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% Check for updates Solvation dynamics critically affect charge transport. Spectroscopic

experiments and computer simulations show that these dynamicsin
aqueous systems occur on a picosecond timescale. In the case of organic
electrolytes, however, conflicting values ranging from1to several

100 picoseconds have beenreported. We resolve this conflict by studying
mixtures of an organic polymer and a lithium salt. Lithium ions coordinate
with multiple polymer chains, resulting in temporary crosslinks. Relaxation
of these crosslinks, detected by quasielastic neutron scattering, are directly

related to solvation dynamics. Simulations reveal abroad spectrum of
relaxation times. The average timescale for solvation dynamics in both
experiment and simulation is one nanosecond. We present the direct
measurement of ultraslow dynamics of solvation shell break-up in

anelectrolyte.

lon transport and reaction rates in electrolytes are governed by the
relaxation rate of the molecules surrounding the ions'>. The term
‘solvation’ generally applies to the immediate neighbourhood of an
ioninadilute liquid electrolyte; in this limit, the neighbourhood is
dominated by solvent molecules, hence the termsolvation. Ithas long
been recognized that these environments are dynamic in nature due
to both inertial effects and translation of the solvent molecules away
fromthe solvation shell. The structure of solvation shells can be studied
by a variety of experiments*® including vibrational spectroscopy’,
nuclear magnetic resonance'® and X-ray scattering”. Confidence in
our understanding of the structure of solvation shells is bolstered by
the agreement between molecular dynamics (MD) simulations and
experiments'> ™, The break-up of solvation shells occurs due to a col-
lection of relaxation modes, and we use the term ‘lifetime’ to quan-
tify the characteristic timescale of the dominant modes. In the case
of aqueous electrolytes, both experiments and theory confirm that
this timescale is in the 1-10 ps range™ . However, the timescale for
the motion of organic molecules in the vicinity of ions remains under
debate. Using two-dimensional infrared spectroscopy, picosecond
spectral dynamics have been observed in many organic electrolytes™® 2%,

whichisinterpreted as achemical exchange of solvent molecules sur-
rounding a mobile cation. Corroborated by MD simulations of spec-
tral dynamics, the features in two-dimensional infrared spectroscopy
were attributed to the timescale of solvation. By contrast, Derekaetal.
recently used two-dimensional infrared spectroscopy to study abroad
selection of cationsin acetonitrile and demonstrated that the spectral
dynamics of two-dimensionalinfrared spectroscopy are solely aresult
of intermolecular vibrational energy transfer®. The lower boundary of
solvationlifetimeisinstead several hundred picoseconds. This conclu-
sion is also supported by MD simulations that directly quantify the
solvent exchange time”~",

Lithium salts dissolved in organic solvents have received con-
siderable interest due to their relevance in rechargeable lithium bat-
teries, wherein the rate at which these batteries can be charged and
discharged depends directly on the solvation timescale. In addition
to liquid electrolytes, there is considerable interest in both inorganic
and polymericelectrolytes, asthey may enable fundamentally different
battery chemistries with higher energy densities and improved safety*.
The purpose of this study is to present a new approach for measuring
solvation dynamics in a polymer electrolyte based on quasielastic
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Fig.1|PPM polymer and Li* solvation structure. a, Chemical structure of
PPM polymer. b, Typical solvation structure of Li* in PPM represented by the
ball-and-stick model. Li* is shown as ablue sphere, the solvation cage is shown as a
large transparent sphere and oxygen atoms within the cage are showninred.
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neutron scattering (QENS). When considered in conjunction with
computer simulations, our results demonstrate that the timescale for
motion of the polymer segments in the neighbourhood of a lithium
ionisonthe order of1ns, atimescaleideally suited for QENS. Thisisa
direct measurement of ultraslow dynamics of solvation shell break-up.
We use our validated computer simulations to estimate the solvation
timescale as a function of chain length down to the small molecule
limit. We obtain a value of 0.22 ns, consistent with the lower bound
presented in the literature®.

