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Lithium cation solvation structures [Li(S),-1_4]" with ligands of cyclic or noncyclic carbamate-modified
disiloxanes are optimized at B3LYP level of theory and compared to their corresponding simplified
carbamates and to the organic carbonates ethylene carbonate (EC) and dimethyl carbonate (DMC).
The electrostatic potentials (ESP) of these investigated carbonyl-containing solvents are mapped on the
electron density surface. The maximum ESP is located at the C=O-oxygen, whereas the disiloxane
functionality represents an unpolar residue. Natural Bond Orbitals (NBO) analysis reveals strong
n(N) - n(C=0) donor—-acceptor interactions in carbamates which outrun dipolar properties. As a result,
higher total binding energies (AEg) for solvation of Li* in carbamates (—148 kcal mol™?) are found than
for carbonates (—137 kcal mol™). Furthermore, the disiloxane moiety with its Si—O bond is stabilized by
n(O) — o*(Si—C) hyperconjugation that provides additional electron density to a nearby SiCHz methyl
group thus supporting an additional SICH,—H- - -Li* coordination. The formation of all investigated solvation
structures is exothermic. Owing to steric hindrance of noncyclic carbonyl-containing ligands and the
bulky disiloxane functionality, the solvation structure [Li(S)s]* is the preferred structure according to
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Introduction

Liquid blends of organic carbonates, e.g. ethylene carbonate
(EC; 1), propylene carbonate (PC), dimethyl carbonate (DMC; 2) or
diethyl carbonate (DEC), are typical examples for non-aqueous
solvents of liquid electrolytes used in lithium-ion battery systems."
There have been large numbers of reports discussing these
solvents and their electrochemical properties, decomposition,”™
cycling behaviour and formation of first-shell solvation structures
with lithium cations.® Regarding the development of alternative
liquid electrolytes to improve safety, low viscosity silicon-
containing liquids have drawn much attention due to their
nontoxic nature and reduced flammability. So far, published
results mainly focus on carbonate-modified’® and ethylene
glycol-modified'®™® di-/trisiloxanes and silyl ether compounds.'®™®
Their structure derived from EC/PC, and from poly(ethylene oxide)
(PEO), an ion-conducting polymer already widely used in solid
polymer electrolytes (SPE) since 1973."°
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Further improvement of safety issues may be achieved by
application of SPEs since they replace flammable liquids com-
pletely.>*" But so far, they suffer from poor ionic conductivity in a
magnitude of 107° S em™" at ambient temperature. In order to
increase the ionic conductivity of polysiloxane-based SPE systems,
mixed ethylene glycol- and carbonate-modified polysiloxanes were
prepared to introduce a high ability to dissociate lithium salts and
increase the concentration of free ions in a polymer matrix.>**

Nevertheless, the incorporated carbonate-moiety decreased
the ionic conductivity due to increased viscosity and reduced
segmental motion of the polymer matrix. The ionic transport
properties of the SPE were inhibited by strong dipole-dipole
interactions between the carbonate components.>?

Recently, we have reported the synthesis of novel liquid
carbamate-modified disiloxanes,>* as well as their application in
porous PVDF-HFP membranes.”” These liquid materials reach an
ionic conductivity in the magnitude of 10°* S em ™" at ambient
temperature and are electrochemically stable up to 4.5 V vs. Li/Li".
Beside their application as alternative liquid electrolytes, we con-
sidered carbamate-modified disiloxanes as model compounds for
the development of future SPEs, due to the decreased dielectric
constant ¢ of their lead structure N-methyloxazolidin-2-one (NMO,
3; ¢=78)." Therefore, compared to 1 (¢ = 90)" and various carbonate-
modified poly-/di-/trisiloxanes, weaker dipole-dipole interactions
might arise in carbamate-modified polysiloxane-based SPEs.
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Fig. 1 Structures of investigated solvents (S = 1-6), including organic
carbonates 1 and 2, simplified carbamates 3 and 4, and the corresponding
carbamate-modified disiloxanes 5 and 6.

