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Abstract

Fourier Transform mid-infrared and Raman spectroscopies were used to investigate the cation/polymer, cation/urea bridge, cation/
anion and hydrogen bonding interactions in poly(oxyethylene) (POE)/siloxane di-ureasil networks prepared by the sol-gel route and
doped with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Materials with compositions 200 >n > 5 (where n expresses the molar
ratio OCH,CH,/Li") were studied. The Li* ions coordinate to the urea carbonyl oxygen atoms over the whole range of salt concentra-
tion considered. Bonding to the ether oxygen atoms of the POE chains occurs at n < 40, although a significant fraction of the POE chains
remains non-coordinated. In these high salt content samples, the cations interact with the anions forming contact ion pairs. “Free” ions
are probably the main charge carriers at the room temperature conductivity maximum of these ormolytes.
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1. Introduction

During the last two decades solid polymer electrolytes
(SPE) [1] have attracted the attention of many researchers
owing to the potential technological impact of these mate-
rials in solid-state electrochemistry.

Lithium bis(trifluoromethanesulfone)imide (LiN(SO,-
CF3),, LiTFSI)-based SPE systems [2-6] generally show
higher conductivities than other lithium salts [7]in these elec-
trolyte systems. The observed improvement in ionic conduc-
tivity has been attributed to the low lattice energy of the salt,
which facilitates the solvation of the lithium salt by the poly-
mer, and to the deslocalized negative charge on the nitrogen
and four oxygens atoms, which reduces the tendency to form
ion pairs. In addition, because of its shape and internal flex-
ibility, the TFSI™ anion exerts a plasticizing effect and
reduces the crystallinity of the SPE, therefore lowering the
glass transition temperature of the materials.

This paper is devoted to the study of a family of sol-gel [8]
derived POE/siloxane hybrid electrolyte materials, desig-
nated as di-ureasils [9,10], containing a wide range of LiT-
FSI concentration. The di-ureasil matrix is a hybrid
structure in which the siliceous framework is bonded
through urea bridges to POE chains with about 40 oxyeth-
ylene repeat units. The LiTFSI-doped di-ureasil samples
were represented by the notation d-U(2000), LiTFSI, where
d-U represents the urea bridges at the extremes of the POE
chains, 2000 corresponds to the average molecular weight of
the organic segment precursor and # indicates the salt com-
position as molar ratio of OCH,CH, units per cation. Stud-
ies carried out very recently [11]allowed us to conclude that
the d-U(2000),LiTFSI ormolytes (organically modified
silica electrolytes) have potential applications in optical
devices such as rear-view windows and “smart windows”.
They exhibit a wide electrochemical stability window of over
5.0 V. Given that in solution the urea molecule is known to
undergo anodic oxidation [12,13], the stability observed
may initially seem anomalous. In previous studies however,
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interference of urea on biosensor function has been effi-
ciently blocked by the use of a polymeric layer on the biosen-
sing electrode surface [14]. Stability of a urea linkage group
incorporated within a polymer electrolyte network has
already been reported in POE/siloxane ormolytes [15,16]
and it is likely that this stability arises from an encapsula-
tion/protection effect of the chemical environment of the
urea linkage. Spectroscopic data confirmed that at low-to-
moderate salt content the ionic guest species coordinate with
the carbonyl oxygen atoms of the urea linkages and this may
also contribute to the observed electrochemical stability. In
addition, the d-U(2000), LiTFSI materials yield higher con-
ductivities than the lithium triflate [15] and lithium perchlo-
rate-based [16] di-ureasil analogues.

In the present paper, we have studied the local chemical
environment of the Li* and TFSI™ ions in the d-U(2000)
medium with the primary objective of gaining insight into
the ionic conductivity mechanism. We note that in the d-
U(2000),LiTFSI ormolytes three coordinating sites are
available for the cations. Coordination may occur at the
urea carbonyl oxygen atoms (-C=0) and at the polymer
ether oxygen atoms (-COC-) provided by the host hybrid
framework and at the imide ions of the guest salt. The
charge carriers in these type of systems may be [7,15-18]:
(a) “free” or weakly coordinated ions with high mobility;
(b) cations bonded strongly to the host polymer and/or
to the urea cross-links with low mobility; (c) ionic aggre-
gates with low-to-moderate mobility.