Our electrolyte is a mixture of a lithium salt, lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI),and a polymer, poly(pentyl malonate)
(PPM), shownin Fig. 1a. The electrochemical properties of this electro-
lyte are summarized in Supplementary Section 4. The dominant solva-
tion environment of lithium ions comprises oxygen atoms from two
different PPM chains (and an anion)®, as shown in Fig. 1b. One may view
thelithiumionasa crosslink that temporarily binds two polymer chains
together. In other words, the lithium ions create reversible crosslinks
within the electrolyte. It is natural to conclude that the formation
and breakage of the lithium solvation structure, that is, the solvation
dynamics, are identical to the crosslink dynamics. The dynamics of
polymer chainsin the presence of temporary crosslinksis a subject of
continuing interest****, mainly due to their effect on the rheological
properties of associating polymers, vitrimers and physical gels. Models
that describe this motion serve as a foundation for interpreting the
simulations and QENS data obtained from our polymer electrolyte.

Our experimental approach rests on the determination of the
time dependence (¢) of the mean-squared displacement (<r§>) of the
polymer segments by QENS on segmental (10 A) length scales®®*°. In
the absence of temporary crosslinks, the motion of polymer chains
on the segmental length scales is governed by the Rouse model* ™,
which obtains (r2(6)) « £/2. At high enough salt concentrations,
we obtain signatures corresponding to the ‘sticky’ Rouse model. We
use MD simulations to interpret the QENS data and elucidate the
relationship between the segmental dynamics and the lifetime of the
solvation structure.

QENS is ideally suited for measuring motion induced by thermal
fluctuations because the energy of neutrons is comparable to the
thermal energy kT (kis the Boltzmann constant and Tis temperature),
whichisinthemillielectronvolt range. The large incoherent scattering
cross-section of hydrogen dominates the signal from these experi-
ments, allowing QENS to capture the motion of PPM segments with
many hydrogen atoms. To obtain these measurements, we used the

Backscattering Spectrometer at the Spallation Neutron Source at Oak
Ridge National Laboratory**. We collected dataat 363 Kand 30 K. The
latter dataset was used to determine the instrument resolution func-
tion. Toagood approximation, the magnitude of the scattering vector,
Q, is given by Q = 41sin(6/2)/A;, where @ is the scattering angle and 4;
is the wavelength of the incident neutrons (Supplementary Section 6
for details). The narrow resolution function of our instrument enables
the detection of energy changes of the scattered neutrons, E, in the
microelectronvolt range, and the accessible Q window is commensu-
rate with the length scale of PPM segments (Fig.1). In Fig. 2a, we plot the
incoherent structure factor S;,.(Q,w) as a function of energy transfer
E = (h/2m)w obtained from a series of PPM/LiTFSI mixtures, where h is
Planck’s constant and w is the angular frequency. The concentration
of the electrolytes is specified by r, the molar ratio of lithium ions to
oxygenatoms from PPM chains. This measure of concentrationis con-
venient as it provides ameasure of theratio of lithiumions to polymer
segments (each segment contains four oxygen atoms). In Fig. 2a, we
see acharacteristic narrowing of the QENS spectraas afunction of salt
concentration, indicative of a slowdown in segmental dynamics as a
function of added salt.

Analysis of the QENS data is facilitated by transforming S;,.(Q,)
into the time domain. We accomplished this using Mantid (v.51), a
program provided by Oak Ridge National Laboratory®. In Fig. 2b,
we show §;,.(t) on a semi-log plot. A simple decay is observed in the
salt-free sample and in electrolytes with r < 0.04. However, a new fea-
ture emerges in electrolytes with r > 0.04 at timescales larger than
0.4 ns. The connection between QENS and solvation dynamics was
enabled by the serendipitous discovery of this new feature.

In the limit of sufficiently small Q, the time dependence of the
mean-squared displacement of polymer segments, (rﬁ(t)), can be
determined from the transformation of S;,.(Q,w) in the time domain:

_ -Q@ s
Sine (Q.0) = exp | —= (r3(0))|. 00

The accuracy of thisapproximation decreases with increasing Q,
hence our choice of alow Q = 0.5 A for data analysis.

