
RSC Advances

PAPER
Novel fluorine-fr
aCentro NanoMat/CryssMat Lab/F́ısica –

Universidad de la República, Uruguay. E-ma
bCentro Interdisciplinario de Nanotecnoloǵıa
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ee 2,20-bis(4,5-dimethylimidazole)
additive for lithium-ion poly(methyl methacrylate)
solid polymer electrolytes

Mariano Romero,ab Ricardo Faccio*ab and Álvaro W. Mombrúab

In this report, we study the effect of the addition of fluorine-free 2,20-bis(4,5-dimethylimidazole) (BDI) on

lithium-ion solid polymer electrolytes based on lithium nitrate and poly(methyl methacrylate) (PMMA).

Confocal Raman spectroscopy and theoretical Raman calculations were performed to study lithium

dissociation and the interaction mechanism of the lithium and nitrate ions with the BDI additive.

Additionally, X-ray diffraction analysis showed that the mean coherence length of the PMMA chains is

influenced by the BDI concentration. The incorporation of the BDI additive favors the dissociation of

lithium salt leading to a maximum enhancement on the lithium conductivity of up to 1.88 � 10�4 S cm�1

for a critical BDI addition of �5% with respect to PMMA, which is very high in comparison with the

conductivities of �10�4 S cm�1 usually observed for these solid polymer electrolytes.
Introduction

The use of solid polymer electrolytes (SPE) in lithium ion
batteries as an alternative to liquid electrolytes is currently
being studied due to the advantages of safer design, hermetic
sealing, ame-resistance and shape suitability.1–3 Improve-
ments in the performance of these solid polymer electrolytes are
related to reducing the crystallinity and decreasing the glass
transition temperature of the polymer. Poly(methyl methacry-
late) (PMMA) is usually preferred as a solid polymer electrolyte
host because of its great amorphicity, ability to coordinate to
lithium through its carbonyl group, high transparency and light
weight.4,5 The inclusion of additive materials such as nano-
particle llers has shown an enhancement in the lithium salt
dissociation leading to higher conductivity in solid polymer
electrolytes.6–15

On the other hand, liquid electrolytes based on imidazole-
derived lithium salts such as lithium 4,5-dicyano-2-
(triuoromethyl) imidazolate (LiTDI)16,17 or trilithium
2,20,200-tris (triuoromethyl)benzotris (imidazolate) (Li3BTI)18

are still preferred due to their excellent lithium conductivity
of up to �10�3 S cm�1 in liquid organic solvents. The purpose
of using lithium imidazole salts is to weaken the chemical
bonds between the anion and lithium ion, in order to prevent
ionic-pair formation, thus enhancing the lithium trans-
ference number and the conductivity. In addition, polymer
electrolytes based on lithium conductive imidazole salts have
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, Qúımica y F́ısica de Materiales – Espacio

lica, Uruguay

6

also been studied, exhibiting lithium conductivities as high
as 10�4 to 10�3 S cm�1.19,20

However, in addition to non-liquid electrolytes, there is still
the need to study imidazole compounds which do not comprise
uorine atoms, in order to meet the safety requirements
of lithium batteries. Regarding this, general imidazole
compounds have also shown a strong interaction through their
amine (N–H) groups, mediated by hydrogen bonds, with most
typical inorganic anions used in lithium electrolytes such as
nitrate21,22 and perchlorate.23 However, neither of them has been
used for this purpose in lithium solid polymer electrolyte
applications. Up to now, there are no reports studying the effect
of adding uorine-free imidazole molecular additives into solid
polymer electrolytes using simple lithium inorganic salts on the
lithium ion conductivity.

In this report, we study the inuence of the addition of 2,20-
bis(4,5-dimethylimidazole) (BDI) as a molecular additive using
lithium nitrate (LiNO3) as the salt source and PMMA as the
polymer host, in order to improve the lithium conductivity in
these solid polymer electrolytes. A one-step preparation is re-
ported for different BDI concentrations, followed by a complete
structural and electrical characterization by means of confocal
Raman spectroscopy, infrared spectroscopy, differential scan-
ning calorimetry, X-ray diffraction and electrochemical imped-
ance spectroscopy.
Materials and methods

Poly(methyl methacrylate) (PMMA) 15.000 Mw, 2,20-bis(4,5-
dimethylimidazole) (BDI) and lithium nitrate (LiNO3) 99.9%
provided by Sigma-Aldrich were dissolved separately in anhy-
drous tetrahydrofuran (THF) under vigorous stirring at room
This journal is © The Royal Society of Chemistry 2016
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temperature. The solutions were mixed in order to obtain a nal
PMMA : LiNO3 : BDI weight ratio of 100 : 7 : 0, 3, 5, 7, 10, 15 and
were stirred for 6 hours at T � 50 �C until dry and then vacuum
dried at T � 80 �C for 20 hours to remove residual solvent. The
dried powder samples were nally pressed into pellets under
a pressure of 50 kN cm�2 to obtain the polymer composites
named BDI-X, where X ¼ 0, 3, 5, 7, 10 and 15, respectively.

