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ABSTRACT

In this paper, the chain flexibility of Poly(N-vinylimidazole) was tried to
increase by lowering itsglasstransition temperature (Tg) and by increasing
its amorphous region by copolymerizing with n-butyl methacrylate. The
copolymerswere prepared in five different feed molar ratiosto optimizethe
required properties such as higher room temperature conductivity and
better film forming capacity. The conductivity of copolymers, as well as
their fluoroborate salts, have been reported here. The copolymers were
prepared by free radical method and the salts were prepared by simple
acidification. The copolymers and salts have been characterized by IR, *H
NMR, TGA, DSC analysis. Frequency and temperature dependence of a.c.
conductivity has been studied to learn about the electrical conduction
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behavior inthe materials.

INTRODUCTION

Polymer electrolytesare the newest areaof solid
ionicsto receivewide attention for applicationinelec-
trochemical devicessuch asbeatteriesand e ectrochemi-
ca windows. Two generd typesof polymer electrolyte
have been intensively investigated: polymer salt com-
plexesand polyel ectrolytes. A typical polymer eectro-
lyte consists of a coordinating polymer, usualy a
polyether,inwhichasdt, eg. LiCIO,isdissolved. Both
anionsand cationscan bemobilein thesetypesof eec-
trolytes. By contrast, polyel ectrol ytes contain charged
groups, either cationsor anions, covalently attached to
the polymer, so only the counter ionismobil€™. Some
anionic polyel ectrolyteslikelithium poly(2-sul phoethyl
methacrylate)id, sodium polystyrene sulphonate,
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poly(dialkyl dimethyl ammonium chloride)¥ etc have
beeninvestigated inthe context of singleion conducting
solidionics. Inthelast decades conductivity studies of
some cationic polyelectrolytes like Poly(2-
dimethylaminoethylmethacrylate)-HCI,Poly(2-
vinylpyridine)-HX(where,X=F,CI,Br,NO,,10,),
Poly(4-vinylpyridine)-HX (where X=Cl Br,]) sdtshave
also been reported™>*2, Z. Tang et al™ reported the
conductivity study of polymer e ectrolytesbased onthe
copolymer of N-Vinylimidazolium tetrafluoroborate
(WImBF,) and poly (ethyleneglycol) dimethacrylate
(PEGDMA). Thehighest conductivity with avalue of
2.9x 10 Scm* was reported for the copolymer pre-
pared from feed molar ratio of Vylm BF,;:PEGDMA =
80:20, plasticized with 25% ethylene carbonate (EC)
and adding 0.70 mol Kg* of LiCIO, (for the purpose
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of getting target ionsi.e. Li *ions)

In this paper we report our attempt to increase
theionic conductivity aswell asfilmforming capacity
of Poly(N-vinylimidazole) (PVIM) anditsfluroborate
sdt PVIM-HBF " by internal plasticization with bu-
tyl methacrylate (BUMA). For this purpose wefirst
prepared the copolymer of N-vinylimidazole and
butylmethacrylate (VIM-co-BuMA); thesalt wasthen
prepared by ssmpleacidification of thecopolymer with
HBF,. Both the copolymer and its salt could be cast
into thinfilms. Thenovelity of our work isthat no ex-
ternal salt was used for enhancement of conductivity.
Instead thevirgin copolymer filmswere used for mea-
surement of conductivity and conductivity value of
2.7x10° Scm could be achieved at 30°C. Various
experimental techniquessuch asinfrared (IR), pro-
ton nuclear magnetic resonance (*HNMR),
Thermogravimetricanayss(TGA), Differentiad Scan-
ning Calorimetry (DSC) and conductivity studiesare
employed to characterize the copolymersand the poly-
electrolytes.

EXPERIMENTAL

Materials

N-vinylimidazole(Aldrich), n-butylmethacrylate
(Fluka), benzene(Merck), methanol(Ranbaxy),
acetone(Ranbaxy), were of synthetic grade and puri-
fied by distillation under reduced pressure. AIBN (E-
Merck) wasrecrysta lised from methanol . Fluoroboric
acid, diethyl ether (Ranbaxy) were of andar gradeand
were used without further purification.

