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The present work consists of a series of studies with regard to the structure and charge trans-
port in solid polymer electrolytes (SPE) prepared using various new bis(trifluoromethane-
sulfonyl)imide (TFSI)-based dianionic dilithium salts in crosslinked low-molecular-weight
poly(ethylene glycol). Some of the thermal properties (glass transition temperature, differen-
tial molar heat capacity) and ionic conductivities were determined for both diluted (EO/Li =
30:1) and concentrated (EO/Li = 10:1) SPEs. Trends in ionic conductivity of the new SPEs
with respect to anion structure revealed that while for the dilute electrolytes ionic conduc-
tivity is generally rising with increased length of the perfluoroalkylene linking group in the
dianions, for the concentrated electrolytes the trend is reversed with respect to dianion
length. This behavior could be the result of a combination of two factors: on one hand a de-
crease in dianion basicity that results in diminished ion pairing and an enhancement in the
number of charge carriers with increasing fluorine anion content, thereby increasing ionic
conductivity while on the other hand the increasing anion size and concentration produce
an increase in the friction/entanglements of the polymeric segments which lowers even
more the reduced segmental motion of the crosslinked polymer and decrease the dianion
contribution to the overall ionic conductivity. DFT modeling of the same TFSI-based
dianionic dilithium salts reveals that the reason for the trend observed is due to the varia-
tion in ion dissociation enthalpy, derived from minimum-energy structures, with respect to
perfluoroalkylene chain length.
Keywords: LiTFSI; Dilithium N,N′-bis(trifluoromethanesulfonyl)perfluoroalkane-1,ω-di-
sulfonamide salts; Cross-linked poly(ethylene glycol); Solid polymer electrolyte; Ionic con-
ductivity; PEG.
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Ionic conductivity in solvent-free solid polymer electrolytes based on alkali
metal salt complexes with polyethers has been broadly studied both by aca-
demia and industrial R&Ds 1–5 because of the applications envisioned for
such materials in electrochemical power sources and devices6–9. The SPEs
have many advantageous properties for such applications, including good
dimensional and thermal stability, a wide electrochemical stability window,
better shape flexibility and manufacturing integrity and improved safety10.
Among the polyethers, poly(ethylene oxide) (PEO) complexes of alkali
metal salts (especially of lithium) have been extensively studied, due to the
fact that the polar main chain ether groups easily coordinate with salt cat-
ions in a manner similar to crown ethers, forming a homogeneous solution.
This implies that the spacing and conformational flexibility provided by
the PEO unit, (CH2CH2O), are optimal for coordination with the cation, the
PEO unit acting like a Lewis base and the cation as a Lewis acid10. To sum-
marize, the host polymer has on one hand to provide a source of electrons
capable of facilitating ion separation by solvating the cations of the salt and,
on the other hand, to serve as a dynamically mobile background matrix11.

Unfortunately, the conductivities of high-molecular-weight PEO-based
electrolytes at low temperatures is reduced by crystallization of the poly-
mer, especially for the low-salt-content SPEs 12. Studies led in 1980s estab-
lished that ionic conduction was confined to the amorphous phase of the
polymer electrolytes above their glass transition temperature13–15. Several
routes have been investigated to prevent crystallization such as block co-
polymerization16,17, grafting18,19 or crosslinking20,21, which allows one to
incorporate PEO into a macromolecular sequence that it will resist host
crystallization. We should mention here, for completeness, that just recent-
ly it has been claimed that some low-molecular-weight PEO-based crystal-
line polymer electrolytes not only conduct, but do so better than analogous
amorphous phases22–24.

Poly(ethylene glycol) (PEG) crosslinking was reported to give the polymer
a rubber-like texture, large amorphous phase which enhances its ionic con-
ductivity and prevents the material from creeping20,21. Cheradame et al.25

have concentrated on forming chemically crosslinked SPEs which both in-
hibited crystallization and exhibited good mechanical properties to be fab-
ricated as strong films or membranes. Also, several other groups studied
network SPEs based on PEO linked by isocyanates26–28. Consistently, con-
ductivities of the network systems were some two orders of magnitude
lower than those recorded for salts just dissolved in the polymeric host.
This observation reflects the fact that a crosslinked matrix can impede ion
transport more than a non-crosslinked one.
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Also, the research has concentrated in synthesizing new lithium salts
containing a large anion with a highly delocalized negative charge which
exhibit a lower lattice energy that make them easier to be solvated by the
host polymer6,29. Salts consisting of a large anion with delocalized negative
charge are particularly desired, and among such salts, those based on the
bis(trifluoromethanesulfonyl)imide anion (e.g., TFSI), have been particu-
larly emphasized27,29–38. The TFSI anion has a delocalized negative charge
and very low basicity which leads to good salt dissociation, less ion pairing,
and high ionic conductivity in PEO-based electrolytes29,32,39. It is also
thought that the TFSI anion exhibits a plasticizing effect on the PEO host,
which could contribute to higher SPE conductivity40. Most prior work on
lithium salt SPEs has concentrated on monoanionic salts29,41–44.

