “point B”, the interaction energy due to the

of the isolated solute molecules(), the polarization (reorga-  dissociative iodide ion contributes to the total stabilization in

nization) energyEyq of the solute electronic structure, and the the free energy.

excess chemical potentialu arising from the solutesolvent 3.3. Aqueous Solution. The free-energy surface of the

interaction (Table 2). At the gas-phase equilibrium structure, ground state'€,™) in aqueous solution is shown in Figure 3a.

referred to as “point A”, in which botlR; andR; are fixed at The calculations were carried out at a density of 1.0 §/and

3.0 A, Epai is very small and estimated to be 0.1 kcal/mol. On temperature of 298.15 K. The free-energy surface is markedly
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TABLE 3: Calculated Interaction (Binding) Energy and Effective Charges in the Ground-State Triiodide lon?

acetonitrile methanol water
center terminal center terminal center terminal
U point A —28.37 —40.26 —-32.71 —41.83 —45.44 —49.02
point B B —12.74 _ —12.58 _ —14.47
18.79 —97.76 11.92 ~129.26 7.02 ~171.10
q point A —-0.206 —-0.397 —0.239 —0.381 —0.287 —0.356
point B _ +0.057 +0.010 —0.009
0.090 —0.967 +0.017 —1028 +0.088 —1.080

aU: interaction energies on each iodine atom in kcal/rgslare effective charges. Values for terminal site on lower line at “point B” correspond
to the dissociative iodine.
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Figure 3. (a) Free-energy surface éE4" (*=*) ground state in aqueous solution with contour spacing of 2 kcal/mol. (b) Radial distribution
functions between triiodide ion and water molecule. Sites in solvent molecules are dendiekygen) and® (hydrogen).

different from those in the gas phase and acetonitrile. The ately and reaches a plateau arolRve 4.0 A, while that of the
energy surface around “point A", corresponding to the equi- central iodine changes dramatically from nearly zero to about
librium geometry in the gas phase, is extremely flat. There is —100 kcal/mol in the same range Bf The overall solvation
still an energy minimum around this point, but the energy free energy undergoes a moderate decrease befreed.0 A
required to change one of the bond lengths from 3.0 to 3.5 A 3ndR = 4.0 A and then slightly increases fBr> 4.0 A. On

is less than 0.1 kcal/mol. In aqueous solutidp, at “point A” the other hand, the intramolecular contributia(Eiso + Epol)

is —47.31 kcal/mol, which is comparable to the case in the pepayes like a typical potential curve for a bound state, having
acetonitrile solution; however, at “point B” it reduces-t66.59 a minimum aroundR = 3.0 A. Owing to balance of the energy
kcal/mol. The strong stabilization due to solvation as one of components, the increase in the total energy deceleratd® for
the bonds is stretched can be an origin of the flat energy surface._ 35 A Whére the plateau in Fiqure 3a beqins. Therefore. the
This feature can be explained by the RDFs shown in Figure draétic ;Jlecrease iAF,L)t (center) bgetweerR =93 O.A andR = '

. Arather shar ki n in the RDF between the water- - . .
3b ather sharp peak is see the between the wate 4.0 A'is considered essential for appearance of the plateau. The

hydrogen and the dissociative iodine at “point B”, indicating ; e )
the strong interaction between those atoms. behavior ofAu (center) is intimately correlated with that of the

Another feature on the surface is a plateau locate; at effective charge of the central iodine, as easily seen from Figure
4.0 A R, ~ 4.0 A. The physical origin of the plateau can be 4. The effective charge on the central iodine, which is nearly
found by analyzing the free-energy surface. In Figure 4, the neutral atR = 2.5, decreases drastically betweRr= 3.0 A
free energy and its components are shown as functio® of andR = 4.0 A, and reaches about1.2 atR = 4 A. The
(=R = Ry) in the symmetric stretching mode. The calculated behavior of the energy components and the effective charge on
effective charge on the central iodine is also presented. Thethe central iodine indicate that the electronic and solvation
solvation free energy of the terminal iodines increases moder- structures of triiodide ions undergo significant rearrangement
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Figure 4. Free-energy curves of triiodide ion in aqueous solution and
energy components along the symmetric stretching mBde R =

R»). A(Eiso + Epol) is energy relative to the value Bt= 3.0 A. Dashed
line depicts effective charge on the central iodide.

betweenR = 3.0 A andR = 4.0 A and that the structures do
not change drastically foR > 4.0 A.