Prepar ation of copolymers

N-vinylimidazole (VIM) and butyl methacrylate
(BuMA) werecopolymerizedinfivedifferent feed mo-
lar ratios(VIM:BuMA::1:1,1:1.5,1:2,1:2.5, 1.3) by
freeradica method usngAIBN asaninitiator and ben-
zeneassolvent under N, atmosphere. Thereactionwas
alowed to continuefor about 18h at 60°C inathermo-
static water bath. After the completion of thereaction,
about two third of the solvent wasremoved by distilla-
tion under reduced pressure. The copolymerswerepre-
cipitated in diethyl ether. The copolymerswerethen
dissolved in methanol (methanol is non solvent for
polybutylmethacrylate); the undissolved compounds
werefiltered off and precipitated with diethyl ether. The
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precipitate was again dissolved in toluene (tolueneis
nonsolvent for PVIM) filtered,and repreci pitated with
diethyl ether. The entire precipitation procedurewas
repeated twiceto ensurecompleteremova of unreected
monomers,the homopolymersand initiators. The co-
polymers so obtai ned were then dried in adessicator
over fused CaCl, stored in N, atmosphere to avoid
contact withmoigturefromair. ThecopolymersP(VIM-
co-BuMA) weresolution cast over glassplateand dried
inavacuumovenfor overnight. Thedried filmwasused
for conductivity measurement.

Preparation of P(VIM-co-BuMA-HBF))

A concentrated sol ution of each oneof the copoly-
merswas prepared in methanol and treated with 10%
HBF, at room temperature and kept for overnight .
TheP(VIM-co-BuMA-HBF,) sdtswerethen precipi-
tated with acetone. The saltswere then dissolved in
methanol again and reprecipitated with acetoneto get
thepurified sat. Thesdtswerestored over fused CaCl,
before use. The P(VIM-co-BuMA-HBF,) sdtswere
solution cast over glass plate and dried in avacuum
ovenfor overnight. Thedried filmwasused for con-
ductivity measuremen.

MEASUREMENTS

The400MHz proton NMR spectrawere recorded
withaVARIAN 400MHz NMR spectrophotometer
using CDCI, assolvent. IR spectrawererecorded with
aShimadzu IR Prestige 21 spectrophotometer using
thinfilmsof the polymer and polye ectrolyte. TGA were
recorded with aPerkin-Elmer Therma Anayzer witha
heating rate of 20°C min*. DSC wererecorded witha
Perkin-Elmer Jade DSC Analyzer with ahegting rate
of 20°Cmin. Thedectrica conductivity of these poly-
merswaseva uated from the compl ex impedance—ad-
mittance plotsrecorded a different temperaturesusing
aHIOKI LCRHITESTER 3522 frequency response
andyzer. Theplotswererecorded inthefrequency range
from 0.001 to 100K Hz keeping thesigna amplitude of
20mV. Thegeometry of thecell for themeasurement of
conductivity was Pt | polymer film | Pt, where platinum
platewasused as e ectrodes. The experiment was car-
ried out under arelative humidity* of 55%. Theeec-
trical conductivitieswere subsequently obtained from
therelation,
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o=t/R A D
where, t = thickness of thefilm, A= areaof thefilmand
R, =bulk resstance of thefilm.

RESULTSAND DISCUSSION

For characterization by IR'THNMR, TGA, DSC,
the copolymer anditssalt prepared from 1:2 feed mo-
lar ratio of VIM:BuM A weretaken since conductivity
vauewasfound to be highest for that copolymer (com-
position VIM:BuMA::0.628:0.372) sdt.