The present study considers SPEs prepared from crosslinked low-
molecular-weight PEG and four new dilithium salts based on dianions with
structures similar to that of the TFSI anion45,46. The dianion in each of the
new salts consists of two discrete anionic units based on a TFSI motif that
are linked to each other by a perfluoroalkylene chain. The specific struc-
tures of the four dilithium salts are illustrated in Scheme 1.

The work focuses both on thermal/electric characterization of the result-
ing SPEs as a function of temperature and on the electronic structure and
ion dissociation energy calculation for all the dilithium salts by using the
density functional theory (DFT). All of the SPEs studied were found to obey
the Vogel–Tammann–Fulcher (VTF) correlation describing the temperature
dependence of ionic conductivity in glassy ionic conductors. Conductiv-
ities for SPEs prepared from the dilithium salts were consistently lower than
that of SPEs prepared from monomeric LiTFSI at all temperatures, which
probably reflects a diminished contribution of the dianions to the overall
conductivity in the dilithium salt SPEs.
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SCHEME 1
The new lithium salts used in SPEs preparation (R = CF3SO2N(Li)SO2-) with a different-length
linker: x = 2 (salt 1), 4 (salt 2), 6 (salt 3), 8 (salt 4)



EXPERIMENTAL

Materials

The low-molecular-weight polymer hosts such as poly(ethylene glycol) (PEG with average
molecular weight of 2,000, melting temperature of 58 °C), and poly(ethylene glycol) methyl
ether (PEGME with average molecular weight of 2,000, melting temperature of 52 °C) were
provided by Aldrich, while the poly(ethylene glycol) dimethyl ether (PEGDME with average
molecular weight of 500) was provided by AlfaAesar. The crosslinker, a 27 wt.% solution of
4,4′ ,4′′ -methylidynetris(phenyl isocyanate) (molecular weight of 367, commercial name
Desmodur RE) in ethyl acetate was supplied by Bayer AG. The reference salt, lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) was obtained from 3M Corporation, while all the
new dilithium salts, illustrated in Scheme 1, were synthesized according to Scheme 2 10,47,48,
and purified at Clemson by DesMarteau’s group using methods that have been described in
detail elsewhere48,49. Prior to use, LiTFSI was dried first for 24 h at 150 °C and then for 1 h
at 170 °C, while all of the dilithium salts were dried for 24 h at 100 °C under dynamic
vacuum (2 × 10–2 torr). The polymer hosts were used as received.
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SCHEME 2
General synthetic route for the new dilithium salts used in SPEs preparation (x = 2, 4, 6, 8)48



Solid Polymer Electrolytes Preparation

Crosslinked PEG-based electrolytes were prepared using LiTFSI and the dilithium salts 1–4 in
concentrations corresponding to EO/Li ratios of 10:1 and 30:1. The crosslinking chemistry is
described in Scheme 3. First, the necessary amounts of PEG and Li salt were mixed together
in the dry box for 1 h at 70 °C on a hot plate. A stoichiometric quantity of crosslinker/PEG
of 2:3 mol/mol was added and the mixture was stirred for 30 min at the same temperature.
Next, for the crosslinking to take place, the mixture was pressed between two Teflon sheets,
and the entire assembly was introduced into a vacuum oven for 2 h at 90 °C under a small
flow of nitrogen. The resulting electrolyte membranes could be easily peeled off the Teflon
sheets.

Electrochemical Impedance Spectroscopy (EIS)

SPEs ionic conductivities were measured as a function of temperature by electrochemical im-
pedance spectroscopy (EIS) using a two-electrode cell configuration. As a general procedure,
each sample was first heated to 120 °C and then slowly cooled to room temperature, and
impedance spectra were recorded on the cooling curve in discrete steps every approximately
10 °C until room temperature was reached.