FT-IR spectroscopy was performed using a Shimadzu Pres-
tige 21 following prior dilution in KBr and pelletizing. FT-IR
spectra were recorded in the range of 400–4000 cm�1 by aver-
aging 20 scans with a resolution of 4 cm�1. Confocal Raman
spectroscopy was performed using a WITec Alpha 300-RA
confocal Raman spectrometer. The laser wavelength used in
this experiment was 785 nm to avoid sample uorescence and
the laser power was set to �10 mW, in order to avoid sample
decomposition. Raman spectra were obtained by averaging a set
of 400 spectra with 0.2 s integration time for each spectra.
Raman spectra simulation was performed using density func-
tional theory (DFT)24,25 using the hybrid exchange correlation
potential B3LYP26–29 for a 6–31++G(d,p) basis set, as imple-
mented in Gaussian 09.30 X-ray powder diffraction (XRD) was
performed using a Rigaku Ultima IV diffractometer with CuKa
radiation in the 2q¼ 5–50� range using 2q steps of 0.02� with a 3
s integration time per step. Differential scanning calorimetry
(DSC) was performed using a Shimadzu DSC-60 with a 5�C
min�1 ramp rate in the T ¼ 20–150 �C temperature range.
Electrochemical impedance spectroscopy (EIS) measurements
Fig. 1 FT-IR (a) and Raman (b) spectra for PMMA, BDI and BDI-X with X
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were performed for the BDI-X pellets with a 1.2 cm diameter and
0.2 cm thickness using sputtered gold blocking electrodes. EIS
data were obtained using a 10 mV voltage amplitude in the 0.1
Hz–1 MHz frequency regime at 20 �C using a Gamry Reference
3000 impedance analyzer. Data processing was performed using
Echem Analyst soware.
Results and discussion

FT-IR spectra for BDI-X with X ¼ 0, 3, 5, 7, 10 and 15 are shown
in Fig. 1a. In all cases, the peaks ascribed to PMMA showed no
drastic variations from �750, 966–989, 1150–1273, 1400–1490
and 1732 cm�1, attributed to the d(CH2) deformation, n(C–O)
stretching, n(O–CH3) stretching, d(CH2, CH3) deformation and
n(C]O) stretching modes, respectively.31,32 Moreover, the peaks
ascribed to BDI showed no drastic variations from �947–977,
1209, 1384 and 1603 cm�1, attributed to the d(C–H) out of plane
bending, n(C–N) stretching, d(C–H) bending and n(C]C)
stretching modes, respectively.33

Raman spectra for BDI-X samples with X ¼ 0, 3, 5, 7, 10 and
15 are shown in Fig. 1b. In all cases, the peaks ascribed to
PMMA showed no drastic variations from �605, 817, 990,
1475 and 1720 cm�1, attributed to the n(C–C) stretching,
d(O–C]O) deformation, n(O–CH3) stretching, d(H–C–H)
deformation and n(C]O) stretching modes, respectively.
Moreover, the peaks ascribed to BDI showed no drastic vari-
ations from �1039, 1263, 1583 and 1629 cm�1, attributed to
¼ 0, 3, 5, 7, 10 and 15.
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Fig. 2 Raman spectra and Lorentzian fitting for the nitrate symmetric
stretching n(N]O) mode for BDI-X with X ¼ 0, 3, 5, 7, 10 and 15.

Table 1 Experimental and theoretical Raman shifts for the 1000–
1100 cm�1 regiona

