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ABSTRACT: The crystallization kinetics of oligomeric polyethers (glymes) and poly(ethylene oxide) (PEO)
with a wide range of lithium salts including LiIBETI, LiTFSI, LiAgFLiPFs, LiClOy, Lil, LiBF 4, LICF3SGs,

LINO3, and LiICRCO, have been examined in detail. Wide variations exist between the rates of crystallization
of the phases. These variations are strongly dependent upon the lithium salt present and are well correlated with
the ionic association behavior of the different lithium salts in aprotic solvents.

1. Introduction overnight. The materials were subsequently dried under vacuum
at 65-80 °C for 24 h (except for the LiAsFand LiPF electrolytes

CI—C|; gges_a::eHsg(z:rt m(e_tr;yl-caﬁz)pi(iddf?thylene o|><|de oligomers, as these were not thermally stable at this temperature for this period
SOCH,—(CHOCH,)n (n= or monoglyme-tetra- of time—these were dried at room temperature under vacuum for

glyme or G1-G4, respectively) which resemble poly(ethylene 48 ). |n many cases, further annealing was necessary for the various
oxide) (PEO). As such, glymes are excellent model compounds samples to form homogeneous phases for XRD analysis.

for Studying the molecular interactions of PEO with ions. Over DSC heating and Coo”ng traces were obtained using a ||qu|d
the course of the study of the crystalline phase behavior of nitrogen cooled Perkin-Elmer Pyris 1 differential scanning calo-
lithium salts (LiX) with glymed$ and PEO, it became clear that rimeter. Small amounts of the samples-@ mg) were hermetically

the phase behavior and crystallization kinetics of solvate phasessealed in Al pans. For the glyme mixtures, it was often necessary
were directly linked to the degree of ionic association in solution t0 heat the mixtures while stirring to form homogeneous solutions
or the melt. Numerous reports have noted the widely varying for this purpose. Some of the sample pans were stored in a freezer
crystallization kinetics observed in PEQiX electrolytes with in hermetically sealed coffee bags prior to analysis. In some cases,

. _ - . the samples were “annealed” by thermally cycling them at lower
19
glffererllt sqlts?, t.JUt explanzﬂons f%r. thesfehobser\iatlons hgve temperatures. The background has been subtracted from the DSC
een slow in coming. An understanding of how salt properties, {aces shown. Reported melting temperatures (mp’s) are the

salt concentration, and other factors such as temperaturegngothermic peak temperatures. Wide-angle X-ray (WAX) powder
influence crystallization kinetics is critical to optimizing these diffraction analysis was performed on a Bruker-AXS microdiffrac-
materials for electrolyte applications. For example, Figure 1 tometer with a 2.2 kW sealed Cu X-ray Source. Samples were
shows the strong link between ionic conductivity and electrolyte sealed in glass capillary tubes in the dry room before analysis.
crystallinity for P(EO)—LITFSI (LIN(SO,CFs),) mixtures with ) )

n= 6, 10, and 14. Since crystallization is a transition between 3. Results and Discussion

two physical states, the process is governed by the molecular |onic Association. It is important to emphasize the relative
interactions of the polyetheiLiX mixtures in both the crystal-  degree of ionic association of various LiX salts in ether solvents.
line solid and liquid (or amorphous solid) melt. Unfortunately, This may be obtained from an examination of the reported ionic
the structural properties of the melt state remain poorly association constants/vibrational spectroscopic bands of different
understood. It is hoped that the present discussion will add to salts in aprotic solventLiX mixtures. The order of increasing
the understanding of how solid crystalline solvate phase behaviorjonic association is found to be

and the properties of ions in liquid or amorphous polyether

solvent mixtures are strongly linked together. LiBPh, < LiBETI, LiTFSI, LiSbF, LiAsF, < LiPF, <
2. Experimental Section LiClIO,, Lil < LiBF, < LiCF;SO; < LiBr < Lil\_lO3 <
LICF,CO,

Sample preparation and handling occurred in a dry room
environment €1% relative humidity, 22C). Glyme-LiX mixtures
were prepared as indicated previousEO-LiX mixtures were where LITFSI and LiBETI denote LiIN(S{ZFs), and LiN-
prepared with either low molecular weight PEO(2000ply- (SOCoFs),, respectively.