The SPE resistance at each temperature was obtained from the complex-plane impedance
plot by fitting the low-frequency portion of the data to a linear function and taking the
intercept of the plot on the real axis as being indicative of the membrane resistance42,50,51.
Ionic conductivity values κ (in S/cm) were obtained by correcting the membrane impedance
for geometric effects using the apparent electrode area and the SPE thickness48,52,53.

Differential Scanning Calorimetry (DSC)

Thermal properties were studied for each SPE sample after being subjected to EIS measure-
ments, using modulated differential scanning calorimetry (MDSC) performed on a TA Instru-
ments DSC 2920 calorimeter connected, for data analysis, to a TA Instruments Thermal
Analyst 3100 workstation. The general procedure involved first heating the samples from
room temperature to 120 °C at a rate of 10 °C/min, followed by rapid cooling to –80 °C at a
rate of –20 °C/min. Samples were equilibrated at –80 °C for 5 min and then the temperature
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SCHEME 3
General crosslinking chemistry between low-molecular-weight PEG and 4,4′,4′′ -methylidyne-
tris(phenyl isocyanate) with formation of a polyurethane network48



was increased to 120 °C at a rate of 5 °C/min. During the last step the temperature was
modulated ±1.0 °C every 60 s. The glass transition temperature, Tg (in °C), was taken to be
the mid-point temperature of the baseline shift measured during the transition. Also, the
heat capacity was measured for all the SPEs using a standard sapphire sample for calibra-
tion48. Values of Cp (in J/mol K) were determined at 10 K intervals and compared with the
values obtained for a standard sapphire sample. Both were measured relative to the baseline
established for an empty pan of the same weight as that used for both polymer and the sap-
phire standard. From these thermograms the change in molar heat capacity at the glass tran-
sition temperature, ∆Cp (in J/mol K), was also measured and used to calculate the apparent
activation energy of the segmental motion of the polymer.

RESULTS AND DISSCUSION

The ionic conductivity of polymeric electrolyte systems comprising a net-
work of PEG, PEG and PEGME (1:1 mol/mol), or PEG and PEGDME (1:1
mol/mol) crosslinked with 4,4′,4′′ -methylidynetris(phenyl isocyanate) and
containing LiTFSI was studied (EO/Li = 30:1). The results, presented in
Fig. 1, show that ionic conductivity increases with the decrease in crosslink-
ing density from SPEs based on PEG (100% crosslinking), to PEG-PEGME
(75% crosslinking), and to PEG-PEGDME (50% crosslinking), which was
due to an increase in the chain segmental mobility, which is consistent
with similar observations by other researchers54. Also, it has to be men-
tioned that with the decrease in the degree of crosslinking, the SPEs increas-
ingly lost their mechanical and dimensional stability.
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FIG. 1
Arrhenius plots for SPEs made of LiTFSI and crosslinked PEG, PEG–PEGME (1:1 mol/mol) or
PEG–PEGDME (1:1 mol/mol), EO/Li = 30:1



LiTFSI and lithium salts 1–4 were used to prepare SPE membranes by dis-
solving the salt in the low-molecular-weight PEG (M = 2,000) and then
cross-linking it with 4,4′,4′′ - methylidynetris(phenyl isocyanate) as shown
in Scheme 3 (membrane thicknesses achieved were 300–1,000 µm). The
same EO/Li ratios as for the previously studied PEO-based SPEs were used
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FIG. 3
Arrhenius plots for SPEs made of LiTFSI or a dimeric lithium salt and crosslinked PEG, EO/Li =
10:1

FIG. 2
Arrhenius plots for SPEs made of LiTFSI or a dimeric lithium salt and crosslinked PEG, EO/Li =
30:1



for the preparation of both diluted (30:1) and concentrated (10:1) electro-
lytes. Following the procedures already described48,52,53, for all the newly
prepared SPEs were obtained the Arrhenius curves (Figs 2 and 3) by EIS and
thermograms by MDSC (Figs 4 and 5).

Collect. Czech. Chem. Commun. 2008, Vol. 73, No. 12, pp. 1777–1798

1784 Geiculescu, Rajagopal, Mladin, Creager, Desmarteau:

FIG. 5
DSC thermograms for SPEs made of LiTFSI or a dimeric lithium salt and crosslinked PEG,
EO/Li = 10:1

FIG. 4
DSC thermograms for SPEs made of LiTFSI or a dimeric lithium salt and crosslinked PEG,
EO/Li = 30:1



Thermal properties such as glass transition temperature (Tg) and differen-
tial molar heat capacity (∆Cp) were determined from the MDSC thermog-
rams. The differential molar heat capacity values were corrected for the salt
content and the corresponding corrected values of the differential molar
heat capacity, ∆Cp

corr ± σ, were calculated to be 32.4 ± 1.6 J/mol K for di-
luted SPEs (EO/Li = 30:1) and 40.0 ± 1.2 J/mol K for concentrated SPEs
(EO/Li = 10:1).

