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Introduction

The role of coordination strength in solid
polymer electrolytes: compositional
dependence of transference numbers in the
poly(s-caprolactone)—poly(trimethylene
carbonate) systemt

Therese Eriksson, & Amber Mace, & Jonas Mindemark ‘2 and Daniel Brandell "=/ *
Both polyesters and polycarbonates have been proposed as alternatives to polyethers as host materials
for future polymer electrolytes for solid-state lithium-ion batteries. While being comparatively similar
functional groups, the electron density on the coordinating carbonyl oxygen is different, thereby
rendering different coordinating strength towards lithium ions. In this study, the transport properties of
poly(e-caprolactone) and poly(trimethylene carbonate) as well as random copolymers of systematically
varied composition of the two have been investigated, in order to better elucidate the role of the
coordination strength. The cationic transference number, a property well-connected with the
complexing ability of the polymer, was shown to depend almost linearly on the ester content of the
copolymer, increasing from 0.49 for the pure poly(e-caprolactone) to 0.83 for pure poly(trimethylene
carbonate). Contradictory to the transference number measurements that suggest a stronger lithium-to-
ester coordination, DFT calculations showed that the carbonyl oxygen in the carbonate coordinates
more strongly to the lithium ion than that of the ester. FT-IR measurements showed the coordination
number to be higher in the polyester system, resulting in a higher total coordination strength and
thereby resolving the paradox. This likely originates in properties that are specific of polymeric solvent
systems, e.g. steric properties and chain dynamics, which influence the coordination chemistry. These
results highlight the complexity in polymeric systems and their ion transport properties in comparison to
low-molecular-weight analogues, and how polymer structure and steric effects together affect the
coordination strength and transport properties.

It is well established that the ions in a typical amorphous
SPE, which by definition is free from liquid solvent components,

While solid polymer electrolytes (SPEs) have paved their way
into several different solid-state Li-ion battery concepts in
recent years," there still exist several gaps and inconsistencies
regarding the fundamental understanding of the ion transport
properties of these systems. Naturally, there has been a strive
towards technological development in terms of reaching a high
total ionic conductivity of the SPE materials — arguably the most
problematic feature of SPEs for battery applications — but this
has not truly been matched with in-depth investigations of the
transport mechanisms. More knowledge in this respect is
clearly desired.
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are transported by means of the segmental motion of the polymer
backbone." The cations are coordinated by the functional groups
on the polymer and their movement is strongly correlated with
the local motion of the polymer chain. Movement along or
between polymer chains to new coordination environments
requires the exchange of coordinating groups in the solvation
shell of the cation. It is therefore obvious that the ion coordination
properties of the polymer play a major role for the functionality of
an SPE, in combination with the structure of the polymer host and
its transport properties, and this interplay between coordination
chemistry and ionic transport in SPEs has been researched for
decades.®> ™ It is generally acknowledged that the polymer needs to
be able to coordinate the cations in order for them to dissociate
from the anions and be transported through the matrix, but a
too strong coordination will limit the mobility of the lithium

ions and thereby generate a low cation transference number (7,)."*
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An example of this is the low transference number of poly-
ethylene oxide (PEO; around 0.2), which is explained by the
strong coordination and complexation of lithium ions.**** This
means that most of the conductivity, or electrolyte current,
instead originates from the anions and will not render the
system an efficient SPE for application in Li-ion batteries. The
role and determination of transference numbers in SPEs have in
recent years been under intense debate,”"® and recent data
indicates that this property is directly correlated to the coordination
strength between the cation and the coordinating groups of the
polymer."" The strength of the polymer-cation coordination is, in
turn, dependent on the type of functional groups that the polymer
possesses. Thus, depending on what coordinating functional group
is active in coordination, the binding strength to the cation will
change.

