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Systems containing lithium bis(trifluoromethylsulfonyl)imide (TFSI), nona(ethylene glycol) dimetacrylate
(EODM), and propylene carbonate (PC), or dimethyl sulfoxide (DMSO) in different concentrations were
studied usingH, Li, and ’Li and *3C 1D and 2D single quantum and double quantum filtered spectra, the
corresponding longitudinal, transverse, rotating frame®giar T2 relaxations, Raman spectra, and quantum
mechanical (MNDO up to ab initio SCF 6-31G and DFT) calculations. The mean, local, and exchange mobilities
of the lithium ion as well as the apparent equilibrium constants of coordination to EODM (two stages) and
the solvent were established. According to the study, the solvent in a gel electrolyte acts not only as a plasticizer
but also as a competitive ligand loosening the coordination bond of the lithium ion to the poly(ethylene
oxide) moiety. DMSO was found to be substantially more effective in this respect than PC.

Introduction lithium ions can be coordinated both to the plasticizer and to
the oligo(ethylene glycol) chairi§.We could, however, not

The possibility to use ion-doped polymers (polymer electro- yecide anything from those experiments about the dynamics of
lytes) as electrolytes in electrochemical devices, and in par- the |ithium ion coordination.

ticular, as a basis for high energy-density all-solid batteries has
been the driving force behind numerous investigations of such
systems:6 In power source applications, the polymer electrolyte
is required to have a high ionic conductance. The conductivity
depends directly on the coordination and mobility of the ions
present. Most work in the field of polymer electrolytes has dealt
with monovalent ions and, in particular, with lithium ions.
Interactions of the lithium cation with various ethylene oxide
polymers or oligomers and their various derivatives designed
as potential polymer electrolytes for industrial applications have
been studied both experimentally and theoretically It is well-
known that strong coordination of the lithium ion with poly-
(ethylene oxide) or its derivatives has desirable effects (good

solubility of the lithium salt) as well as undesirable (suppressed and after polymerization were found to be virtually identical,

mobility of t_he |0n)_and ha§_to _be finely tuned._ » This implied that the local coordination around the3Ndon

A way of increasing mobility is to add a plasticizing solvent ;g not change on polymerizatidh.lt was also found for the
such as propylene carbonate to the polymer, thus creating agysiem dealt with in this paper, that on polymerization the
polymer gel electrolyte. Following such a procedure the solvent ¢, rdination diminishes by around 20%, mostly due to steric
was originally expected to coordinate the cations fully or t0 @ pingrance introduced at the methacrylate cross-links. The local

great extent, decoupling them from the polymer network. This ¢qrdination of the cation remains the same as far as the FTIR
would enhance the ionic diffusion and thereby improve the spectra can revedl.

conductivity of the system. To preserve the mechanical proper-
ties of the polymer, e.g., when it is used as an electrolyte
membrane in thin film solid batteries, polymer gel electrolytes

consisting of a relatively rigid three-dimensional network of a

cross-linked polymer have been suggested. Cross-linked poly-
mers based on radiation-polymerizable oligo(ethylene glycol)
dimethacrylates have been one choice. We have earlier studie
the lithium ion coordination in such systems and found that the

In the present study, we turn our attention to the system of
nona(ethylene glycol) dimethacrylate (EODM) with lithium bis-
(trifluoromethylsulfonyl) imide (TFSI) and propylene carbonate
(PC) or dimethyl sulfoxide (DMSO) as a solvent or plasticizer,
designed as a precursor of a gel electrolyte. The advantage of
studying the system before its polymerization lies in the
possibility to utilize the powerful potential of high-resolution
NMR. Some changes in the behavior after polymerization and
cross-linking can be expected but the main features of the nature
and dynamics of coordination should remain, at least qualita-
tively, the same. In fact, in a recent study the effect of
polymerization on the coordination of metal ions in these
systems has been investigated. t¥s spectra of N&" before

The coordination of several metal ions, including lithium, has
been studied by computational methods. It was found that a
large number of different equilibrium coordination geometries
with small energy differences occt#8-20 To verify this for
the present system, we have performed quantum mechanical
Ocalculations on lithium ion coordination in an EODM model
system.
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rodt, Analytical reagent) and the oligomer nona(ethylene glycol) TABLE 1: Dynamic Parameters® of “Li Longitudinal
dimethacrylate (EODM, Aldrich) were dried wit3 A silica Relaxation in LiCl —PC—EODM Systems

molecular sieve. The salt lithium bis(trifluoromethanesulfonyl)- % PC 100 70 30
imide_was dried in a vacuum oven a_t 100 for 48 h, an_d all < 10°¢ 6.770.42] 12.3[1.13] 15.2[1.35]
chemicals were stored in a nitrogen filled drybox to avoid water 7, x 105 1.61[0.23] 2.41[0.42] 5.48[0.82]
contamination. The plasticizer content in the samples, expressed e [kJ/mol] 26.6[2.41] 22.96[2.39] 27.3[2.62]
as the weight fraction of plasticizer with respect to total weight 7 x 10°at300K  0.689[0.092] 2.4]0.18] 3.1[0.19]

of polymer and plasticizer, was varied between 0 and 100 Wt a grror Jevel in square brackets.