LiTFSI-based electrolytes exhibited the highest ionic conductivity for the
entire temperature and concentration ranges. For LiTFSI and salts 1–3, less
salt 4 (x = 8), the ionic conductivities are higher for the concentrated SPEs
(EO/Li = 10:1, Fig. 3) relative to the dilute SPEs (EO/Li = 30:1, Fig. 2) over
the entire temperature range of interest (60–120 °C). This was also partially
observed for the PEO-based SPEs when using the same lithium salts47,
but to a lesser extent, and reflects the fact that there are significantly more
charge carriers present in the more salt-rich SPE membranes. Also, when
compared to the PEO-based SPEs, the crosslinked PEG-based electrolytes
exhibited conductivities lower by up to one and a half order of magnitude
over the entire temperature range and for both concentrations47.

It can be observed from Fig. 2 for diluted SPEs, that the electrolyte based
on monomeric LiTFSI still has the highest conductivity followed in order
by those prepared using the dilithium salts with x = 8, 6, 2 and 4, in the
same order as seen for the PEO-based SPEs using the same salts and the
same EO/Li ratio10,48. Also, no transition in ionic conductivity can be ob-
served around 58 °C, the melting temperature of PEG, which indicates that
all these SPEs are probably completely amorphous, which is confirmed by
the corresponding DSC thermograms in Fig. 4. This is a major difference
compared with the behavior of PEO-based SPEs using the same salts10,47,48,52

where such a transition was observed at around 60 °C and was attributed to
a crystalline melting/freezing transformation of the PEO host.

Therefore, for dilute SPEs, the increasing ionic conductivity with the
higher fluorine content in the salt molecule indicates that an increase in
anion size, while decreasing the anion contribution to the overall conduc-
tivity38, is increasing the same conductivity by decreasing the anion basic-
ity through electron delocalization which led to a good salt dissociation
and less ion-pairing.

Figure 3 shows the Arrhenius plots for the same dilithium salts-based
SPEs but with an EO/Li ratio of 10:1. While the electrolyte containing
LiTFSI still has the highest ionic conductivity the general trend for SPEs
containing the dimers 1–4 is the opposite of that one encountered for the
diluted PEG- and PEO-based SPEs 47. Ionic conductivity is decreasing with
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the x value for the entire temperature range which could signify that with
the increase in size and concentration additional entanglements/frictions
could appear between the bigger anion and the crosslinked matrix. Also, as
can be seen from the thermograms in Fig. 5 all these SPEs are completely
amorphous.

Furthermore, all of the Arrhenius curves reveal a slight curvature over the
temperature region of interest (60–120 °C), commonly observed in SPEs and
in most glassy ionic conductors, which is indicative of the coupling be-
tween ion transport and polymer host mobility55. The curved Arrhenius
plots were fitted using the semi-empirical VTF correlation as described
previously10,47,48:

κ = −
−
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in which the phenomenological parameters A and B are related to the
charge carrier concentration and to the apparent activation energy oppos-
ing the rearrangement of the polymer segmental unit, respectively. The B
parameter was further employed to compute the apparent activation energy
(∆µ ± σ) using the configurational entropy model56,57:
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c
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where kB is the Boltzmann constant, Sc* the minimum configurational en-
tropy required for a cooperative rearrangement of a polymer chain segment
involved in ion transport in the matrix (generally taken as kB ln 2). The
term T0 is referred as either “ideal” or “equilibrium” glass transition tem-
perature, i.e. the temperature at which the configurational entropy
approaches zero.

The curved lines in Figs 2 and 3 correspond to nonlinear least-squares fits
of the data to the VTF equation using for the equilibrium glass transition
temperature (T0) a value 25 K lower than the glass transition temperature
(Tg) value determined by DSC 58. The best-fit values of A, B and ∆µ ± σ are
given in Tables I (EO/Li = 30:1) and II (EO/Li = 10:1) along with the corre-
sponding Tg values.