Infrared

ThelR spectraof the copolymer anditsfluoroborate
sdtsareshowninfigurel.
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Figurel: IR spectraof (a) P(VIM-co-BuMA) (b) P(VIM -co-
BuMA-HBF,)
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In P(VIM-co-BuMA) the peak at 663.51 cmtis
dueto C-N(ring)stretching, whichisacharacteristicimi-
dazoleringbandin VIM uniti®®, The pesksat 1732.08
and 1176.58 cm! are due to -C=0- and -O-(C=0)-,
respectively, and thisindicatestheincorporation of bu-
tyl methacrylate unit into the copolymer matrices®. The
peak at 3109.25 cmrt is due to C-H(ring)stretching,
2933.73cm* is due to C-H and CH_(main chain)
gretching, Thepesk at 1568.13 cntisdueto C=C(ring)
stretching . The peak at 1467.83 cmtisdueto C-C
and C=N(ring)stretching. Thepeaksat 1271.09.59cm?,
1238.30cm?, 1066.64cm* are due to C-H (ring) in
planebending, C-N(ring)stretching ; thepeak a 945.12
cmrtisduetoring stretching and in plane bending %.
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The peaks at 2958.80 cm™ (—-C—H- asymmetric
stretching vibrations), at 2872.01 cm™*(—C—H- asym-
metric stretching vibration), at 1384.89 cm! (-C-H-
symmetric deformation) areal dueto methyl group.
The peaksat 750.31 cm® skeletal vibration of the —
CH,— group [for -(—~CH_-), or more]!*¢*&

The spectrum of P(VIM-co-BuMA-HBF) (figure
1b) showsastrong pesk at 1544.98 cm'?, and thismay
be due to —N*-H bending vibration*”#, which con-
firmstheincorporation of fluroborateioninto thepoly-
mer ; thispeak isabsentin P(VIM-co-BuMA) (figure
1a). The peak at 3149.76 cmrt is due to C-H (ring)
stretching, 2931.80cm* isdueto C-H and CH,(main
chain) stretching, 1633.71cmrtis due to C=C(ring)
stretching, 1469.76cm* isdueto C-C and C=N(ring)
stretching; the peaks at 1242.16cm?, 1147.65cm’?,
1062.78 cm* aredueto C-H (ring)in plane bending,
C-N(ring)stretching ; the peak at 663.51cm™ isdueto
C-N(ring)stretching®. The peaksat 2958.80 cm™! (—
C—H-asymmetric stretching vibrations), at 2873.94
cm(—C—H- asymmetric stretching vibration), at
1,382.96 cmr! (-C—H-symmetric deformation) are all
dueto methyl group. The peaksat 761.88 cm® skel-
etal vibration of the—CH,— group [for (-CH-), or
more]. TheN-H stretchin P(VIM-co-BuMA-HBF))
causes absorptionin 3261.63 cm118.19)

Proton nuclear magneticresonance

Proton NMR spectra of the copolymer and its
fluoroborate sdltsin CDCl, areshowninfigure 2.
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Figure2: *H NMR spectradf (a) P(VIM
co-BuMA-HBF)
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The spectrum of P(VIM-co-BuMA) containsthe
characteristic proton signasfromimidazolering (mul-
tiplet with 6.7-7.3 ppm),backbone CH(1.6-
2.3ppm)group, splitting chain CH group (3.36-
3.75ppm), methyl protonsattached to backbone(1.391
ppm),-C(=0)-O-CH, protons (3.934 ppm)!***. Inthe
spectrum of P(VIM-co-BuMA-HBF,)) thesignd & 8.1-
8.5ppm indicates the presence of N*-H proton(*-8l
confirming theformation of the polye ectrolyte (figure
2b). The spectrum of P(VIM-co-BuMA- HBF,) con-
tainsthe characteristic proton signalsfromimidazole
ring (multiplet with 6.7-7.3 ppm),backbone CH,(1.6-
2.3ppm)group, splitting chain CH group (3.5-
3.75ppm),methyl protons attached to backbone(1.40
ppm),-C(=0)-O-CH, protons (3.937 ppm)!1¢-18,

Itisassumed that the reaction proceedsin thefol -
lowingway:

CH GHa
H,C= _
27 H,C=C AIBN / 60°C
N + é—o _— =
K\ D |
N ?
CH,CH,CH,CHs
s
—éHzc—?H-)m—éﬁ—?m
2 —
N c=o0
7 |
\ / Q
N CH,CH,CH,CHs

Copolymerization of VIM and BUM A

i
—éHzc—?H-)m—GCHr?-)n—
N ¢=0 + 10 % n HBF,
i\ D Q
N
CH,CH,CH,CH3
H, G
—éHzc—?H-)m—éc —
Room N c=o
Temperature BF, |
T
\ CH,CH,CH,CH3

Acidification of P(VIM-co-BuM A)
Copolymer composition

The compositionsof the copolymerswerederived
from *HNMR data®!. Assuming m, asthemolefrac-
tionof VIM unitand m, asthemolefraction of BUMA,
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the composition of VIM in the copolymer was deter-
mined by comparingtheintegra vauesof aromatic (1)
and diphatic protons(l ) asshown below:

[,/1,=3m /(3m +14m,) 2
Theequation isderived from thefact that VIM con-
tains 3aromatic and 3 aiphatic protonswhile BUMA
has 14 aliphatic protons. From thisand m,_1-m,, we
have

m,=1,/(31 +111,) ©)
Theintegra valuesof VIM (1., .,) and BUMA (I
arepresentedin TABLE 1.

TABLE1: Integral valuesof VIM (1,,..)and BUM A (I

Composition Composition Integral Integral Copolymer Copolymer

VIM BuMA)

VIM BuMA)

of VIM of BUMA Value value composition composion
in feed in feed lvim lguma m; m;

1 1 1.00 247 0.760 0.240

1 15 1.79 5.07 0.718 0.282

1 2 1.00 3.76 0.628 0.372

1 25 1.00 6.19 0.473 0.527

1 3 1.00 6.23 0.471 0.529

From thetableit has been observed that within-
creaseintheamount of BUMA inthefeed,VVIM content
inthe copolymer decreased.

TGA

TGA thermogram of the copolymer and its
fluoroborate saltsare shown in Figure 3(a) and 3(b)
respectively.

1059 1068

100 ;\_‘_‘*‘.‘ X1=23786°C 10
A

Y1=94.448 %

Delta ¥ =93.056 %

K2=465.96 °C
1V2=1392% 2

043

5 3
4002 100 150 00 20 0 30 400 450 500 550 B0) 6269

Temperature (°C)

Figure3(a) : TGA curveof P(VIM-co-BUMA)

The copolymer showed asingle step degradation.
However, the salt P(VIM-co-BuMA-HBF,) showed
two step decompositionasisevident fromfigure3. The
first step of decomposition may be dueto theloss of

A Tndéan W



210

Conductivity study of poly(N-vinylimidazole-co-butylmethacrylate) and its fluoroborate salt

PCAIJ, 6(4), 2011

Full Poper ===

W =391.47 °¢
V1=55338%

4
—

[ EnoDoun!

Vi b =
v 1\ DetaY=iE8B4% T~
o .

=437
Y2=B078 %

E
a0 20 an £l 40 40 a0 Ea s E62
Temperatrs C =l

Figure3(b) : TGA curveof P(VIM-co-BUMA-HBF))

HBF, moleculeand the second step of decomposition
may be dueto degradation of copolymer backbone.

DSC

From the DSC thermogram (Figure4), glasstran-
sitiontemperatures (Tg) werefoundto bel34.33*Cand
152.10°C, for copolymer anditsfluroborate salt, re-
spectively. Theglasstransition temperature of the co-
polymer waslowered in comparisonto pure PVIM (Tg
vy =147.663°C). Thismay be dueto incorporation
of flexible—O=C-O- group of BuMA,which lowers the
vaueof T, by increasing thefreevolumein the copoly-
mer matrices*#. Since P(VIM-co-BuMA-HBF) is
apolycation,the e ectrostatic interaction may increase
the T,8s compared to P(VIM-co-BuMA) which con-
tains no charged species®!.