2. Experimental section
2.1. Materials

Lithium  bis(trifluoromethanesulfonyl)imide  (LiN(-
SO,CF3),) was dried under vacuum at 190 °C for 7 days
and then stored in a high integrity, dry argon-filled glove-
box. The diamine O,(’-bis(2-aminopropyl) polypropylene
glycol-block-polyethylene glycol-block-polypropylene gly-



col (commercially available as Jeffamine ED-2001®, Fluka,
average molecular weight 2001 g mol™!) was dried under
vacuum at 25 °C for several days prior to use. The bridging
agent, 3-isocyanatepropyltriethoxysilane (ICPTES, Aldrich
95%), was used as received. Ethanol (CH3;CH,OH, Merck,
99.8%) and tetrahydrofuran (THF, Merck, 99.9%) were
dried over molecular sieves. High purity distilled water
was used in all experiments.

2.2. Preparation of the di-ureasil ormolytes

The preliminary stage of the synthesis of the di-ureasils
involved the formation of a covalent bond between the ter-
minal NH, groups of Jeffamine-2001® (a+ ¢ =2.5 and
b = 40.5) and the -N=C=O0 group of ICPTES in THF to
yield the urea cross-linked organic—inorganic hybrid pre-
cursor designated as di-ureapropyltriethoxysilane (d-
UPTES(2000)) (molar ratio Jeffamine 2001®: ICPTES =
1:2) (Scheme 1). The grafting process was infrared moni-
tored. In the second stage of the synthetic procedure, a
mixture of CH3;CH,OH and water was added to the
d-UPTES(2000) solution (molar ratio ICPTES:CH;CH,-
OH:H,O = 1:4:1.5), followed by the incorporation of
LiN(SO,CF;),. Samples with n = oo, 200, 100, 80, 60, 35,
25,10, 8 and 5 were prepared. The materials were produced
as transparent monoliths with a yellowish hue.

2.3. Experimental techniques

2.3.1. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra were acquired at room temperature on a
Unicam FT-IR spectrophotometer. The spectra were col-
lected over the 4000-400 cm™' range by averaging 120
scans at a wavenumber resolution of 4 cm™!. Solid samples
(2mg) were finely ground, mixed with approximately
175 mg of dried potassium bromide (KBr, Merck, spectro-
scopic grade) and pressed into pellets.

2.3.2. FT-Raman Spectroscopy

The FT-Raman spectra were recorded with a resolution
of 2cm ™! at room temperature with a Bruker IFS-66 spec-
trometer equipped with a FRA-106 Raman module and a
near-infrared continuous YAG- laser with wavelength
1064 nm. During the measurements the sample cell was
located in an evacuated thermostat and the temperature
stability in the sample was estimated to be about 0.3 °C.
The spectra were collected over the 3200-300 cm ™! range
at a resolution of 2 cm ™. The accumulation time for each
spectrum was 4 h.

To evaluate complex FT-IR and FT-Raman band enve-
lopes and to identify underlying spectral components, the
iterative least-squares curve-fitting procedure in the Peak-
Fit' software was used throughout this study. The best fit
of the experimental data was obtained by varying the fre-
quency, bandwidth and intensity of the bands and by using
Gaussian (FT-IR spectra) and Voight shapes (FT-Raman
spectra). A linear baseline correction with a tolerance of
0.2% was employed. The standard errors of the curve-fit-
ting procedure were less than 0.003.

3. Results and discussion

In an attempt to correlate the ionic conductivity data
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with the extent of ionic association we have examined diag-
nostic bands of polymer chains, of urea bridges and of the
anion which suffer characteristic changes of intensity and/
or frequency upon cation coordination.

The fundamental vibrations of the TFSI™ anion are sit-
uated below 1400 cm ! [19] If the anion adopts C, symme-
try, its 39 internal vibrations can be classified into 20 A and
19 B modes, the former being polarized in Raman [19]. In
addition, for C, symmetry, each of these modes will split
into in-phase (A) and out-of-phase (B) components
because of the coupling between the two SO, groups [19].