In the subdiffusive regime, the motion of polymer segments is
governed by Rouse dynamics*** and <r§> isproportional to /2. Tofocus
onthesubdiffusive processesin PPM, we examine the Rouse parameter,
which we define as <r(21> /62, as a function of ¢ (Fig. 3a). In a salt-free
system (r=0), the Rouse parameter is more or less consistent with the
standard Rouse model describing the motion of polymer chains* ™,
In the 0.25t0 0.60 ns time window, the Rouse parameter shows a pla-
teauas expected, anditincreases at longer times as the crossover from
the subdiffusive to the diffusive regime begins. The diffusive regime,
which we estimate to be observed on timescales of 5,000 ns, is well
outside our experimental window (Supplementary Section12). At early
times (¢ < 0.25 ns), the measured Rouse parameter increases with time,
afeature that is not consistent with the Rouse model. It appears that
the <r§> versustscalingexponent at very early timesis larger than that
predicted by the Rouse model. We are unable to provide a definitive
explanation for the very early time observations. As salt concentration
increases beyond r=0.04, the Rouse parameter inthe ¢ > 0.25 nsregime
deviates notably from the standard Rouse model. In this regime, we
observe a decrease of <r(21> /62 followed by a plateau, which is seen
clearly at r=0.10 (marked as P,) and then a subsequent increase. The
reduction of the Rouse parameter in PPM at high salt concentration
resembles the effect of temporary crosslinks on chain dynamics in
associating polymers, as described by the ‘sticky Rouse model™*>>*¢,
Inthis model, the (ré) « t/2regime gives way to anew regime wherein
<r(21> /4 due to the slowing of polymer segments as they interact with
the stickers. This resultsin asuppressed plateau that reflects sticker—
segment interactions. On timescales much larger than the sticker
lifetime, the <r§> versus tscaling exponentincreases dueto acrossover
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Fig.2|Structure factors obtained by QENS. a, Normalized incoherent structure factor S;,.(Q,@)/Siucmax(Q,®@) (Sine.max(Q,@) is the maximum of the structure factor),
inthe frequency domain, plotted as a function of incident energy of the neutrons, £, at Q= 0.50 A and 363 K. b, Corresponding structure factor in the time domain.

a QENS b Simulation ¢
1.6 1.8 1.8
. r=0 |
.
" 0.01 |  QENS
15 f = ' P //5-5-2_ . = Simulation
’ P1 . - A 1.6 s = = s sassses \
5 O‘Ol...I" AA Q: A a AAAAAAAAAM/ e .\
Ty LLLL a Ty 0.04 & "
cotaf ="t 0.0 i < : B . K
= ‘AAAAA'AgAAAAAA S o1a i \‘ \
& & 1 0.06 = g Y b
E3 = = Y e e = L
= 0.04 = . [ \
L 13fa <« Sy RS LT 0.08 o o u
2 0.06 " 2 2 b ——— & TR
jo)) 4444qgq < N < <4 ()] ’»,, - °
° AR R RRIPRL R L - e 0.10 12 o
$ete,, 008 < 12 r=00] —— : =
12 f *,0- XS ®
b * . o€ P, P
. P00, 0008 I LA 1 L
. >’»»,9.10 *r o 135 ™ ~
> ¥ P gy > % 0 5 10 15 20
11 i ! ] 14 L (ns) i | 10 L : 3 ; . .
0] 0.2 0.4 0.6 0.8 1.0 ] 0.3 1.0 3.0 10.0 ’ 0o 0.02 0.04 0.06 0.08 0.10
t(ns) t(ns) r

Fig.3|Segmental dynamics determined by QENS and simulation.

a,b, Evolution of the Rouse parameter <r§> /tY2as afunction of time ¢tin QENS (a)
and MD simulation (b). The grey shaded regions in adenote regimes with
substantial uncertainty due to proximity to the high and low energy transfer

boundaries of the QENS instrument. P, in a and b marks the plateau value.
Theinsetin b shows the Rouse parameter on alinear timescale for r = 0.10.