To see more closely what is happening in the solvated iodide
ion betweerR= 3.0 A andR = 4.0 A, we examine a conditional
probability distribution of water hydrogen around two iodines,
the central iodine, and one of the terminal iodines at fixed

L)

o . . ...® .
distances oR = 3.0 A andR = 4.0 A. The distribution is 0.0 20 40 60 80 100

essentially a three-body correlation function, and it can be Figure 5. Conditional probability of water-hydrogen site arourd’l.
calculated in an approximate manner using the superpositionBond lengths are fixed at (= 3.0 A, (b)R= 4.0 A. Contour spacing

approximation as has been done by Pratt and Chafdi€he is 0.2, and thick line corresponds to 1.0.
conditional probability distribution that is most closely related S ) o
to the above discussion is defined as follows: prObablllty distribution forR = 4.0 A, while such a distinct

peak is not seen in the distribution fBr= 3.0 A. The distinct
1 H peak is obviously related to the large negative charge of the
P(r|R) = —2ffdf' dr' [3(r" —r)o(r" — r,.)Z<S(r =)0 central iodine aR = 4.0 A, which in turn is responsible for the
Y ! ©) drastic decrease in the solvation free energy in Figure 4.

3.4. Methanol Solution. Figure 6 a shows the free-energy
where r is the position of hydrogen an® is the vector  surface {Zg%) of I3~ in methanol solution. The temperature
representing the-l' bond,r; — ry. The integrations with and density in this calculations are 298.15 K and 0.786 643g/cm
respect tor’ and r" take account of the translational and respectively. The surface around “point A" has an intermediate
rotational invariance. The quantity can be evaluated by profile between the water and acetonitrile cases. Itis interesting
introducing the superposition approximation that a shallow basin is seen in the same region where the a

plateau was obtained in aqueous solution. The origin of the
1 basin can be explained by the same argument as in the case of
P(r|R) ~ —fodr’ dr D(r' —r)o(r" —r)Io(r' — aqueous solution.
o The free-energy componenta\u and Ep,, are another
r,)Zé(r - r:*)D]?Ii(r” - rl,)26(r - riH)D substantiation that the methanol solution has a character that is
T [ between those of the other two solutions as shown in Tables 2
and 3. It can be concluded that free-energy changes for

= ffdr' dr’ s, (r', r)g(r', NG, T) dissociation and the depth of the surfaces in all the solutions
’ are due to an interplay among the dissociation energyof |
= gu(IrDgy(r —R]) itself, electronic reorganization (relaxation) arising from the

interaction with solvent, and the excess chemical potential of
wheregy and gy are the pair correlation functions between the surrounding solvent.

the iodines and water hydrogen, agg@(r’, r") is the intra- 3.5. Solventinduced Symmetry Breaking. Infrared ab-
molecular correlation function between | arid | sorption and spontaneous Raman spectra reflect a simple
weighted average of the spectra of the different ground-state
S’ r")=o0R—(r'—r")) 4) structures present in the liquid as long as these structures do
not interconvert on time scales faster than the inverse vibrational

The conditional probabilities of water hydrogen arourd'| line width. Observation of; in the Raman spectrum, of in

with fixed bond lengthsR = 3.0 and 4.0 A) are shown in Figure  the IR spectrum, requires that the instantaneous geometry be
5. (The central iodine is placed at the origin, and the veRtor asymmetric (lower tharD..,), and there is presumably a

is parallel to thex axis.) There is a well-defined peak around correlation between the degree of asymmetry and the intensities
Irl ~ 3.0 A and|r — R| ~ 5.0 A (=(3% + 4312 in the of these nominally forbidden lines, although we make no attempt