Herein, quantum-chemical calculations employing the density
functional theory (DFT) have been performed to calculate the
character and strength of the binding between the lithium ion
and a number of carbonate and carbamate containing solvents
(S = 1-6; Fig. 1). Furthermore, electrostatic properties and
population analysis were examined for all solvents. The organic
carbonates 1 and 2 were considered as conventional references.
The carbamates 3 and the noncyclic methyl dimethylcarbamate
(4) were investigated as simplified carbamate models to identify
influences of the disiloxanes functionality in their corresponding
carbamate-modified disiloxanes 3-(3-(1,1,3,3,3-pentamethyl-
disiloxanyl)propyl)oxazolidin-2-one (5) and N-methyl methyl-
(3-(1,1,3,3,3-pentamethyldisiloxanyl)propyl) carbamate (6). In
addition, the impact of cyclic and noncyclic carbonyl structures
on the formation of Li* solvation structures was examined, directly.
The computed properties may be helpful for the understanding
of complex formation of carbamates and carbamate-modified
disiloxanes, as well as for the development of future siloxane
containing polymer electrolyte systems.

Computational methodology

All calculations were performed with the Gaussian 09 program
package.?® The electronic ground state geometries of the studied
lithium ion solvation structures [Li(S),-1_4]" (S = 1-6; Fig. 1) were
optimized in gas phase at Becke’s three-parameter hybrid
method”” with the Lee-Yang-Parr correlation functional®®
(B3LYP) level of theory without the presence of a counter anion.
In order to verify the relative energy sequence of the optimized
complexes, their single point energies were also calculated using
ab initio HF and MP2 methods. All calculations were performed
using the 6-311G(d,p) basis set*® providing a qualitative under-
standing of the complex energetics. The stability of all optimized
solvation structures was verified by vibrational analysis; no
imaginary vibrational frequencies were detected. No basis super-
position error (BSSE) corrections have been applied.
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Population analysis was performed by Natural Bond Orbital
(NBO)*°* analysis and by analysis of electrostatic potential-
derived charges (ESP) according to Merz-Singh-Kollman
scheme.***® ESP results were used to compute maps of electro-
static potential.

Results and discussion
Structures and geometries

First, formations of the lithium ion solvation structures [Li(S),-;_4]"
(S =1-6) were analysed. All investigated solvents contain a carbonyl
group that reacts as a ligand by interacting with the cation
via C—0-oxygen. This is consistent with other theoretical and
spectroscopic IR and Raman studies regarding mixtures of
lithium salts in 1 or PC.*”*® As revealed by IR*> and NMR>*
results examined for solvent 5, the carbamate moiety interacts
with a lithium ion, similarly.

By coordinating the lithium ion and acting as a ligand,
the solvent molecules 1-6 are deformed including a slightly
stretched C—O bond (see Fig. S1 of ESIt). The strongest
deformation of the ligands C—O geometry in comparison to
the free solvent molecule was found for the structure [Li(S),]".
Owing to a weaker interaction of the ligand with the cation, the
deformation decreases with increasing coordination number.
This result is consistent with the Li-O bond length, as listed in
Table 1, and has already been observed in other calculated
lithium ion complex structures.”*® The proportionality between
the coordination numbers and the averaged Li-O bond lengths
may be described, as for dimethyl sulfoxid (DMSO) solvation
structures,® by the exponential function

drio = aexp(bn)

Table 1 Li-O bond lengths and O-Li—-O angles of complex structures
optimized at B3LYP/6-311G(d,p) level of theory