3.1. Li*Ipolymer interactions

Fig. l1a shows the FT-IR spectra of selected Li*-doped
di-ureasils in the 1210-1040 cm ™' interval. The curve-fit-
ting results of the spectra of representative samples in this
range of wavenumbers are shown in Fig. 1b. The frequency
of the isolated components of this region and their assign-
ment are listed in Table 1.

The characterization of the spectral region where the
stretching vibration modes of the polyether skeleton
(vCOC) appear (1170-1040 cm™") is of interest because it
is highly sensitive to alterations in the POE conformations
arising from interactions between the ether oxygen atoms
and the cations.

The vCOC region of the d-U(2000),LiTFSI samples
with » > 200 displays a prominent, broad band centred
around 1108cm™' and a shoulder at about 1146 cm™'
(Fig. 1b and Table 1). These features, ascribed to the vCOC
vibration mode and to the coupled vibration of the vCOC
and rCH,; modes, respectively, are associated with
non-coordinated, disordered POE chains [20-22]. The
vCOC event at 1108 cm™" typically shifts to lower wave-
numbers as a result of the alteration in the chemical envi-
ronment of the polymer ether oxygen atoms caused by
coordination to the cations. The magnitude of the shift
depends on the strength of the cation/POE interaction.
This effect is clearly detected in the FT-IR spectra of the
samples with n < 40, where three new events develop: a
band centred at 1194 cm™" and two shoulders at ca. 1137
and 1061 cm™' (Fig. 1a). In this range of salt concentration
the vCOC band profile was resolved into bands at 1146,
1137, 1108, 1082 and 1060 cm™! (Fig. 1b and Table 1). The
band at 1082 cm™! is indicative of the complexation of the
cation by the polymer segments [23]. As the strong
1108 cm ™' feature persists in the FT-IR spectra of all the
samples examined (Fig. 1b), we are led to conclude that a
significant proportion of POE chains remains non-com-
plexed. The 1194 and 1137 cm™! components, characteris-
tic of the “free” imide ion, are attributed to the
asymmetric stretching mode of the CF; group (v,CF3)
and to the symmetric out-of-phase stretching mode of the
SO, group (voPSO,), respectively [19,24]. The event at
1060 cm ™! is also ascribed to an imide band [19,24].

Seeking further evidence for the coordination of the Li*
ions to the ether oxygen atoms of the POE chains at n < 40,
we have considered the FT-Raman spectra of all the mate-
rials studied in the region where the polymer CH, groups
absorb due to the rocking vibration mode (rCH,)
(Fig. 2). The so-called “oxygen breathing” mode [25] is
detected in this range of wavenumbers. Fig. 2 reveals that
the FT-Raman rCH, region of the doped hybrids with
n > 20 closely resemble that of the non-doped matrix (not
shown) [17]. The incorporation of more LiTFSI (n = 20)
leads, however, to the growth of a new feature at approx-
imately 865cm™!, which becomes the dominant event in



the case of the more concentrated samples with n = 8 and
5 (Fig. 2). This feature is correlated with the process of
POE chain wrapping around the Li" ions and typically
accompanies complexation [23,26,27] corresponding to
the establishment of gauche conformations in the O-C-
C-O segments [26].

Thus the beginning of cation/ether oxygen bonding has
been detected at # = 40 in the vCOC region and at n = 20
in the rCH, region. We will discuss again this particular
issue below.

3.2. Cationlcross-link interaction

The examination of the FT-IR spectra of the d-U(2000),,
LiTFSI hybrids in the “amide I” region (1850-1600 cm ™)
allows us to determine the ranges of salt concentration in
which the carbonyl oxygen atoms of the urea cross-links
bond to the Li* ions. This analysis enables us to obtain in
parallel valuable information concerning the extent of
hydrogen bonding in these xerogels.

The FT-IR spectra of representative d-U(2000),LiTFSI
xerogels in the “amide I” region are reproduced in Fig. 3.
The results of the curve-fitting performed in this band enve-
lope with representative samples and the composition
dependence of the area of the resolved components are
illustrated in Fig. 4a and b, respectively. The frequency
of the individual components of the “amide I” region
and their assignment are listed in Table 1.