(ethylene glycol) dimethyl ether or PEGDME (averageca. 2000) Further information can be found by a comparison of which
(Aldrich) or high molecular weight PEO (averalyl ca. 5x 109) glyme—LiX solvates form and their thermal stability. Different
(Aldrich). PEO electrolytes were prepared by stirring the salts and ¢ of solvate structures may exist in either the crystalline or

PEO in anhydrous acetonitrile overnight to form homogeneous yoiq hhases. These include solvent-separated ion pair (SSIP),
solutions. In most cases, the solutions were clear; however, those

containing LiBR remained cloudy. The solutions were poured into  CONtact ion pair (CIP), or aggregate (AGG) solvates in which
Teflon dishes in a dry room fume hood and allowed to dry the ions are coordinated to zero, one, or more than one
counterion, respectively. Crystalline SSIPs only form when the

T Current address: Department of Chemical & Biomolecular Engineering, Li* cations and anions are highly dissociated, i.e., when the

North Carolina State University, 911 Partners Way, PO Box 7905, Raleigh, Li * cations are highly solvated by-4 (and in a few instances
NC 27695-7905. up to 8) ether oxygens (EOs). Typically, ionic association
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LICF;SG; (4 °C) < LiBF, (34°C) < LiCIO, (64°C) <
et e Lil (73 °C)
The crystal structures of the (G1)iX solvates with LiBr20-22
LiISCN,20 LiBF 4,23 LiClO 4,24 and Lil?° are known. All have the
same general structure with each lcation coordinated by two
G1 molecules with four EOs and a single anion. Vibrational
spectroscopy has indicated that when the CIP {GIJF;SOs
solvate melts, a large fraction of the solvated tations become
AGGs?2026 This suggests that a second anion replaces one of
the G1 molecules coordinating the*Lcations. The ordering
of the solvate mp’s should therefore reflect the ionic association
tendency of the salts with the most associated salt having the
lowest solvate mp (i.e., the greatest tendency for solvent
W replacement by an anion). Note that LiBr does not follow this
10 g T i, trend since the 2/1 solvate (#Z) has a mp slightly higher
: i than with LiBF,. The reason for this is unknown, but it may be

due to the differences in anion size and the corresponding steric
effects.

In G2/LiX mixtures, SSIP 2/1 crystalline solvates form for
all of the salts studied except LIQEO,.! Once again, the mp’s
mirror the ionic association ordering:

Conductivity (S cm"}

10.:0

b

LiNO, (—38°C) < LiBr (—11°C) < LiCF,SO, (—6 °C) <
LiBF, (29°C) < LiClO, (71°C) < Lil (81 °C) <
LiASF, (156°C)

Conductivity (S cm")

The crystal structures of the (G2)iX solvates with LiBF;,2”

LiClO 4,24 LiSbFg,28 and LiTFSE are known. All have the same

general structure with eachLication coordinated by two G2

molecules with six EOs. The anions are uncoordinated. The
lower mp’s for the 2/1 solvates with LiTFSI (7Z) and LIBETI

. equilbrium . (92 °C) likely reflect the flexibility, bulk, and nonspherical

— 1
—'g 101 e IS symmetry of the anions in addition to ionic association strength.
o i (This also explains the differences in the (@MiX solvate mp’s
,; g. 2'3,,’1"9 5 for the same anions.) Vibrational spectroscopy indicates that
5 8. 85days when the SSIP (G2)LiCF3S0O; solvate melts, most of the ions
B Sty become CIPs and AGG825In contrast, when the SSIP (G2)
| S LiClO4 solvate melts, a large fraction of CIPs form, but a
significant fraction of SSIPs remain in the melt and no AGGs
are present?
In G3/LiX mixtures, the CIP 1/1 solvates again have mp’s
107 L ! 1 i | reflecting the ionic association orderiAg:

Time (days) LiCF,CO, (—48°C) < LINO, (31°C) <

Figure 1. Isothermal ionic conductivity (25C) after quenching from ; ° ; o ; °
the melt of P(EQY5 x 10°)—LiTFSI electrolytes: (a) EO/L= 6, (b) LICF;S0, (40°C) < LiBF, (90°C) < LICIO, (103°C) <

EO/Li = 10, and (c) EO/Li= 14. Powder XRD plots at 25C shown Lil (119 °C) < LiAsF4(120°C)
for different times after quenching from the melt at T@(equilibrium
indicates the initial fully crystalline electrolyte). The crystal structures of the (GR)iX solvates with LiCR-

increases with increasing temperature and increasing saltS0s,3! LiBF 4,31 LiClO4,3! and LiAsRS! are known. All have
concentration. Melting of the crystalline solvates may correspond the same general structure with each tation coordinated by
to a disordering of the structure in which the general forms of two G3 molecules with four EOs (two from each G3) and a
Li* cation coordination and ionic association remain largely single anion. LIBETI and LiTFSI have been excluded from the
unchanged. Alternatively, melting may occur when the thermal comparison since the crystal structure of the CIP (GBETI
energy destabilizes the existing structure to the extent wheresolvate is quite different (and the (G3)iTFSI solvate structure
the Li* cation coordination changes. This may involve the is unknown)?® Each Li" cation is coordinated by a single G3
replacement of coordinating solvent donor atoms with one or molecule with four EOs and a single anion. The differences in
more anions leading to higher ionic association. Many factors these CIP solvates likely reflect the greater bulk of the BETI
will govern the melting process. The influence of the ionic anion which precludes the structure found for the smaller anions.
association strength will be prominent when other factors (i.e., There is often a considerable hysteresis between the crystal-
solvate crystal packing, size and shape of anions, etc.) are oflization and melting temperatures of the various glyrhéX
similar magnitude. Examples are noted below. phased. The solvate melts may therefore be supercooled
In G1/LiX mixtures, the mp’s of the CIP 2/1 solvates increase substantially before the nucleation and growth of the crystalline
in the order phase. The relative ease with which nucleation of a crystalline
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Figure 2. DSC heating and cooling traces of (G3)LiX (X = BF,4,
ClO,7) mixtures (10°C min~?). The plots are normalized to the weight

(G3) -LiBF,

n=10

(G3) -LiCIO,

n=10

of the G3 in each sample rather than the total sample weight.

Table 1. Comparison of the Crystalline Unit Cell Dimensions for the

Isostructural (G3):LiX Phases®!
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On cooling a (G3)-LiBF4 (n = 1) mixture, the mixture
supercools but then crystallizes fully and relatively easily into
the 1/1 phase. The addition of a small excess of G3 hinders the
crystallization of the 1/1 phasa& & 1.3 and 2). Once the 1/1
phase has crystallized, however, the remaining G3 is able to
crystallize on further cooling. For the = 3—6 mixtures, the
1/1 phase does not crystallize, and most or all of the G3 also
does not crystallize on cooling. These mixtures thus freeze
predominantly into amorphous glasses. A significant fraction
of the G3 crystallizes in the = 10 mixture, but the crystal-
lization is significantly hindered relative to the pure G3.

It was difficult to crystallize the dilute (G3)-LiClO4 (n =
3—10) mixtures (in contrast with the LiBFsamples). Although
the 1/1 phase crystallized readily in a freezer for these mixtures
for larger sample sizes>(L g), this was not the case with the
small amounts of the samples'10 mg) in the DSC pans. It
was difficult or not possible to crystallize the 1/1 phases in these
samples. This difference suggests that the difficulty lies in the
nucleation of the (G3)LiCIO4 phase in diluter{ > 2) mixtures.

To initiate nucleation in these DSC pans, a small piece of
molecular sieve was added to each sample pan. The pans were
then stored in a freezer for several daygeeks. The sluggish
crystallization is evident in Figure 2 by the smaller amount of
G3 which crystallizes in thea = 3—10 samples relative to those
with LiBF4. For the (G3)—LiCIO4 (n = 1) mixture, the
crystallization of the 1/1 phase is impaired relative to the sample
with LiBF4. Less G3 also crystallizes in the dilute samples on
cooling.