Solvent S
Complex 1 2 3 4 5 6
Li-O bond lengths (A)
[Li(S),]" 1.733 1.729 1.730 1.705 1.739 1.736
[Li(S)]" 1.786 1.780 1.794 1.763 1.784 1.763
1.786 1.780 1.794 1.763 1.795 1.760
[Li(S)5]" 1.850 1.851 1.860 1.842 1.869 1.841
1.850 1.851 1.868 1.842 1.849 1.841
1.851 1.848 1.870 1.843 1.866 1.85
[Li(S)a]" 1.940 1.942 1.944 1.958 1.917 1.964
1.942 1.962 1.942 1.956 1.953 1.976
1.943 1.961 1.935 1.960 1.947 1.963
1.937 1.961 1.921 1.962 1.950 1.958
O-Li-O angles (deg)
[Li(S).]" 180.0 180.0 179.5 178.5 170.7 177.4
[Li(S)s]" 119.7 120.0 120.0 119.4 118.9 121.7
120.0 120.0 119.0 119.8 120.0 118.5
120.3 120.0 121.0 120.8 121.0 119.7
[Li(S)a]" 107.4 110.3 112.3 110.9 109.8 110.4
108.1 109.3 108.2 107.5 107.5 111.9
107.7 108.5 103.7 111.7 108.4 109.7
113.5 116.6 110.6 106.7 117.9 105.4
106.9 108.5 112.3 110.9 105.4 106.1
113.3 103.5 112.7 109.9 107.3 113.4
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Fig. 2 Geometries of solvation structures [Li(5),-1_4]" optimized at B3LYP/6-311G(d,p) level of theory. Hydrogen atoms are not shown in all structures

for clarity.

where a = 1.663 A, b = 0.037 for 1, a = 1.649 A, b = 0.041 for 2,
a=1.666 A, b =0.038 for 3, a = 1.617 A and b = 0.046 for 4,
a=1.669 A, b =0.037 for 5 and a = 1.644 A and b = 0.042
for 6, respectively. Considering the structure of the coordi-
nating ligands 1-6, values of b = 0.0375 £ 0.005 were found
for cyclic carbonyl moieties 1, 3 and 5, whereas a value of
b =0.043 £ 0.0026 was determined for the noncyclic carbonyls 2,
4 and 6.

No symmetry was imposed in the geometry optimizations
of the complexes [Li(S),]". According to O-Li-O angles of
approximately ~109°, ~120° and ~180° a tetrahedral, trigonal
planar and linear geometry were obtained for n = 4 — 2,
respectively.

In Fig. 2, the optimized geometries of solvation structures
[Li(5),=1-4]" are illustrated. The carbamate functionality inter-
acts with Li" via C=0-oxygen, whereas the disiloxane moieties
with its SiCH;-groups are rearranged with minimal repulsion
around the complex centre. Furthermore, the linear nature
of the Si-O-Si functionality with approximately 160°-180° is
visible.*>*' This solvation structure is consistent with pre-
viously presented results regarding the ionic conductivity
of carbamate-modified disiloxanes.>® Since Li* transport in
liquids occurs mostly by diffusion of ions including their first
shell of solvation (vehicular mechanism),*" the bulky disiloxane
moiety increases the size of the solvation structure significantly
(see Table T2 of ESIt). A larger solvation structure is equi-
valent to a larger van der Waals surface for intermolecular
interactions and therefore increases the viscosity and decreases
the vehicular diffusion, respectively. Comparing the ionic
conductivity of 5 and 6 (10~* S ecm™" at ambient temperature)
to conventional liquid electrolytes composed of blends of 1 and
2 (107>-10"° S em™ "), the deviation in performance is a result

14238 | Phys. Chem. Chem. Phys., 2014, 16, 1423614243

of the different sizes of their corresponding Li" solvation
structures.

Analysis of electronic structures

The electronic structure of solvents 1-6 has been analysed
using two different approaches: (a) via NBO and (b) ESP. The
NBO method examines the charge distribution close to the atom
centres, whereas the ESP method is better suited to reproduce
the coulombic effects of the adjacent ligands coordinating the
lithium ion.

