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The geometries and energies of complexes of Ol~, and I with methane and model ether molecules have
been studied using ab initio electronic structure calculations. Fgraj5s3p2d] basis set which accurately
describes core electrons was derived. For, Gbsis sets as large as [8s7p4d1f] were considered, while for

I~ an 2spld ECP basis set augmented by a set of diffuse functions as large as [5sp4d1f] was employed.
Calculations were performed at the SCF and MP2 levels of theory, and the effects of basis set superposition
error on binding energies were considered. For the methane and ether molecules both D95** and cc-pVTZ
basis sets with additional diffuse s and p functions were employed. The binding energigsmfiiéthane,
dimethyl ether, anttt 1,2-dimethoxyethane (DME) are found to be around 10, 40, and 40 kcal/mol, respectively.
The binding energy of Li to tgt DME is approximately 60 kcal/mol due to the favorable interaction of Li

with both DME oxygen atoms. The binding of Cand I to dimethyl ether is much weaker, aroune®
kcal/mol. A simple atomistic force field with two-body potential functions representing polarization effects

is found to reproduce the ab initio complex energies quite well for the single ligand complexes. Polarization
effects contribute significantly to the binding of'Lto the neutral molecules, while the polarization effects

in CI~ and I complexes with dimethyl ether are relatively weak. The two-body force field accounts only
partially for the decrease in binding per ligand in"H[O(CHs),], complexes with the number of ligands as
observed in the quantum chemistry calculations.

Introduction field for POE for use in modeling polymer electrolytes. This
force field for POE is based upon quantum chemistry calcula-
tions of the conformational energies and geometries of diethyl
ether and DME? and molecular mechanics calculations on
polyetherss The POE force field has subsequently been used
successfully in molecular dynamics simulations of gas- and
liquid-phase DME and POE melt&$

The interactions of ions with neutral molecules are of great
interest in a wide range of applications. For example, the
characteristic manner in which ions are coordinated by ether
molecules gives rise to the performance of crown ethers in
separations and of poly(alkyl ethers) such as poly(oxyethylene)
(POE) as polymer electrolytes. In these applications, it is widely
believed that the ether or polyether interacts strongly with the
cation, but only weakly with the anion. It is also believed that
the ion—ether interactions control thermodynamic properties,  Of particular interest to us are the importance of polarization
such as solubility of the salt, and transport properties, such aseffects in the interactions of ions with the model ethers and the
the ion mobilities. ability of simple pairwise additive potential energy functions

For the present study we have chosen LiCl and Lil as to reproduce the energies of these complexes. It has been long
prototype lithium salts. We have used ab initio quantum chem- recognized that polarization or induction effects are important
istry calculations to determine the geometric preferences andin the interactions between ions and between ions and neutral
energies for Lf—[O(CHs)]n, N = 1, 4, and L —(1,2-dimeth- molecules. In an ion pair, each ion will polarize, i.e., induce
oxyethane) (DME) complexes. Quantum chemistry results are dipole and higher order moments in, the other ion. Considering
compared with experimental data where the latter are available.only dipole polarization, the polarization energy (in kcal/mol)
Additionally, we have employed quantum chemistry in the study for a monovalent ion pair is given by
of Lit—Li*, Lit—CI-, Lit—I~, CI"/—CI~, and I —I~ as well o A .
as complexes between Cand I~ and dimethyl ether. By = —332.07p; + o J/2ry" + O(ry ) +... (1)

One goal for the present study is to obtain an atomistic force
field that can be used to describe the intramolecular and inter- Where the ion dipole polarizabilities (in*fareo; and ok and
molecular interactions in lithium satPOE solutions for use  Fi iS the interionic separation (in A). The factor of 2 in the
in molecular dynamics simulations of polymer electrolytes. denominator of the first term accounts for the work of
Based upon the quantum chemistry calculations, we have polarization. The induced dipole moment in ipalso interacts

parametrized potential energy functions describing the molecule-With the induced dipole moment in ianand the induced dipoles
molecule, ion-molecule, and ion-ion interactions in LiCl/iether themselves are a function of the induced dipole moment in the

and Lil/ether Systems_ Our intention is to combine these other ion. These effects lead to the hlgher order terms in inverse
potential energy functions with our previously determined force r. This form of E,-'ff', when combined with the~* Coulomb
term and a steric repulsion term, has been found to describe
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1996. the ionic bond energy of alkali halide molecules quite Well.

Polarization Effects
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Equation 1 can be modified to consider the interaction of a pair TABLE 1: [8s5p3d/5s4p2d] Basis Set for Li

of ato_mg' _a_n_dk with partial atomic_ charges; an(_jqk a_lnd atomic . coefficients
polarizabilitiesa; and ay, respectively. Considering only the exponen
lowest order term, the polarization energy is Shell s
1360.306 0.000844 0.0 0.0 0.0 0.0
pol _ 20 4 o2 A 4 204.1193 0.006491 0.0 0.0 0.0 0.0
Bic' = —832.07hc0y + gad/ary = —Dydry - (2) 4645243 0032601 00 00 00 00
. L 13.10943 0.119676 0.0 0.0 0.0 0.0
The strength of the interaction is linearly dependent on the atom- 4.189925 00 1.0 0.0 0.0 0.0
ic polarizabilities and quadratically dependent upon the atomic 1.434060 0.0 0.0 1.0 0.0 0.0
charges. Therefore, when an ion interacts with a neutral atom 0.509171 0.0 0.0 0.0 1.0 0.0
or an atom with a small partial charge, the polarization energy 0.203668 0.0 0.0 0.0 0.0 1.0
can still be quite large, depending upon the separation distance Shell p
and the polarizability of the neutral or partially charged atom. 10.0 0.150873 0.0 0.0
Equation 2 is a two-body expression for the polarization ‘11-2 8-872952 1060 0060
energy. Two-body potential functions for nonbonded interac- 0.3079 0.0 0.0 10
tions are commonly used in representations of the potential ' ' sh IIdI '
energy of many atom systems, primarily for reasons of €
. . : 8.53815 0.277606 0.0
computqtlonal expediency. !n such a force field, the ponbpnded 341526 0.785589 0.0
energy (in kcal/mol) due to interactions between atorasdj 0.6573 0.0 1.0
is often considered to be the pairwise sum of repulsion, _ ) )
dispersion, and electrostatic interactions of the form TABLE 2: Diffuse Functions Added to the cc-pVTZ Basis

Sets for Cl and Ar and the ECP 2spld Basis Set for | and
332.0%0, Xe
BT 3) exponent
ij i

C.
E;(ry) = A expByry) — r_lé +

shell Cl Ar I Xe
where A;, Bj, and C;j are repulsion/dispersion parameteqs, s 0.05417 0.06513
andg; are the atomic charges, anglis the atomic separation s 0.01806 0.02171
in angstroms. In the spirit of the simple two-body force field P 8'8‘1"2% 8'8?%2
representation, the polarization interaction of an jomith a g 0.11467 '
polyatomic molecule can be considered to be given by sp 0.026 0.0282
ool 4 sp 0.009 0.0094
EP = _ZDjk/rjk (4) sp 0.003
d 0.089 0.092
d 0.030 0.031
where the sum is over the atoms comprising the polyatomic  d 0.010
f 0.319 0.356

molecule.