Looking into the A, B and ∆µ values from the VTF fits in Tables I and II
shows us some of the possible rationale for their behavior. Though still the
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primary difference among the various salts lies in the A-values, they are less
diminished with respect to LiTFSI when compared to PEO-based SPEs using
the same salts10,47,48. This suggests that yet the major cause of the dimin-
ished conductivity remains the fact that there are fewer mobile charge carri-
ers present in the dilithium salt SPEs, but their concentration is lower due
to the crosslinking, especially for LiTFSI. With regard to the B-term from
the VTF fits and the apparent activation energy, ∆µ, generally they are not
anymore diminished relative to that for LiTFSI which may indicate that all
these salts did not affect the local microstructure of the host polymer. Due
to the PEG crosslinking, which makes the matrix more rigid, both LiTFSI
and the dilithium salts 1–4 are not having anymore such a strong plastic-
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TABLE I
DSC/VTF parameters and the apparent activation energy (∆µ) for SPEs made of LiTFSI or
a dimeric lithium salt and crosslinked PEG (EO/Li = 30:1)

Salt type
x

Tg
° C

A
K1/2 S/cm

B
K

∆µ ± σ
kJ/mol

Li salt
concentration
wt.%

LiTFSI –45 0.57 853 45.6 ± 2.3 17.9

2 –36 0.19 827 42.9 ± 2.2 16.9

4 –33 0.13 802 41.9 ± 2.1 19.4

6 –40 0.36 876 46.4 ± 2.3 21.8

8 –40 0.56 894 46.6 ± 2.3 24.1

TABLE II
DSC/VTF parameters and the apparent activation energy (∆µ) for SPEs made of LiTFSI or
a dimeric lithium salt and crosslinked PEG (EO/Li = 10:1)

Salt type
x

Tg
° C

A
K1/2 S/cm

B
K

∆µ ± σ
kJ/mol

Li salt
concentration
wt.%

LiTFSI –33 4.9 880 56.0 ± 1.7 39.5

2 –22 2.2 953 61.9 ± 1.8 37.9

4 –20 3.1 969 62.6 ± 1.9 42.0

6 –17 1.3 949 61.0 ± 1.8 45.7

8 –20 1.3 1036 65.6 ± 1.9 48.7



izing effect upon the polymeric matrix as in the case of PEO. This is easy to
observe by looking at the corrected differential molar heat capacity values
(∆Cp

corr) which measure the change in polymer molar heat capacity at the
glass transition temperature. For PEO-based SPEs ∆Cp

corr increased from
11.6 ± 0.7 J/mol K (EO/Li = 30:1) to 52.0 ± 1.8 J/mol K (EO/Li = 10:1),
an almost five-fold increase10,48, while for crosslinked PEG-based SPEs
it just barely increased from 32.4 ± 1.6 J/mol K (EO/Li = 30:1) to 40.0 ±
1.2 J/mol K (for EO/Li = 10:1). Analyzing the data in Figs 2 and 3 and
Tables I and II reveals some familiar trends with respect to anion structure.
Consider the curves in Fig. 2 for the diluted SPEs in the region between 60
and 120 °C, where the SPEs are in a fully amorphous state. The conductiv-
ity of the SPE made from salt 2 in which two imide anions are linked by
a perfluorobutane-1,4-diyl chain is diminished relative to that of an SPE
made using LiTFSI by more than half an order of magnitude. However, the
conductivity of SPEs made using salts 3 and 4, in which the perfluoro-
butane-1,4-diyl chain in salt 2 is replaced by longer perfluorohexane-
1,6-diyl or perfluorooctane-1,8-diyl chains (respectively), increases as the
linker chain length increases. A similar observation was noted earlier for
non-crosslinked PEO-based SPEs using the same dilithium salts48. Inspec-
tion of the VTF fitting parameters in Table I lends some insight; the A-value
for salt 3 is around three times larger than that for salt 2, and that for salt 4
is four times larger than that for salt 2. The apparent activation energy
values, ∆µ, are just slowly increasing with the linker chain increase and are
on average four-fold higher than those corresponding to PEO-based SPEs
which signify a strong inhibition of the segmental motion of the polymer
segments due to crosslinking.