These results agree with the somewhat higher ionic associa-
tion of LiBF, relative to LiCIQ, in ether solvent$.The dilute
G3—LiX mixtures are expected to consist predominantly of an
equilibrium between SSIP and CIP solvates:

[(EO),Li] "X~ < [(EQ),Li "X"] + (EO),_,

LiX a(A) b (A) c(R) B (deg) vol (&) - _
LiCIO, 1233 617 1729 94.10 1313 The _equlllbrlum should be _sh|fted_ more toward the CIP; on
LiBF, 12.45 6.22 17.20 93.95 1327 the right for the more associated LiBFSome of these CIPs in
LiAsFg 6.20 12.70 18.54 95.46 1452 the melt may resemble the crystalline 1/1 phase facilitating
LiCF3S0s 13.02 6.33 18.69 97.28 1528 nucleation and crystallization. In contrast, LiGl®ixtures are

expected to contain more SSIPs that those with LiBfe Li*
solvate phase occurs on cooling gives some indication of the cations are therefore solvated by more EOs and thus more G3
nature of the solvates in solution or the melt since the crystal molecules. This hinders both the crystallization of the CIP 1/1
nuclei must reach a critical size before crystal growth occurs. and G3 crystalline phases.

If the amorphous solvates resemble the crystalline solvate, then The solvate phase behavior of glymieil mixtures suggests
nucleation is more facile. that Lil may be slightly more dissociated than LiGI{D ether
(G3),—LiX Crystallization Kinetics. The CIP 1/1 crystalline  solventst The crystal structure of the (G3lil solvate is not
solvates, (G3)LiClO4 and (G3):LiBF4, are isostructural and  yet known but is expected to resemble that found with LiBF
have similar mp’s:3L Further, the unit cells of these crystalline  and LiCIQy. It was not possible to crystallize the CIP 1/1 phase
phases are nearly the same since the anions are nearly equivaleimt (G3),—Lil mixtures with n = 2.1 Both then = 2 and 3
in size and shape (Table #)The CIQ;~ anion has been reported  mixtures remained completely amorphous (even after adding a
to be~10% larger than BF 32738 These similarities in solvate  piece of molecular sieve and storing in a freezer for extended
structure make the G3LiX mixtures ideal for studying the  periods). Some G3 crystallized in tlne= 4—10 samples. In
effect of the differences in ionic association strength resulting dilute samples, therefore, it is expected that the equilibrium is
from different anions on the solvate crystallization kinetics.  shifted strongly toward the SSIPs on the left. It may be that
Figure 2 shows DSC heating and cooling traces for {&3) relatively stable amorphous SSIP (G3Lil (n = 2) solvates
LiBF4 and (G3)—LiClO4 mixtures (normalized to the weight  form due to the low ionic association strength of the salt. Even
fraction of G3 in each sample for ease of comparison). The more dissociated salts (i.e., LiAsland LIiBETI) apparently
samples were cooled from room temperature-t20 °C (not stabilize these SSIPs to a greater extent since a 2/1 crystalline
shown) after equilibrating several days first at room temperature phase forms for these latter sélts.
and then in a freezer. The samples were then heated t6C120 (G4),—LiX Crystallization Kinetics. Figure 3 compares the
and cooled to-140°C (10°C min1). The heating scans show DSC cooling traces for (G#)-LiX mixtures (normalized to the
the equilibrium behavior of the mixtures, while the cooling scans weight fraction of G4 in each sample for ease of comparison).
show the recrystallization behavior of the mixtures from the It is important to emphasize that these plots show the crystal-
melt. The crystallization behavior of pure G3 is shown on lization of uncoordinated G4. No G4.iX solvates crystallize
cooling from room temperature for comparison. for any of the salts for these concentratidnastead, a fraction