LiNO3** BDI* BDI–Li–NO3* BDI BDI-5

n(NO3) 1071s — 1040m — 1050m
d(CN2) — 1037w 1028w 1042w 1035w

a BDI and BDI–Li–NO3 Raman shi frequencies were theoretically
calculated (*) and LiNO3 crystalline nitrate mode (**) was extracted
from the literature.34
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the d(N–C–N) stretching, n(C–N) stretching, n(CN2–CN2)
stretching and n(C]C) stretching modes, respectively. All
these vibrational modes were assigned using DFT theoretical
simulation of the Raman spectra as described in the previous
section. Samples of BDI-X with X ¼ 0–15 exhibited a peak at
�1050 cm�1, attributed to the nitrate n(N]O) stretching
mode, suggesting the dissociation of lithium from the nitrate
salt, as also observed for a similar PMMA nanocomposite in
our previous report.15 This nitrate stretching mode peak is
expected to be located at �1070 cm�1 for the lithium bonded
Fig. 3 (a) Photo of the solid polymer electrolyte membranewith gold blo
lithium and nitrate for the BDI-X solid polymer electrolyte.
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conguration of the LiNO3 salt. The Lorentzian deconvolution
of the Raman spectra in the 1020–1080 cm�1 region is shown
in Fig. 2. There is evidence of nitrate dissociation for all BDI-X
samples but only partial dissociation for the sample with no
BDI added (X ¼ 0), evidenced by the presence of two peaks at
�1050 and �1070 cm�1, ascribed to the nitrate stretching
mode for the non-bonded and bonded to lithium cases,
respectively. On the other hand, a slight shi from �1042 to
�1035 cm�1 is observed for the n(C–N) stretching mode of
BDI, probably suggesting a hydrogen bonding interaction of
the BDI secondary amine (N–H) with nitrate anions (NO3

�) as
is usually observed in these coordination compounds.21–23,34

Theoretical calculations of the Raman spectra for a simple
model consisting of a BDI molecule, two lithium and two nitrate
ions are shown in Table 1. The structure optimization shows that
lithium interacts through the BDI nitrogen atom and nitrate
probably interacts with BDI via hydrogen bonding through N–H,
as shown in Fig. 3. The theoretical nitrate symmetric stretching
mode exhibited a peak located at �1040 cm�1, which is drasti-
cally shied from the typically observed peak at �1070 cm�1 for
lithium nitrate.35 This peak at �1040 cm�1 was also observed in
the experimental Raman spectra.

Confocal Raman images, obtained for a 75 � 75 mm zone of
the BDI-X samples (X ¼ 0, 3, 5, 7, 10 and 15), are shown in
Fig. 4a. The “red” zones in the confocal Raman images were
obtained by ltering the BDI n(CN2–CN2) stretching mode at
�1583 cm�1, while the “blue” zones were obtained by ltering
the PMMA d(O–C]O) deformation mode at �817 cm�1,
revealing the presence of BDI-rich zones and PMMA-rich zones
in the polymer electrolyte, respectively. The addition of BDI
leads to the formation of BDI-rich zones in the polymer matrix,
analogous to a polymer blend microstructure. Confocal Raman
spectra, associated with the previously dened “blue” and “red”
zones, are shown in Fig. 4b. The presence of unbonded nitrate,
evidenced by the peak at �1050 cm�1, is mostly observed in the
BDI-rich zones, conrming that BDI shows great affinity for
nitrate anions. This is probably due to the BDI interaction with
nitrate anions through hydrogen bonding, suggesting that the
addition of BDI leads to the decline of lithium-nitrate ionic-pair
formation.
cking electrodes and (b) schemewith the proposed BDI interactionwith

This journal is © The Royal Society of Chemistry 2016



Fig. 4 (a) Confocal Raman image showing the presence of PMMA-rich
(blue) and BDI-rich (red) zones for BDI-X with X ¼ 0, 3, 5, 7, 10 and 15.
The filter applied in the spectra to obtain the image was based on the
intensity of the PMMA d(O–C]O) deformation at �817 cm�1 and BDI
n(CN2–CN2) stretching at �1583 cm�1, shown in blue and red,
respectively. (b) Confocal Raman spectra for BDI-X with X ¼ 0, 3, 5, 7,
10 and 15 corresponding to the PMMA-rich (blue) and BDI-rich (red)
zones marked in Fig. 3a. The peaks located at �1070 and 1050 cm�1

are ascribed to the nitrate stretching mode for the cases of bonding
and non-bonding with lithium, respectively.

Fig. 5 XRD patterns for PMMA, BDI and BDI-X with X ¼ 0, 3, 5, 7, 10
and 15.