¢, Comparison of plateau values obtained by QENS and simulation as a function
of salt concentrationr.

to the diffusive regime. In our system, the temporary crosslinks are
created because the solvationstructure surrounding Li* ions comprises
segments belonging to different chains, as depicted in Fig. 1b.

We next employ MD simulations to elucidate the underlying
mechanisms of the observed temporary crosslinks. MD simulations
were performed in the NpT (constant pressure p; constant tempera-
ture T; constant particle number N) ensemble based on the all-atom
optimized potentials for liquid simulations (OPLS-AA) force field
(Supplementary Section 7 for details). The segmental motion of
polymer chains was analysed by calculating the mean-squared dis-
placement of hydrogen atoms on the chains, as they dominate the
QENS signal due to their large incoherent scattering cross-section®’.
Figure 3b depicts the computed Rouse parameter as a function of
time. Qualitatively similar signatures of QENS are observed in simula-
tion, including the dynamics of free chains in a salt-free system and
signaturesrelated to the presence of temporary crosslinks at high salt
concentrations (r > 0.04). The simulation results also capture the evo-
lution of the plateau values (P,) as salt concentration increases. While
the absolute values of P, obtained in experiments and simulations are
not in perfect agreement, their dependence on salt concentration

is similar. This is shown in Fig. 3c, where P, values obtained by QENS
and simulation are plotted as a function of salt concentration. The
maximum difference between theory and experiment is about 10%.
However, the timescales of the plateau regimes, which signify the
presence of temporary crosslinks, are larger in the simulation com-
pared to the experimental observations. This discrepancy could
be attributed to the limitations of the atomic models used in the
simulation, which do not account for factors such as polarizability.
Thereisalso alack of agreement between theory and experiment at
very short times (¢ < 0.2 ns). Neither the Rouse theory nor the MD
simulations provide areason for the observed dynamics at very short
times. Overall, the simulations are consistent with many of the key
experimental observations.

Thelifetimes of temporary crosslinks can be precisely quantified
insimulation owing to the high resolution of <r(21(t)> dataasafunction
of time. Figure 4a illustrates the determination of two characteristic
times, denoted as 7; and 7, at a salt concentration of r= 0.10. 7, repre-
sents the timescale at which the plateau regime begins, while 7, indi-
catesthe completion of the plateau regime and the subsequentincrease
inRouse parameter. We determined r; and 7, at all salt concentrations,
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Fig.4|Solvation dynamicsin the presence of temporary Li* crosslinks.

a, Aplot of the Rouse parameter ((rﬁ) /t/2) as a function of time obtained by
simulation at asalt concentration of r = 0.1. Timescales 7, and 7, are defined as the
intersection between the two fitted lines and the plateau (the horizontal dashed
line). b, Comparison of different timescales as a function of salt concentration,

r; 7,isthe average lifetime of the solvation structure, and 7y y is the fastest Rouse
relaxation time of the PPM chains. Data are presented as mean values from
fourindependent simulations and error bars denote the standard deviation.

¢, Probability distribution of the lifetime of the solvation structure at r = 0.10. The
inset shows the schematic illustration of the solvation structure surrounding the
Li*ion thatacts asacrosslink. The lifetime is defined as the duration of one
monomer that stays within a given crosslink. The timescales at r = 0.10 obtained
from simulations—the average solvation lifetime (z,), and that at the start of the
Rouse plateau (r,)—are compared with the experimentally measured time at the

start of the Rouse plateau (r?ENS).

as depicted in Fig. 4b. Both 7, and 7, increase monotonically with
increasing salt concentration.

The characteristic times identified above are related to dynamic
processes occurring on the segmental level. The formation of a tem-
porary solvation cage structure slows the motion of associated seg-
ments. Each solvation cage consists of oxygens from different chains.
A monomer is considered to be within the solvation cage when it
provides at least one carbonyl oxygen atom to coordinate the cation
(asillustratedin theinset of Fig. 4c). The timerequired for the oxygens
to desolvate is thus determined. A typical probability distribution of
lifetimes, defined as P,(¢), is depicted in Fig. 4c, where we have used a
salt concentration of r = 0.10. While the distribution is broad, asis the
case in the well-studied system of aqueous electrolytes®**, and the
lifetime can approach several nanoseconds, the majority of monomers
remaininagivensolvation structure for atimescale of about1ns. The
average lifetime of monomers in the solvation cage is extracted from
the probability distribution as