Heat tlow Endo down(mW)

50 100 150 200 250

Temperature(°C)

Figure4: DSC curvesof (a) PVIM (b) P(VIM-co-BuMA) (¢)
P(VIM-co-BUuMA-HBF)

Conductivity

The conductivity of the copolymersprepared from
different feed monomer composition and their polye ec-
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trolytesis measured by AC impedance spectroscopy.
FHoure5 presentsthetypicd impedancepl ot of fluroborate
salt having approximately copolymer composition
(VIM:BuMA::0.628:0.372) & 30°C. Asillugtratedin Hg-
ure5, the complex impedanceplotisintheform of two
regions: anarcand alinear region. Thearc at medium-
high frequenciesisrelated to the conduction process,
andthegtraight lineinclined with respect tothered axis
at lower frequenciesisdueto theeffect of blockingdec-
trodes*¥. AC conductivitiesat different temperaturesfor
pure PVIM and the copolymersof fivedifferent copoly-
mer compositionsareshown in TABLE 2(a) and their
HBF, sdtsareshownin TABLE 2(b).

1x10°

co
X
=
o
]

-Zm(0hm)

2x107 o
-~ '
T

T T T
6x10° 8x10° 1x10°

ZRe(Ohm)
Figure5: AC impedance spectrum of P(VIM-co-BuM A-
HBF,)at 30°C

T
2x10° 4x10%

The measurementsfor thetemperature dependence
of conductivity weretaken to andyze the mechanism of
ionic conduction. In general, therel ationship between
conductivity of polymer e ectrolytesand temperatureis
inaccord with either theVogel-Tamman—Fulcher [VTF;
Eq. (4)]* behaviour or theArrheniuseguation[Eq. 5
6 =AT%%exp[-B/(T-T )] 4
c=0,exp (-E/RT) (5)
whereA isapre-exponentia factor that isproportiona
to the number of chargeions, B isthe pseudo-activa-
tion energy associated with themotion of the polymer,
E, istheactivation energy,and T isareferencetem-
perature, which hasbeen reported to be 30-50 °C lower
than T _for many polymer electrolytes systems.

Figure 6 showstheArrhenius plotsof P(VIM-co-
BuMA),P(VIM-co-BuMA-HBF,)) withdifferent com-
positionsinthetemperaturerange of 30-80°C.

For all the samples, itisclear that theArrhenius
plotsof log o versus 1000/T are linear, meaning that
theconductivity followsanArrheniusre ationship with
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Conductivity(Scm™) values for copolymers composition VIM:BuMA::

Temperature Conductivity
?OC) (Scm™) valuesfor PVIM  0.760: 0240 0.718: 0282 0.628: 0.372 0.473: 0.527 0.471: 0.529
-9

ox10 6x10°® 6x10°8 6x107 6x10°® 6x10°8
30 4.11 2.64 5.86 0.98 5.33 5.00
40 13.9 459 6.02 1.43 6.39 5.85
50 5.53 5.51 6.12 1.94 7.01 6.34
60 5.55 5.53 7.13 2.27 7.90 6.95
70 4.05 8.52 8.80 2.89 8.10 7.12
80 4.20 459 9.30 457 8.50 7.94
90 23.4 16.9 20.07 6.54 9.00 8.21

TABLE 2(b) : Conductivity dataof HBF,salt of PVIM and copolymer sof different compositions