%. The samples so prepared were sealed into 5 mm precision

tubes containing a concentric sealed capillary witOs the this, the temperature dependencd pfor three different systems
locking substance. (200, 70, and 30% of PC in its mixture with EODM) was

NMR spectra and relaxatiortH, 13C, Li, and “Li spectra measured.
were measured at 300.13, 75.47, 44.17, and 116.64 MHz, The typicalT; values of’Li and °Li in the given system at
respectively, with a Bruker Avance 300 DPX spectrometer. One- 300 K are 0.4 and 8.3 s, respectively, whereas those of the
dimensional spectra were measured with @bints in a relevant protons are around 0.5 s. Considering the former values
quadrature detection; f#C and®Li, exponential weighting was in view of the ratios of the respective gyromagnetic ratios and
used before Fourier transform, the line broadening factor being quadrupole moments;(“Li)/ y(°Li) = 2.64 andQ("Li)/Q(°Li)
3.0 and 1.0 Hz, respectively. Homonuclear (COSY and NOESY) = 56.25, we can see that the relaxation mechanisnilfois
2D spectra were measured with 1024 points and 256 incrementsMostly quadrupolar although there is a small residual dipolar
using quadrature detection in f2 and zero filling to 512 points Part present, too. In the following, we consider justified to
in f1 dimension. Heteronuclear (HETCOR, HOESY) 2D spectra assume, as an approximation, a fully quadrupolar relaxation.
were measured with 1024 points and 128 increments with zero  The following expressict was fitted to the inverserecovery
filling to 256 points in the f1 domain. Sine weighting functions data:
were applied in both dimensions before Fourier transformation.
Static'H-~5Li NOE experiments were done wilel Seleciive L) = 1(O)(U5) expt-ryt) + (4/5) exptr0] (1)
saturation (field intensitw/27 = 8 Hz). TheT; measurements
were done in the usual inversiemecovery regime modified
by WALTZ decoupling during the whole sequence in the case -
of 13C. For T, measurements, the CatPurcel-Meiboom— r :X—C (2)
Gill sequence was useth, experiments were performed in the 1+ (iwrg2
rotating frame using a pulsed spin-lock, the effective intensity
of the applied locking field being calculated using the formula with y = (1/10)[1+(1/3)a?][€?qQ/h]?, a being the asymmetry
factor of the quadrupole coupling tensor aeéqQ/h the
w, = 7 [p/(p, + A)]/(2P,) quadrupole coupling constant. The correlation time was assumed
to follow an Arrhenius temperature dependence, i.e.

where { being subscript 1 or 2 in eq 1)

with p1, A, andP; being the applied pulse length, the delay —
between pulses, and the length of th& pulse at the given Te = Too ©XPE/KT) 3)
power level of the spin-lock field. For double-quantum-filtered . being an activation energy of the motion decisive for the
(DQF) spectra, the sequena¢2-ty/2-71-11/2-0-7o/2-71-72/2-0- relaxation process. The values gf 7c, and e fitted to
FID was used with a phase regime for DQF and the CYCLOPS ¢, erimental relaxation curves using egs 1 and 2 for the systems
phase cyclingd wasz/2 except for the pury® tensor where 51 given in Table 1. Their interpretation is not simple due to
0 was 54.72. In the case of,® relaxationz, was incremented, o different viscosity of the measured systems. Nevertheless,
the secondr pulse was omitted, anc; was 10Qus. Inthe case e can say that the correlation times obtained are somewhat
of T,® relaxation,z, was incremented, the first pulse was  |onger than expected for a simple rotational or translational
omitted, andr; was 100us. diffusion, thus indicating some role of exchange even in
Raman spectravere measured in the same samples using a |ongitudinal relaxation. The factomwoer. at 116.64 MHz,
Bruker IPS-55 FTIR spectrometer with the Raman module FRA- however, is in the interval 0.050.23, i.e., the extreme narrow-
106 ing condition is fulfilled and, consequently, relaxation is very
Quantum mechanical calculationsere performed in the  nearly monoexponential, the valueafhas a physical meaning
MNDO, ab initio SCF 3-21G or 6-31G(d) and DFT (B3LYP and its increasing value can be interpreted as a sign of a
functional) format using the Gaussian 94 program pacKkage. increasing mobility of the lithium ion. The quadrupolar coupling
The geometries of the molecules were fully optimized using y increases with larger concentration of EODM thus indicating
the gradient optimization routine in the program, and all the anexpected lower symmetry of Li coordination.
stationary states were verified by inspecting their Hessian. The With the values oftco and 7. obtained, it is permissible to

calculations were performed i@; symmetry. approximate eq 1 by
Results and Discussion () = 100) exp{ —[(s)ry + (Y)r ]t} = 10) exp-Ryt) (4)

