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ABSTRACT: Systems of linear poly(ethylenimine) (LPEI) complexed with lithium triflate (LiTf), lithium
hexafluoroantimonate (LiSbFg), and tetrabutylammonium hexafluoroantimonate (TbaSbFs) were studied
via FT-IR spectroscopy to determine the changes in ion—polymer and ion—ion interactions that the
complexes undergo with changes in salt concentration and temperature. General trends toward loss of
order in both the LPEI:LiTf and LPEI:LiSbFs systems were noted with increasing temperature as well
as increasing salt concentration, leading to the conclusion that an interaction between the polymer and
the lithium cation drives the disordering of the two systems. Speciation of the triflate anion was found
to be dependent on salt concentration but independent of temperature. In the hexafluoroantimonate
systems, the spectral shift of the anion is due to interaction with the polymer rather than interaction

with the lithium cation.

Introduction

Limitations in available rechargeable battery technol-
ogy have resulted in major efforts to develop ion-
conducting polymers!~12 with high ionic conductivities,
good mechanical properties, and thermal, chemical, and
electrochemical stability as a highly preferable alterna-
tive to the liquid organic electrolytes presently in use.
Most fundamental studies of polymer electrolytes have
focused on poly(ethylene oxide) complexed with a metal
salt.1:313719 |t is useful to complement this body of work
by considering a polymer having a backbone structure
similar to that of PEO, but with the oxygen heteroatom
replaced with another cation-coordinating heteroatom.
Therefore, we have begun studying polymer electrolytes
based on linear poly(ethylenimine), LPEI. Structurally
this polymer is analogous to PEO in that the oxygen
atom of the PEO has been replaced by an NH unit
resulting in the monomer repeat unit: —(CHCH;NH)—.
There have been relatively few studies of LPEI—salt
complexes. In an earlier paper we used vibrational
spectroscopy to study the addition of lithium triflate,
LiCF3S03, and sodium lithium triflate, NaCF3;SO3, to
LPEI.2° The earliest report of a PEl—polymer electrolyte
seems to be a study by Chiang et al. of sodium iodide
complexed with PEI.2! This was followed by a report
from the same authors extending their studies to
lithium salts.?? In an early study, Harris et al. described
complex formation and ionic conductivity in linear PEI
and branched PEI containing NaCF3S03.2324 Work by
Tanaka and co-workers quickly followed.?®

It has been recently shown that lithium hexafluoro-
antiminate, LiSbFg, undergoes no cation—anion inter-
actions in PEO systems,26 whereas LiCF3SO3, abbrevi-
ated here as LiTf, forms a variety of ionically associated
species.31527=31 Therefore, it seemed desirable to study
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these two limiting cases of ionic association in a novel
polymer host, comparing complexes of LPEI:LiSbFg and
LPEI:LIiTf. Because cation—anion interactions and cat-
ion—polymer interactions are highly dependent on tem-
perature in PEO systems and such interactions are
assumed to play an important role in the mechanism
of ionic transport, a simultaneous spectroscopic study
of these interactions in the LPEI complexes was per-
formed. The results of those investigations are the
subject of this paper.

Experimental Section

n-Tetrabutylammonium hexafluoroantimonate (ThaSbFs)
was synthesized by neutralization of fluoroantimonic acid
hexahydrate (HSbFs-6H,0) (Aldrich) with n-tetrabutylammo-
nium hydroxide (ThaOH) (Aldrich, 1.0 M in water). To ensure
that no excess ThaOH would be present, the system was
titrated to pH 3.7. Upon addition of ThaOH to the fluoroan-
timonic acid solution, a white precipitate formed. The precipi-
tate was vacuum-filtered, washed with deionized water, and
dried in a vacuum oven for 3 days at 90 °C.

To prepare the electrolytes, LPEI (average MW ca. 21 000)
was dried under vacuum at ~70 °C for 24 h. Lithium triflate,
LiCF3;SO; (LiTf), obtained from Aldrich was dried under
vacuum at ~120 °C for 24 h. Anhydrous methanol (99.8%;
0.002% water) from Aldrich was redistilled over sodium. All
materials were stored in a nitrogen atmosphere glovebox with
moisture less than 1 ppm. Desired ratios of LPEI with LiTf,
LiSbFg, or ThaSbFg were dissolved in anhydrous methanol in
the glovebox and stirred for 24 h. The composition of an LPEI—
lithium salt system is described by the N:Li molar ratio. To
obtain thin films of the samples, the polymer solutions were
cast onto zinc selenide IR plates or Teflon sheets, and the
methanol was allowed to evaporate at room temperature in
the glovebox. The resulting LPEI:LiTf films were dried under
vacuum for 48 h at ~45 °C. The LPEI:LiSbFe films were dried
under vacuum for 48 h at room temperature.