In Fig. 3, the isodensity surfaces (isoval = 0.002) of the
B3LYP-optimized structures of solvents 1-6 were mapped with
their computed electrostatic potentials. The highest negative
potential (red) is always located at the C—O functionality. An
increase in ESP .y is observed in the ranking2 <1 < 6 <4 <
3 ~ 5, which indicates a structural relation: (a) carbonates 1
and 2 have lower potentials than carbamates 3-6, (b) noncyclic
compounds 2, 4 and 6 have lower potentials than their cyclic
counterparts 1, 3 and 5. Furthermore, in the five-membered
ring structures of 1, 3 and 5, the potentials are clearly polarized
with the lowest values (blue) located at the CH,-CH, moieties.
This result illustrates the dipolar character of commercially
available solvents 1 and 3, which corresponds to their large
dipole moments of 4.6 D and 4.5 D, respectively.! In noncyclic
solvents 2, 4 and 6 the charge polarization appears less pro-
nounced, indicating lower dipole moments (0.8 D for 2)" which
results in inert properties. Additionally, the ESP maps verify
that the dipolar properties of the oxazolidinone moiety in 5, as
well as the inert character of the carbamate moiety in com-
pound 6, remain unaffected by the disiloxane functionality.
According to the colour code, the disiloxane with its SiCHj;-
groups represents an unpolar region (green), predominantly.

This journal is © the Owner Societies 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4cp01837k

Open Access Article. Published on 02 June 2014. Downloaded on 4/4/2026 3:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
-0.05
0.04 1
ESP,» = -0.0685
Healc = 534D

ESP,,,, = -0.0594
Heale = 030D

View Article Online

PCCP

ESP,a = -0.0784
Heale = 5.07D

ESP,, = -0.0789
Heale = 4.76 D

ESP,, = -0.0723
Heale = 231D

ESP = -0.0695
Hewe=2.14D

Fig. 3 Electron density maps from total SCF B3LYP density (isoval = 0.002; mapped with ESP) for investigated solvents 1-6 with their values of

maximum ESP (ESP.,) and calculated dipole moments (gcaic)-

Regarding NBO population analysis, the charges of the
N-C(0)-O fragment in the corresponding pairs of isolated 3/5
and 4/6 are almost identical (see Table T1 in ESIt). The atomic
charges of C—0-oxygen and Li" of the isolated solvents and
their solvation structures [Li(S),-1_4]" (S = 1-6) are plotted in
Fig. 4a and b, respectively. By comparing C—0-oxygen charge
values, structural relations become evident again: (a) carbamate
C—O0-oxygens are more negative than in carbonates and (b) in
noncyclic compounds the C—=0-oxygen is more negative than
in cyclic carbonyl structures (+I effect). As a result, an increase in
negative atomic charge at this oxygen is observed in the ranking
1 <3~ 5<2< 4~ 6. For solvation structures of n = 1, the
lowest NBO charge in the magnitude of —0.8 to —0.9 were
observed. With n = 2 — 4 the negative charge values decrease
reaching a magnitude of —0.6 to —0.7. This result is consistent
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Fig. 4 NBO atomic charges of (a) C=0-oxygen and (b) Li*.
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with the described geometry changes. In complexes of type
[Li(S),]" the C=0-oxygen of a single ligand provides electrons
for a strong, short, dative bond to the cation, which requires a
high negative charge at this oxygen-position. Compared to donor-
acceptor interactions, the carbamate unit has two resonance
forms, Fig. 5. The lone pair of the sp* hybridized nitrogen (sp™®
according to NBO analysis) overlaps effectively with the carbonyl
group and provides additional electron density by n(N) — 1(C—0)
donor-acceptor interactions, causing a delocalization of the
nitrogen’s lone pairs into the n-system. By increasing the C—=N
double bond character (II), the electron density at the C—O0-
oxygen is maximized. According to NBO analysis, resonance
structure II is only preferred in complexes of [Li(S);]" (S = 3, 4),
whereas carbamate-modified disiloxanes (S = 5, 6) prefer reso-
nance structure I. Moreover, the NBO charge at Li* is reduced
by 7% in presence of a single disiloxane ligand (Fig. 4b). This is
due to an additional stabilization of Li' by intramolecular
donor-acceptor interactions between two hydrogens H? of a
SiCHj; group and the cation (Fig. 6 and Table 2). Via this SiCH,—
H---Li' interaction, the cation polarizes the Si-C bond. In order
to provide the required electron density in the donating methyl
group, the contribution of the Si atom in the corresponding
Si-C bond decreases from x29% to 24% (Table 3). In return,
the Si contribution to the 6*(Si-C) increases from 71% to 76%,
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©
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|