The “amide I” region of the di-ureasils corresponds to
the amide I [28] region of polyamides [29]. The amide I
mode, essentially due to the C=O0 stretching vibration, is
sensitive to the specificity and magnitude of hydrogen
bonding [29]. Typically the amide I band consists of several
components associated with different C=0 environments
in aggregates, associations or structures. As the absorption
coefficients of C=0O groups belonging to these various
aggregates can be different, it is not possible to compare
concentrations of different components. Only the changes
suffered by each mode and detected as alterations of the
integral area represent concentration variations of each
aggregate [29,30].

Fig. 4a demonstrates that the addition of Li" ions to d-
U(2000) affects the “amide I” profile over the entire range
of compositions examined, a situation already reported for
the triflate [17] and perchlorate [18]-based analogues. This
interaction has dramatic consequences at n < 20 (Fig. 4a).
The “amide I” band of the d-U(2000), LiTFSI samples with
n>8 was decomposed into five components located at
1750, 1720, 1683, 1662 and 1640 cm™! (Fig. 4a and Table
1). At n=28 a new component emerges at 1617 cm™'
(Fig. 4a and Table 1). At n =15 the 1750 cm™' peak van-
ishes (Fig. 4a and Table 1).

The 1750 cm ™! band is associated with the absorption of
urea groups in which the N-H or C=0 groups are ““free”
(F) [31]. The events at 1720, 1683 and 1662 cm™' are
assigned to the absorption of hydrogen-bonded C=O
groups of disordered hydrogen-bonded POE/urea associa-
tions of increasing strength (D1, D2 and D3, respectively)
[17,31] The 1640 and 1616 cm™' features are ascribed to
the absorption of C=0 groups belonging to significantly
more ordered hydrogen-bonded urea/urea associations, of
increasing strength (O1 and O2, respectively) [17,31].

The graph illustrated in Fig. 4b provides better insight
into the modifications that the hydrogen-bonded aggre-
gates of the d-U(2000) hybrid undergo as the LiTFSI con-
centration is increased:

(a) In the most dilute xerogel examined (n =200) the
modifications detected are very subtle (Fig. 4b). The
main changes worth noting are a slight increase of
the fraction of species F, a reduction in the propor-
tion of aggregates D1, D2 and D3, while in parallel
the fraction of aggregates O1 rises.

(b) At n =40 the fraction of F groups and that of the
aggregates O1 suffers a decrease (abrupt and moder-
ate, respectively). In contrast, the proportion of
aggregates D1 and D2 increases slightly and the
amount of aggregates D3 rises significantly.

(c) The further incorporation of guest salt (n = 20)
results in a drastic reduction of the fraction of groups
F and aggregates D1. Concomitantly more aggre-
gates D2, D3 and Ol are formed.

(d) In d-U(2000)sLiTFSI the proportion of the compo-
nents D2, D3 and O1 continues to decrease moder-
ately, the content of aggregates D1 suffers an
increase and the amount of groups F remains practi-
cally constant (Fig. 4b). The formation of new hydro-
gen-bonded aggregates O2, stronger than the Ol
aggregates, is also observed.

(e) In the most concentrated xerogel analysed (n = 5) the
aggregates D1 practically disappear and all the urea
groups become saturated (i.e. no carbonyl groups
are left “free”). Simultaneously, the fraction of aggre-
gates D2 and D3 decreases slightly, whereas that of
the O1 and O2 aggregates increases markedly.

The massive destruction of d-U(2000) structures D1 at
n < 20 is consistent with the fact that within this range of
salt content the POE segments are intensely involved in
the complexation of the Li* ions and as a consequence they
can no longer interact to the same extent with the N-H
groups of the urea linkages through hydrogen bonding.

3.3. Cationlanion interactions

3.3.1. Raman 6,CF3/v; SNS region

The Raman 6,CF; band of the “free” imide ion appears
at about 739 cm™! [19]. This ion-pairing sensitive band
shifts to higher wavenumbers upon coordination to the cat-
ion. We must note, however, that the assignment of this
band has been a matter of intense of discussion. Bakker
et al. [32] have reported that it has a marked vS-N charac-
ter and therefore many authors prefer to associate it pre-
dominantly to the symmetric stretching mode of the SNS
group (v,SNS) [33,34].