1. 7Li Single and Double—Quantum Spectra and Relax- The temperature dependence Ry for the three systems
ation. In all systems containing LiTFSI (1-€8.0 mol/L), oligo- studied is shown in Figure 1. All three curves go through a

(ethylene oxide)-dimethacrylate (EODM), and propylene car- maximum shifted to a higher temperature with a higher EODM
bonate (PC) (1690% w/w PC),’Li NMR gives a single signal content. This is in agreement with the dynamic parameters in
with an almost perfect Lorentzian shape indicating that the Table 1. At 300 K, we are in the decreasing region, i.e., near to
extreme narrowingdor: < 1) condition is fulfilled. To ascertain  the “extreme narrowing” condition, for all the systems consid-
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Figure 1. Temperature dependence of e longitudinal relaxation
rate n a 1 mol/L LiITFSI solution in EODM-PC mixtures at the
indicated PC concentration (% w/w).
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Figure 2. The linear dependence d@fi Ty, on the square of the spin-
lock field intensity n a 1 mol/L LiTFSI solution in EODM-PC mixtures
at the indicated PC concentration (% w/w).
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Figure 3. Time evolution of’Li T,* (rescaled 1/8)T:% andT,® in a
1 mol/L LiTFSI solution in a 1:1 w/w EODMPC mixture.

1075 s, respectively, i.e., virtually the same considering the
expected experimental error. This value near to 0.1 ms shows
that there is lithium exchange even in the former case where
almost all lithium is coordinated by OEDM, according to
infrared spectrd! At the same time, however, it is at least 6
orders of magnitude longer than the usual correlation time of a
diffusional jump, i.e., the lithium ion exchange crosses a marked
energy barrier. Somewhat contrasting is the behavior of DMSO
as a solvent. For DMSO/EODM 3/7,7Tex = 0.84 x 107°s by

the same technique, i.e., the exchange is about 10 times faster
at the same temperature.

Considering the ratioe/r. O 10° for the PC-EODM system,
one should expect from the Lorentzian signal shape that either
the mobility of the lithium ion coordinated to EODM is
approximately equal to that solvated by PC or the former state
is less mobile but its effect is hidden in the signal. We examined
this possibility using double quantum filtered (DQIE) NMR
spectra. It is know# 28 that nuclei with spinl > %/, under
certain conditions can form multipolar states described best in
terms of irreducible spherical tens&r3° T; ! differing in their
rankj and ordeii. In the case of = 3/2 (such asLi), tensors

ered. This being so, the rotating-frame relaxation should obey T,2 and T;® develop in time from the normal transverse

the relatioR324

Aot
(M =(M) ' =Ty =—7— (5
e T At o)

where {Ty,)a is the actually measured relaxation timey is

the difference in chemical shift between the exchanging sites
w1 = y By is the intensity of the spin-lock field expressed in

rad/s, andrex is the mean exchange correlation time,

Tex_l = €0171_l + (szz_l (6)

7; being the meantime of the Li residing on thepopulated
ith site. Relation 5 can be lineariZéd

4 4Tex 2
(T )y=——+—ow @)
tera szrex Aw? '

The plot of (T1,)a againstw,? at 300 K for the systems

magnetizatiorT 11, the former under static quadrupolar interac-
tion (i.e., in a spatially anisotropic state), the latter, however,
even under isotropic conditions providing the motion, is slowed-
down beyond the extreme-narrowing condition. In other words,
T2 is a measure of therder of the system, whereag;® can

be used to detect nuclei inralatively immobilizedcstate. Both
T2 andT 2 can be detected by transferring them by/a pulse

"into the second-order statds? and T23, filtering Tt off by

the phase cycle and transferring the unobservable second-order
states (or double-quantum coherences, DQC) to the observable
T1! by another pulse and time delay. This procedure is referred
to as double-quantum-filtered (DQF) spectra.

Despite the Lorentzian signal shape and the approximately
fulfilled extreme narrowing condition, DQF spectra can be
obtained with 160 or more scans for the systems containing
less than 35% PC. The following analysis corresponds to 10%
of PC in the system but analogous results can be obtained with
concentrations somewhat higher (up to 35%). The longitudinal
relaxation is apparently monoexponentigl,= 0.231 s at 300
K. The transverse (or single quantum) relaxation is again

containing 30 and 70% of PC is shown in Figure 2. As seen apparently monoexponentiall, = 0.096 s. Such a large

from eq 7,7ex = (B/A)°®, B and A being respectively the slope

discrepancy could be due partly to the exchange, partly to the

and the abscissa of the linear dependence. The respective valuesiagnetic field inhomogeneity caused by the inserted capillary

of 7ex for the two PC concentrations are 5<110°° and 4.5x

with the locking substance. However, the existence of a DQF
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Figure 4. Relevant part of théH NMR spectra of LiTFSI solutions in a 1:1 w/w EODMPC mixture at the indicated LiTFSI concentrations.

signal indicates the relative immobilization of Li at its EODM
coordination site to be a factor, as well.