Here, we explore the properties of a well-known polyester—
polycarbonate SPE system,’*>* but where novel aspects are
investigated to shed new light on some of its fundamental
properties. In general, both polycarbonates and polyesters have
shown to work well as SPEs in solid-state battery setups,**™° as
well as poly(e-caprolactone) (PCL) and poly(trimethylene carbonate)
(PTMC) specifically.>®*>* PCL possesses a comparatively high
ionic conductivity, good mechanical properties, and is both
easy to handle and to synthesise.**> Since it is a semi-
crystalline polymer, some of these properties are highly
influenced by the operating temperature. Below the melting
point (around 60 °C), the mechanical properties are excellent,
but at the cost of lowered ionic conductivity, and vice versa
above the melting point. PTMC, on the other hand, is a fully
amorphous polymer and therefore displays a more uniform
dependence of ionic conductivity on temperature. The ionic
conductivity follows a Vogel-Fulcher-Tammann (VFT) type of
behaviour over a large temperature range, but in turn displays
rather low ionic conductivity. This is correlated to the relatively
high glass transition temperature of PTMC (—15 °C), resulting
in limited chain dynamics."3%3*

In a recent study, Rosenwinkel et al. studied the ion
transport properties in SPEs based on PCL and PTMC, as well
as in copolymers of the two with a CL:TMC molar ratio of
80:20." The results were also compared to the well-known SPE
host PEO. The molecular weight of the polymers was, however,
kept to a maximum of 4000 g mol . Electrophoretic NMR has
shown that PCL:LiTFSI has a transference number around 0.5,
while PTMC:LiTFSI shows a value of almost 0.7 at the same salt
concentration due to the stronger coordination in the polyester
system than in the polycarbonate system, which was also
indicated by NMR titrations.

In this present study, we investigate in greater depth the role
of the coordination strength between the two extremes
constituted by the PCL and PTMC homopolymers, and how
the transference number depends on the polymer composition.
To this end, we explore high-molecular-weight random
PCL-PTMC copolymers of varied composition. It is seen that
other factors than merely the coordinating group itself must
play a major role for the coordination and transport properties
in this system, which highlights the importance of taking more
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aspects of the SPE system into consideration in the design of
novel materials and exploration of their properties. Compared
to regular low-molecular-weight organic liquid electrolytes, the
complexity increases as the coordinating groups in an SPE are
chemically bonded to each other, which sterically limits the
possible interactions between the coordinating groups and the
cations. Thereby, it becomes important to consider several
structural aspects of the polymer and its physical, sterical and
chemical properties, beyond the simplistic direct coordination
of the functional group.

Materials and methods
Materials

Homopolymers of distilled e-caprolactone (CL) and trimethylene
carbonate (TMC), as well as copolymers of varied molar ratio
between CL and TMC (90: 10, 80: 20, 70: 30, 40: 60, 30: 70, and
10:90) were synthesised as described elsewhere.”" In short, a
bulk ring-opening polymerisation was performed in argon atmo-
sphere at 130 °C for 72 h using stannous 2-ethylhexanoate as a
catalyst. As shown before,>"** this synthesis method produces
copolymers with a random monomer distribution and a
molecular weight of around 200 000-500 000 g mol . Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) was dried at 120 °C
for 48 h before use. Solvent casting, sample preparation and cell
assembly were all conducted in an argon-filled glovebox. Unless
stated otherwise, all chemicals were received from commercial
sources and used as received.

Preparation of polymer electrolytes

Polymer electrolyte samples were prepared through a solvent
casting method. The polymers with 30 wt% LiTFSI salt were
dissolved in anhydrous acetonitrile and left with stirring
overnight at 40 °C. The solutions were then poured into PTFE
moulds and dried in a vacuum oven at 30 °C for 20 h while
ramping down from 200 mbar to 1 mbar, followed by 60 °C for
another 40 h at 1 mbar.

Ionic conductivity

For ionic conductivity measurements, the cast samples with a
known thickness and area were sandwiched between two
stainless steel blocking electrodes and sealed in CR2025 coin
cells. To ensure good contact, the cells were kept at 60 °C for
30 min and left to cool overnight to recrystallise. By measuring
electrochemical impedance spectroscopy (EIS) with a Schlum-
berger SI 1260 Impedance/Gain-Phase Analyzer at a frequency
range of 1 Hz-10 MHz and an amplitude of 10 mV, the ionic
conductivity was determined for a range of temperatures,
starting from 30 °C up to 90 °C.