Fig. 5a and b show the results of the curve-fitting car-
ried out in the FT-Raman 5,CF/v,SNS region of selected
LiTFSI-doped di-ureasil samples and the composition
dependence of the area of the resolved components, respec-
tively. The frequencies of the isolated components of this
region and their assignments are listed in Table 1.

The FT-Raman J,CF3/vSNS region of the d-
U(2000), LiTFSI with #n > 40 was decomposed into a single
component at 739 cm™! (Fig. 5b and Table 1) associated
with “free” TFSI ions [19,33,34]. At n = 20 the FT-Raman
65CF3/vs SNS envelope was decomposed into two peaks sit-
uated at 743 and 739 cm ™! (Fig. 5 and Table 1). The former
component, the intensity of which increases with salt con-
centration (Fig. 5a), is tentatively ascribed to the formation
of contact ion pairs [19,33,34]. The occurrence of contact
ion pairs at n < 20 correlates well with the data retrieved
from the rCH, region that place the beginning of Li'-
POE complexation at #n =20. Fig. 5b demonstrates that



the concentration of “free” anions and that of the coordi-
nated anions remains essentially the same at 40 <n < 8. As
expected, the fraction of “free” anions decreases signifi-
cantly at the highest concentration analysed (i.e. n=15),
and, as a consequence, the proportion of associated species
increases.

3.3.2. Infrared v ,SNSIvCS, 8,CF; and 5,CF3/vy SNS regions

In the 800-700 cm ™" interval of the FT-IR spectrum of
the TFSI™ ion three vibration bands are typically observed:
the asymmetric stretching mode of the SNS group (v,SNS),
the asymmetric deformation mode of the CF; group
(0,CF3) and the 6,CF3/v,SNS mode.

The FT-IR spectra of the d-U(2000),LiTFSI hybrids
with n > 20 in the vCS/v,SNS, §,CF; and §,CF3/v,SNS
regions are depicted in Fig. 6. The results of the curve-fit-
ting performed in the vCS/v,SNS and 6,CF;/v.SNS enve-
lopes of selected samples are shown in the left and right
insets of Fig. 6, respectively. The frequencies of the individ-
ual components of these regions and their assignments are
listed in Table 1.

The FT-IR spectra of the xerogels with n > 20 repro-
duced in Fig. 6 display two intense events at 787 and
739 cm ™! and a weak, ill-defined event at 762 cm™". Upon
addition of more salt (n < 20) the 787 and 739 cm ™! bands
shift to 789 and 741 cm ™', respectively (Fig. 6).

The FT-IR v,SNS region [33,34] of the d-U(2000),,LiT-
FSI samples with 40 > n > 8 was decomposed into two
components at 791 and 784 cm™' (Table 1 and left inset
of Fig. 6). We associate the v,SNS band at 784 cm™' with
the occurrence of “free” TFSI™ ions. We note, however,
that Rey et al. [19] assigned this event to a vCS mode
and attributed the band situated at 1061 cm ™! to the v,SNS
mode (Table 1). The feature seen at 791 cm ™' in the FT-IR
spectra of the di-ureasils is tentatively attributed to the
presence of contact ion pairs.

The FT-IR 6,CF3/v,SNS band of the LiTFSI-doped di-
ureasils with 40 > »n > 8 was resolved into two compo-
nents at 742 and 738 cm ! (Table 1 and right inset of
Fig. 6). The 738 cm™' feature is due to “free” anions
[19,33,34] whereas the 742 cm™! band is correlated with
the formation of contact ion pairs.

The main conclusion that may be derived from the study
of the TFSI™ characteristic modes of the di-ureasils is that,
although the Li* ions interact extensively with the anions
for compositions # < 40, this process leads exclusively to
the occurrence of contact ion pairs. This situation contrasts
markedly with the lithium triflate [15,17] and lithium per-
chlorate [16,18]-doped di-ureasil analogues in which the
formation of higher aggregates was also detected, a clear
indication of the significantly higher tendency for ionic
association in the di-ureasil systems doped with lithium
salts incorporating triflate and perchlorate anions”.