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pure G4 nated solvent present which is directly linked to the degree of
LiBETI association of the L cations with the solvent molecules.
& LiAsF Unfortunately, during the course of the investigation of the
2 il ¢ phase behavior of these mixtures, not all of the sample pans
= ] were treated in the same manner. Only the samples that were
3 Licio, cooled at the same rate (2C min~1) are shown in Figure 3.
i LiBF, Some of these samples were cooled initially from room
g LiNO, temperature and others from lower temperatures. Those initially
LiCF CO cooled from 0°C or lower had previously been stored in a
\ (G4) -LiX (3n=;) refrigerator or freezer, respectively, for several daygeks in
L L | L hermetically sealed coffee bags. Note that the uncoordinated
-120 -80 -40 0 40 G4 cannot crystallize at these initial temperatures. Also, no SSIP
pure G4 (G4):LiX crystalline solvates form in any of these mixtures
LiBETI (with n > 1.5) All of the mixtures are therefore amorphous
= LITFSI when the samples were loaded into the DSC instrument, but
§ LiASF, the samples have not been equilibrated at the same initial
B Lil temperature which unfortunately detracts somewhat from a direct
% LBF comparison between the samples. The crystallization behavior
s LiCF‘SO of pure_G4 is shown on cooling from room temperature for
5 T3 comparison.
* LiNO, On cooling the (G4)-LiX (n = 3) mixtures, some of the
LiCF,CO, G4 crystallizes only in the sample containing LKCR; (i.e.,
V (G4) -LiX {n = 4) the most associated salt). All of the other mixtures remain
120 50 =0 o 20 amorphous_and _display aglass transitrﬁﬁ,dut_a to the freezing
pure G4 of the solutions into a glassy state. On cooling the (S4)X
UBETI (n' = 4) mixtures, some G4 crystallization occurs in 'the mixtures
\ LiTFS) W|th the more assc_)mated salts. The Igrgegt fraction and most
_ rapid growth of this phase occurs with LigEO,. The G4
£ \E LiAsF, crystallization is more hindered in the LiN@nd LiCRSO;
8 Lit mixtures. A significant fraction of G4 also crystallizes in the
g Licio, LiBF4 mixture. The reason for this is unknown but may be due
é \l LiBF to the storage of this sample in a freezer for several weeks prior
F \/ LiNC; to analysis. Interestingly, a small fraction of G4 also crystallizes
* \ - B in the LIBETI mixture. For (G4)—LiX (n = 6) mixtures, some
LicF,co, G4 crystallizes in all of the samples, but the relative ease with
(644X (n=6) which this occurs increases in the order
L . L L ] LiAsFg < Lil < LiClO, < LiBF, < LINO; < LiCF,CO,
-120 -80 -40 0 40
ure G4
tiBETI Once again! LiBETI_(angI LITFSI) appears to be somewhat
anomalous in that significant G4 crystallization occurs. The
LiAsF, uncoordinated G4 crystallizes relatively easily for the (54)
— Lil LiX (n = 10) mixtures, although the crystallization is still
5: Licio somewhat sluggish for Lil and LiAsF
2 {7 o Although it is possible that three G4 molecules may be able
Hé- LiBF, to coordinate a single It cation (in a manner similar to the
& LINO, SSIP (G1).LiX solvates)39-41 such coordination is improbable
g H LICF CO due to steric constraints. Thus, most of the ldations are
2o coordinated by either one or two G4 molecules as amorphous
(G4) -LiX (n = 10) SSIP, CIP, or AGG solvates. With increasing ionic association
strength of the LiX salts, the fraction of CIPs and AGGs

' ' increase®-2642-44 (Figure 4) and less EOs on average will be
120 -80 40 0 40 ) A . .

Temp () coordinated to the [ cations. The most associated mixtures,

therefore, will have the largest fraction of uncoordinated G4

Figure 3. DSC cooling traces of (G#yLiX (n = 3, 4, 6, and 10) ; : At P
mixtures (10°C mint) showing G4 crystallization exotherms. The plots m0|eCU|es.’ In ngreemem with the crystallization kinetics of G4
observed in Figure 3.