In examining the DQC behavior, we first varied the length
of the last two pulses in the sequerteéit 54.72, the magic

(EODM, without doubt), the lithium ion has a substantially
lower mobility. As EODM is in excess in this system and its
coordination ability is shown below to be substantially larger
than that of PC, the low absolute intensity of the DQF signal

angle, the signal almost completely disappears, i.e., there isindicates a marked interference of chemical exchange with this

almost no static quadrupole coupling and the contribution of
the second rank tens8rT 42 is negligible. Thus we were able
to follow the time evolution of the tensofE;3 and T, (T;!
meaning the tensor of thj¢h rank andth order) using ther/2
reading pulsésand adapting the pulse sequence accordiffg¥.
Figure 3 shows the time evolution ©f! (downscaled 16 times),
T,3, and T8 (the evolution time ofT ;% in measuringT ;% was

50 us, that of T;3 in measuringT,® was 15 ms). Neglecting
dipolar contribution to relaxatioff, the time development of
T3 andT 23 (3 andfz3?), respectively) can be expressgds

f3,.Y = (V6/5)[exp-Ry) — exp(Ri)] (8)

f322 = expR) 9)

with Rs = r1 + rp andR = rg + r1 with r; being defined in eq

2. The values ofR; and R obtained by fitting eq 8 to the
corresponding curve were 7.2 and 18.02, sespectively, that

of R obtained by fitting eq 9 was 18.10%i.e., in a reasonable
agreement with the previous result. It is easy to show that, for
g = Ri/Rs

.= {(5q — 9) + [(5q — 9> + 32q — )]"3}"%(v/8wy)
(10)

Taking the valueg = 2.514, we arrive at. = 1.63 x 107°
s at 300 K, i.e., a value 1 order of magnitude higher than that
obtained from the single or zero quantum relaxation. From this,

immobilization.

2. Structure of the Coordination Complexes: *H, 13C, 6Li,
and “Li NMR, Raman Spectra, and Quantum Mechanical
Calculations. In the systems containing the same amount of
PC and EODM, botiH and in particular3C spectra change
with increasing concentration of the lithium salt (Figures 4 and
5). An equally marked change can be observed under constant
lithium concentration (1 mol/L) with increasing PC content
(Figures 6 and 7). The most dramatic change can be observed
in the signals of the CHD protons and carbons except those of
the outer CHCH,O units bonded to the methacryloyl groups.
As shown in Figures 5 and 7, théC signals of the remaining
seven—CH,CH,—O— units gradually shift and fan out into a
variety of signals with changing intensities and positions
reflecting their changing involvement in the lithium coordina-
tion. As the first shift of these signals already appears at low
lithium concentrations (0-20.6 M, i.e., under large excess of
both PC and EODM) without any trace of the signals from
uncoordinated EODM, the observed patterns clearly reflect swift
chemical exchange and equilibration of the individual signals.

For N exchanging sites, the shift of the equilibrated signal of
thekth nucleusy is a weighted mean of the shifts corresponding
to the individual sites under no exchange, i.e.,

N
= Z PriVii (11)

(wherew; is the original shift of thekth nucleus at the site

one can conclude that at least at one of its coordination sitesand p; its relative population), provided that, for amyandj,
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Figure 5. Relevant part of thé3C NMR spectra of LiTFSI solutions in a 1:1 w/w EODMPC mixture at the indicated LiTFSI concentrations.
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Figure 6. Relevant part of théH NMR spectra of the 1 mol/L LiTFSI solutions in the indicated (% w/w) EOBRC mixtures.

27|vii — nigltex < 0.1 (zex being the exchange correlation time;  narrow). Inspecting systems with an excess of both PC and
the factor 0.1 at the right-hand side of this inequality is indicative EODM sulfficient for the population of uncoordinated oligomer
of the order of magnitude at which the signals coalesce andto be detectable, all nuclei in the inneiCH,CH,—O— units
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Figure 7. Relevant part of thé*C NMR spectra of the 1 mol/L LiTFSI solutions in the indicated (% w/w) EOBRIC mixtures.

should havelv — v > 50 Hz, i.e., 7ex< 3 x 1074 s. TABLE 2: Net *H—*5Li Equilibrium NOE Effects ® Ayoe in @