Temoerature Conductivity (Scm™) Conductivity(Sem™) values for salt with copolymer composition VIM:BuMA::
?(’C) valuesfor PVIM-HBF, _0760:0.240  0718:0282  0.628: 0.372 04730527 _ 0471: 0.529
cx10 ox10° ox10° ox10° ox10° ox10°
30 3.22 3.28 7.37 2.76 5.24 4.93
40 342 6.36 133 413 6.48 5.62
50 1.74 7.73 182 4.94 7.00 6.40
60 2.10 9.07 221 5.79 7.60 7.55
70 2.02 18.0 413 7.38 8.59 8.55
80 1.32 26.1 55.4 8.59 9.10 8.92
90 105 27.6 61.4 13.30 12.2 19.8
4 electrolytewasfound to increasewithincreasing tem-
£ '{" perature. Fromthe TABLES2(a), 2(b) and Figure6, it
57 . isobserved that thereisabout 107-10° fold increasein
B, d the room temperature conductivity of HBF, saltsthan
o - . . .
8 ¢ the corresponding copolymers. This can be explained
g s 2 : inthefollowingway.
¢ [ B . . . -
¢ ’ ’ . ImidazolemoleculeinVIM isbasic duetothepres-
8 enceof nucleophilicimidazolyl group. Inthepresence
27 28 29 3 31 32 33 of anacid, thenitrogen lonepair easily formsanew N-
1000/T(1/K)

Figure6(a) : Plot of loge vs. 1/T of P(VIM-co-BuM A)

+a
mb
&
<d
e*c

n
-

2.7 2.8

29 3 34

1000/T(1/K)

32 33

Figure6(b) : Plot of log o vs. /T of P(VIM-co-BuM A-HBF)

temperaturein thetemperaturerange measured. These
curves show that theformation of thesalt increasesthe
ionic conductivity. The bulk conductivity of the poly-

H bond with proton of theacid and behaveslikeapos-
tiveion. Thisionthen formsstable st withthenegative
ionlikeBF,". Thepresenceof BUMA asinternd plasti-
cizer facilitatesthefree movement of theionsintheco-
polymer matrix. Inthis processtheionic character in-
creasesand the salt behavesasfairly good electrolyte.

Also, therewasabout 10foldincreasein conductiv-
ity of the plasticized polyelectrol ytesthan that of HBF,
sdt of purePVIM (TABLE 2(a) & 2(b))*4. Thismay be
duetothefact thet copolymerisation of VIM withBuMA
lowers Tg, thereby increasng thechainflexibility, which
facilitatesmoreion mobility,and henceincreasesionic
conductivity. Theincreasein chainflexibility isevident
fromthelower vaueof theglasstrangtiontemperatures
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of thecopolymer (Figure4(a),(b)) than PVIM. Themaxi-
mum conductivity wasnoted for copolymer composition
VIM : BUMA :: 0.628:0.372. However, withfurther in-
creaseintheamount of BUMA inthecopolymer, theroom
temperature conductivity of the polyelectrolytes de-
creased. Thismay bedueto thefact that higher amount
of BUMA meansVIM content inthe copolymer isless.
AstheVIM unit containsthefollowingionicmoiety:

+H2C—C|:H-)—

N
@ BF,
N
\

H

whichisrespong blefor conductivity; the conductivity
decreases dueto decrease of VIM content.

CONCLUSION

The copolymerisation hasincreased thechain flex-
ibility, asisevident from T, values. However, a higher
molar ratio of BUMA, the chainflexibility decreases,
and therefore, theroom temperature conductivity also
decreases. Thisisduetoincreasing strength of copoly-
mer—copolymer interaction caused by increased polar
group of BUMA,, thereby decreasingthechainflexibil-
ity. Also, decreaseinionic conductivity may be dueto
lessamount of (VIM-HBF,) unitinthe copolymer, re-
spons blefor ionic conductivity. Moreover, theincreasing
amount of BUMA makethe polymer eectrolytesmore
hygroscopic at room temperature, thereby making it
difficult to processto cast into thinfilms. Therefore,
polymer host matrix should be copolymerized with op-
timum amount of BUMA to get good-quality polyelec-
trolytes having high room temperature conductivity as
well asgood flexibility. Inour study, the copolymer pre-
pared from 1:2 feed molar ratio of VIM:BuMA (co-
polymer composition (VIM:BuMA::0.628:0.372), evi-
dent from TABLE 1) showed the best resultswhich
may find gpplicationin e ectrochemical devices.
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