Table 2 XRD and DSC analysis for PMMA and BDI-Xwith X¼ 0, 3, 5, 7,
10 and 15a

2q1 (�) d1 (nm) 2q2 (�) d2 (nm) Tg (�C)

PMMA 15.01 0.59 30.86 0.30 �85
BDI-0 15.77 0.56 30.72 0.30 —
BDI-3 — — 30.61 0.30 —
BDI-5 16.31 0.54 29.92 0.30 �50–60
BDI-7 16.81 0.53 30.63 0.30 �50–60
BDI-10 17.04 0.52 29.83 0.30 �50–60
BDI-15 19.14 0.46 30.05 0.30 —

a Mean coherence distance (dn) was estimated from XRD data using the
Bragg equation di ¼ l/2sin(qi). Glass transition temperature (Tg) was
estimated from DSC data using the linear crossover method.
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XRD patterns for the BDI-X samples with X¼ 0, 3, 5, 7, 10 and
15 are shown in Fig. 5. In all cases, the presence of a broad peak
at 2q� 15� and two others with a lower intensity at 2q� 30� and
43� was observed, in agreement with the typical amorphous
PMMA pattern. The peak at 2q � 15� showed a progressive shi
to higher values as shown in Table 2, in relation to the decrease
in the coherence length of the PMMA induced by the increasing
concentration of BDI, as has also been observed for other
similar PMMA composites.36 The mean coherence lengths (d1),
estimated using the Bragg equation with the peak position at
2q1 � 15–19�, are shown in Table 2. The progressive lowering of
This journal is © The Royal Society of Chemistry 2016
the mean coherence length from d1 � 0.60 nm to 0.45 nm
probably suggests that the mean PMMA inter-chain distances
decrease with increasing concentration of BDI, similar to the
typical side-chain effect observed for different acrylate and
methacrylate polymers.37 BDI-X with X ¼ 0 and 3 showed
a drastic lowering in the 2q �15� peak intensity, as shown in
Fig. 5. This observation could be possibly attributed to the
RSC Adv., 2016, 6, 67150–67156 | 67153



Fig. 7 Electrochemical impedance spectroscopy at T¼ 20 �C for BDI-
X with X ¼ 0, 3, 5, 7, 10 and 15.
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polymer partial oxidation due to the presence of nitrate, which
consequently leads to a drastic increase in the disorder of the
PMMA chains. However, the samples where X¼ 5 and 7 showed
an increase in the 2q � 15� peak intensity, probably suggesting
that BDI interacts with nitrate anions avoiding the PMMA
partial decomposition, thus avoiding an increase in the
disorder of the polymer chains. Nevertheless, the samples
where X ¼ 10 and 15 showed a progressive decrease in the peak
intensity, probably due to BDI blending with the polymer
chains, leading to an increase in the disorder of the PMMA
chains with an increasing concentration of BDI. On the other
hand, the peak at 2q2 � 30�, associated with typical inter-
monomer spacing (d2 � 0.30 nm),38 showed no drastic shi in
its position for the samples of differing BDI concentration, as
expected in the absence of PMMA chain cleavage or severe
decomposition. The presence of low intensity peaks ascribed to
the crystalline BDI reections was also observed for BDI-X with
X¼ 5, 10 and 15, suggesting that BDI is probably partially still in
a semi-crystalline form in the BDI-X polymer composites.

DSC proles for BDI-X are shown in Fig. 6. The glass tran-
sition temperature showed a progressive decrease with
increasing BDI concentration with respect to pure PMMA. Pure
PMMA showed a Tg of �85 �C, in accordance with the glass
transition temperature of low molecular weight PMMA. The
BDI-X composites showed a Tg range of �50–60 �C for the
samples where X ¼ 5, 7 and 10, in agreement with a progressive
increase in the disorder of the polymer chains. On the other
hand, no evidence of glass transition was observed above room
temperature for the samples of lower BDI concentrations (X¼ 0,
3) and for higher BDI concentrations (X ¼ 15), suggesting
a more pronounced increase in the disorder of the PMMA
Fig. 6 DSC profiles for PMMA, BDI and BDI-X with X ¼ 0, 3, 5, 7, 10
and 15.
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chains, as also evidenced by the drastic lowering of the peak
intensity in the XRD pattern shown in Fig. 5.

Electrochemical impedance spectra (EIS) in the Nyquist
plane form for all BDI-X composites are shown in Fig. 7. In all
cases, the impedance spectra are composed of an arc circle at
high frequencies related to the parallel combination of the bulk
resistance (Rb) and capacitance (C). The irregularities at the
electrode/electrolyte contact can be modeled using a constant
phase element (CPE) connected in series with the RC parallel
combination39 as shown in the inset of Fig. 8. An enhancement
in the lithium conductivity at room temperature was observed
for all BDI-X with X ¼ 3, 5, 7, 10 and 15, with respect to X ¼ 0.
The total lithium conductivity for different BDI concentrations
is shown in Fig. 8 and listed in Table 3, showing conductivities
of s ¼ 1.18 � 10�6, 2.01 � 10�6, 1.88 � 10�4, 3.84 � 10�5, 2.87
� 10�5 and 8.25 � 10�6 S cm�1 for BDI-X with X ¼ 0, 3, 5, 7, 10
and 15, respectively. The enhancement of the lithium conduc-
tivity for all BDI concentrations with respect to X¼ 0 is probably
ascribed to the inhibition of the ionic-pair formation between
lithium and nitrate. Based on the Raman spectroscopy analysis,
we propose that BDI interacts with the nitrate anion, probably
through hydrogen bonding through the N–H group, and
lithium interacts through the BDI nitrogen atom, as shown in
Fig. 3. The BDI-X sample with X ¼ 5 showed the highest lithium
Fig. 8 Circuit model and lithium conductivity versus BDI concentra-
tion at T ¼ 20 �C plotted as log(s) vs. X for BDI-X with X ¼ 0, 3, 5, 7, 10
and 15.