Fig. 5 Resonance structures for the carbamate group in 3-6.
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Fig. 6 Coordination of Li* by interacting with a carbamate-modified
disiloxane. The interaction stabilizes the solvation structures [Li(S),]*
(S = 5, 6) by the given energies.

Table 2 Atomic charges from NBO method for simplified carbamate
solvents 3 and 4 and carbamate-modified disiloxanes 5 and 6 in their
[Li(S);]* solvation structures. Hydrogens H? of a SiCHsz-group provide
additional electron density to interact with Li*

[Li(S),]" Li* c=0 H* H" SicH?,H"
S=3,4 0.95 -0.62 — — —
S=5,6 0.88 —0.67 0.20 0.24 -1.13

Table 3 Contributions of the Si atom in bonds with normal (CHz) and a
donating methyl group (CH%,H®), and energy of stabilization by hypercon-
jugation £y, in kcal mol™t

Pure 5, 6 [Li(S),]" (S =5, 6)

SiCH, SiCH, SiCH?,HP
o(8i-C) 28% 29% 24%
G*(Si—C) 72% 71% 76%
Ey(n(0) > o*(Si-C)) 6.6-7.3 7.1-8.0 8.1-8.6

stabilized by a preferred n(O) — o*(Si-C) hyperconjugation of
the nearby Si-O bond (> 8.1 kcal mol™%).

Similar to literature,** the NBO analysis of the Si-O-Si unit
reveals a single Si-O bond with only 14% contribution of the Si
atoms. Additionally, the Si-O bond is stabilized by n(0) —
6*(Si-C) hyperconjugation implying a partial double bond
character of Si-O. This is consistent with the observed linear
nature of the Si-O-Si bond. Depending on the exact angle, each
hyperconjugation stabilizes the disiloxane by 6 to 8 kcal mol .
An angle of nearly 180° is favoured due to better interaction of
n(0) — o*(Si-C) causing higher stabilization energies.

For n =2 — 4, the NBO charge of Li" decreases due to more
ligands providing electron density for the dative bond to the cation.
This is consistent with geometry results. For all carbamates,
resonance structure I is preferred for all corresponding complexes.

Energetics and cluster stabilization

In order to estimate the energetic aspects of [Li(S),-1_4] (S = 1-6)
formation, the total binding energies (AEg) of the solvation
structures were calculated by subtracting the energy of a given
cluster from the summed energies of its constituting ingredients:

AEg

= E[Li"(S),] — (E[Li'] + E[S] x n)

14240 | Phys. Chem. Chem. Phys., 2014, 16, 14236-14243
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Fig. 7 Total binding energies A Eg of [Li(S),-1_4]* (S = 1-6) as a function of
coordination number obtained from B3LYP/6-311G(d,p) calculations.

The computed binding energies AEg of B3LYP/6-311G(d,p)
optimized solvation structures are shown in Fig. 7 and listed in
Table 4 alongside their single point energies at HF/6-311G(d,p)//
B3LYP/6-311G(d,p) and MP2/6-311G(d,p)//B3LYP/6-311G(d,p)
levels of theory. The coordination number of the central
lithium cation is directly related to the stability of the cluster.
The larger the number of Li-O interactions n =1 — 4, the more
stable the cluster is, as implied by more negative values of AEg.
Energies calculated by the HF-method are similar to B3LYP-
results with a deviation of 2 kecal mol™* at maximum. For MP2-
results, a more significant deviation up to 9% compared to
B3LYP-results was obtained. Nevertheless, the ranking of energies
for complexes withn=2 - 42 <1~ 6 x4 <3 = 5was
observed for the B3LYP-, HF- and MP2-methode, which verifies
the structural relation implied by analysis of the electronic
structure: (a) AEg of carbonates 1 and 2 are weaker than those
of carbamates 3-6 and (b) AEg of noncyclic carbonyls 2, 4 and 6
are weaker than for their cyclic counterparts 1, 3 and 5.

