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Rheokinetic Study of Concentrated High 
Molecular Weight Emeraldine Base in 

N-Methyl-2-Pyrrolidinone Solutions Containing 
2 -Met h y 1- Azir idine 

DALI YANG and BENJAMIN MATTES* 

Santa Fe Science and Technology, Inc. 3216 Richards Lane, Santa Fe, NM 87505 

Concentrated solutions of ultra-high molecular weight (HMW) emeraldine base (EB) are 
obtained when near stoichiometric quantities of 2-methyl-aziridine (2MA) per polymer 
repeat unit are co-dissolved in N-methyl-2-pyrrolidinone (NMP). Hydrogen bonds are 
formed between the secondary and tertiary EB nitrogen atoms found in the polymer repeat 
unit, and both the 2MA additive and the NMP solvent molecules. The rheological behavior of 
such solutions is quite different from that of EB/NMP solutions without 2MA. The principals 
of rheokinetic analysis are used to investigate the mechanism of the EB*2MA complex for- 
mation in the concentrated EB/NMP/2MA solution systems. The reaction rate, equilibrium 
constant and activation energy associated with the complexation are determined. Further, the 
stability of variable 2M-B molar composition and the kinetic effects due to variable tem- 
perature are reported for 20% (w/w) EB solutions. 

Keywords: conducting polymer processing; polyaniline; rheology 

INTRODUCTION 

Richard Gregtny and his dlcagua at Clemson University have 
extensively studied the dmlogical and gelatian properties of 
concentrated low molecular weight cmcraldmc ' base (EB) solutions by 

* Corresponding author. Tel: 505474-3535; fax: 5054749489;  email 
addressmattes @ sfst.net 
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342 DALI YANG and BENJAMIN MATTES 

means of solution viecometry tcchniques.[l] We previously [2, 3, 41 
reported approaches for Preparing stable, highly concentrated, high 
molecular weight (HMW) EB/NMP solutions that involve cemixhg 
small amounts of secondary amines with the polymer and the solvent. 
Extruded articles, e.g., solid fibers, are easily obtained at a uxnmucial 
scale h m  these solutions. However, in order to optimize the physical 
properties of the produd Gber, tight control over the complex set of 
parameters involved with the extrusion process itself must be exercised 
and undarstood. This note describes one very important aspect of the 
wet extrusion process itself, namely the rbbologid properties of the 
concentrated polymer solutions. 

EXPERIMENTAL 

HMW EB was synthesized in our laboratory. Its MW (Mw > 250,000) 
was &tumid by GPC analysis.[5] Concentrated EB/NMP/2h4A 
solutions were prepared by slowly adding a predetemuned . weight of 
dried and sieved EB powder into a specified volume of NMP that 
contained variable amounts of 2MA in screw-top Teflon vials. After 
vigorously stining the mixtum for a few minutes at room temperature, 
the tightly sealed Teflon vial was placed into an o v a  and heated to 60 
OC for -30 minutes. During this period, every few minutes, the 
EB/NMP/2MA mixture was taken out of the oven and then vigorously 
stirred. After following this mixing process, a liquid 
solution fine from gel particles was obtained. The concentrated 
EB/”/2MA solutions (2W w/w) preperad with Varyiae 2MA/EB 
molar ratios (ranging fiom 1.5 to 3.5) were used for the lheology 
measurements. 

These rheology studies employed a Brookfield RVDV - III cone and 
plate rheometer. A cone spindle, CP-52, with a semi-vertical colic angle 
of 3.0’ was used for concentrated polymer solution viscosity 
mcamcmcnts. 

After cooling to Mom temperahue, -0.5ml of the polymer solution 
was transfernd to the sample cup of the rhtometer. The cup was 
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RHEOKINETIC STUDY OF POLYANILINE 343 

controlled at a desired temperature by means of a VWR-1160 
temperature controller. Gelation studies of the solutions were 
preformad by monitoring the viscosity change with time at a constant 
shear rate (0.8 sec-') and at three tcmpcratms (25,40, and 60 f 0.l"C). 