Finally, we are led to suggest that the species responsible
for the existence of a room temperature conductivity max-
imum at n =35 (32 x 10°°Scm ™! at room temperature
[11]) are “free” anions.

4. Conclusions

FT-IR and FT-Raman spectroscopic analyses were car-
ried out on a di-ureasil hybrid system doped with a wide
concentration range of LiTFSI (200 > n > 5). The satura-
tion of the C=O groups of the urea cross-links by the Li*
ions is attained at n = 5. At n < 8 new hydrogen-bonded

urea—urea aggregates, considerably stronger than those
established in the parent hybrid matrix, emerge. Complexa-
tion of the Li* ions by the POE chains at n < 20 is accom-
panied by the formation of contact ion pairs. “Free” anions
are expected to be the main charge carriers of the room tem-
perature conductivity maxima of the d-U(2000),LiTFSI
electrolyte system.
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Scheme 1. Structure of the d-U(2000),LiN(SO,CF;), di-ureasils.
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Fig. 1. FT-IR spectra in the 1210-1040 cm ™" interval region (vCOC, rCH,, vCF3, v,SNS and v,SO, modes) (a) and curve-fitting in the 1180-1040 cm ™"
interval region (b) of the selected d-U(2000),LiTFSI di-ureasils.

Table 1
Characteristic FT-IR and/or FT-Raman bands of the polymer and TFSI™ ions in the spectra of the d-U(2000), LiTFSI di-ureasils

d-U(2000),, LiTFSI

n Attribution Ref.
200 40 20 8 5

IR R IR R IR R IR R IR R

1747 - 1749 - 1749 - 1750 - - - “Free” N-H or C=0 groups [31]
1718 - - - 1722 - 1720 - 1719 - Disordered hydrogen-bonded POE/urea associations (17,311
1685 - - - 1683 - 1685 - 1683 -

1662 - - - 1662 - 1662 — 1663 -

1640 - - - 1641 - 1640 - 1640 - Ordered hydrogen-bonded urea/urea associations [17,31]
- - - - - - 1617 - 1616 -

. - 1194 - 1194 - 1194 - 1194 v,CF3 [19,24]
1146 . 1146 - 1149 1147 - 1146 - vCOC + rCH, [20-22]
- = 1137 - 1137 1137 - 1137 - vPSO, [19,24]
1108 - 1108 - 1109 1112 - 1108 - vCOC non-complexed [20-22]
- - 1082 - 1082 1083 - 1082 - vCOC complexed [23]

- - 1060 - 1059 1059 - 1060 - v,SNS [19,24]
- - 790 - 791 - 791 = - - vCS/v,SNS Contact ion pairs

- - 784 . 784 - 784 - - - “free” anions [19V133,34]
- - 762 - 761 - 761 - 761 - vy(SNS) [19]

- - 741 - 740 743 742 741 - 742 6,CF3/vSNS Contact ion pairs [33,34]

- 739 738 739 737 739 738 739 - 739 “free” anions [19V/133,34]
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Fig. 2. FT-Raman spectra of selected d-U(2000), LiTFSI di-ureasils in the

925-775 cm™! region. Fig. 3. FT-IR spectra of selected d-U(2000),LiTFSI di-ureasils in the
“amide I” region.
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Fig. 4. Curve-fitting results of the “amide I” region of the d-U(2000), LiTFSI di-ureasils (a) and salt concentration dependence of the integral intensity of
the different spectral resolved components (b).
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Fig. 5. Curvefitting results of the FT-Raman 5,CF;/vSNS region of selected d-U(2000),LiTFSI di-ureasils. (a) and salt concentration dependence of the
integral intensity of the different spectral resolved components (b).

AT
>§ n
SAMN 3
3 s
c 8
g ﬁ g
i A g
20
s <
~
K B
! 70
40
815 810 805 800 795 790 785 780 775 770 765
Wavenumber (cm) n
E)
s - 8
20
40
800 s 750 725

Wavenumber (cm’™)

Fig. 6. FT-IR spectra of selected d-U(2000),LiTFSI of di-ureasils in the 800700 cm™" interval. Insets: results of the curve-fitting of the vCS/v,SNS (left)
and §,CF3/v,SNS (right) bands of selected doped samples.