In fact, AEg of the noncyclic carbamates 4 and 6 are similar
to that of 1. This result is quite surprising, because it indicates
that donor properties, as revealed by NBO analysis, even of
noncyclic carbamates 4 and 6 outrun the higher dipolar char-
acter of 1.

For a better understanding of the driving factors leading to
formation of solvation structures, the total binding energy was
separated in terms of solvent-solvent interactions, AEs,

AEg = E[(S),*] — E[S] x n

and solute-solvent interactions, AEy,,

(B[Li"] + E[(S),*])

in accordance with a sequential energy decomposition scheme.

Here, single point calculations of a supermolecule [(S),*] were
performed with the lithium cation removed at fixed geometry of
[Li(S),]". Since B3LYP is known for insufficient description of
dispersive forces,** AEg represents repulsive interaction energies
among the solvent molecules in the solvation structures, as well

AEy = E[Li(S),] —

42,43
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Table 4 Energy analysis for all [Li(S),]" clusters: total (AEs) and relative (AAEs) solvent—solvent interactions, total (AEy) and relative (AAEy,) solute—
solvent interactions and total (AEg) and relative (AAEg) binding energies; thermodynamic analysis at 298.15 K: total (AHg) and relative (AAHg) heats of
solvation and total (AGg) and relative (AAGg) Gibbs free energies of solvation. All energies (in kcal mol™) were calculated using basis set 6-311G(d,p)

HF MP2 B3LYP

Complex AEg AEg AEg AAEy AEg AAEg AEy AAEy AHp“? AAHy AGBI7 AAGyg
[Li(1),]"

n=1 —55.2 —50.6 —54.4 3.4 —57.8 —53.2 —46.6

n=2 —97.2 —90.3 —95.5 —41.1 7.8 4.3 —103.2 —45.4 —92.6 —39.4 —78.5 —31.9
n=3 —122.9 —-117.1 —121.2 —25.7 13.9 6.1 —135.1 —31.8 —118.0 —25.4 —93.2 —14.7
n=4 —138.4 —137.3 —137.4 —16.3 19.8 5.9 —157.2 —22.1 —132.4 —14.4 —98.7 —5.5
[Li(2),)*

n=1 —47.4 —43.5 —47.6 3.4 —51.0 —46.8 —39.7

n=2 —87.2 —81.7 —86.3 —38.7 5.1 1.7 —91.4 —40.4 —82.6 —35.9 —69.6 —30.0
n=3 —111.0 —107.8 —109.5 —23.2 8.2 3.2 —117.8 —26.4 —103.9 —21.3 —82.5 —12.8
n=4 —122.4 —128.1 —121.7 —12.2 8.2 0.0 —130.0 —12.2 —114.2 —10.3 —81.6 0.9
[Li(3),]*

n=1 —61.6 —57.5 —61.3 3.5 —64.8 —60.0 —53.4

n=2 —107.1 —101.4 —106.3 —45.0 8.7 5.1 —115.0 —50.1 —103.2 —43.2 —88.9 —35.4
n=3 —133.3 —129.8 —132.7 —26.4 16.5 7.8 —149.2 —34.2 —128.1 —24.9 —104.7 —15.8
n=4 —148.0 —151.1 —148.5 —15.8 13.4 —-3.1 —161.9 —12.7 —142.7 —14.5 —109.0 —4.3
[Li(4),]*