Equation 4 accounts approximately for two-body polarization . ) ] ) ]
effects between the ion and the molecule but neglects the Lithium Basis Set. Earlier work on alkali chlorides has
interactions between induced dipoles within the molecule and demonstrated that quantum chemistry calculations can accurately
the influence of these mutual induction effects on the interaction "eproduce experimental values for the dissociation energy and
between the molecule and the ion. These are many body-effectsground state separation and vibrational frequency for ECI.
i.e., the interactions of the ion with any atom of the molecule This study utilized an extended Slater basis set of the form
are influenced by its interaction with the other atoms. Polariz- Li[6s8p6d2f] and CI[7s6p3d2f]. We find that standard double-
able models which attempt to account for these many-body zeta D93% and triple-zeta 6-3118 basis sets give poor
polarization effects are available and have been applied in descriptions of LT due to their poor descriptions of the Li core
simulations involving the interaction of ions with simple electrons, leading to very large basis set superposition errors
molecules, including Li—H,08 Unfortunately, these ap- (>3 kcal/mol) in complexes involving Liand poor representa-
proaches take 24 times as much computational effort as tion of the binding energies and equilibrium geometries in these
nonpolarizable modefs.This is a serious limitation, particularly ~ complexes. Therefore, we have derived a new Li basis set of
when applied to polymer systems where simulations usually the form [8s4p3d/5s3p2d] which has a much improved descrip-
contain several to 100 times as many atoms as those of simpletion of the Li core electrons. The exponents and contraction
molecular systems. Many thousands or tens of thousands ofcoefficients for this basis set are given in Table 1.
atoms need to be considered in simulations of polymer  Anion and Ligand Basis Sets. We found that accurate
electrolytes. Because of the expense involved with polarizable representation of the experimental bond energy and ground state
models, we desired to determine the magnitude of polarization hond length in LiCl resulted when a triple-zeta polarized basis
effects in the interaction of Li with halide ions and in the  set for CI with additional s, p, and d diffuse functions was
interactions of these ions with model ethers. In addition, we ytilized. The basis set was derived by adding two sets of diffuse
have investigated the suitability of the simple two-body potential s and p and a single set of diffuse d functions to the correlation
of the form given by eq 4 to represent the polarization effects consistent TZP (cc-pVTZ) basis set for €1.The contraction

between the ions and the model molecules. coefficients and exponents for the additional diffuse functions
. . for the resulting [17s113d1f/7s6p3d1f] Cl basis set, labeled cc-
Quantum Chemistry Calculations pVTZ+2s2pd, are shown in Table 2. For Lil, we found accurate
All gquantum chemistry calculations in this study were representation of the experimental bond energy and ground state
performed using the quantum chemistry codes Gaussiaaga bond length using an augmented version of the effective core

Mulliken! at the NASA Ames Research Center and Mulliken potential (ECP) of Stevens et ®#l. The [5sp1d/2spld] valence
at the University of MissourtColumbia. Calculations were  orbital description for this basis set was augmented by three
performed on a Cray C-90 and on IBM RS6000 workstations. sets of diffuse sp, three sets of diffuse d, and a set of f functions.
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TABLE 3: LiCl and Lil Dissociation Energies as a Function I T e I I
of Basis Set 60 L e LiCl, small basis set N
- = - 1 LiCl, large basis set B
basis set energy BSSE g I »  Lil, quantum chemistry %"'
Li+ CI/I=  geometry, A SCF MP2 SCF MP2 E -80 |- . 1
LiCl 2 [
[5s2pldp D95+* 2.098 (SCF) 140.7 B o100 [ ]
[5s2pld] D95-* 2.101(SCF) 140.7 140.0 0.025 0.653 5 ]
[5s2pld] [6s5p3dif] 2.101 (SCF) 144.6 144.1 g i
[5s2pld] [7s6p3dlf] 2.101(SCF) 147.5 146.7 w <120 8
[6s2pld] [8s7p4dif] 2.101 (SCF) 147.5 146.7 9 ]
[5s3pld] [7s6p3dlff 2.038 (MP2) 151.2 151.4 £ i ]
[5s3p2dy [7s6p3dlf] 2.035 (MP2) 151.7 152.6 0.011 0.723 g lop )
exp 2.02 153.2 [ 1
LII -160 (TS T S O VYWY TS M U T PO ) O VS I S A S
[5s3pld] [4sp3d]  2.402 (MP2) 133.1 133.0 0.088 0.927 Lo 15 20 25 30 35 40 45 50
[5s3pld] [5sp4dlf] 2.398 (MP2) 133.7 134.2 0.090 0.741 separation (A)
exp 2.392 135.2 Figure 1. Complex energies of LiCl and Lil as a function of separation,

relative to the ions at infinite separation. Quantum chemistry energies
are MP2 values using a (large) [5s3p2d]/[7s6p3d1f] [Li/CI] basis set,
a (small) [5s2p1d]/[D9%*] [Li/CI] basis set, and a [5s3p2d]/[4sp3d]-
ECP [Li/l] basis set. Also shown are energies from the force field
potential functions. Solid lines are cubic spline interpolations.

a Dissociation energide, measured with respect to the ionic species
Li* and CI or I~ at infinite separation, in kcal/mol, without BSSE
correction.? Basis set given in Table 1 minus the most diffuse set of
p and d functions¢ cc-pVTZ basis set plus diffuse functions given in
Table 2 minus the most diffuse set of s and p functidrz-pVTZ
basis set plus diffuse functions given in Table® Basis set given in
Table 2 plus a set of diffuse s, p, and d functions. Exponents are one-Set did not significantly change the LiCl binding energy. For
third of the value of the most diffuse exponents given in the table. Lil, the final set of diffuse d functions and the set of f functions
;BBaSi§ settgiyen in T_Ié_lbltﬁ 1ImBinU$ the most diﬁu_sre ;et Sf d.functirc]ms. for | made only a small contribution to the binding.

asis set given in Table 1.Basis set given in Table 2 minus the Employing the Li[5s3p2d], the CI[7s6p3d1f], and the I[4sp3d]-
most diffuse set of sp, d, and f function8asis set given in Table 2. ECP basis sets, the energy of LiCl and Lil were determined as
The exponents for the diffuse functions for the resulting & function of interatomic separation. The MP2 complex energies
[8sp4d1f/5spadif] valence basis set are given in Table 2. For (which differ little from the SCF energies), relative to the ions
the ligand basis sets, the D95 set augmented by diffuse andat |nf|r_1|te sepgratlon,_ are shown in F|gure 1. For comparison,
polarization functions (denoted D95*) and the cc-pVTZ set ~ energies obtained using the smaller Li[Ss2p2d] and CIFB95
were used. These basis sets are discussed in greater detaf@sis sets, referred to as the small basis set energies, are also

below. shown in Figure 1.
Potential Energy Functions. In determining the parameters
Lithium Chloride and Lithium lodide for the two-body potential functions for LiCl and Lil (egs 2