RESULTS AND DISCUSSION 

The characteristic rhcological behavior observed for the concentrated 
HMW EBINMPI2MA solutions is shown in Figure 1. Three distinct 
rfieological regions wen found. Region Z is characterized by a sharp 
decrease in viscosity with time. This behavior is most likely attributable 
to the f d o n  of an EBe2MA H-bond complex that st~ves to block 
the interactions between the polymer chains. Region ZZ represents the 
period of time duriug which there is no appreciable change in the 
viscosity of these solutions. We believe that in Region ZZ, the solution 
has mhed an cquiliium state in which approximately two 2MA 

polymer repeat units through hydrogen bonds. In other words, a 
thennodynamically mta-stable complex is f d  tbrough these H-bond 
interactions. Aftn a prolonged period of solution stability, the solution 
phase separates due to the prolonged effects of continuous shearing, and 
Region ZZZ behavior is observed. In Region ZZZ, the intermolecular 
polymer H-bonding is recstablishcd, leading to the cessation of fluidity 
as a three-dimensional physically cross-linked gel network forms. 
Figure 2 presents the viscosity profiles for four 20% (w/w) EB 

solutions containing Varying 2 W B  molar ratios in N?@ at 25 "C as a 
function of time. The three distinct rlmlogical regions wcn found fix 
each viscosity profile. The data for the various regions will be discussed 
Scpamely in detail below. 

molecules H-bonded with the two available imirse nitrogens Of the 
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344 DALI YANG and BENJAMIN MATTES 
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FIGURE 1 Represtntative Viscosity CUIVCS vmus time showing 
three distinct regions: (I) EB*2MA H-bond complexation regioq (I0 
Equilibrium regioq and (m) Gelatian region. 
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FIGURE 2 Viscosity as a function of time and 2 U B  molar ratio 
at a constant temperature (25 "C), concentration (20% w/w), and shear 
rate (0.8 set'). 
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RHEOKINETIC STUDY OF POLYANILINE 345 

Figrrn 3 shows a loglog plot of viscosity vs. time for Region Z data 
presented m Fw 2. As the 2MA:{EB} molar ratio incneses &om 
1.75 to 3.06, the time to formation of the solution phase (Region a) 
inmases h a c o u p l e  of hours to more than 5 hours, and the initial 
viscosity demases h m  -55,000 to -25,000. 

l d  

v c 
E 
- H 
> ld  

FIGURE 3 ViscoSity as a firnction of time and 2 W B  molar ratio 
in Region Z at constant tempemure (25 "C), Collctlltration (20% w/w), 
and shear rate (0.8 sec - I ) .  

The process of a concentrated HMW EB/NMP/2MA solution fomzatiOn 
in Region I, involves the EBa2MA cornplexaiion process itself. At this 
point m time, the polymers' intdinter-chain H-bonds arc broken, a d  
concurrently, 2MA molecules insert themselves at the imine sites aloog 
the polymer chains. This evcnt enables the polymer to adopt an 
expendad chain conformation while m solution, and the viscosity 
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346 DALI YANG and BENJAMIN MATTES 

typically decreases h m  its initial value by a factor of two. Rheokinctic 
thekincticmc&mism 

associated with EB-2MA complex formation in the liquid phase. Such 
large viscosity “drops” axe always associated with chenges in either the 
polymer’s concentration, d o r  a polymer’s molecular weight, and/or 
the intaction arnong polymer chains.[6] 

analysis is a useful approach for m h t a r h g  * 

3.1.1 Rate constant dctcmum * ’on 
In the formation of H-bonds between 2MA molecules a d  EB, the 
protons in 2MA molecules interact with the lane pair electrons in imine 
nitrogens of EB. Since there are two iminc nitrogen sites in one EB 
tetramcric repeat unit ({EB}) (see F i p  4). it is reasonable for us to 
assume that a pair of 2MA molecules interact with one {EB} repeat, and 
alsoassume it isa third order reaction: first order in [EB] and second 
order in [2MA]. The formula of this complexation can be dcscni as: 

FIGURE 4 Chemical struchlre of EB tecramm ‘c npeat unit ((EB]). 