Infrared spectra were recorded with a Bruker IFS66V FT-
IR spectrometer over a range of 4000—500 cm™~! at a resolution
of 1 cm™. IR spectra of the films were measured between ZnSe
plates in an evacuated sample chamber with a temperature-
controlled cell over a temperature range from room tempera-
ture to 80 °C. A curve-fitting analysis of the spectral data was
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Figure 1. FT-IR spectra of the NH stretching modes of LPEI:
LiTf 5:1, 10:1, and 20:1; LPEI:LiSbF¢ 5:1, 10:1, and 20:1; and
pure LPEI.

carried out with using a commercial program (Galactic Grams
version 5.22). Spectra were curve-fit to a straight baseline and
one Gaussian—Lorenzian product function for each band using
a nonlinear least-squares method.

Differential scanning calorimetry (DSC) was performed
using a Mettler-Toledo DSC820. Thermograms were recorded
over a range from —100 to 100 °C at a heating/cooling rate of
5 °C/min.

Results and Discussion

1. NH Stretching Region. Figure 1 shows the
composition-dependent IR spectra of the two LPEI—salt
systems in the NH stretching region. The NH stretching
mode in pure LPEI occurs as a sharp band at 3218 cm™?!
originating in the crystalline phase of LPEI. This band
occurs at a lower frequency than would be expected for
a free primary amine due to N—H---N hydrogen-
bonding interactions. It has been reported by Chatani
et al. that the crystal structure of anhydrous LPEI
consists of an extensively hydrogen-bonded double
helix.32 In the 20:1 LPEI:LiSbFg and LPEI:LiTf compo-
sitions, there is a weak broad band around 3300 cm™1
in addition to the sharp band at 3218 cm~1. In the 10:1
composition in LPEI:LiSbFg, the broad band at 3300
cm~! becomes more intense, and the sharp band at 3218
cm~1 disappears as a sharp band appears at 3238 cm1.
At a 5:1 LPEI:LiSbFs composition, the center of the
broad, unstructured band has increased to approxi-
mately 3375 cm~1, while the sharp band at 3238 cm™!
has disappeared. In the 10:1 composition of LPEI:LIiTf,
the sharp band at 3218 cm™! does not shift but slightly
broadens and is lower in intensity, while the broad
feature around 3300 cm~! is much more intense. Fur-
thermore, this broad feature is clearly structured, unlike
LPEI:LiSbFg at this composition, with underlying peaks
at 3305 and 3320 cm™L. In the LPEI:LiTf 5:1 spectrum,
the sharp peak at 3218 cm™! has disappeared, and the
broad peaks have shifted slightly to 3307 and 3325 cm~1.
These two bands show that there are at least two
spectroscopically distinct hydrogen-bonding environ-
ments at high salt concentrations in LPEI:LiTf. The
broad bands around 3300—3375 cm™? originate in the
amorphous phase of the LPEI. The frequency differences
between the LPEI:LiTf and LPEI:LiSbFs systems indi-
cate a difference not only in the amount but also in the
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Figure 2. FT-IR spectra of the NH stretching modes of pure
LPEI at 70 °C; LPEI:LiTf 20:1 at 75, 65, and 35 °C; LPEI:
LiSbFe 20:1 at 80, 65, and 40 °C; and pure LPEI at 35 °C.

nature of the hydrogen-bonding interactions in the two
systems.