Transference number measurements

Transference numbers were determined through the Bruce-
Vincent method.”® Using an Autolab PGSTAT30, the initial
impedance was measured with EIS, followed by a polarization
step at 10 mV and a final EIS measurement at 10 mV. The
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associated EIS measurements were done in a frequency range
of 200 MHz to 1 MHz at an amplitude of 30 mV. The potential
was applied until a stable current was measured. The interfacial
resistances, bulk resistances and the steady-state current were
extracted from the data, and the initial current was calculated
using Ohms law and the total resistance in the cell.*®
With these values, the transference numbers for the samples
were calculated using eqn (1):

Is(AV — Iy Ry)

T = AV —IuRy) (1)

0 ssdiss
where I, and I are the initial and the steady state currents, R,
and Ry are the interfacial resistance before and after polarisation
derived from fitting an equivalent circuit to the impedance
spectra, and AV is the applied voltage bias. A minimum of three
cells were measured per composition.

Density functional theory

DFT calculations were carried out to study the coordination of the
respective monomers to the Li" of LiTFSI. Subsequent geometry
optimisation calculations were performed on the LiTFSI with the
stepwise addition of 1-4 monomers. The calculations were per-
formed with the Gaussian 16 software package®” at the B3LYP-D3/
6-311++G level of theory, where the ground state molecular
structures were fully optimised and verified by the absence of
any imaginary frequencies.

Infrared spectroscopy

Infrared spectroscopy (FT-IR) measurements were performed
on polymers and monomers (with and without LiTFSI) using a
PerkinElmer Spectrum One FT-IR spectrometer. Peaks corres-
ponding to the coordinating and non-coordinating carbonyl
groups were fitted using the Origin software, and were then
used to calculate the coordination number from the Ocarbonyi:Li
molar ratio of the sample.

Results and discussion

A range of copolymers consisting of the same monomers, but at
different ratios, were studied and used for SPE fabrication. The
random copolymers were produced by ring-opening poly-
merisation of e-caprolactone (CL) and trimethylene carbonate
(TMC) with a varied CL content of 10-90 mol%. This system has
been studied previously and has been shown to have a decent
total ionic conductivity and battery performance, especially
with a CL:TMC content of 80:20.2'"%® It has, however, been
observed that both the ionic conductivity as well as the thermal
and physical properties varies significantly with the CL
content.”"** This is related to that pure PCL is a semi-
crystalline polymer with a low glass transition temperature,
but is limited by its crystallinity at room temperature.>®3° pure
PTMC, on the other hand, is fully amorphous but suffers from a
relatively high glass transition temperature (limiting its total
ionic conductivity) while it maintains a high transference
number.”*?? This difference in transference numbers between
the two is related to how the ester and carbonate groups that
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Fig. 1 Chemical composition of the synthesised polymers. The composition

is denoted as the molar ratio x:y and the LiTFSI content was kept at 30 wt%
(resulting in an O Li ratio of 5.9-6.6).

originate from the two monomers coordinate to the lithium
ions. However, the importance of the coordination strength
and its role for the overall transport properties in the context of
other properties, have yet to be elucidated. The relationship
between coordination properties and transference number is
therefore systematically explored as the composition of the
copolymers change.

The conduction and coordination properties in eight
homopolymers and random copolymers were investigated.
The polymers had compositions with CL:TMC molar ratios
of 100:0, 90:10, 80:20, 70:30, 40:60, 30:70, 10:90 and
0:100, while the salt content was kept constant at 30 wt%
LiTFSI. The structure of the polymers is shown in Fig. 1.