. . - - and 3), the dispersion paramet@isc; andC,; were set to zero
Quantum Chemistry. The dissociation or binding energy  qjnce ‘gispersion effects are small due to the low polarizability

De of LICl afnd Li." rel?tive_to the_infiniulely separat(_ad ons, IS ¢+ The polarizability of Li* is negligible compared to that
given, as a function of basis set, in Table 3. Experimental data of CI- or I~ and was assigned a value of zero for the purpose

are also given in the table, as obtained from the relatioA%hip of fitting the LiCl and Lil potentials. HenceDiici and Dy

_ N (eq 2) depend only on the polarizabilities of the anions. The
De = De(neutral)+ IP(LI) — EA(Clor ) ) parameter®\ ici, BLici, andDyici and AL, By, andDy; which
yielded the best agreement between the calculated potentials
and the quantum chemistry energies as determined by standard
EA(CI or I) is the electron affinity of chlorine or iodin¥. nonlinear _Ieast-squares fitting me_thoqls are given in Table_4.
Calculations for LiCl and Lil were performed at the SCF level The resulting pqtentlals are shown n Flgur.e 1. Agreement W'th
and at the MP2 level of electron correlation treatment. Little dU&ntum chem'lstry ENErgies 1 good, particularly near the equi-
difference was found between SCF and MP2 binding energiesI|br|um separations. Subtracting the Coulomb energy, given by

whereDg¢(neutral) is the dissociation energy of LiCl or Lil to
neutral atomd? IP(Li) is the ionization potential for L8 and

for all basis sets investigated, indicating that dispersion effects 332,01]qu —332.07

are not important in the binding of LiCl. For selected cases, Ecouoms (Kcal/mol)= = . (6)

the BSSE corrections, which were small for LiCl and Lil when i i

adequate basis sets are used, are given in Table 3. from the quantum chemistry and force field energies yields the

With the best basis sets investigated, the calculated LiCl net repulsion plus dispersion plus polarization contribution to
binding energy is in quite good agreement with experiment, as the complex energies, as shown in Figure 2. Agreement
shown in of Table 3. By comparing the computed binding between the force field and quantum chemistry energies for this
energy for systematic changes in the Li and Cl basis sets, wequantity is reasonable, indicating that the simple representation
can identify those basis functions making significant contribu- of repulsion and polarization terms given in eqs 3 and 4 is
tions to the binding. Table 3 shows that a considerable increaseadequate. The difference between the force field and quantum
in the LiCl binding energies results from improving the chemistry energies is on the order of the uncertainties (due to
representation of Cl to TZP with a set of diffuse s and p finite basis set, electron correlation, and BSSE effects) in the
functions from DZP with a set of diffuse s and p functions. quantum chemistry energies. Inclusion of higher order polariza-
Further increases in the binding energy result when an additionaltion terms did not improve agreement with the quantum
set of diffuse s and p functions is included for Cl. Further chemistry energies.
improvements of the Cl basis set beyond that given in Table 2, Coulombic and steric repulsion effects are not expected to
however, had no significant effect on the LiCl binding energy. differ significantly between the small and large basis sets used
It is clear that the most diffuse p and d functions are important in our calculations for LIiCl. Therefore, differences in the
in the representation of Li. Further improvement of the Li basis complex energies between the small and large basis set
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Figure 3. Complex energy of Li—Li* as a function of separation,

relative to the ions at infinite separation. Quantum chemistry energies -

are MP2 values using a Li[5s3p2d] (large) basis set and a Li[5s2p1d]

Smith et al.
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Figure 4. Complex energy of CI—CI~ and I—I~ as a function of
separation, relative to the ions at infinite separation. Quantum chemistry
energies are MP2 values using a CI[7s6p3d1f] (large), CI[P95
(small), and an I[5sp4d1f ECP] basis set. Also shown are the BSSE
energies for CI—CI~ at the MP2 level using the large basis set. The
force field potential function energies are also shown as solid lines.

TABLE 4: Force Field Parameters for lon/lon Interactions

pair A kcallmol B,A-1 C, (kcal/mol) A D, (kcal/mol) A
Alkali Halides
Lit—CI~ 30868 3.134 0 729.4
Lit—I~ 23625 2.437 0 2108.7
Other Interactions

Lit—Li* 44195  7.277 0 9.30

Ar—Ar 160 677 3.5144 1329 0.0

Cl——Ar 58734 2.945 1834 232.4

ClI——CI- 21470 2.376 2530 1458.8

Xe—Xe 298590 3.0056 6134 0

I——Xe 92863 2.5218 11228 596.1
28881 2.0380 205551 3453.6

(small) basis set. Energies after subtraction of the Coulomb interaction where binding in the complex after subtraction of the Coulomb

are also shown. Also shown are energies from the force field potential
function.

calculations can be attributed mainly to differences in polariza-
tion effects and indicate the importance of these contributions.
For the small Cl basis set, the atomic polarizability (SCF) for
Cl~ is 2.36 A, while for the large basis set it is 4.14 At the
SCF level and 4.64 Aat the MP2 level. FronD,c; we obtain

a dipole polarizability of 4.39 Afor CI-, in good agreement
with the large basis set quantum chemistry prediction. This
value is also in good agreement with the values obtained from
a number of theoretical studies of G For I, our potential
energy function yields a dipole polarizability of 12.7,An
reasonable agreement with the MP2 value forof 10.4 A3
obtained using the 1[4sp3d]ECP basis set.

Lit—Li*

Using the larger Li[5s3p2d] and the smaller Li[5s2p1d] basis
sets, the energy for a ti-Li* complex was determined as a
function of separation. The MP2 energies, relative to ions at
infinite separation, are shown in Figure 3. For all separations

interaction, due to polarization interactions, is less than 1 kcal/
mol. Using the large basis set MP2 value of 0.03fdr the
polarizability of Lit, to obtain Dy the A and By
parameters which give the best fit to the quantum chemistry
are listed in Table 4. The resulting potential is shown in Figure
3. The potential is in excellent agreement with the quantum
chemistry data.

ClI/—Cl- and I™—I~

Quantum Chemistry for CI| ——CI~ and |I~—I~. The com-
plex energies and BSSE for CtClI~ at the SCF and MP2 levels
were calculated using the large CI[7s6p3d1f] and the small
CI[D95+*] basis sets. Calculations were performed for-1~
using the I[5sp4d1flECP basis set. The BSSE corrected MP2
complex energies, after subtracting Coulomb interactions (eq
5), are shown in Figure 4. The BSSE corrections for-&Cl~
at the MP2 level (large basis set) are also shown. A much larger
difference between the SCF and MP2 complex energies is seen
in CI=—CI~ and F—I~ than was found for LiCl, Lil, or Li—

Li*. This, and the fact that the BSSE is much larger for the

greater than 1.5 A, the difference between the SCF and MP2anion pairs than in the alkali halides or'-tLi ", indicates that

binding energies is less than 0.05 kcal/mol. BSSE error at both
the SCF and MP2 level is negligible. As with LiCl and Lil,
we conclude that dispersion interactions are not important in
the Lit—Li™ complex. Unlike LiCl, where significant differ-

dispersion effects are relatively large for the ani@mion
interactions.