This journal is © The Royal Society of Chemistry 2016



Table 3 Bulk resistance (Rb) and lithium conductivity (s) at T ¼ 20 �C
for BDI-X with X ¼ 0, 3, 5, 7, 10 and 15a

Rb (kohm) s (S cm�1)

BDI-0 149.8 1.18 � 10�6

BDI-3 88.3 2.01 � 10�6

BDI-5 0.94 1.88 � 10�4

BDI-7 4.606 3.84 � 10�5

BDI-10 6.162 2.87 � 10�5

BDI-15 21.44 8.25 � 10�6

a Bulk resistance (Rb) was obtained by tting EIS data with the circuit
model shown in Fig. 8 and lithium conductivity (s) was obtained
using the equation s ¼ t/RbA, with the polymer electrolyte thickness
(t) and the area of electrodes (A).
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conductivity (stotal ¼ 1.88 � 10�4 S cm�1), suggesting that this
critical amount of BDI leads to an optimal relation between the
nitrate bonding effect and the degree of disorder in the polymer
chains. The BDI-X sample with X ¼ 5 corresponds to a BDI : Li
molar ratio of 1 : 2, suggesting that the optimal BDI content is
the one corresponding to two lithium cations and two nitrate
anions per BDI molecule, as shown in Fig. 3. However, it is also
possible that both lithium and nitrate could be interacting in
a molar ratio of 1 : 1 with BDI and part of the lithium is inter-
acting with the PMMA carbonyl groups. In any case, it is
important to remark that the addition of BDI leads to the
decline of lithium-nitrate ion-pair formation which benets the
enhancement of lithium transport in the polymer matrix.
However, independent of the BDI to lithium and nitrate ratio,
the maximum lithium conductivity observed for a critical
amount of BDI (X ¼ 5) may also be attributed to other effects
associated with the addition of BDI in the polymer micro-
structure. It is also important to remark that the electrolyte with
no BDI (X¼ 0) exhibited a low intensity of the 2q� 15� reection
in the XRD pattern, probably due to the partial oxidation of
PMMA. On the other hand, the electrolytes with a higher
loading of BDI (X > 10) also showed a decrease in the reection
ascribed to the PMMA inter-chain mean coherence distance,
probably due to BDI blending in the PMMA matrix, leading to
an increase in the mean coherence length between polymer
inter-chains. However, X¼ 5 shows the highest coherence in the
polymer inter-chain distances, denoted by the highest intensity
of the 2q� 15� reection in the XRD pattern. This might suggest
that low amounts of BDI prevent partial oxidation of PMMA,
due to the affinity of BDI for nitrate anions. This suggests that
the enhancement in the lithium conductivity is not only due to
the lithium ionic-pair suppression caused by the BDI addition
but it could also be related to the higher coherence of the
polymer inter-chain distances. In summary, the addition of BDI
shows enormous advantages in the preparation of uorine-free
solid polymer lithium-ion electrolytes such as higher chemical
stability, safety and lithium conductivity.

Conclusions

In this report, we showed the effect of the addition of uorine-
free 2,20-bis(4,5-dimethylimidazole) (BDI) in a lithium-ion solid
This journal is © The Royal Society of Chemistry 2016
polymer electrolyte based on the PMMA polymer. We focused
on studying the effect that the BDI addition has on the disso-
ciation of lithium by means of confocal Raman spectroscopy.
The interaction between the nitrate anion and BDI leads to
a higher dissociation of lithium ions and, consequently, to the
enhancement of the lithium conductivity of up to 1.88 � 10�4 S
cm�1 for a 5% critical BDI concentration in these solid polymer
electrolytes. XRD analysis showed that the increasing BDI
concentration leads to a progressive decrease in the coherence
length of PMMA chains. This analysis also showed that the
critical BDI concentration of 5% does not compromise the
degree of disorder in the polymer chains, leading to the highest
lithium conductivity in this type of solid polymer electrolytes.
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