The total ionic conductivity of the homo- and copolymers is
shown in Fig. 2. The copolymers display an increasing
conductivity with increased amount of CL as long as the
polymer remains amorphous. With 30 wt% salt, even as little
as 10% TMC monomer increases the ionic conductivity signifi-
cantly at room temperature. This is due to that the crystallinity
is significantly reduced at this relatively high salt content.?®
Above the melting point of PCL (~60 °C) though, the TMC
addition has no positive influence on the ionic conductivity at
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Fig. 2 Total ionic conductivity measured while heating to 90 °C using
impedance spectroscopy for copolymers with different CL:TMC ratio and
30 wt% LiTFSI.
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this salt concentration. When the carbonate content is 30% or
higher, the ionic conductivity decreases with increasing
carbonate concentration over the entire temperature range
and the lowest conductivity can be found in the pure carbonate
polymer PTMC. This trend can be explained by an increasing
glass transition temperature with increased TMC content, as
has been shown previously.>® The ionic conductivity is
therefore limited by the low degree of polymer segmental
motion, as compared to PCL.

If judging the polymer electrolyte only on the metrics of
ionic conductivity, it appears that PCL or copolymers thereof
with 10-20% carbonate content would be the best choice
depending on the operating temperature. The total ionic
conductivity is, however, not the only property to consider for
SPEs, not even regarding ionic transport. The total ionic con-
ductivity says little about the efficiency of the ionic transport,
i.e. how much of the conductivity that originate from cation or
anion transport specifically. For that, the cation transference
number (7,) is the key property. The transference number
shows how mobile the respective cation and anion is in the
polymer system, and indicates if the polymer—ion interactions
are favourable, or perhaps too strong. A low transference
number like in the case of PEO indicates a very strong
coordination between the polymer and the cation, which pre-
vents cationic mobility." It is therefore important to measure
the lithium transference number (7}) to get a more complete
view of the electrolyte transport properties.’

While the Bruce-Vincent method***° has grown to be standard
for determining T, in SPEs, it should be acknowledged that it is
based on the Nernst-Einstein equation and therefore assumes
that there ion-ion interactions are absent." While this is not the
case in most SPEs, in a comparative study such as this, it can be
assumed that the errors that occur will be comparable for all
samples. A minimum of three samples were also measured for
every sample to assure accuracy. The results are shown in Fig. 3.

It is clear from Fig. 3 that the composition of the polymer
greatly influences the transference number. The pure polyester

o
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Fig. 3 Measured transference numbers and standard errors for the
CL:TMC copolymers. A minimum of three cells were measured for each
sample.
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electrolyte displays the lowest transference number, with an
average of 0.49. When increasing the carbonate content, the
transference number increases more or less linearly up to
0.83 for the pure polycarbonate. It therefore seems that the
transference number is purely dependent on the CL:TMC ratio
of the polymers, and does not follow the same trend as the total
ionic conductivities in Fig. 2. This linearity is striking, and a
regression line can be fitted with an R* value of 0.985, with
the primary deviations being for the extremes, i.e. the homo-
polymers. Few (or none) examples of similar trends between
polymer composition and transference numbers have
previously been shown in the literature for SPEs. That only
minor deviations appear from the general linear trend strongly
indicates that there indeed are fundamental differences in how
strongly the different carbonyl groups bind to the Li" cations,
and that this is directly correlated to the transference number.
The trend is also quite striking, considering that the chemical
differences between the carbonate and ester functionalities are
not particularly pronounced as compared to other cation
coordinating functionalities (e.g. ethers, alcohols or nitriles),’
with the only extra oxygen in the carbonate group being non-
coordinating to the cation.>