With an increase in salt concentration (EO/Li = 10:1) we see, as shown in
Fig. 3, a dramatic change in the dependence of ionic conductivity on the
length of the linker chain. The conductivity of the SPE made from salt 2
(x = 4) is lower than that of an SPE made using LiTFSI by almost one order
of magnitude, while surprisingly the conductivity of SPEs made using salts
3 (x = 6) and 4 (x = 8) decreases as the linker chain length increases, which
is the opposite of what has been observed earlier for PEO-based SPEs using
the same dilithium salts47,48. Looking at the VTF fitting parameters in
Table II we observe that the A-value for salt 2 is around two and a half
times larger than that for salts 3 and 4, while the apparent activation
energy values, ∆µ, are still slowly increasing with the linker chain increase
and are an average 20% lower than those corresponding to PEO-based
SPEs 47 (PEG has a much lower molecular weight as compared to PEO –
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a three orders of magnitude difference) and just around 30% higher than
the values for the diluted SPEs.

This fact confirms the increase in the friction/entanglements of the poly-
meric segments with increasing anion size and concentration, lowering
even more the reduced segmental motion of the crosslinked polymer and
decreasing at the same time anion contribution to the overall ionic con-
ductivity.

The behavior of SPEs made using salt 1 (x = 2) shows a certain distinctive-
ness of its ionic conductivity properties that will be discussed later. For
both diluted and concentrated SPEs its conductivity is placed between
those of salt 2 and 3, which is most probably due to the formation of two
non-interacting anions linked together structure as compared with more
like extended delocalized dianions for salts 2–4.

Electronic Structure and Ion Dissociation Energy Calculations of
Dilithium Bis(perfluoroalkanesulfonyl)diimide Salts

Based on our previous work done with SPEs prepared using dilithium
sulfonimide salts and high-molecular-weight PEO 47,52, we considered in
greater depth, using computational approaches59, the question of substi-
tuent effects on dianionic sulfonimide-based lithium salts (1–4). There has
been prior computational work focusing on TFSI anion35,45,60–62 and related
sulfonimide species63,64; however, none has focused on the regular varia-
tions in properties expected with systematic structure changes of these salts
(e.g., perfluoroalkylene chain length connecting the two TFSI fragments).
Also, there has been no prior computational work on the related sulfoni-
mide dianion structures. Minimum-energy conformations were calculated
for lithium salts in an ion-paired form in which lithium ions were removed
from the imide nitrogen but remained in the vicinity of the sulfonimide
anions. The calculations also provided values for the ion dissociation
enthalpy, e.g., the energy change associated with conversion from a species
with lithium bound to nitrogen into a species with lithium ion-paired to
the sulfonimide anion. Trends in this enthalpy change with respect to per-
fluoroalkylene chain length were evaluated for a series of dilithium sulfon-
imide salts of type Li2X (salts 1–4). A strong electron-withdrawing effect of
long-chain perfluoroalkylene substituents on sulfonimide dianions was
found. This effect should promote stabilization of negative charge in disso-
ciated sulfonimide salts which should favor salt dissociation and high con-
ductivity in low-dielectric media such as polymer (in particular polyether)
hosts.
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All calculations were performed using the density functional theory
(DFT) under the generalized gradient approximation using the BLYP func-
tional. Double numerical basis sets augmented with polarization functions
were used for all electrons (core electrons included). All molecules were
fully optimized to obtain the minimum energy structures. For some of the
long-chain molecules, the conformational stability was also studied, such
that the structures obtained for these molecules are very near the global
minimum.

Calculations focused on the energy change associated with lithium ion
dissociation from the imide nitrogen in these salts to give charge-separated
ion pair species. For the dilithium salts 1–4 dissociation proceeds in two
discrete steps, as indicated in Eqs (3) and (4).

CF3SO2N(Li)[SO2(CF2)xSO2N(Li)]SO2CF3 →

→ CF3SO2N�[SO2(CF2)xSO2N(Li)]SO2CF3 + Li� (3)

CF3SO2N�[SO2(CF2)xSO2N(Li)]SO2CF3 →

→ CF3SO2N�[SO2(CF2)xSO2N�]SO2CF3 + Li� (4)