The viscosity of a polymer solution can be thought of as a 
measurement of the interaction between polymer chains. The viscosity 
of a pure EB solution is dominated by the interaction between emim 
hydrogen and imiae nitrogen between the polymer chains. The 
f d o n  of a EB-2MA complex blocks such polymer self-interaction, 
and results in the large viscosity daaease compared to a pure EBMMP 
solution. Therefore, presumably, the viscosity of EBMMPI2MA 
solution is solely dcpendent on the concentration of EB and independent 
of the concentration of the EB-2MA complex ([EB-ZMA]). The 
empirical equation which is commonly used to cornlate concentrated 
polymer solution viscosity (q) and concentration (c) is used here: [7,8] 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
2:

30
 1

6 
A

ug
us

t 2
01

2 



RHEOKINETIC STUDY OF POLYANILINE 341 

where K is an empirical constaut which depends upon the polymer's 
nature., the temperetun, and where M is the avaagc molecular weight. 
After Faerraagiagthis equation to equation (3). we an able to use the 
viwosi@ change with time to monitor the EB*2MA complexation 
pr0CeSs: 

c = [EB] = [El?], - x = 54- (3) 

where EB, is the initial Concentration of {EB} and X is the concentration 
of the EB*ZMA complex, both quantities in units of mold. At 25 "C, 
the value of (KM3.4)'"4 is 10.33 (cp''~'/rnolc/l) (which is determined as 
descn'bed later in Section 3.2). 

The rate law far the reaction given in Equation 1 cenbe dcscribcdas: 

where R, is reaction nrte (moleNmin), t is reaction time (min), A is the 
reaction rate constant ((mold)-2/min), and 2M& is the initial 
concentration of 2MA(mold). 

By muranging Equation 3 to solve for X, which is dinctly 
propntional to viscosity change (p(q)) with time, and using the integrated 
form of Equation 4, the d o n  rate of the complex formation was 
determined with Region I ( p i p  1) eq&mtal  data.[9] The 
relationship between F(q) and time rn illustmtcd in Fm 5. Sirrce 

the reaction rate constants for these reaction systems should be the 
Same. lnArrA these four sets of cxpamcd data superimpose one on 
another very well. This supports the argumsnt that only reaction 
temperatun governs the rate of the reaction.[lO] It also proves that the 
EB*2MA complexation is a third order reaction. The average rate 
constaut (-3.4 x lo4 ((mold)-2/raill)) was detarmned by linearly fitting 
the acpaimentaldatain Figure 5. This d value of A indicates the 
EB-2MA complexation is a slow process. These concentrated 
EBMMpI2MA solutions need to take time to reach an cquiliibrium state. 

these four sets of experiments bad been done at the same tern-, 
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348 DALI YANG and BENJAMIN MATTES 

- F(q) I 3 . W -  R P 0.99 
0.05 

0.04 

0.09 

0.02 

0.01 

0 
0 50 100 1 so 

Time (mln) 

FIGURE 5 F(q) as a function of time for the four EBlNMP12MA 
concentrated solution systema with a constant EB concentration 
(-2PA w/w) and temperature (25 "C). (Corresponding to the 
experimental data in Figure 3). 