are normalized to the weight of the G4 in each sample rather than the =Y ) ) ) )
total sample weight. It is interesting that no G4 crystallizes in most of the mixtures

with n = 3. This indicates that regions of uncoordinated G4
of the G4 molecules remain coordinated to thé tations (with within the mixtures do not exist in which the nucleation and
counteranions present) in an amorphous phase. Variations ingrowth of crystalline G4 may initiate rapidly (under these
the ability of the uncoordinated G4 to crystallize can be expected cooling conditions). Only with LICECO, do such regions exist,
since the degree of interaction of the anions with the cations but the broad exothermic peak indicates that the growth of the
will influence how many G4 molecules are coordinated to the crystalline G4 phase is still sluggish. G4 crystallization is also
Li™ cations and how dispersed these solvates will be. Theseinhibited in then = 4 samples with Lil and more dissociated
mixtures therefore permit a study of the fraction of uncoordi- salts.
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Figure 4. Fractions of solvate species determined from literature ; ' IPEO |.IiA "
vibrational spectroscopic studies of ionic association in {G4)X (n (EO),-LIASF,
=1, 4, and 16) mixtures at 28 (black: AGGs; gray: CIPs; white: n N

“free” anions/SSIPs)?:26:3638

10

P(EO),—LiX Crystallization Kinetics. The crystallization A "
behavior of P(EQ)-LiX mixtures has been studied with low e e
molecular weight PEO(2000) (below the PEO entanglement - e 0 6
limit of 3200)#°> The same crystalline phases form with the low . J J J : J
and high molecular weight PEO at room temperature. This was P(EO) -LiPF
verified by the author using powder XRD (not shown). Mixtures ril
with n = 3—14 were examined with different salts (note that i A_ n=6
is now the EO/Li ratio rather than the glyme/Li ratio). The fully £ i =l 3
crystalline mixtures were initially heated (P€C min~1) to ~ -§
20°C above the mp of the highest melting phase. The mixtures 4 ' ' ' ' ' |
were then quenched (32@ min 2) to —100 °C and heated 3 P(E0),-LIC0,
again (10°C min™1) (Figures 5 and 6). To complement this % n=14
study, P(EQY2000)-LiX and P(EO}(5 x 10°)—LiX mixtures ¢ )\f'/\_n i
were also sealed in glass capillary tubes, heated to the melt state,
and then rapidly cooled to room temperature. The powder XRD 8
patterns of the samples were then followed as a function of time 1A o
to examine the rates of crystallization at room temperature
(Figure 7). Some speculation is given below for the observed 5
differences in crystallization of the phases. "

For the P(EOQ)-LiAsFg and —LiPFs mixtures, SSIP 6/1 A
crystalline phases are known for both safts'® and an AGG - 3
3/1 crystalline phase has been reported for Li&$¥F he SSIP : , : : : ,
6/1 phase crystallizes very rapidly (much of it during the P(EO) -LiBF,

phase is slower but still relatively fast. Note that the SSIP 6/1
phase crystallizes before the excess PEO imtke8 and 10

quenching step for LiAs§} for the n = 6 sample (Figure 5). iys
With excess EOs (i.en > 6), crystallization of the SSIP 6/1 i
A 10

samples, suggesting that the salt is dispersed (hindering PEO i

crystallization) until the SSIP 6/1 phase forms. A small amount A 6
) 5
2\

of excess PEO is able to crystallize on heating the 14

sample. It was difficult to form homogeneous samples for Tt
concentrations oh < 6 due to the thermal instability of the A 4
mixtures. The small endothermic peak for the LgBEmple with )‘ 3
n = 3 may thus be due to some SSIP 6/1 phase present. (This
sample decomposed above about 12Z0D.) For the most . 4 L . !
dissociated salts such as these, although the locakéation i el i . 3 = i it i
coordination may remain much the same in the melt, the manner _ ) - o )
of coordination (one polymer chain or two) may change. To Figure 5. DSC heating traces of P(EQR000)-LiX mixtures (thick
interpret these results, recall that at room temperature the sSSP “ne; first hea}mg "’-lt_lfc min %, the sa_mples were then quenched