To examine the difference in coordination strength between
the two functional groups more closely, DFT calculations were
used to calculate the binding energies between the lithium ions
and the carbonyl oxygens of the ester and carbonate groups.
Since polymeric systems have too many degrees of freedom to
reliably find the optimal conformation, a model system using
CL and TMC monomers was used together with LiTFSI. Neither
the monomeric form nor the ring shape of the monomers is
expected to significantly affect the inherent binding properties
of the functional groups, when comparing the ester and the
carbonate systems. Subsequent additions were made of up to
n =4 monomers to form LiTFSI + n monomer complexes. When
introducing one new monomer to the complex at each step, the
monomer was placed so that the carbonyl oxygen is 2 A away
from Li* with the ring pointing outwards. It was also given
enough space from the atoms in the existing complex to avoid
any strong repulsive interactions. In Fig. 4a and b, the binding
energies are plotted as a function of the number of monomers
in the complex in two different ways. First, the mean binding
energy per monomer in the complex (AEyean) was computed by
subtracting the molecular energies of LiTFSI and monomers
from the total energy and dividing by 1, AEyean = (Eror —
Eritest — "Emonomer)/N. Second, the binding energy for each
addition of one monomer (A Eg;s) was computed by subtracting
AE of the previous complex of LiTFSI + n — 1 monomers and
the molecular energy of a single monomer from the total energy
of the new complex: AEgis = Etot — En—1 — Emonomer- From these
results, it appears that the TMC monomers consistently bind
30-50% stronger to the Li* for all n values and with
both metrics, compared to the CL monomers. This seems to
contradict the trends in the transference numbers seen in Fig. 3.

To further understand the nature of the lithium coordination
and how these differ between the TMC and the CL monomers,
the bond lengths between Li" and the carbonyl oxygen and the

Phys. Chem. Chem. Phys., 2021, 23, 25550-25557 | 25553


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp03929f

Open Access Article. Published on 08 November 2021. Downloaded on 10/25/2025 4:06:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP
- 0 . :
© (a) AE = AE /n —e—carbonate
E mean n
= -100} —e—ester 4
=
< r///"
c
§ -200 //——-—’"
£
w
< 300 | |
0 T T
‘.'3 (b) AE ite = AEn-AEn_ :
g -100 /\/
5
<
{200 1
T
w
< -300 : :
5 T T
. -+
< al (c) mean distance Li~ - Oca rbonyl |
.Z 1.9,1.9,1.9,5.6
T 3} J
H] /
o 5 1.9 19,19 1.91.9,1.9
£ 19 19,19 1.9,1.9,1.9 1.9,1.9,2.0,2.0
1 ] ]
» 5 T " T
E al (d) mean distance Li" - OTFSI 33,51
2
c 3 2.0,3.1
®©
1}
£ 24
19,19 19,21
1 ] ]
1 2 3 4

n monomers

Fig. 4 DFT-computed coordination energies and Li*-O distances as a
function of the number of monomers n in the system. (a) Average
coordination energy per added monomer. (b) Specific coordination energy
for the added monomer. (c) Bond distance between Li* and n carbonyl
oxygen of respective monomer. (d) Bond distance between Li* and the
two (out of four) TFSI oxygens originally coordinated at n = 0.

TFSI oxygen, respectively, were studied as a function of n (Fig. 4¢c
and d). From these plots, it can be observed that the Li"
coordinates to both oxygen species in a similar manner and
with similar bond lengths to both oxygen species for both TMC
and CL complexes up to n = 3. Here, the bond distance between
the Li" and the carbonyl oxygen stays close to 2.0 (+0.1) A.
The two coordinated TFSI oxygens have similar bond lengths for
n =1 and 2, however, at n = 3 one of the coordinations are
significantly weakened and the distance to the Li" increases to
3.1 and 3.3 A in the TMC and CL complexes, respectively.
Then, when the fourth monomer is added, the coordination
environment changes again and differences appear. In the CL
complex, the double coordination of the Li" to the TFSI oxygens is
withheld, while the carbonyl oxygen of the fourth monomer does
not coordinate to the Li" and instead rotates to an outward-
pointing position from the complex. In the TMC complex, on
the other hand, a full coordination between all four carbonyl
oxygens and the Li* is withheld while the coordination to one of
the TFSI oxygens is disrupted with a bond length of 5.1 A and the
second is further weakened with a bond length of 3.3 A. Fig. S1
(ESIT) shows the coordination geometry around the Li* in the
LiTFSI + 4 monomer complexes.
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Fig. 5 Charge distribution of electrostatic potential of TMC (top), CL
(bottom). Blue colour indicates more positive charge and red more
negative.