Ar and Xe Complexes. The binding in Ct—CI~ yielded
by the large basis set calculations is much stronger than was

ences in binding energy were seen between calculations usingound using the small basis set, as shown in Figure 4. At

the small and large basis sets, little difference is seenin-Li

separations of less than about 3.5 A, a crossing froma-Cl

Li* complex between the two basis sets. This is consistent with CI~ path to a [C+CI]~ + e~ path occurs, accounting for the

the low polarizability of Li*. This can be seen in Figure 3,

behavior of the MP2 interaction energy at small separations.
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Similar effects are indicated by the increasingly large binding 3.0 i B
energies fort—1~ with decreasing separation. Because of this —_ ® ArAr

behavior at short separations, force field parameters foa@Gd 'g oL O ArArw/oBSSEcor. -
I~ cannot be obtained directly from the anion complex energies. 5 " oAcCr

Therefore, we have examined AAr and Ar—CI~ complexes g i z QS{‘;W/O BSSE corr.
using an cc-pVTZA-2s2pd basis set for Ar and X&Xe and Xe- ToLor o Xer 7
I~ complexes using an [4sp3d]ECP basis set for Xe. The diffuse o I ]
exponents for Ar and Xe are given in Table 2. The uncorrected & i - 1
and BSSE corrected MP2 complex energies for the Ar com- :: 00 I o :g::g;fgﬁff%
plexes and the BSSE corrected MP2 energies for the Xe com- % ‘ . '
plexes are shown in Figure 5. From a cubic spline interpolation, g .10 - s :
the BSSE corrected ArAr complex energy has a minimum of 8 c

—0.20 kcal/mol at a separation of 3.93 A, while that for the S T
Xe—Xe complex is—0.35 kcal/mol at 4.64 A. The BSSE '2‘02_0 3.0 4.0 5.0 6.0 7.0
corrected Ct—Ar complex has a minimum of 1.14 kcal/mol separation (A)

at 3.79 A, while the minimum for the'Xe complex is—1.73
keal/mol at 4'40 A. The Cl-Ar com%}ex gepmetry IS In QOOd as a function of separation, relative to the ions at infinite separation.
agreement with the value of 3.75 A obtained by Ahlrichs et quantum chemistry energies are MP2 values using CI[7s6p3d1f],

al?% using an ab initio based potential function. Our binding Ar[6s5p2d1f], I[5sp4d1f ECP], and Xe[4sp3d ECP] basis sets. Energies
energy is somewhat less than the 1.48 kcal/mol obtained in thatwith and without BSSE correction are shown for the Ar complexes.

Figure 5. Complex energy of ArAr, Ar—Cl~, Xe—Xe, and Xe-1~

study. Solid lines are energies from the force field potential.
The repulsion parametefsandB, the dispersion parameters

C, and the polarization parametddsvere treated as adjustable PY %Q °

for the Ar—Ar, Ar—CI—, Xe—Xe, and Xe-I~ complexes. The

best representations of the quantum chemistry data by the po-

tential functions are shown in Figure 5. The resulting param- structure I structure 11

eters are given in given in Table 4. The repulsion parameters

Aarci— andBarci— are in good agreement with values of 56 588

kcal/mol and 2.986 At obtained by Ahlrichs et & based upon o

an SCF level study of ArCl~ complexes. From the parameters

Darci—, andDxe—, dipole polarizabilities of 1.68 and 3.5BA W

are obtained for Ar and Xe, respectively, in excellent agreement o

with experimental valué$ 1.64 and 4.01 A structure [
Potential Functions for CI—CI~ and I7—I~. Using stand-

ard arithmetic mearB) and geometric meam\( C) combining

rules for the potential parameters, valuesfpB, andC were

determined for Ci—CI~ and I'—I~ from values for the Ar and ® %@ M

Xe complexes, respectively. Values Bt —¢— and D,——

were obtained using Cland I~ dipole polarizabilities of 4.39

and 10.4 & respectively (see above). The potential parameters

are given in Table 4. The resulting CtClI~ and F—I~ hd

potentials (without Coulomb contribution) are shown in Figure

4. The calculated potentials agree well with the respective anion

pair guantum chemistry complex energies at larger separations,

where the path crossing effects are unimportant.

structure IT

structure 11T structure I'V

Li T—Complexes with Methane and Model Ethers structure V
Figure 6. Geometries of the fi-methane and Li—dimethyl ether
The first step in our study of the complexes of kiith model complexes investigated.
ethers was to investigate the influence of the Li and ether basis
set on the energy of a tidimethyl ether complex witiCy, larger basis sets. Therefore, these basis sets were used in the

symmetry, as illustrated in Figure 6 (Li-dimethyl ether studies of Li- with model ethers and methane described below.
structure ). These results are shown in Table 5. The The smaller Li[5s2pld] basis set was used in geometry
experimental complex energy from ion cyclotron resonance optimizations (except for ti—methane), as it was found that
spectroscopy (ICR¥ is also given in the table. The complex the additional d functions in the Li[5s3p2d] basis set made very
energy is more strongly dependent upon the Li basis set thanlittle difference in the optimized geometries.

the ether basis set for reasons that are unclear. Differences The computed dissociation energyf the Lit—dimethyl
between SCF (not shown) and MP2 energies are small, ether complex, as given in Table 5, is 38.4 kcal/mol (39.8 kcal/
indicating dispersion interactions are not important in the-Li mol if the smaller basis set is used). In this complex, thel®
ether interaction. The BSSE correction is somewhat larger thanseparation is 1.835 A, the ether© bond length is 1.453 A,

in LiCl, indicative of some remaining deficiencies in the basis and the C-O—C bond angle is 110% as compared to the
set, but it is small compared to the total binding energy and, respective values 1.418 A and 110i9the isolated ether. These
more importantly, the computed and experimental binding distortions in the ether geometry resultin a 1.4 kcal/mol increase
energies (see below) are in excellent agreement. The Li[5s3p2d]in the ether energy. From MP2 Mulliken population analysis,
basis set with the D95** ether basis set results in a satisfactory we also find the oxygen partial charge changes froh22 to
description of the Li—dimethyl ether complex energy, i.e., in —0.58, and the carbon partial charge changes fredi27 to
good agreement with experiment and with calculations using —0.16 upon complex formation.
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TABLE 5: lon —Molecule Complex Energies as a Function of Basis Set

Smith et al.