Temperature-dependent spectra of the NH stretching
region for LPEI:LiSbFs and LPEI:LiTf, both at a 20:1
composition, are shown in Figure 2. The spectra of LPEI:
LiSbFg at 40 °C and LPEI.LiTf at 35 °C have a very
well-defined, crystalline LPEI band at 3218 cm™%, with
both spectra exhibiting a very weak, broad band around
3300 cm™?! due to the amorphous phase of the polymer.
The LPEI:LiSbFg spectrum at 40 °C also has a very
weak shoulder at 3238 cm~2. In LPEI:LiSbF¢ at 65 °C
the broad structure centered around 3300 cm™! has
increased in intensity, the shoulder at 3238 cm™?! has
become a distinct band of medium intensity, and the
peak at 3218 cm™! has disappeared. The LPEI:LiSbFs
spectrum at 80 °C appears unchanged from 65 °C. In
LPEIL.LIiTf, as the temperature is raised to 65 °C, the
broad band at 3300 cm™! increases in intensity as the
intensity of the sharp band at 3218 cm~! decreases, until
at 75 °C only the broad band around 3300 cm~! remains.
The change in band structure with increasing temper-
ature generally resembles the change observed with
increasing salt concentration in the LPEIL:LiTf system.
This behavior is in contrast to the LPEI:LiSbFg system,
where the sharp band at 3238 cm~! persists above 80
°C and the frequency of the amorphous band is un-
changed. For comparison, the spectrum of pure LPEI
is shown at room temperature and at 70 °C, which is
above the melting temperature of 65 °C. In the 70 °C
spectrum, there is a broad band around 3300 cm~* with
a lower frequency shoulder. DSC data (not shown)
indicate that in both the LPEI:LiTf and LPEI:LiSbFg
systems the melting peak of crystalline LPEI is much
reduced even at a 20:1 salt composition and is com-
pletely gone at a 5:1 salt composition. These data taken
together with the temperature-dependent IR spectra
confirm that the band at 3218 cm~1 is due to crystalline
LPEI, while the band at 3300 cm~! is due to amorphous
LPEI. The shift of the NH stretching band to higher
frequencies is expected since crystalline LPEI is exten-
sively hydrogen-bonded. However, the differences in
frequencies of the two salt systems at similar composi-
tions and temperatures are noteworthy. The comparison
of the concentration-dependent and temperature-de-
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Figure 3. FT-IR spectra of the CH, scissoring and NH
bending modes of LPEI:LiTf 5:1, 10:1, and 20:1; LPEI:LiSbFs
5:1, 10:1, and 20:1; and pure LPEI.

pendent IR data with the DSC data points to the role
of the anion, specifically to differences in the inter-
actions of the two anions with the NH group of the
polymer. In the LPEI:LiTf system the onset temperature
of the melt is unchanged with the addition of salt,
whereas in the LPEI:LiSbFs system at a 20:1 composi-
tion the onset temperature of the melt is reduced by ~15
°C. In both systems, addition of a sufficient quantity of
salt results in the loss of crystallinity; however, in the
LiSbFgs system, there appears to be a competition
between N—H- - -N and N—H- - -F hydrogen bonds that
does not occur in the LiTf system. The disruption of the
crystalline structure, either by heating or addition of
salt, is accompanied by the breaking of intermolecular
N—H- - -N bonds in both systems, and when sufficient
Li* is added the system is completely amorphous.

2. CH; Scissors and NH || Bending Region and
CH, Twisting and NH || Bending Region. Modes
between 1560 and 1420 cm~! (shown in Figure 3) are
comprised of a mixture of CH, scissoring and NH
bending parallel to the chain axis.33 In pure LPEI and
20:1 LPEI:LiSbFg, there are well-defined bands at 1500,
1491, 1472, and 1445 cm™1, with a shoulder at 1448
cm~. A high degree of disordering in both LPEI:LiSbFg
and LPEI:LiTf occurs in the composition range between
20:1 and 10:1. In the 10:1 and 5:1 LPEI: LiTf samples
there are two broad, overlapping peaks at roughly 1460
and 1480 cm™? that originate from the LPEI peaks at
1445 and 1472 cm™L. In the 10:1 sample of LPEI:LiSbFg
there is a broad band at 1460 cm~! with a shoulder at
1490 cm™! that is markedly decreased in the 5:1
composition. In the LPEI:LiSbF¢ at the 20:1 and 10:1
compositions, a new band appears at 1550 cm~! which
disappears in the 5:1 composition. This band probably
arises from an NH bending mode occurring at 1500 cm™1
in pure LPEI that is shifted due to a hydrogen-bonding
interaction with the SbFg~ anion.