- . o ; to —100°C at 320°C min%; thin black line: second heating at 2G
6/1 phase with both salts consist offL¢ations coordinated by min-3).
two PEO chains with uncoordinated anions located between the
resulting polymet-cation cylinders’#8 A novel high-temper- Therefore, single-chain coordination of theLtations pre-
ature SSIP 6/1 phase for LiAsRas also recently been reported dominates (still as SSIPs for the highly disassociated salts) at
in which the Li* cations are instead coordinated by a single higher temperatures in agreement with spectroscopic charac-
PEO chairP® Such a phase transition had been previously noted terization3! resulting in the new crystalline phase. The crystal-
for the SSIP 6/1 phase of P(E{B000)-LiSbFs (n = 6).51 At lization of this single-chain SSIP 6/1 phase accounts for the
low temperature, the cooperative coordination of thedations rapid crystallization as the samples are cooled and/or reheated.
by two polymer chains may be highly favorable, but at high For the P(EQ)—LIBETI and —LiTFSI mixtures, the samples
temperature the molecular motion of the polymer chains is likely with n = 8—10 were viscous liquids that did not crystallize
to hinder the alignment of two chains about a row of cations. fully even after storage in a freezer for 2 months. Some of the
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Figure 6. DSC heating traces of P(Ef2000)-LiX mixtures (thick
gray line: first heating at 16C min~?, the samples were then quenched
to —100°C at 320°C min™3; thin black line: second heating at G

min~1).
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of the Li* cations are coordinated by a single chain. A new
crystalline SSIP 6/1 phase does not form (as with LiAaRd
LiSbFs) because the bulky TFSlanions cannot pack together

in the same manner as do the smaller anions. Thus, “spacers”
of 2—3 uncoordinated EOs separate thé tations coordinated

to 6 EOs on a single chain. These spacers and the disorder they
introduce hinder crystallization. This argument is purely specu-
lative. The origin of the lower temperature endothermic peaks
for both salts is unclear and is the topic of a separate study.

For the P(EQ)-LiCIO4 mixtures, SSIP 6/1 and AGG 3/1
phases are knowi:#6:56Quenching then = 3 sample from the
melt forms a glass, but crystallization of the AGG 3/1 phase
occurs readily on heating (Figure 5). Excess EQs @ and 5)
hinder the crystallization of the AGG 3/1 phassome of the
AGG 3/1 phase recrystallized in tine= 4 sample, but tha =
5 sample remained amorphous. No recrystallization of the 6/1
phase occurred on heating the= 4 and 5 samples. The =
6—10 samples remained amorphous during the second heating
step, but a relatively large fraction of the excess PEO imthe
= 14 sample was able to recrystallize. In general, it was difficult
to form homogeneous, fully crystallized samples with this salt
and PEO(2000). The recrystallization of the SSIP 6/1 phase with
PEO(5x 10) is slowt! (requiring days; Figure 7) and extremely
slow with PEO(2000) (requiring months to partially crystallize
into the SSIP 6/1 phase). The very slow recrystallization kinetics
with LiClIO4 appear to be due to the formation of very stable
amorphous CIP solvat&swhich hinder the crystallization of
both the AGG 3/1 and SSIP 6/1 phases.

For the P(EOQ)—LiBF4 mixtures, no SSIP 6/1 phase forms
(Figure 5). The AGG 3/1 pha%ewas able to fully recrystallize
in then = 3 sample during the second heating step (Figure 5).
For more dilute samples(= 4—8), the excess PEO remains
amorphous during the second heating step, but the 3/1 phase
crystallizes. Some of the excess PEO was able to recrystallize
for the more diluterf = 10 and 14) samples. The salt dissolved
in the amorphous phase hinders the crystallization of the PEO
phase, even for the = 8 concentration. At room temperature,
the recrystallization of the 3/1 phasenn= 6 and 10 samples
requires minutes to hours (Figure 7).

For the P(EQ)—LiCF3SO; mixtures, no SSIP 6/1 phase forms
(Figure 6)>6The AGG 3/2” and excess PEO phases were able
to recrystallize very rapidly (during quenching) for the= 3—5
samples. A small fraction of the sample remained amorphous