(oo
f P, () dt.
0

Atr=0.10, 7, is very close to 7, as illustrated by the two dashed
linesinFig.4c. This agreement between 7,and 7, holds for different salt
concentrations, as shown in Fig. 4b; 7, can thus be interpreted as the
characteristic solvation lifetime. A longer solvation lifetime is expected
in polymer electrolytes compared to that in small organic solvents.
We conducted simulations as a function of the chain length of PPM as
showninSupplementary Fig. 5. Our estimate for the solvation lifetime
for amonomer of PPM s 0.2 ns, consistent with the ‘ultraslow’ lower
bound of 0.1 ns proposed by Dereka et al.”. The ionic conductivity
of aqueous electrolytes such as NaCl in water at room temperature
can approach values as high as 200 mS cm™ (ref. 48), a value that is
20-fold higher than that of the optimized lithium battery electrolyte,
10 mS cm™ (ref. 49). Itis likely that an important underlying factor is the
difference insolvation lifetimes (10 versus 200 ps). We have compared
the solvation timescales of aqueous electrolytes at roomtemperature
with those of non-aqueous electrolytes at 90 °C. While further work is
needed to compare the timescales at the same temperature, there is
little doubt that the solvation dynamics are certainly faster at higher
temperatures. This makes the ultraslow process we have studiedinthe
non-aqueous electrolyte even slower (Supplementary Fig. 6).

Ts =

@

Beyond 7;, the association between segments and Li* becomes
less important, leading to the plateau regime observed in the Rouse
parameter. The termination of the plateau regime, whichis marked by
T,, represents the onset of the transition of the segmental motion from
the subdiffusive regime to the diffusive regime. Thisis demonstratedin
Fig.4b, wherein 7, is close to but smaller than 7,  at all salt concentra-
tions. Here, 1z y represents the fastest Rouse relaxation time, spe-
cifically therelaxation time of individual segments, obtained through
Rouse mode analysis (subscripts R and N respectively denote Rouse
relaxation and the mode number; detailsin Supplementary Section12).
Inouranalysis, Ty yreflects the effective relaxation times that are aver-
aged from both non-sticky and sticky segments.

While further work is needed to establish the extent to which the
observedsignatures of 7,and 7, are general, we expect the reported signa-
turestobefoundinany polymer electrolyte wherein the solvating groups
are donated by different polymer chains. This is likely to be the case for
most polymer electrolytes. One exception to this is the well-studied
polymer electrolyte poly(ethylene oxide) mixed with LiTFSI, which has
ether oxygensalongthe chainat distances thatare very similartocrown
ethers. Due to this, the dominant solvation structure in poly(ethylene
oxide)/LiTFSI comprises ether oxygens from one chain®**°. Generally
speaking, the efficacy of an electrolyte in practical applications depends
on continuumion transport properties (conductivity, diffusion coeffi-
cientand transference number). Qualitatively, we expect that decreasing
solvation lifetimes leads to faster continuum transport of lithiumions.
Our work thus suggests thatimproved electrolytes may be designed by
rapid screening of electrolytic systems using solvation lifetime.

In conclusion, we have combined QENS and MD simulations to
study the dynamics of polymer segments in the vicinity of coordinat-
ing Li* ions. QENS measurements revealed that the time-dependent
mean-squared displacement follows the standard Rouse model in
a salt-free system. However, substantial deviations from the Rouse
model, characterized by a decrease in the Rouse parameter followed
by a plateau, were observed as salt concentration increases. These
are signatures of temporary crosslinks that are formed because Li*
ions typically coordinate with segments from more than one chain.
Simulations show that timescales related to the temporary-crosslink
plateau are nearly identical to the solvation lifetime. Both experiments
and simulationsindicate that thislifetimeis on the order of 1 nsin PPM/
LiTFSI, providing direct measurement of ultraslow dynamics of solva-
tionshell break-up inan electrolyte.
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