The temperature-dependent spectra in the same
region are shown in Figure 4. The overall temperature-
dependent trends observed here in both LPEI:LiSbFg
and LPEILIiTf spectra are also seen in the spectral
regions from ~800 to 1100 cm~1: well-defined bands at
lower temperatures followed by extensive disordering
of the system between 40 and 65 °C. As in the other
regions, this behavior bears a remarkable resemblance

Macromolecules, Vol. 37, No. 3, 2004

LPEI, 70°C

LPEI:LIiTf

75C
&_/\
U/\/\
LPEL:LiISbF

80'C

65C

Absorbance (arb. units)

40°C

LPEl, 35°C

1540 1500 1460 1420
Wavenumbers, cm-!
Figure 4. FT-IR spectra of the CH, scissoring and NH
bending modes of pure LPEI at 70 °C; LPEI:LiTf 20:1 at 75,
65, and 35 °C; LPEI:LiSbF¢ 20:1 at 80, 65, and 40 °C; and pure
LPEI at 35 °C.

to the disordering that occurs upon increasing the salt
concentration from a composition of 20:1 to 10:1. The
increase in intensity of the peak at 1490 cm~! when
LiSbFs is added to the system was noted in Figure 3.
This band persists at 65 and 80 °C where the remainder
of the band structure is disrupted. Note the peak at 1550
cm~1in the LPEI:LiSbFg spectra.

In both the NH stretching region (Figures 1 and 2)
and the NH bending region (Figures 3 and 4), bands
appear in the 20:1 and 10:1 LPEI:LiSbFs composition
which persist above the melt for the 20:1 but which do
not appear in the 5:1 composition. The appearance of
bands of significant intensity in LPEI:LiSbFs and the
absence of corresponding bands in pure LPEI or LPEI:
LiTf suggest a significant interaction between the SbFg~
anion and the NH group of the host polymer. The
disappearance of these bands at a salt concentration of
5:1 suggests a hydrogen-bonding interaction between
the fluorine atom of the anion and the NH group of the
polymer that is then disrupted by an interaction with
the lithium cation.

The spectral region between 1070 and 1010 cm™!
contains modes that are a complex mixture of the CH,
twisting, rocking, and wagging and NH in-plane bend-
ing vibrational motions.®® As in the region from 1560
to 1420 cm™1, there is extensive coupling between the
CH; and NH bending modes. In pure LPEI at room
temperature, there is a well-defined band at 1049 cm~1
and a weak, broad band centered at 1023 cm~1. In the
LPEI:LiSbFg system, as either the salt concentration
or the temperature is increased, the band at 1049 cm~?
disappears, and the broad weak band shifts to 1037
cm~1 (data not shown). In the LPEI:LiTf 20:1 spectrum,
the LPEI band at 1049 cm™! disappears above the
polymer melting temperature, leaving only the vs(SO3)
band of the triflate anion. The spectrum of pure LPEI
at 70 °C shows no band at all in this region.

3. CH; Rocking and NH 0O Bending. The concen-
tration-dependent IR spectra of LPEI:LiSbFs and LPELI:
LiTf from ~900 to 750 cm™! are shown in Figure 5.
Modes in this region are a mixture of NH out-of-plane
bending and CH; rocking motions.®® These modes have
been shown to be sensitive to changes in the polymer



Macromolecules, Vol. 37, No. 3, 2004

LPELLITf

o

10:1

20:1

LPEI:LiSbF 4
5:1

10:1

Absorbance (arb. units)

3

Absorbance (arb. units)

20:1

LPEI

900 850 800 750
Wavenumbers, cm’’
Figure 5. FT-IR spectra of the NH out-of-plane bending and
CH; rocking modes of LPEIL:LiTf 5:1, 10:1, and 20:1; LPELI:
LiSbFg 5:1, 10:1, and 20:1; and pure LPEI.

conformation.3334 In pure LPEI and 20:1 LPEI:LiSbFg,
there are well-defined bands at 883, 855, and 800 cm ™.
As the salt content is increased to a 10:1 composition,
the band at 800 cm~! becomes very broad and shifts to
770 cm™t The band at 883 cm™! also broadens and
undergoes a slight shift to 885 cm~1. The new band at
829 cm~! may originate in the medium intensity band
at 855 cm™! in the pure LPEI spectrum, but it is
noticeably less broadened than the other bands in this
composition. In the 5:1 sample, the band at 770 cm™?
shifts further to 762 cm™! with a slight decrease in
bandwidth, while the bands at 885 and 829 cm~! are
no longer apparent.