In all cases the energy changes associated with lithium dissociation are
linked to specific minimum-energy structures which are derived from elec-
tronic structure calculations. As will be shown below, all of the fully opti-
mized molecular structures have lithium atoms essentially fully dissociated
from the nitrogen atoms but coordinated by nearby two oxygen atoms
from sulfonyl groups. In a minimum-energy structure for the Li2X-type salt,
both sulfonimide groups are dissociated into individual, discrete ion pairs
with lithium coordinated by two oxygen atoms from each sulfonimide
anion. Also, in all cases the energy changes associated with lithium dis-
sociation are endothermic, meaning that it is energetically disfavored for
lithium ions to dissociate. This result seems counterintuitive since salt
dissociation is required in a battery electrolyte; however, it is simply a con-
sequence of the fact that the calculations were done in the gas phase and
therefore do not account for both ion solvation and ion-polymer interac-
tions. Ion dissociation would become favorable if the solvation energy of
the separated anions and cations was considered. The critical parameters in
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these calculations are the changes in reaction energy within the series as
the length of the perfluoroalkylene chains in the various salts is systemati-
cally changed. A shift to less endothermic reaction energies (less positive
∆Ediss) indicates that lithium dissociation is less disfavored (more favored),
which in a solvating environment would favor a greater extent of salt disso-
ciation.

Figure 6a illustrates the dissociation energy variation (∆Ediss in kcal/mol)
with chain length for the first lithium ion dissociation step in the salts 1–4 se-
ries. The trend for this series shows that lithium dissociation proceeds easi-
er when the perfluoroalkylene linker chain length is shorter and becomes
more endothermic as chain length increases. This at the first glance is coun-
terintuitive since longer (CF2)x chains are more electron-withdrawing and
thus should facilitate the ionization process.

However, a shorter (CF2)x chain has the advantage of being closer to the
highly electron-withdrawing SO2–N–SO2 group on both sides, which faci-
litates the negative charge redistribution onto the entire molecule upon
the first ionization. Figure 6b provides support for this idea in the form of
a plot of fragment Mulliken charges on the CF3SO2N�SO2–(CF2)x units as
a function of chain length. As the perfluoroalkylene chain becomes long
the fragment charge on this unit approaches –1, whereas for shorter chains
some of the charge spills over and becomes localized on the SO2N(Li)SO2CF3
fragment. The extra stabilization of negative charge by the second sulfon-
imide is thus most effective when the linker between the two sulfonimide
units is shortest. The short chain makes the overall anion species for the
first ionization step more charge-balanced and thus more stable.

The second lithium dissociation brings about a return to the general be-
havior expected for this series, less endothermic dissociation energies as
perfluoroalkylene chain length increases. This trend is illustrated in Fig. 7a
via a plot showing the variation of ∆Ediss with chain length (x) for the sec-
ond lithium ion dissociation step in the salt series 1–4. Interestingly, this
effect appears not to be leveling off at eight perfluoromethylene units,
which suggests that further stabilization of negative charge may be possible
in dianionic or polyanionic salts by using even longer perfluoroalkylene
linking groups.

Finally, Fig. 7b presents a plot of fragment Mulliken charges on the inte-
rior perfluoroalkylene chain as a function of chain length for the fully dis-
sociated, dianionic form of the salt. As might be expected, the fractional
negative charge on the chain increases as the chain length increases. The
average energy change to separate a pair of lithium cations from the
dilithium salts 1–4 is shown in Fig. 8. Overall, the average energy change
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decreases as the chain length increases. We expect that the use of long-
chain perfluorinated substituents will be much more effective in promoting
salt dissociation in dianionic and polyanionic salts than in monoanionic
salts.

The insights provided by these findings help us to understand the pre-
viously reported trends in ionic conductivity of solid polymer electro-
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FIG. 6
a Dissociation energy values for the first lithium dissociation step (Eq. (3)) vs x, the number of
perfluoromethylene groups connecting the two sulfonimide units together in salts 1–4. b Frag-
ment Mulliken charges on the CF3SO2N�SO2–(CF2)x– portion of singly-dissociated salts of
structure CF3SO2N�SO2–(CF2)x–SO2N(Li)SO2CF3

a

b



lytes prepared in polyether hosts using a series of dianionic salts like
CF3SO2N(Li)SO2–(CF2)x–SO2N(Li)SO2CF3 with x = 2, 4, 6, 8 (salts 1–4)10,47,48.

Also, ionic conductivities for the salts 2–4 have been measured in dilute
acetonitrile solutions (10–3–10–4 mol/l) in the 25–40 °C temperature range.
The main observation, similar to that of the polyanionic series53, was that
both molar conductivities and ionic conductivities decreased with increas-
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FIG. 7
a Dissociation energy values for the second lithium dissociation step (Eq. (4)) vs x, the number
of perfluoromethylene groups connecting the two sulfonimide units together in salts 1–4.
b Fragment Mulliken charges on the –(CF2)x– fragment as a function of x

a

b



ing the perfluoromethylene linker length from 4 to 6 to 8 over the entire
concentration range. In the high-electric-permittivity acetonitrile (ε = 36)
the salts were totally dissociated and the conductivities depended exclu-
sively on the salt diffusion coefficient (which is proportional to the recipro-
cal square root of the lithium salt molecular weight)48.