Comparing this value to the previously determined correlation %s(;em EODM-PC with 1.0 mol/L. LiTFSI and (a) 50 or (b)
. . 5 o wiw of PC
time of Li exchange of about & 107> s, we can thus conclude

that the changes in the CH,CH,—O— moieties are either Anoe

synchronized with the jumps of the lithium atom or do not lag o (ppm) a b
behind them to a very important degree. This conclusion is 3.645 0.02[0.005 0.06[0.005]
corroborated by théH and3C relaxation measurements dis- 3.521 0.15[0.003] 0.12[0.003]
cussed below. The dependence of both positions and intensities 3.488 0.11[0.003] 0.10[0.003]
of equilibrated signals on the relative populations of the 3.456 0.07[0.005] 0.08[0.005]

respective EXChanging sites (WhICh Change with increasing Li a Anoe = I/lp — 1, lp is the corresponding intensity in the unperturbed
concentration due to progressive saturation of coordination system; error level given in square brackets.

ability of both PC and the innermostCH,CH,—O— moieties

of EODM) makes the interpretation of tA&C spectra extremely ~ change in electron density in the bonding orbitals due to the
difficult. The following attempt is targeted at the system with vicinity of the lithium ion and the coordination bond of the
1.2 mol/L Li which clearly corresponds to the largest variety nearest oxygen to it. Utilization dH—7Li or H—5Li NOE as

of 13C signals. In this system, more than four PC molecules an evidence of this conjecture is not easy due to the relaxation
along with more than five inner oxygen atoms of EODM for rate and mechanism of both lithium isotopes. As we argued
each Li ion are still present, i.e., both types of ligands are able earlier, the relaxation dL.i in our systems is mostly quadrupolar
to coordinate lithium alone and compete according to their (i.e., relatively insensitive to NOE) whereas thaflofis mostly

coordination abilities. dipolar (i.e., NOE sensitive). Unfortunately, the low natural
First of all, mutual exchange between the obsei#€dksignals abundance of botHC and®Li exclude the use offC—*5Li NOE

of the CHO groups was examined by both 28C NOESY leaving thus the use of NOE from the much less resolved proton

and 1D selective-saturation experiments (sitizis of natural resonances as the only possibility. Because the differente in

abundance, the probability of twiSC nuclei in one molecule  values betweedH and®Li were too large for a successful 2D

is about 104, and direct as well indiredC—13C NOE effects IH—5Li HOESY spectrum, we used 11-selective-saturation
were excluded). No exchange between observed signals wasxperiments (Table 2). The difficulty of this experiment is in
detected unequivocally, i.e., all the signals correspond to the fact that half-widths (3:55.2 Hz) of the incident proton
exchange equilibration of sites which we are not able to observe signals are comparable to their separation 13 Hz) so that
directly. Notwithstanding this, the changelf and'3C spectra an effective signal saturation always affects the nearest signal,
under growing Li concentration indicates that the lower field too. In a viable compromise, we used a saturation field with
proton and higher field carbon signals of the inner,OHjroups of about 7 Hz, which gives a measurable effect with minimum
correspond to atoms strongly affected by Li. We propose that perturbation of the other signals. The results show clearly that
the corresponding shift dH and*3C signals is not due merely  the relatively low-field signals of the inner GB groups (3.52

to a different conformation of the incident bonds but also to a to 3.49 ppm) exert the strongest NOEPLa, i.e., correspond to
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1.2 mol/L LiTFSI solution in the 1:1 (w/w) EODMPC mixture.

4_4! ppm

1.0
F1.5
0
\
2.0
2.5
3.0
%
) 3.5
@
D 4.0
@ \ ¥
0 La.5
o
T T T T T
0.4 0.2 0.0 -0.2 -0.4 ppm

Figure 9. Relevant section of théH—"Li HOESY spectrum of the
1.0 mol/L LiTFSI solution in the 3:7 (w/w) EODMPC mixture.