Coordination in electrolyte systems fundamentally comes
down to electrostatic interactions between the ions and the
functional groups on the host material. The electrostatic
potential (ESP) atomic charges computed by the Merz-Kollman
scheme,"" indicate that the differing AE values can be
explained by differences in charge distribution. Fig. 5 shows
the contour surface of electrostatic potential of the monomers,
and the same for the TFSI anion can be seen in Fig. S2 (ESIT).
It can be seen from this that the TMC monomer is significantly
more polar while the ESP partial charges show that the carbonyl
oxygen is slightly more negative (—0.64¢) than that of the CL
(—0.59¢), which would explain the stronger interaction with
lithium ions. When coordinating to the Li* the charges shift,
but the same trend is still seen, and the coordinated carbonyl
oxygen obtains lower ESP charge values —0.68e in the CL
complex giving weaker electrostatic interactions as compared
to the TMC complex —0.78e. If the charges of the carbon
bonded to the carbonyl oxygen is also considered (being 0.79e
for CL and 1.22e for TMC, when coordinated to Li'), the
electrostatic force between the ion and the carbonyl group
can be calculated straight-forwardly using Coulombs law
(see eqn (S1) and Table S1, ESIt). The force was calculated to
be 2.22 nN for CL and 1.77 nN for TMC when using values for
charges and distances taken from calculations with 1 monomer
and 1 LiTFSI The electrostatic force therefore seems stronger

This journal is © the Owner Societies 2021
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for the ester system, due to the more positively charged carbon
in TMC. In such a calculation, however, the interactions
between monomers (or ligands) are not accounted for, in
contrast to the DFT-computed coordination energies. If one
only considers the Li" and oxygen interaction, it can be seen
that the carbonyl oxygen on the TMC is comparatively more
negative in both the non-coordinated and coordinated state
which would explain the more negative binding energies for
this monomer.

That the results from DFT calculations suggest that TMC
would coordinate stronger to the lithium ion, which directly
contradicts the measured transference numbers, indicates that
it can be problematic to use the AE value directly. In the
aforementioned study by Rosenwinkel et al., similar values
for T, for low-molecular-weight PCL and PTMC were found as
in this work. The interactions between the polymer and lithium
ion was then explored by NMR titration, in which a stronger
interaction was seen between the PCL and Li" as compared to
PTMC and Li", agreeing with the transference number trend.
Thus, while the individual oxygens in the ester seem to have a
weaker coordination to the lithium ion (as seen from the AE in
the DFT results; Fig. 4a), the total interaction that appears in
the full SPE matrix seems to be stronger in the ester than in the
carbonate electrolytes according to the transference numbers
and NMR studies.'* However, the reasoning so far has not
considered the effect of the coordination number. Even if the
coordination strength for the individual carbonyl oxygens in
PCL have a lower binding strength, a higher coordination
number may result in a higher total binding strength between
the lithium ion and ester groups. To determine the coordination
number, FT-IR spectroscopy was employed on PCL and PTMC
with and without 30 wt% LiTFSI, as well as on the respective
monomers. The coordination number was calculated using the
Ocarbonyi:Li molar ratio and the area of the two relevant peaks
(the coordinated and the uncoordinated carbonyl peak) at
around 1700 and 1730 cm™* for PCL and 1710 and 1740 cm ™ * for
PTMC."” According to these measurements, the coordination
number is significantly higher in PCL than in PTMC, as seen in
Fig. 6, being around 4.6 for PCL while it is only 2.8 for the PTMC.