In the LPELLITf system in this region, the 20:1
composition appears very similar to that of pure LPEI.
As the concentration of LiTf is increased, the sharp
bands at 855 and 883 cm~! broaden and decrease in
intensity until they are no longer distinguishable at the
5:1 composition. The LPEI band at 800 cm™! is sub-
sumed under a much broader, asymmetric band as in
the LPEI:LiSbFg system. However, the center of this
feature seems to occur at a somewhat higher frequency
than in the LPEI:LiSbF¢ system at the same composi-
tions. The small sharp peak at 757 cm~! is due to the
symmetric CF3; deformation mode of the triflate anion.

The temperature-dependent spectra of the two LPEI-
salt systems at a 20:1 composition over a temperature
range from room temperature to 80 °C (well above the
melting point of crystalline LPEI at ~65 °C) are shown
in Figure 6 for the same spectral region shown in Figure
5. The spectra of pure LPEI at room temperature and
70 °C are also shown for comparison. However, the room
temperature spectra of LPEI:LiTf and LPEI:LiSbFg are
indistinguishable from their 35 and 40 °C spectra,
respectively, and are not shown. In the 40 °C spectrum
of LPEI:LiSbFs sample, in addition to the clearly defined
bands at 883, 855, and 800 cm™%, there is the additional
band at 829 cm~! that was observed in the 10:1
composition in Figure 5. At 65 °C, the 800 cm~! band
shifts and is seen as a very broad feature centered at
roughly 763 cm~1. There is also a broad band centered
at 885 cm™1. There appears to be little or no change in
the spectrum upon heating to 80 °C. In general, the
spectral behavior in this region over the temperature
range from room temperature to 80 °C is strikingly
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Figure 6. FT-IR spectra of the NH out-of-plane bending and
CH; rocking modes of pure LPEI at 70 °C; LPEI:LIiTf 20:1 at
75, 65, and 35 °C; LPEI:LiSbFs 20:1 at 80, 65, and 40 °C; and
pure LPEI at 35 °C.

similar to the behavior observed over a composition
range up to N:Li = 5:1, with higher temperature
correlating to higher salt concentration. Of particular
interest is the new peak at 829 cm~1, which is the only
sharp band of significant intensity persisting in this
region at 80 °C.

A similar trend is seen in Figure 6 for the LPEL:LiTf
20:1 composition: as the temperature increases, the
same types of spectral changes are seen as when the
LiTf concentration is increased. Also note the spectrum
of pure LPEI at 70 °C (above the melting temperature),
which appears very similar to the LPEI salt systems at
high salt concentration or elevated temperature. The
band at 829 cm™! appears only in the LPEI:LiSbFg
system.

4. lon—lon and lon—Polymer Interactions. The
cation—anion interactions in the LPEl:salt complexes
can be probed by examining those anion intramolecular
modes whose frequencies and intensities are sensitive
to coordination with cations. The SO3; symmetric stretch-
ing mode, v5(SO3), and the CF3 symmetric deformation
mode, ds(CF3), of the triflate ion have been extensively
used to study cation—anion interactions in lithium and
sodium triflate complexed with poly(ethylene oxide) and
oligiomeric poly(ethylene oxide)31527-29.31.3536 gnd, more
recently, studies of cation—anion interactions in LPEI
20 and in a monomeric LPEI model compound.3” The IR
spectra in the v5(SO3) region of the LPEI:LiTf system
at compositions of 20:1 and 5:1 near room temperature
and well above the melt of LPEI are shown in Figure 7.
In this region there is also a band at 1049 cm~1 in pure
LPEI at room temperature, arising from mixed CH>
twisting and NH bending modes, which disappears
between 50 and 70 °C. As the salt concentration is
increased from 20:1 to 5:1, the vs(SO3) mode changes
from a single band at 1031 cm™! to two bands, at 1031
and 1036 cm™! (indicated by the dashed lines). The
growth of the band at 1036 cm™! indicates that the
speciation is changing from “free”, or solvent-separated,
triflate ions at the lower concentration to a mixture of
“free” ions and ion pairs at the higher concentration.
This figure also compares the two compositions as a
function of temperature. Surprisingly, as the tempera-
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at 70 and 30 °C and pure LPEI at 70 and 35 °C in the region
showing the SO3; symmetric stretch of the triflate anion.
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Figure 8. FT-IR spectra of the v3(F1,) mode of LPEI:LiSbFg
10:1 and 20:1 and LPEI:TbaSbFe 10:1 and 20:1.