PEO in then = 10 and 14 samples crystallized slowly (a white until the second heating step for the= 6 sample. The amount
solid formed in the liquids). Note that a small amount of PEO ©f amorphous fraction increases for the more dilute samples (
crystallizes in the high-MW PEO samples with LITFSI and
LIBET! (Figures 1 and 7). It was difficult to get homogeneous crystallized during the second heating step. Vibrational spec-
n = 3—6 samples. These salts are known to form SSIP 6/1 and troscopy has shown that in the melt state most of the anions in
AGG 3/1 crystalline phasés!®5254 Note that both the SSIP : 3 € I€ )
6/1 and AGG 3/1 phases are slow to crystallize with both Li*...CRSO;™...Li" AGG form of coordination found in the
LIBETI and LiTFSI (Figures 1, 5, and 7). The very slow
crystallization kinetics of P(EQ)-LiTFSI mixtures @ > 7) for
the SSIP 6/1 phase has been denoted as a “crystallinity?d&p”.
The origin of the crystallinity gap remains unknown, but note
that, even in the melt state, thetL¢ations in P(EQ)-LIiTFSI
mixtures Q > 7) exist almost entirely X90%) as SSIP
solvates® In contrast, in the melt state, a significant fraction
(~25%) of CIP solvates form in an = 6 mixture®® Thus, an
amorphous phase forms in the melt when excess EOs are preserifie quenching step and crystallize instead during the second
with an EO/Li concentration 0f8—9 and the L cations fully
solvated by the EOs as SSIPs. This phase is nearly as For the P(EQ)—LiNO3 mixtures, no SSIP 6/1 phase forms
thermodynamically favorable as the SSIP 6/1 crystalline phase. (Figure 6). The AGG 3/1 phase does not recrystallize easily in
One possibility is that the 6/1 crystalline phase has the Li
cations coordinated to two PEO chains, but once melted moston the second heating step while some of the excess PEO is

> 6), but both the AGG 3/1 and PEO phases completely

a P(EO)—LIiCF3SO; (n = 3) mixture retain the same

AGG 3/1 crystal structure in which two of the anion oxygens
coordinate two cation® The amorphous solvates in the melt
thus resemble the crystalline phase, and nucleation is facile. In
more dilute mixtures, however, a greater fraction of CIPs and
SSIPs form in the melt (an exception to the observation of
increasing ionic association with increasing temperatuvajch
hinders the crystallization of the AGG 3/1 phase somewhat (as
seen by the melts with = 8 which remain amorphous during

heating step).

any of the samples. The= 3—5 samples remain amorphous
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Figure 7. Powder XRD plots at 28C shown for different times after quenching from the melt at the indicated temperature (equilibrium indicates
the initial fully crystalline electrolyte-two views shown for each sample). Melting temperature and time indicated.

able to crystallize for more diluten(> 6) samples (Figures 6  concentrated samples, the mixtures remained amorphous on
and 7). LING was found to salt-out of very concentrated-64  quenching and only crystallize during the second heating step.
LiNO3 mixtures and when heating GLINO3 mixtures! It may For the most dilute samples, some of the excess PEO recrystal-
be that heating the concentrated samples with PEO to form alizes during the quenching step. The AGG 3/1 phase is likely
melt causes the salt to form aggregates which differ from those to consist of CECO,~ anions coordinated to two tications.
found in the AGG 3/1 phase and may resemble crystalline The (G2),5LICF3;CO, and (G4);5LICF3CO; crystalline solvate
LiINO3 (note the two small diffraction peaks present in Figure structures, however, have some anions which are also coordi-
7 at higher B values when the P(EQ(RO00)-LiNO3 (n = 6) nated to three or even four Lications3160 This salt is more
sample is amorphou8j.These AGGs hinder the crystallization associated than LiGBQ; so it may be that in the melt AGG
of the AGG 3/1 phase but permit some of the PEO to crystallize. solvates form in which the anions become coordinated to more
For the P(EQ)-LiCF3CO, mixtures, no SSIP 6/1 phase than two Li" cations. These different forms of AGG solvates
forms (Figure 6). The AGG 3/1 and excess PEO phases weremay slightly hinder the recrystallization of the AGG 3/1 phase.
able to recrystallize on the second heating step for all of the The excess PEO does not appear to participate in the cation
samples similar to the samples with Li¢F0;. But for the most solvation as reflected in the ease of the PEO crystallization.
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20 to be yet another informative methodology for understanding
the properties of liquid and amorphous solid electrolytes.
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