energy, kcal/mol

geometry
distance, A [Li* or Cl-/ligand] [Li* or Cl-/ligand] MP2 BSSE corr
Dimethyl Ether (Li*—0O) Structure |
1.835 [5s2p1d/D95**] MP2 [5s2p1d/D95+**] —37.32
1.835 [5s2p1d/D9%**] MP2 [5s3p2d/D95+**] —40.74 1.02 —39.72
1.835 [5s2p1d/D9%**] MP2 [6s3p2d/cc-pVTZ+-spP —39.32 0.91 —38.41
exp —40.0
Methane (Li—C) Structure |
2.10 [5s3p2d/D9%**] MP2 [5s3p2d/D95+**] —10.96 0.30 —10.66
Methane (Li —C) Structure Il
2.99 [5s3p2d/D9%**] MP2 [5s3p2d/D95+**] —4.54 0.16 —4.38
1,2-Dimethoxyethantgt (Li*—0)
1.870 [5s3p2d/D9%**] MP2 [5s3p2d/D95+**] —66.23 2.83 —63.40
(—61.21¥
1.870 [5s3p2d/D95%**] MP2 [5s3p2d/cc-pVTZtsp] —60.36 0.79 —59.56
(—57.37%
exp —57.6+ 4.4
1,2-Dimethoxyethantt (Li*—0)
1.837 [5s2p1d/D9%**] MP2 [5s3p2d/D95+**] —41.36 1.60 —39.76
Dimethyl Ether (Ct—0)
4.3¢ [D95+*/D95+**] MP2 [cc-pVTZ +2s2p1d/D95+**] —7.34 0.68 —6.66
4.30 [D95+*/D95+**] MP2 [cc-pVTZ +3s3p2d/D95+**] —7.56 0.88 —6.68
4.30 [D95+*/D95+**] MP2 [cc-pVTZ+3s3p2d/cc-pVTZ+spp —8.01 1.21 —6.90

aDiffuse exponents are determined by successively taking the exponent for the most diffuse function and dividifidextya8ted from
experimentalAGygs (ref 22) using thermodynamic parameters for the present wokd1°o determined using thermodynamic parameters from the
present work.d AH®% from the experiments of ref 242 Minimum from MP2 optimized geometry. After BSSE correction, the minimum is closer

to 4.55 A and about 0.2 kcal/mol deeper.

In order to compare the calculatéat with the measured
AG°,9¢? for the Lit—dimethyl ether complex, we computed
the harmonic normal mode vibration frequencies for dimethyl
ether and its complex with i These frequencies were
determined at the MP2 level using the D95 ether and
[5s2pld] Lit basis sets and scaled by 0.94 to adjust for the
effect of anharmonicity. The vibrational zero point energy
correction is 1.46 kcal/mol, which yields a value of 36.9 kcal/
mol for Dg. The biggest differences between this work and
that of ref 22 are the frequencies of the threététher complex
vibrations. We obtain values of 515, 134, and 128 &nwhile
Woodin and Beauchardpused 554, 450, and 390 cf the
values computed for the £i-H,O complex?® The translational,
vibrational, and rotational contributions AdH°>gsandAS’ were
calculated according to standard formulas. The thermal vibra-
tional energy is 1.02 kcal/mol, makingH®,9s = —35.9 kcal/
mol. Based on the quantum chemistry data, the vibrational and
rotational contributions to the entropy are 6.71 and 1.83 cal/
(mol deg), respectively (Woodin and Beauchafmeport 2.34
and 1.78). As a result, our best value for the free energy for
the complex formationAG®,gg is —29.1 kcal/mol compared
to the value—31.3 obtained by the ICR experimei#t.Con-

versely, if one starts with the experimental free energy and uses

our data for the thermodynamic analysis, the limiting value of
De is —40.6 kcal/mol andAH®59g is —38.1 kcal/mol.

Li *—Methane

Quantum Chemistry. In order to better understand the
importance of the Lfi—O interaction in L —ether complexes,
and to independently determine’iH parameters for the force
field, we examined Li—methane complexes of the tw@s,
structures shown in Figure 6. The equilibrium complex

energies, relative to the infinitely separated relaxed species, are

given in Table 5. The intermolecular nonbonded energy as a
function of the G-Li* separation along the symmetry axis for
the two structures is shown in Figure 7. The"timethane
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Figure 7. Intermolecular nonbonded energy for the timethane and
Li*—dimethyl ether complexes using Li[5s3p2d] and BJ5 ligand

basis sets. Lines for the methane (solid) and dimethyl ether (dashed)
energies are values from the force field potential.

the complex energy. The energies in Figure 7 are relative to
the distortedmethane geometries and ion at infinite separation
and hence represent the intermolecular nonbonded interactions
between methane and "Lifor the various geometries. The
intermolecular nonbonded energy will be greater than the
complex energy, which is measured relative to the relaxed
geometry of the isolated methane molecule, by the “distortion
energy” of the methane. The distortion energy is given by the
energy of the isolated methane in the distorted geometry relative
to that in the relaxed geometry. The distortion energy is greater
for the sterically strained configurations corresponding to shorter
ion—molecule separations and ranges from a few tenths of a
kcal/mol to about 2 kcal/mol for the complexes.

Potential Energy Functions. Due to mutual induction
effects, the intermolecular nonbonded energies shown in Figure
7 also include interactions between induced dipole moments

energies were not corrected for BSSE because of the small sizewithin the methane molecule. In the two-body description of

of this correction. For each fixed €Li* separation, the
methane geometry was allowed to “distort” so as to minimize

the potential function given by eqs—2, this energy must be
accounted for througlij terms involving the ionif and the
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TABLE 6: Force Field Parameters? for Interactions of Li ¥,
Cl~, and I~ with Neutral Molecules

A, B, c, D, @
pair kcallmol ~ A1 (kcal/mol) A (kcal/mol) A4
Methane )
Lit—H 13139 4.376 0 94.1 (0.567) €l —dimethylether
Lit—C 14192 3.879 0 0.0 (0.000)
Ethers

Lit—H 13139 4.376 0 77.4 (0.466)

Lit—C 8140 2.632 0 473.2 (2.850) L]

Lit—O 191 106 5.711 0 76.9 (0.463)

ClI——C 17 926 2.733 1273.3 67.2 (0.361)

Cl-—0 40 353 3.220 1005 536.3 (2.492)

Cl-—H 7543 3.058 263 0.0 (0.000) 2 cther complex

I——C 23213 2.462 3301 77.7 (0.361)

I——O 52 238 2.949 2604 712.4 (2.492)

I——H 9764 2.787 682.5 0.0 (0.000) O‘%ﬂ ig

Cc-C* 14 976 3.090 640.8 0 °

C-0¢ 33702 3.577 505.6 0

C—He 4320 3.415 138.2 0 §§ ﬁo

0-0¢ 75845 4.063 398.9 0

O—H° 14176 3.902 104.5 0 4 cther square complex 4 cther teirahedral complex

H—He 2650 3.74 27.4 0 , , ] , ,

Figure 8. Geometries of the fi-DME, and Li*—anion and Lf—
aParameters to be used in evaluating egs 2 arfdNBimbers in multiple ether complexes investigated.

parentheses are effective atomic polarizabilities for the H, C, or O atom.
¢ Parameters from ref 1, to be used for intermolecular ethdrer Li*—0O distances of 1.87 A, while the t+DME(ttt) complex
Interactions. binding energy is only-39.76 with an Lt —O distance of 1.84