——PCL
—— PCL with LiTFSI

——PTMC
—— PTMC with LiTFSI

CN=46 CN=238

Absorbance

L L L L

L L L L L
1900 1850 1800 1750 1700 1650

L
1600 1900 1850 1800 1750 1700 1650 1600

Wavenumber / cm™ Wavenumber / cm™

Fig. 6 FT-IR spectra for PCL and PTMC with and without salt. The red
dashed peak at higher wavenumbers corresponds to the uncoordinated
carbonyl while the blue dashed peak at lower wavenumbers corresponds
to the lithium-coordinating carbonyl peak. The calculated coordination
number for PCL is 4.6 and 2.8 for PTMC.
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The result from the measurements on the corresponding CL
monomer is slightly lower (3.7) but still comparable to that of
PCL, while the TMC shows multiple peaks which made the
analysis uncertain and the results are therefore inconclusive
(Fig. S3, ESIt). It was unfortunately not possible to determine a
coordination number for the TFSI ion since signals from the
polymers were overlapping with the TFSI peak, making the
fitting too uncertain. As a comparison, an FT-IR spectrum
of four monomer molecules together with one LiTFSI was
determined using DFT calculations and is seen in Fig. S4 (ESIf).
Multiple peaks are seen here as well, arising from the asymmetry
of the coordinated monomers where the combinations of in- and
out-of-phase C=0O stretching modes each result in slight shifts
of the total dipole moment of the complex.

To summarise these results, the observation from the DFT
calculations is that the carbonate has an inherently stronger
bond to the lithium ion than does the ester. AE/n in Fig. 4a is
always more negative for the carbonate than for the ester. In
contrast, when considering not merely the carbonyl oxygen, but
also the carbon atom of the functional group, it can be seen
that the electrostatic force is actually stronger in the CL system.
Furthermore, from the transference number and FT-IR mea-
surements, in combination with previously published results,"*
it appears that the polyester system should have a stronger
overall coordination to the lithium ion (see Fig. 3 and 5). DFT
does, however, only take enthalpy into consideration and not
entropic effects. This in combination with inherent differences
between a monomeric system and a polymeric system is some-
thing that needs to be considered in this context.

In a polymeric system, steric effects as well as chain
flexibility need to be accounted for, since they affect the
coordination chemistry and the possibility of exchanging
coordination sites for the cations during ion transport. For
example, Sai et al. showed that the addition of an ethyl side
chain can sterically block certain coordination sites, forcing the
Li" to coordinate to a nitrile group instead of the more strongly
binding ether groups, thereby achieving a lower transference
number.*® Here, it seems that by moving from a low-molecular-
weight system to a polymeric system, the importance of the
electronic interactions and strength of a single bond between a
carbonyl oxygen and a lithium ion is overpowered by steric
effects and, as the functional groups are connected to each
other, how many oxygens that can interact with the lithium ion.
The coordination number to Li" may thus to some extent be
affected by the molecular weight of the solvent. This explains
the deviations observed for low- and high-molecular-weight
analogues in this particular ester/carbonate system, but likely
also applies generally for many other SPEs as well. Yet another
property that may affect the coordination structure and ion
pairing in the polymer electrolyte system is the dielectric
constant. Previously, a correlation between coordination
strength and ion pairing has been observed,** but its inter-
relation with the dielectric constant remains unclear. The
resulting ion paring should, however, not significantly affect
the transference number, unless the ion clustering results in an
extensive formation of ion triplets. In a polymer system, steric
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effects may be more dominating than the electronic inter-
actions and the total binding strength is dependent on the
coordination number, while the coordination number in turn is
indeed not only dependent on the strength of the individual
ion-ligand bond but also other factors unique to polymeric
solvents.

Conclusions

In PCL-PTMC random copolymers with LiTFSI salt, the cation
transference number varies seemingly linearly from 0.49 for the
pure PCL to 0.83 for pure PTMC as the TMC content is
increased. While this implies stronger Li" coordination with more
ester groups in the electrolyte host material, DFT calculations
suggest otherwise and instead indicate a stronger coordination
strength between a carbonyl oxygen in the carbonate system and
Li* than in the ester system. The difference in binding strength for
the polymeric systems, leading to the observed trend seen in
the transference number measurements, instead lies in the
coordination number being significantly higher in the ester
system of the corresponding SPEs, rendering it possible for the
total coordination between several carbonyl oxygens and a lithium
cation to be stronger in the ester system. Thereby, it is seen that
even if a system possesses a specific individual binding strength
between a functional group and a lithium ion for low-molecular-
weight analogues, the steric properties and coordination number
in the resulting SPE must be considered in order to understand
the structure-dynamic properties of the macroscopic SPE system,
which may differ from the atomic-level picture.
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