protons in nearest statistical vicinity to the lithium atom. Now,
in a 2D 1H—13C HETCOR spectrum (Figure 8), one can see
that the highest field!3C signals correspond to the same Figure 11. Two of the locally optimum geometries of the'i=-EODM
situation, i.e., to the CEDCH, groups directly involved in the 1:1 and 2:1 coordinated structures according to MNDO.
coordination. every signal should be a result of fast equilibration between all
From inspection of the proton spectra under increasing Li sites present unless some exchange paths were excluded. Except
concentration from 0.8 to 1.8 M, we conclude that there are the outer CHCH,O groups directly attached to the methacryloyl
three different kinds of the inner GB groups appearing in  groups, which have quite separate signals, we have 16 different
gradually changing relative populations. The shape of these CH,O carbons in EODM, ignoring symmetry. The spectra for
signals indicates either an essential equivalence of the vicinalsamples between 0.6 and 1.4 M Li indicate an even larger
protons in the corresponding O@EH,O groups (i.e., symmetry  number of signals with varying intensity and line width. We
of their vicinity) or their effective decoupling due to fast are thus forced to conclude that several coordination forms
exchange. In the latter case, each of these signals would resultoexist in the system, all of them exchanging rapidly with the
from a dynamic equilibration. A perceptible shift of its position uncoordinated molecules but some of them unable of even
would be expected with its changing relative intensity unless relatively slow mutual exchange. The gradual splitting of the
each of the three main signals results from an independent'3C signals of the ester G groups at higher lithium
equilibration. Apparently, the latter is indicated for the lithium concentrations points to the same conclusion.
concentrations from 1.2 to 1.8 M. An interesting twist is offered by the system containing 1.0
The complexity of the corresponding regions of tHe€ M Li at the PC/EODM weight ratio less than 0.5. As already
spectra is remarkable. As no slow exchange has been detectedndicated in Table 2, the esterOCH,—CH,0 protons have a
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coordinated state at 70 and 50 % PC, respectively, i.e., this
coordination increases with increasing relative PC concentration.

All these observations indicate an increasing involvement of
the methacrylate group in the lithium coordination at PC
concentration increasing over 50%. In principle, such a phe-
nomenon could be due to three different causes: (i) PC as a
medium promotes a coordination form involving one of the ester
groups; (ii) PC at its higher concentration shares coordinated
lithium with EODM and the most stable form of the mixed
complex involves ester coordination, (iii) the EODM molecule
can coordinate two lithium ions (which happens at low
concentrations of EODM), one of them being bound partly to
the ester group.

Of these possibilities, the quite strong cross-peaks between
the PC protons and Li in the HOESY spectrum (Figure 9) along
with those of EODM protons seem to support case (ii). However,
any attempt to deteétHH—'H NOE between PC and EODM by

K NOESY (including a weekend experiment) failed. This dimin-
Fi_gure 12. Two locally optimal geometries of the ticoordination ishes the probability of (i) although it cannot be regarded as a
with the methyl ether of hexa(ethylene glycol) methacrylate. real refutation considering the steep® dependence of NOE
marked NOE offLi, in contrast to lower PC concentrations. In  and the geometry of the hypothetical complex.
a lH—'Li HOESY spectrum shown in Figure 9, NOE cross- Regarding (iii), one has to consider the fact that the number
peaks appear not only for inner @Bl but also for both types  of EODM molecules per lithium ion is less than one above
of OCH,—CH,0 ester protons and even for the methacryloyl 43.9% and less than one-half above 75.0% of PC. In other
methyl signal (cross-peaks with arrows). This is in contrast to words, in the case of a large coordination preference of EODM
HOESY spectra of an equal humber of scans measured withagainst PC, some of the EODM molecules have to coordinate
50% and lower concentrations of PC. A detectable though slight two lithium ions above 43.9% of PC. We examined this
shift can be observed for both OGHCH,O ester carbons as  possibility by quantum calculations. EODM is too large for any
well as for the ester carbonyl signal. In Raman spectra (Figure precise method, but according to our MNDO calculations, two
10), a clear broadening or shoulder on the ester carbonyl bandlithium ions are easily coordinated by one EODM molecule.
(1717 cn1?l) associated with the presence of LITFSI can be The system offers quite a variety of local energy minima so
observed at PC contents higher than 50%. From differencethat, considering also the possible artifacts of the MNDO
spectra, 23 ah 6 % mol of the ester groups are in the method, the exact energy balance is scarcely attainable. As
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f

shown in Figure 11, however, the form including exclusively of the spectra in the interval ef from 1/9 to 25/75 where the
inner oxygen atoms as well as that including the ester group is pattern is analogous but the shift of the signals is changing is
predicted to be relatively stable. To gain a somewhat more exactin accord with this interpretation. The same conclusion follows
idea of the stability of different coordination sites at the EODM from the above’Li rotating-frame relaxation measurements
molecule, we performed state-of-the-art calculations at the ab showing the exchange between EODM and DMSO to be about
initio SCF 6-31G and the DFT level. As the EODM molecule 10 times faster than that between EODM and PC.
was too large for such a treatment, we used the methyl ether of 3. Analyzing the Coordination Equilibria Using *3C NMR
hexa(ethylene glycol) methacrylate as a nearest model. Geom-Relaxation. Let us assume the existence of only two different
etry optimizations were performed at the HF level using the states of the solvent, namely free and coordinated. Under fast
3-21G basis set. The energies of the optimized systems wereexchange (warranted by the gradual change in the relative shift
finally evaluated at the DFT level of theory (B3LYP/6-31G*//  of the solvent signals in the mixtures containing their increased
HF/3-21G). The optimal geometry of the two alternative fraction), we can use the following relation for the experimental
coordination sites are shown in Figure 12. The complex with relaxation timeT;:
purely oxyethylene coordination sites (A) is energetically more
favorable by 7.0 kJ/mol in comparison with ester-involving (B) T, =T '+ (L= @ITee (12)
coordination sites. We thus see that the two sites are quite
comparable in stability. The reason we do not observe site B atwheregs is the molar fraction of the uncoordinated state in the
higher EODM concentrations must be purely statistical: there total solvent,Tis and Tyics are the relaxation times in a pure
are four sites A and at least 6 analogous, only slightly less stablesolvent and in the coordinated state, respectively. Fromdhis,
coordination sites in a EODM molecule for one lithium ion.  can be extracted:

The system behaves quite differently if it contains DMSO
instead of PC. As shown in tHél and in particulat*C NMR (Tis— TidTy
spectra in Figures 13 and 14, respectively, there are mere traces $s= W (13)
of EODM coordination at the DMSO/EODM ratio = 3/7. At 1 Tledls
o = 1, EODM appears to be completely stripped of lithium
ions. The spectra clearly reflect more than a simple competition
between EODM and DMSO. As seen in Figure 14, a quite
dramatic change already appears.at 5/95, i.e., at 0.58 mol/L
of DMSO. As at least four DMSO molecules are needed to

Assuming now than molecules of the solvent coordinate
one Li with an equilibrium constaris whereas one ligand
molecule can coordinate one or two ions with the constints
andKj,, we can write:

coordinate the lithium ion completely, less than 15% of the full 1 - @)C C C
lithium content can be permanently coordinated to DMSO, KS:—S; = ! D K, = L (14)
which as such should not affect the spectrum in such a N 'CJ'Cy i CirCri CiCu

substantial way. Evidently, there must be a very fast exchange
between the EODM and DMSO coordination sites. The change whereCs, C;, C;, Cit, andCy; are the molar concentration of
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Figure 15. Fitted experimental values of the free solvent molar fractions obtained i@, relaxation data of 1 mol/L solutions of LiTFSI in
PC @) and DMSO ®). The O points indicate the results obtained from Raman spectra.

the solvent, the ligand complex with one and two coordinated approximated by the Debye relation

ions, the free ligand, and the uncoordinated Li, respectively.

After elementary manipulations, we arrive at the implicit T, = 4aer377/3kT (18)

equation forgs:

whereRy is the rotational diffusion profile of the moleculsg,

is the viscosity,k is the Boltzmann constant, and@ is

temperature. At extreme narrowing, the longitudinal relaxation

rate 1T, is approximately proportional tor and thus taj. In

with the LITFSHEODM-solvent mixture, the TFSI anion can be

expected not to interact with any other part of the system in a

1-9) way seriously affecting its mobility. Accordingly, the relaxation

— (15a) of the four lines of its CE groups in the3C NMR spectrum

nps Cs™ Ky should depend only on the viscosity of the system. It can thus

be used for normalization of the relaxation times of all other

signals to the chosen standard viscosity. We used the normal-

izing relation between the experimental relaxation tifpg and

the normalized ond;

(1= ¢)Cs _ KGEI + 2Ky8)

n 1+arpe

E=

whereC, andC; are the total molar concentrations of the ligand
and the lithium salt, respectively. Equation 15 has to be solved
numerically but can serve for optimizing the parametens,

K1, andKo.
In the case the solvent forms a mixed complex with lithium T, =T T1dT (19)
. . .. ey 1 lex'1 1C
and the ligand in the sense of an additional equilibrium
c where Ty and Tic are the relaxation times of the central £F
K. = Il (16) signals n 1 M solution of LiTFSI in the given pure solvent
CiCi G and in the actual system, respectively.

The molar fractions of the pure solvent obtained using eqs
the analysis is even more cumbersome and leads to the implicit13 and 19 and the curves obtained by fittidg K1, Ko, andn

equation using eq 15 are given in Figure 15. In the case of PC, the

relaxation of both carbonyl as well as methyl carbons were used,

nC,o — (1 +o)(1 - ¢)Cq whereas methyl carbons were available only for DMSO. Since
CJK, +BCY(1 — ¢) — BC,; the best value of obtained both for PC and DMSO was near