- N A. The Lit—DME(ttt) interaction is very similar to the Lt~
atoms comprising the methar; (hence, for our purpose the  gimethy) ether interaction, where a minimum energy-9.7
mutual induction effects contribute to the effective intermo- | o1/mal at a separation of 1.84 A was found. For isolated DME
lecular potential. In fitting the Li—methane pOtem'aAH'-" molecules, thdtt and tgt conformers differ in energy by less
Bhui, Acui, Beli, an, andac were treated as adjustable param- -0 6 2 keal/mok
eters. The “effective” atomic polarizabilities;, andoc, used Recently, Ray et & published measurements of the dis-

in determiningDy.; andDcyi, are not atomic polarizabilities in - ¢ iation energy of the Li-DME(tgt) complex using guided
the sense of those determined for the diatomic complexes above;;, peam mass spectroscopy and obtained a valuaHog of

Rather, these are values which allow the best represent of the_57 6+ 4.4 kcal/mol. In order to compare our results with
N N ; 6 . . | i

L_| rr_lethane polarization ef_fects in the context of the force experiment, we followed the same analysis used for tHe-Li

field given by eqs 24. The dispersion parameteCy and the dimethyl ether complex. Harmonic normal mode vibration

polarizability of Li® were set to zero. Partia! atomic charges frequencies were computed at the SCF level using the [5s3p2d]
from quantum chemistry electrostatic potential calculations of .4 pgsi+ hasis sets for lithium and DME respectively. The

Gn = 0.09 kcal/mol andje = —0.36 kcal/mol were used for  feq,encies were scaled by 0.9 to adjust for the effects of
methane. Figure 7 shows the resulting intermolecular noN- gjeciron correlation and anharmonicity. Our resulting value of
bonded potential from the force field for Li-methane. The AH% = —61.2 kcal/mol (D93** ether basis set) is in

representation of the quantum chemistry complex energies by o a50naple agreement with the experimental value. If the ether
the force field is quite good. The resulting force field parameters o «ic cet is improved to cc-pVR&p, aAH, = —57.4 kcall

are given in .Table 6. For tr_'e lowest energy configu_ration mol is obtained using the smaller basis set frequencies. This
(structure | with a L —separation of 2.1 A), the contributions value is in excellent agreement with experiment. Quantum
of the dispersion/repulsion, Coulomb, and polarization potential chemistry calculations for the ti-DME complex are also

functions to the total intermolecular nonbonded en(_argyhz.o_ reported in ref 24. These were carried out in a similar manner
kcal/mol are 8.6:-4.6, and—16.0 kcal/mol, respectively. Itis " ha present study, but used inferior quality basis sets.

clear that the surprisingly strong interaction between &nd However, the resulting complex binding energies are similar to

methane is due primarily to the polarization of the methane by e ones reported herein, but the assignment of the vibrational
the small Li* cation, which approaches quite near center of mass modes is quite differerf®

of the molecule. In structure I, the ticannot approach as The Li*—dimethyl ether (structure | and I1) andt:+DME

close to the center of mass of the molecule, and as a result theyy anqgt) intermolecular nonbonded energy as a function of
polarization effects and binding energies are correspondingly a0 | i+—0Q separation are shown in Figure 9. These values are
weaker. relative to the distorted ether and include BSSE correction. For
dimethyl ether (structure 1) and the DMigt complexes, the
cation was moved along th®& axis. For the DMEtt complex,
Quantum Chemistry. Complexes of LT with dimethyl ether the cation was moved along constant line corresponding to the
and with DME inttt andtgt conformations were investigated. C; axis in dimethyl ether. For the dimethyl ether (structure
The most important interaction of tiwith the ethers involves  Il), the cation was moved along an’lZ+O axis perpendicular
the strong electrostatic attraction with the oxygen atoms. As to the C-O—C plane. Binding in this geometry is much weaker
illustrated in Figure 8, L can approach closely to only one than is seen for structure I. For thettiDME(itt) complexes
oxygen at a time in DME when it is in thi&t conformation. In only, the ether geometry was maintained as that found for the
thetgt conformation, however, both oxygen atoms are positioned most stable complex. The ti-dimethyl ether and Li—DME-
to interact favorably with LT simultaneously. As givenin Table  (itt) intermolecular nonbonded energies are nearly identical,
5, at the respective MP2 optimized geometries, the-DME- while binding between Ii and DME¢gt) is much stronger.
(tgt) complex binding energy is-63.40 kcal/mol with two Changing the LF—O distance in the Li—DME(tgt) results in

Li *—Ethers
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20 T e ———— 70 In parametrizing the force field, the greatest weight was
given to reproducing the ti-DME complex energies. We

>y
on ]
= i
% 0 - o 1909 believe the most critical energies are around the Digitand
T ; o) . . . . .
B {orsional angle > 150 | ttt complex minima. Relatively little weight was given to
EQ 0 1 0 reproducing the energies for the't-idimethyl ether structures
£g K 50 * Ja O Il -1V because of the much weaker interactions involved. The
=3 \% " ] 2 resulting force field parameter values are given in Table 6. Good
88 40| o 1* ¢ agreement of the force field potential energies with quantum
8 e DME E B chemistry can be seen for the DME complexes in Figure 9.
o ° tgt 1 20 8 - . -
2 0k O DME W U% The force field does a reasonable job reproducing the-Li
E ; RN o dimethylether 1 10 O dimethyl ether (structu_re!l) complex energies. The force field
k= L ] also reproduces the ti-dimethyl ether (structure I) complex
80 oo e ) energies, which were not used in the parametrization of the
1.5 2.0 25 3.0 3.5 4.0 . . - ;
. . force field, quite well. As a consequence, the binding of Li
_ Li*—0 separation (A) y with dimethyl ether predicted by the force field is in good
Figure 9. Intermolecular nonbonded energy fOFthétdlmEthyl ether agreement with experimeff. This is in contrast to predictions
and Li*—DME complexes using Li[5s3p2d] and D$5* ether basis obtained using a previous quantum chemistry based pairwise

sets. Also shown is the ©C—C—O torsional angle as a function of : . .
ion/molecule separation (filled circles). Lines for the DME (solid) and potential for cation/organic moleculés. In that work, calcula

dimethyl ether (dashed) energies are values from the force field tilONS USing much smaller basis sets yielded a binding of Li
potential. with dimethyl ether of only 32.6 kcal/mol. Figure 7 reveals

that the force field does a only a fair job in reproducing the
significant change in the ©C—C—O torsional angle, as shown  Li*—dimethyl ether interactions for structure-HV. As these
in Figure 9. As the Li—O distance decreases from large interactions are much weaker than those involving close
separations in the Fi-DME(tgt) complexes, significant distor-  interaction of the cation with the ether oxygen atoms, we believe
tion of the O-C—C—O0 torsional angle occurs. The torsional the fit to be adequate.
angle decreases (becomes nearer to eclipsed) because the binding
energy gained by the increased interaction of both oxygen atoms| j+ Interactions with Multiple Ethers
with Lit is greater than the energy penalty associated with
distorting the torsion angle. At even smaller separations, the The two-body force field described above works well for
torsional angle begins to increase as the complex become morglescribing interactions of a tiion with a single methane or
sterically crowded. At the optimal complex geometry, the ether molecule. Polarization effects are very important in these
O—C—C—O torsional angle is about 26maller than is found interactions; our force field predicts the contribution of the
for isolated DME{gt), and the distortion energy of the ether is polarization terms of the potential to the complexes energies to
about 4.3 kcal/mol, which includes contributions from distortions b€ —25.5 and—59.5 kcal/mol for the lowest energy 1+

of bond lengths and angles in addition to dihedrals. dimethyl ether and Li—DME (tgt) complexes, respectively.
In addition to ether complexes involving close *HO These energies are comparable to the complex binding energies
approaches, we investigated the interaction of hiith the themselves. While the energetics of these interactions are

methyl group in dimethyl ether. The three structures examined accounted for by our two-body potential, the ether molecule is
are illustrated in Figure 6 (structuresHV). The intermolecular ~ Not actually polarized, i.e., no induced dipoles are introduced.
nonbonded energy as a function thé £iC separation is shown Therefore, the interaction of an ether molecule or the ion with

in Figure 7. In structure 1l the cation is moved along the @ a second, third, etc., ether molecule added to the complex is
axis, while in structures IV and V it is moved along-€ axes. ~ not effected by the presence of the ion.