ture is increased from 30 to 75 °C there appears to be
no change in the speciation at any composition, as is
indicated by the invariance of the intensities and
frequencies of the bands at a given composition as the
temperature is increased. The same speciation trends
(an increase in aggregation with increasing salt con-
centration, but no effect with increasing temperature)
are observed in the d5(CF3) mode (not shown), in which
the band center shifts from 753 to 758 cm™! over the
composition range.

Infrared spectra of two LPEI:LiSbFs complex from
500 to 700 cm~! are shown in Figure 8. The v3(F1,) mode
of the isolated SbFg~ ion is measured at 669 cm™! in
the IR spectrum of the pure LiSbF¢ crystal.® In the 20:1
LPEI:LiSbFg complex there are two prominent bands
at 611 and 577 cm™! that are also present in the 5:1
complex. This rather substantial frequency shift and the
appearance of two bands resulting from the breaking
of the degeneracy of the F;, mode of the SbFs~ anion at
first suggests a strong interaction of the lithium ion with
the SbF¢~ ion. However, also shown in the figure are
two spectra of tetrabutylammonium hexafluoroanti-
monate (ThaSbFg) complexed with LPEI. This cation is
quite bulky, and the positive charge is localized in a
sterically protected core. Therefore, cation—anion in-
teractions in complexes containing this cation are

Macromolecules, Vol. 37, No. 3, 2004

expected to be negligible as studies of ThaTf in ethylene
oxide and ethylenimine systems have verified.37:3% In
LPEI:TbaSbFg, the SbFs~ frequencies occur at 605 and
583 cm~! in the 20:1 complex and are almost unchanged
in the 5:1 complex. It is surprising that the SbFg~ bands
in the LPEI: ThaSbFs complex occur at almost the same
frequencies as in the LPEI:LiSbFs complexes, and both
are significantly shifted from isolated ion values. These
data show that it is not a cation—anion interaction that
is responsible for the frequency shift. Coupled with the
shift in the NH bending frequency seen in Figures 3 and
4, it seems reasonable to explain these data in terms of
a hydrogen-bonding interaction of the SbFg~ anion with
the NH of the LPEI backbone.

Conclusions

The behavior of the polymer bands in all spectral
regions is almost identical with either increasing salt
concentration or increasing temperature: the dis-
appearance of numerous, relatively sharp bands and
their replacement by a few, broad spectral features. The
fact that this behavior is observed in both LiTf and
LiSbFe complexes at identical compositions shows that
the lithium ion is responsible for the striking spectral
changes that reflect significant disordering of the sys-
tem. The disordering occurs through a strong coordina-
tive interaction with the nitrogen atom in the LPEI
backbone that disrupts the hydrogen-bonding inter-
action in the crystalline LPEI structure. With either
increasing temperature or increasing lithium ion coor-
dination, the disruption of N—H- - -N hydrogen bonding
undoubtedly results in an increase in structural dis-
order. This effect appears to be amplified in the spectra
due to the extensive coupling of N—H bending motions
with the chain stretching, bending, and deformation
motions comprising the vibrational modes in the mid-
IR. Therefore, disruption of hydrogen bonding through-
out the polymer matrix is reflected in the dramatic
collapse of a “sharp” vibrational mode structure.

In the LPEI:LiTf system there is an increase in
cation—anion aggregation with increasing concentra-
tion, but no difference in cation—anion interaction with
increasing temperature. In the LPEI:LiSbFg system, it
appears that the primary interaction of the anion is with
the NH group in the polymer backbone. This is apparent
from the significant shift in the v3(Fi1,) mode of the
SbFs~ ion, the appearance of the new NH bending band
at 1550 cm~1, and the new NH stretching band at 3238
cm~1 in the LPEI:LiSbFg spectra. The same behavior
does not occur in the LPEI:LITf spectra or the LPEI
spectrum.
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