2070 J. Phys. Chem. A, Vol. 102, No. 11, 1998 Sato et al.

(@) : . : (b) ¢ 6
(==}
4 4
i loMe oM
5 floH 150 loH Pl
IS =) \ 2 lo-u
(==}
3 S N\
=
R :
0 2 4 6 8 10
- r/[A]
= 4
6
2
RI/A 4
. A1y Me
c > 0
5 hohH A 1,50
~ 9 N
N :
0 Iz—Me
0 2 4 6 8 10 5 ﬂ/ L,-0
r/[A] I
0 f
0 2 4 6 & 10
r/[A]
Il Ik
R;=3.0A Ryp=3.0A R{=5.0A Ry=3.0A

Figure 6. (a) Free-energy surface &Egt (1=*) ground state in methanol solution with contour spacing of 2 kcal/mol. (b) Radial distribution
functions between triiodide ion and methanol. Sites in solvent molecules are denafefolygen),® (hydrogen), and> (methyl group).

to quantify that relationship here. The experimental observation cause the induced intensity to appear to vanish. In that paper
of significant Raman intensity im3 for triiodide in alcoholic we suggested that the apparent lack of symmetry-breaking in
and water solvents is fully consistent with the calculation of acetonitrile might be due to very rapid interconversion between
very flat free-energy surfaces for asymmetrid stretching in local environments in this solvent. However, our more recent
those solvents such that structures that deviate strongly fromobservation that; fails to appear in the Raman spectrum even
D.h Symmetry should be quite probable. Similarly, the failure when the acetonitrile solvent is cooled nearly to its freezing
to observe Raman activity im3 in acetonitrile solution is point?®suggests that the speed of the solvent fluctuations cannot
consistent with the calculations that show a much better-defined account for the apparently higher molecular symmetry in this
free-energy minimum near th2., geometry in this solvent. In  solvent. The present computational results further suggest that
resonance Raman the intensities depend specifically on thethe experimental results can be understood mainly in terms of
relative geometries of the ground and resonant excited statesthe free-energy surfaces for the ground electronic state without
and for the simple illustration discussed in ref 12b we assumed explicit reference to the solvent dynamics.
that an asymmetric solvent environment distorts only the
resonant excited state and not the ground state, but in any4 conclusions
realistic system both states would be distorted, albeit probably
to different extents. We have calculated potential-energy surfaces forin the

In crystalline environments there appears to be a good gas phase as well as the free-energy surfaces in acetonitrile,
correlation between the appearancegh the Raman spectrum  methanol, and aqueous solutions by means of ab initio RISM-
and ofvy in the IR spectrum. This consistency is reassuring MCSCF methods. The CASSCF wave functions with the ECP
but not essential, since a degree of symmetry-breaking thatmodel reproduce the equilibrium properties such as the stable
induces detectable intensity in one “forbidden” band in one type molecular geometry and the harmonic vibrational frequencies
of spectrum need not do so in another. Clearly, it would be that are in good agreement with experimental results. The free-
interesting to make these comparisons in solution phase as wellenergy profiles in solution depend strongly upon the solvent.
but we are not aware of any published IR spectra of triiodide The profiles in acetonitrile solution are similar to those in the
in solvents in which the Raman spectra have also beengas phase, consistent with experimental results reported by
examined. Johnson et a The free-energy surface of the same ion in

Finally, all of our analyses thus far has been based on the aqueous solution is distinctly different and indicates a drastically
assumption that the solvent-induced symmetry-breaking is enhanced probability for structures with lower symmetry. The
essentially “inhomogeneous”; that is, different energetically observed activation of nominally symmetry-forbidden bands in
accessible geometries in solution remain essentially fixed on the vibrational spectra is attributed to these species with lower
the vibrational time scale. In ref 12b we employed a simple symmetry. We have also estimated the vertical transition energy
model for the resonance Raman intensity to show that rapid in the three solutions. Detailed study of the excited states of
interconversion between sites of different asymmetry could 13~ in a variety of solvents is in progre3s.
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