The binding of Li* to dimethyl ether in structures HIV is an We have examined these mutual induction effects by inves-
order of magnitude weaker than in structure I, which involves tigating the interaction of Li with one to four dimethyl ether
close interaction with the oxygen atom. Binding of ltb the molecules. The complexes studied are illustrated in Figure 8.

methyl group in dimethyl ether is weaker than the binding of Two four-ether complexes were considered: a square config-
Li* to methane, probably due to the net positive charge of the uration, in which the ether oxygen atoms occupy the corners of

methyl group. a square with the cation in the center, and a tetrahedral arrange-
Potential Energy Functions. For the Lit—ether complexes, ~ ment, in which the oxygen atoms are tetrahedrally arrayed about
the potential parameter& o, BLio, ALic, BLic, 0o, and oc the cation. Geometry optimizations were performed at the SCF
parameters were adjusted to so as to best reproduce the Li level using a [5s2p1d/D96**] [Li */ether] basis set. MP2/
DME complex energies fottt and tgt DME and the Li— [5s3p2d/D95-**] energies (relative to relaxed ethers at infinite
dimethyl ether complex energies for structures\Vl The Ay separation), the ether distortion energies, and the intermolecular

andByy nonbonded parameters were taken from the fit to the nonbonded energies are given in Table 7. Little difference was
LiT—methane complex energies. Because the-Imethane seen between SCF and MP2 complex energies except for the
complex energies were found to be rather insensitivé te four-ether complexes, where a significant increase in the
BLic, these were treated as adjustable in fitting the-téther complex binding energy is observed at the MP2 level. Selected
potential energies surfaces. Tdgandac parameters, although ~ calculations indicated that BSSE effects are relatively small for
determined from fitting to Li—methane complex energies, were the complexes compared to the total binding energies. The
treated as adjustable for the*l-iether complexes because the results of a recent experimental stétlgf these complexes are
structure of the ethers is quite different from methane, and hencealso presented in Table 7. The experimental values represent
the molecular polarizability may not be well described by the Vibrational zero point energy corrected complex binding energies
same effective atomic polarizabilities. The partial atomic and generally are in good agreement with our quantum chemistry
charges were determined from quantum chemistry electrostaticresults. More detailed calculations for*Linteractions with
potential calculations for dimethyl ether €€0.10, O= —0.41, multiple dimethyl ether molecules are in progess.

H = 0.035), and those for DME were taken from previous  The intermolecular nonbonded energies from the force field
work ! potential are also given in Table 7; these energies are broken
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TABLE 7: Interaction of Li ™ with Multiple Dimethyl Ether Molecules

4 ethers
property 1 ether 2 ethers 3 ethers square tetrahedral
Quantum Chemistry

O—-Li* separatioh(A) 1.82 1.85 1.92 2.10 2.01
complex enerdy —40.1 —74.1 —98.4 —108.4 —121.4
complex energy-AZPE4 —38.8 —-71.6 —95.1 —116.5

(—39.4) (70.5) (-96.8) (+119.6)
ether distortion energy 1.4 2.0 1.8 1.1 1.7
intermolecular nonbonded —41.5 —76.1 —100.2 —109.5 —123.1
incremental energy —41.5 —34.6 —-24.1 -9.3 —-22.9
oxygen charge —0.58 —0.50 —0.40 —0.29 —0.31

Force Field

intermolecular nonbonded —41.3 —80.7 —116.0 —137.2 —146.7
incremental energy —41.3 -394 —-35.3 —-21.2 -30.7
intermolecular disp/rep 14.7 255 27.4 15.5 24.9
intermolecular electrostatic —30.6 —57.5 —77.0 —82.8 —91.0
intermolecular polarization —25.5 —48.7 —66.32 —69.9 —80.62
inter-ether energy 0.77 2.16 3.88 2.55

aSCF optimized geometry.MP2 values at SCF optimized geometries. Energies are in kcal/fiolcludes vibrational zero point energy
correction using frequencies from ref 27 Experimental threshold from ref 27 in parentheses (comparable to vibrational zero point energy corrected
complex energies)® Partial atomic charge for oxygen atoms from MP2 level Mulliken populations. The oxygen partial atomic charge for the
relaxed single dimethyl ether molecule-9.25.

10 L in the incremental binding energy predicted by the force field
® I ether potential is due to the increase in distance between the ethers
i potential function ] and the Li ion and unfavorable electrostatic interactions
ST O I —ether ] between the ethers. The latter effect is small for nonpolarized
~ potential function T 1 ethers, as indicated by the inter-ether energy in Table 7.
potential function 11 ; Because the force field does not account for mutual induction
effects, the unfavorable electrostatic interactions between ethers
o ] are dramatically underestimated, i.e., polarization effects are
overestimated, and the binding energy for the multiple ether
complexes is overestimated. For the four-ether (tetrahedral
geometry) complex, the polarization potential energy must be
e scaled by 0.71 in order for the total binding energy to equal
-10 . ; .
20 30 40 50 60 70 80 that from the quantum chemistry calculations. Reducing the
separation (A) strength of the polarization interactions by this factor also
Figure 10. Intermolecular nonbonded energy for the- Etimethy! increases predicted equilibrium 1-+O distance to around 2.0
ether and t—dimethyl ether complexes using Cl[cc-pVFZ2s2pid], A, in agreement with the quantum chemistry calculations for
I[4sp3d ECP], and D95** ether basis sets. The solid lines for the the four-ether (tetrahedral geometry) complex.
complex energies are values from the force field potential.