4, n was fixed to this value and the remaining three parameters
¢ —{¢* — 48Cdno(C; — C) + (L + 0)(1 — ¢)CJ} ™™ ~0 were refitted. The optimized values i, K1, andK; are given
28C, in Table 3 together with the values Kg obtained using eq 17.
(17) As one can see, the method is not very sensitive to the
differences between the two models so that ev&relaxation
where¢ = (Ci — CL)Cgqp + no, 0 = Kp"CS", f = KiK3 ¢, the could not give the ultimate answer to the question why the ester
other symbols being the same as above. groups of EODM participate in the lithium coordination at
The difficulty arising with the use of eq 13 is the marked higher relative concentrations of PC. Furthermore, in view of
dependence of the relaxation tinie on the viscosity of the the approximation contained in eq 19, the valueKasbtained
system increasing with the decreasing content of the solvent.in this way must be considered to be indicative only. Notwith-
To overcome this problem, we used the following approxima- standing this, the semiquantitative conclusion can be made that
tion. The correlation time of the rotational diffusion can be the effectiveness of DMSO as a ligand is comparable to that of
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TABLE 3: The Values of Equilibrium Constants? Obtained (3) Mac Callum, J. R., Vincent. C. A., Ed®olymer Electrolyte
from Relaxation Measurements and Mathematical Models Reviews 1 Elsevier Applied Science: London, 1987.
Excluding (a) or Including (b) Mixed Coordination (4) Callum, J. R., Vincent, C. A., Ed®olymer Electrolyte Reéews
PC DMSO 2; Elsevier Applied Suer?ce. London, 1989.
(5) Grey, F. M. Solid Polymer Electrolytes: Fundamentals and
a b a b Technological ApplicationsVCH Publishers: New York, 1991.
Ks 2.6[0.5] 2.8[0.5] 33.7[0.8] 34.2[0.9] (6) Bruce, P. G., EdSolid State ElectrochemistrZambridge Uni-
Ky 26.4[0.9] 28.3[0.9] 24.9[1.1] 27.1[1.3] versity Press: Cambridge, 1995.
Kz 16.8[1.1] 14.9[1.2] 14.7[1.3] 13.3[1.3] (7) Reiche, A.; Tbke, J.; Siury, K.; Sandner, B.; Fleischer, G.;
Ks 3.8[0.6] 7.8[0.6] Wartewig, S.; Shashkov, Solid State lonic4996 85, 121.

(8) Blint, R. J.J. Electrochem. S0d.997, 144, 787.

(9) Wang, Z.; Huang, B.; Wang, S.; Xue, R.; Huang, X.; ChenJ L.
. L . Electrochem. Socl997, 144, 778.
EODM and substantially larger than that of PC. This is quite (10) Forsyth, M.: Meakin, P.: MacFarlane, D. R Mater. Chem1997

in agreement with the qualitative conclusions obtained from the 7 1g3.
patterns of NMR spectra. It has to be noted that a similar  (17) Huang, w.; Frech, R.; Johansson, P.; LindgreBlektrochim. Acta
superiority of DMF over PC has been observed in plasticized 1995 40, 2147.

aFitting errors given in square brackets.

polymer electrolytes? (12) Gejji, S. P.; Johansson, P.; Tegenfeldt, J.; LindgreiGaimput.
Polym. Sci.1995 5, 99.
Conclusions (13) Ferry, A.; Oradd, G.; Jacobsson JPChem. Phys1998 108, 7426.

According to our results, EODM offers several different loél%ggf“'amson’M'J';Souma"’l P.; Ward, I. M. Chem. Phys998

coprdination sites for t_he lithium ion Which_ are in_ a s_wift if not (15) Abbrent, S.; Lindgren, J.; Tegenfeldt, J.; Wefid#joElectrochim.
quite free exchange with the solvent. Their relative importance Acta1998 43, 1185.

depends on the nature and relative concentration of the solvent, (16) Bernson, A.; Lindgren, Bolid State lonic4996 86—88, 369
DMSO being a substantially better ligand than PC. The mobility 372.

of the lithium ion resident on EODM is markedly reduced in (17) Abbrent, S.; Lindgren, J.; Tegenfeldt, J.; Forneaux, J.; Weéndsjo
comparison to its mean value in the system. At lower concentra-A- J- Electrochemical Sod99Q In press. _

tions of PC (less than 35%), relatively immobilized lithium ions |on(i<1:§)1§82asnesf§§' ZPQ;GGJJ" S. P.; Tegenfeldt, J.; LindgreSpld State
occur with residence times 19s or higher, which are eventually (19) Johansson’ b 'Te enfeldt, J.; Lindgren).JPhys. Chem1998
exchanged with more mobile sites. No permanently immobilized 105 4660-4665. 9 e HNAGTEnZAYS.

ions could be detected by our methods. This indicates that the (50 jonansson, P.; Tegenfeldt, J.: Lindgre®alymer 1999 In press.
favorable mfluence of t.he_ solvent. on the performance of a.gel (21) Schmidt, M. W.: Baldridge, K. K.; Boatz, J. A Elbert, S. T.;
electrolyte is not only in its plasticizing effect but also in itS  Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
ability to losen the coordination of the lithium ion by the poly- Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.Comput. Chem.

(ethylene oxide) moiety. DMSO is again more effective than 1993 14, 1347.
PC in this respect. (22) Bull, T. E.J. Magn. Resonl972 8, 344.

(23) Deverel, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18,
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