n=1 —57.0 —53.8 —57.5 3.1 —60.6 —56.9 —48.4

n=2 —99.9 —95.6 —100.1 —42.6 6.8 3.7 —106.9 —46.3 —97.1 —40.2 —81.8 —33.4
n=3 —124.4 —123.2 —124.5 —24.4 11.6 4.8 —136.0 —29.2 —120.0 —23.0 —96.8 —15.0
n=4 —136.6 —146.2 —138.2 —13.8 13.4 1.8 —151.6 —15.6 —132.4 —12.4 —95.7 1.1
[Li(5),]°

n=1 —70.7 —68.8 —72.3 6.5 —78.8 —71.0 —61.2

n=2 —106.3 —101.9 —106.2 —33.9 10.9 4.5 —-117.1 —38.3 —103.2 —32.2 —87.0 —25.8
n=3 —132.2 —133.9 —132.8 —26.7 17.9 6.9 —150.7 —33.6 —128.3 —25.1 —101.0 —14.0
n=4 —147.1 —152.8 —148.1 —15.2 25.7 7.8 —173.8 —23.0 —144.3 —16.0 —100.3 0.7
[Li(6),]"

n=1 —68.4 —66.7 —70.3 6.2 —76.5 —69.0 —59.0

n=2 —101.9 —97.8 —102.0 —31.7 9.1 2.9 —111.1 —34.6 —99.3 —30.3 —83.2 —24.2
n=3 —125.1 —125.8 —125.1 —23.2 14.4 5.3 —139.6 —28.5 —120.9 —21.7 —94.5 —11.3
n=4 —135.5 —149.7 —137.2 —12.1 18.1 3.6 —155.3 —15.7 —131.7 —10.8 —92.6 2.0

@ AHg = H[Li*(S)p=1-4] — (H[Li"] + H[S] x n). ® AGg = G[Li"(S)p=1-4] — (G[Li*] + G[S] x n).

as their deformation energies. For n = 1, AEg is equivalent to the
deformation energy of the single solvent molecules. Thus,
deformation energies of 3 to 3.5 kcal mol™"' were examined
for solvents 1-4, whereas the n = 1 structures of the disiloxanes
5 and 6 are slightly folded to enable SiCH,-H- - -Li" interaction
(6.2 to 6.5 kcal mol '). AEy is the interaction energy between
the prepared solvent supermolecule and the lithium cation.
The sum of both terms gives the total binding energy, AEg:

AEB = AES + AEM

The calculated energies, AEg, AEs and AEy,, for ligands 1-6 are
listed in Table 4. In general, lager magnitudes of the electro-
static solvent-solute interactions AE,; make them the major
stabilizing interactions for all solvation structures. But some
differences in the energetic point of view were recognized. For
instance, although structure [Li(3),]" presents a more negative
AEg than structure [Li(3);]", the latter is predicted to have a
more positive AEg, indicating a less stable (3.1 kcal mol )
supermolecule structure of [(3);*] compared to [(3),*]. This
observation remarks a notable impact of the carbamate struc-
ture in the study of clusters with ligands 3 and 4, because for

This journal is © the Owner Societies 2014

noncyclic carbamate 4 the energies of the triangular super-
molecule is slightly lower (1.8 kcal mol™") than those of the
tetrahedral, n = 4, counterpart. Comparing AEs of carbamate-
modified disiloxanes 5 and 6 with simplified carbamates 3
and 4, values of 18.1-25.7 kcal mol " were reached by 6 and 5,
respectively, due to much stronger repulsion of their adjacent,
bulky disiloxane functionalities.

Regarding solvent-solute interactions AEy, further differ-
ences between cyclic and noncyclic carbamate structure are
noticeable. Energies AEy for [Li(3),]" are quite large (—65 to
—162 keal mol ") whereas values for 4 were calculated to be in a
range of —61 to —152 kcal mol . A similar effect of the ligand
structure has been observed for carbonates where 1 represents
a cyclic carbonyl and 2 its noncyclic counterpart.