energy (kcal/mol)
==t

. . . . . o I~—Ether and | ~—Ether Complex
down into dispersion/repulsion, electrostatic, and polarization c ther and ther Complexes

contributions. The nonbonded energy for the ether complexes Quantum Chemistry. The interaction energies of Cand
without the Li* ion as predicted by the potential functions is |~ with a dimethyl ether molecule were examined for the
also included in the table. This energy is a sum of the structure shown in Figure 8. In this structure, the negatively
intermolecular dispersion/repulsion and electrostatic interactionscharged anions can interact favorably with the hydrogen atoms,
between the ether molecules. Ether/ether dispersion/repulsionwhich have partial positive charges. The complex energy as a
parameters were obtained from ref 1 and are summarized infunction of basis set for the Clcomplex is given in Table 5.
Table 6. Finally, the dimethyl ether oxygen charge, as given Augmenting the basis set beyond [cc-p\VWFZs2p1d/D95-**]
by the MP2 Mulliken populations, is shown. [Cl/ether] did not significantly change the complex energies.
From the quantum chemistry calculations energies, in can |~ complex energies were determined using a [4sp3d ECP/
be seen that the incremental binding energy decreases dramatib95+**] [l/ether] basis set. Basis set superposition errors are
cally with the number of ether molecules in the complex, while around 1 kcal/mol for the anion complexes at the equilibrium
the equilibrium O-Li* separation increases. The oxygen partial separations. The [cc-pVTFZ2s2p1d/D95-**] [Cl/ether] basis
charge is strongly perturbed by the presence of theitn, set was used in determining the complex energy as a function
indicating that the ether molecules are strongly polarized by of CI-—O separation for [D9%*/D95+**] MP2 optimized
the Li* ion. The decrease in the oxygen partial charge reveals geometries. Fori—dimethyl ether complexes, SCF optimiza-
that the polarization of the ether molecules decreases with thetions using the [5sp4d1f ECP/D%5*] [I/ether] basis set were
number of ethers in the complex. Hence, as ether moleculesperformed. For these structures, the anions were translated
are added to the complex, the incremental binding energy along theC, axis. The intermolecular nonbonded energies,
decreases because (1) the effective polarization of the ethersrelative to the distorted ether and anions at infinite separation,

which results in favorable interactions with the*Lion, are shown in Figure 10. The binding energies of @hd I to
decreases and (2) polarization of the ethers results in unfavorabledimethyl ether are weaker by a factor of around 5 than the
electrostatic interactions between ethers. binding energies of Lfi to the ether. The binding energies of

The force field potential predicts a much weaker dependence Cl~ and I” to the ether are similar, although the equilibrium
of the incremental binding energy on the number of ethers than 1~—O distance is greater than the €lO distance due to the
is seen from the quantum chemistry calculations. The decreasdarger size of the ion.
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Potential Functions. For the Ct—ether interactions, the
dispersion and repulsion parametég;—, Bxci—, and Cyc—
for X = C, H, and O were determined by using standard
arithmetic Byc—) and geometricAxci— andCyg—) combining
rules with theAc—ci—, Bci—ci—, andCcj—¢— values in Table
4 and theA,y, By, andCy parameters given in Table 6. The
polarizabilities a¢, ao, and oy were treated as adjustable
parameters in determining the corresponddjg— parameters.
The CI anion was assigned a polarizability of 4.3%.A
Although theac, oo, anday parameters have been determined
for Lit—ether interactions, the most favorable ~€kther
complex is of a very different geometry than the™tiether

Smith et al.

methane complex is around 10 kcal/mol, while the binding of
Li* to dimethyl ether and DME in thigt conformation is around
40 kcal/mol. The binding of Lfi to DME in thetgt conforma-
tion is greater than 60 kcal/mol because th&ibin can interact
favorably with both oxygen atoms in this configuration. In
contrast, the bindings of Cland I" to dimethyl ether are only
around 5-7 kcal/mol.

A simple force field with a two-body potential function for
the polarization interactions was able to reproduce the binding
energies of LT with methane, dimethyl ether, and DME in both
the ttt andtgt conformations and the binding of Chnd I to
dimethyl ether. Polarization effects were found to contribute

complex, as shown in Figure 8. As a consequence, the effectivesignificantly to the binding of LT to the neutral molecules in

atomic polarizabilities previously determined for the tiether
complexes did a poor job in representing the™-€éther
complexes. The effective atomic polarizabilities and corre-
spondingD parameters which best reproduce the -Gtther

all cases. In contrast, the polarization interactions between Cl
and I and dimethyl ether were found to be relatively weak in
comparison to those for the Licomplexes and as a fraction of
the binding energies in the anioether complexes.

complex energies are given in Table 6. Agreement between When complexes of a single tication with multiple

the force field potentigl anq quantum chemistry ener.gies. for dimethyl ether molecules were examined, it was found that the
Cl~—ether comp[exes Is quite gOQd, as can be seen in Figurebinding per ligand decreases substantially with the number of
10. The polarization potential function contributes only 2.3 kcal/ ligands. This effect is attributable to mutual induction effects

mol to the binding of Ct with dimethyl ether, whereas for the
Lit—dimethyl ether complex the polarization interaction is
around—25 kcal/mol. This difference is due to the ability of
Li*™ to approach the ether molecule more closely. The equi-
librium LiT—O separation is around 1.8 A in the*iether
complexes, while the closest GtH contacts are 3.2 A. The
guantity (3.2/1.8)* is about 0.1, comparable to the ratio of
polarization energies found for the respective complexes.
For the F—dimethyl ether complex, using the same approach
for determiningAy,—, By —, andCy— as described above for
Cl~—dimethyl ether, theoc, oo, and ay effective atomic
polarizabilities as determined for Ctdimethyl ether, and an
I~ dipole polarizability of 10.4 A, yield the potential function
labeled | in Figure 10. The potential function is too attractive

within the complex. It was found that a simple force field with
two-body potential functions representing induction or polariza-
tion effects could reproduce the ab initio complex energies quite
well for the single-ligand complexes. The two-body force field
failed to reproduce the observed decrease in binding per ligand
with the number of ligands due to the failure of the force field
to account for unfavorable etheether interactions resulting
from polarization of the ether molecules.

Because of the apparent importance of mutual induction
effects in cases involving multiple ligands, the ability our simple
two-body force field to accurately represent polarization effects
in bulk simulations of polymer electrolytes should be thoroughly
investigated. Comparison of radial distribution functions for
Li in POE/Lil melts from simulations using the two-body force

compared to the quantum chemistry data. We believe this field with results from neutron scattering measurments indicates

difference is due primarily to the force field underestimating
steric interactions betweern land the ether. The uncertainty
in the I'—I~ parameters is relatively large, and using simple
combining rules for pairs differing in size as much asahd

reasonable agreemeéfit These simulations and experiments also
confirm the importance of polarization effects.
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significant error. To improve the fit, we used the-l~
parameters in Table 4 as a starting point and red@eg— to

17 000 kcal/(mol &) andB,—— to 1.834 AL for the purpose
of determiningBy,—, andCy—. This makesT effectively larger
for I"—ether interactions than it would be using the simple
combining rules with the unadjusted—+I— parameters. The

value of A— — was treated as an adjustable parameter. The

best fit to the quantum chemistry data was found for a value of
A—— = 35979 kcal/mol. The corresponding valuestgf—,
Bx«—, andC,,— are given in Table 6. The resulting potential
function (Il) is in reasonable agreement with the quantum
chemistry data. As with C-dimethyl ether, the contribution

of polarization interactions to the binding energy in the
equilibrium geometry £1.87 kcal/mol) is small compared to
the Lit complexes.

Conclusions

Our studies of LiCl, Lil, and LT,CI~ and I- complexes with
ether molecules confirm that quantum chemistry can yield

complex binding energies in good agreement with experiment,
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