The Arrhenius plots for SPEs using these salts and as a polymeric host
either low-molecular-weight cross-linked PEG (M = 2 × 103) or high-
molecular-weight PEO (M = 4 × 106) in two salt concentrations (EO/Li =
30:1 and 10:1) were already presented in Figs 2 and 3 and in our previous
work10,48, respectively. Ionic conductivity data at any given temperature
shows a monotonic increase with increasing perfluoromethylene linker
length from 4 to 6 to 8 for PEO-based SPEs and for diluted crosslinked
PEG-based SPEs (30:1) while for concentrated crosslinked PEG-based SPEs
(10:1) the order is inversed, from 8 to 6 to 4. An activation analysis using
the VTF formalism (Tables I and II and the information previously pub-
lished in10,48, respectively) revealed that the increased conductivity is asso-
ciated mainly with an increase in the population of charge carriers
(A-values), which probably correlates with different degrees of salt dissocia-
tion. Also, for salt 1 can be seen from Fig. 7b that the fragment Mulliken
charge on the (CF2)x linker is several times (3.5–6) lower than for salts 2–4
which backs up a previous assertion that the latter have a more delocalized
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FIG. 8
Average dissociation energy values, normalized on a per-lithium basis, for the overall two-
lithium dissociation steps (Eqs (3) and (4)) vs x, the number of perfluoromethylene groups
connecting the two sulfonimide units together in dilithium salts 1–4



behavior than salt 1. Calculations from this modeling/simulation work are
completely consistent with this interpretation, indeed barring any other
effects that might be operative, e.g., different anion mobilities for anions
of different sizes, and they suggest that the use of even longer perfluoro-
alkylene linkers should provide further improvements in salt dissociation
and ionic conduction.

CONCLUSIONS

Solid polymer electrolytes have been prepared from a series of new dimeric
dilithium bis(perfluoroalkanesulfonyl)diimide salts using crosslinked low-
molecular-weight poly(ethylene glycol) as the polymer host. Ionic conduc-
tivities for the SPEs were measured over a temperature range between ambi-
ent temperature and 120 °C. The highest conductivities were generally
found for SPEs with the highest salt content. Conductivities of SPEs made
using the dimeric salts were consistently lower than for comparable SPEs
prepared using the monomeric salt LiTFSI, which probably reflects a di-
minished contribution of the anions in the dimeric salts to the overall con-
ductivity. An unexpected finding of increasing ionic conductivity with
increasing the content of fluorine in the dianions is thought to be the re-
sult of two opposing trends, one reflecting an increase in anion size with an
increased content of fluorine which diminishes anion transport and con-
ductivity, and another reflecting an increase in anion basicity with in-
creased fluorination which results in diminished ion pairing and an
enhancement in the number of charge carriers, thereby increasing conduc-
tivity.

Though crosslinking decreased the ionic conductivity it improved the di-
mensional stability and the mechanical properties for all electrolytes. Still
the LiTFSI-based SPEs exhibited the highest ionic conductivity for the en-
tire concentration and temperature ranges. Due to the network created by
crosslinking, SPEs based on dilithium salts 1–4 (x = 2, 4, 6, 8) showed an
ionic conductivity that relied on both linker chain length (x) and salt con-
centration (EO/Li). Therefore, ionic conductivity values increased over the
entire temperature range with the size of dianion for the diluted SPEs
(30:1), while for the concentrated electrolytes (10:1) the trend was reversed
due to a stronger interaction with the 3D polymer network generated by
crosslinking (increasing activation energies which were not anymore com-
pensated by an increase in the concentration of the charge carriers as the
anion size increased).
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Additionally, modeling/simulation work using the density functional
theory, evaluated the enthalpy change with respect to perfluoroalkylene
chain length for this series of dilithium sulfonimide salts 1–4 in gas phase.
The calculations provided values for both ion dissociation enthalpies, e.g.,
the energy change associated with conversion from a species with lithium
bound to nitrogen into a species with lithium ion-paired to the sulfonimide
anion. The trends in the enthalpy change with respect to perfluoroalkylene
chain length were compared with the experimental data providing an im-
portant tool for understanding the structure/properties relationship.
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