According to computed heat of solvation AHg, the formation
of the complexes [Li(S)y=1-4]" (S = 1-6) is exothermic. For
carbonate 1, the calculated values of AAHg agree with results
predicted at B3PW91/6-31G(d) level of theory.? In Fig. 8, the
Gibbs free energies of reaction AGy of solvation structures
[Li(S),=1-4]" (S = 1-6) are shown. Since thermochemical proper-
ties of all solvation structure were calculated at a temperature

Phys. Chem. Chem. Phys., 2014, 16, 14236-14243 | 14241
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Fig. 8 Gibbs free energies of solvation AGg of [Li(S),-1_41* (S = 1-6) as a
function of the coordination number at 298.15 K obtained from B3LYP/
6-311G(d.p) frequency calculations.

of 25 °C (298.15 K), entropy effects were recognizable. The
relative Gibbs free energies of solvation AAGy for 2, 4, 5 and 6 at
n = 4 are positive or similar to values at n = 3, which indicates
that their preferred solvation structure is the three-coordinated
complex. For 2 and 4, this is caused by the steric hindrance of
the noncyclic carbonyl functionality, whereas 6 additionally, and
5 obviously suffer from the bulky disiloxane moiety. As expected,
the four-coordinated complex is preferred for 1> and 3.

Conclusions

Computed lithium cation solvation structures with carbamate-
modified disiloxanes 5 and 6 were compared to their simplified
carbamates 3 and 4, and to conventional liquid electrolyte
components 1 and 2. Geometries of all investigated solvation
structure were analysed. As visualized by ESP mapping, for all
investigated solvents 1-6 the highest electron density is located
at the C=O0-oxygen, where the coordination to the lithium
cation occurs. Furthermore, the solvents with cyclic carbonyl
moieties 1, 3 and 5 have more dipolar characters than noncyclic
carbonyls 2, 4 and 6. The disiloxane functionality has no effect
on the electronic structure of the carbamate moiety. Instead,
the Si-O-Si stabilizes donor-acceptor interactions between
hydrogens of a SiCH; methyl group and the cation. As examined
by NBO analysis, the required electron density of the o(Si-C)
bond is polarized towards the C atom, reducing the Si contribu-
tion to the Si-C bond by 5%. Therefore, the n(O) — o*(Si-C)
hyperconjugation of a Si-O bond interacts predominantly with
the corresponding o*(Si-C) orbitals. Considering results of
Si-O-Si stabilized interactions between anions and a disiloxane
functionality,** the herein described stabilization of a lithium
cation by SiCH,-H- - -Li" interaction remarks a notable capability
of siloxane-containing electrolytes.

As a result of delocalization of the nitrogen’s lone pair into
the C=0 n-system, n(N) — n(C=0), and the +I effect of methyl
groups nearby the noncyclic carbonyl moiety, higher atomic NBO
charges for the C—=0-oxygen were calculated for carbamates in

14242 | Phys. Chem. Chem. Phys., 2014, 16, 14236-14243
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the ranking 1 < 3 & 5 < 2 < 4 & 6. According to the ranking
2 <1< 4~ 3 < 6 =5 of total binding energies AEy for
solvation structures with n =1 — 2, the greater atomic charge/
electron density at C—=0-oxygens of carbamates 3-6 caused
formation of more stable Li" solvation structures. For solvation
structures with n = 3 — 4, calculated values of AGg indicated an
increasing influence of steric hindrance in noncyclic carbonyl
ligands 2, 4 and 6 as well as bulky disiloxanes 5 and 6.

According to analysis of solvent-solvent, AEs, and solute-
solvent, AEy;, interactions, formation of solvent supermolecules
requires energy due to repulsive forces, attenuating the electro-
static interactions AEy; which are the major stabilizing effects.
Further investigations with different DFT-methods to improve
understanding of dispersive and repulsive contributions to AEg
and AEy, are currently in progress.
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