3.1.2. Activation energy detexmination 
In the solution preparation, thermal energy is very importmt to obtain a 
stable EB/"/2MA solution. Without providing enough energy to the 
system, the EBe2MA complwr could be neither formed nor formed 
completely, and the gelation occurs rapidly. In order to determine the 
activation energy associated with the EB dissolution process, the effects 
of temperature on the stability of concentrated EB/Nh4P/2MA solutions 
wen studid The results LVC shown in Figure 6. By using equation (2) 
and the Region Z experimental data h m  F i p  6, the F(q) as a function 
of time at thne different temperatures were obtained. These am 
presented in Figure 7 .  The rote constants at dif/erent temperaturrar are 
the slopes of these three curves. When the temperature increases h m  
25 to 60 OC, the rate constant of the EB02MA complwcation increases 
-22 times. 
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RHEOKINETIC STUDY OF POLYANILINE 349 

2.6 ld 

2 lo' 

g1.s ld 

6 10' 

0 6 10 16 20 26 

TIM (hr) 

FIGURE 6 Viscosity as a function of time and temperature at constant 
concentration (20% w/w), 2MA/EB molar ratio (2.58), and shear rate 
(0.8 sec-'). 

FIGURE 7 F(q)s as functions of time for 20% w/w concentmted 
EBINMPRMA solution systems at 25, 45 and 60 "C. (EB conc. 
200/0 w/w, 2MA/EB = 2.59). 
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350 DALI YANG and BENJAMIN MATTES 

The Arrhenius equation relates the rate constant (A) for a reaction to 
the firesuency factor (A), the activation energy (E. (kJ/mole)) and 
t e m m  (T 6): [111 

E, IRT k = Ae- 

The activation energy and kqucncy factor can be determined from 
the temperature dependence of the rate constant. With the rate 
constants at d i f fmt  temperatures shown in F i g m  7, the activation 
energy of EB*2MA cOmplexBtiOtl- 73.6 ld/mole is obtained. Although 
this energy is much less than the normal covalent bond energy (>150 
Ulmole), it is about 3 t imes of a LlMmal H-bonding energy 
(<25kJ/mole).[12] This indicates that EB*2MA complexes arc formed 
through a physical interaction. This also SugSesEe that on avuage, there 
arc at least 3 H-bonds between two EB tetramen 'c repeat units. This 

concurrently farm the NMPIEBRMA H-bond co~~~plex, explains the 
factthatexternal energy is I.bquind to activate the EB, Nh4P and 2MA 
molecules during EB*2MA complexation. 

energy, which is u d  to breaL p ~ l y m ~ r  inter-/in~-ch& H-boadin& and 

In this region, the rtaeological behavior and the viscosity of the 
concentratad EBMMPI2MA solutions nmain stable, and EB.2M.A 
complexation reaches an equilibrium state. The viscosity values of these 
solutions depend on the 2MA and EB concentration and temperahue. 
For a 20% w/w HMW EB/NMP/2MA solution system at 25 "C, as the 
2 W B  molar ratio incrwses, the solution viscosity in the e q u i l i i  
state greatly decnasts hm its initial value, and the duration of Re&n II 
behavior incresses (set Figm 2). This is because the amount of the 
EB*2MA complex in Region II increases with the 2 M B  molar ratio. 

For the EB and 2MA complex formaton (l), the equilibrium constant 
canbewrittenas: 

X 
Ke9 = (E$ - X) * (2& - 2x)2 (6) 

where IQ is the cquiliium constant, X is the concentration of 
EB*2MA canplex a! an e q u i l i i  state. Equation 3 is used to 
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RHEOKINETIC STUDY OF POLYANILINE 35 1 

correlate solution viscoSity and EB Concentration, and using the four sets 
of experimental data in Figue 2, the vahres of K, and Kh4'.' cltll be 
determined. The EB and 2MA concentrations, solution viscosities in 
R*nZz, andthecalculat td~tsan summanzcd * inTable 1. 

TABLE 1 EE and 2MA concentfation, solution viscosity and calculated 
results for M3". 

2MAdEBO EBO 2MAo r l U  0(M3.3'".' 
mlarratio (mold) ( m o w  (cp) (c~1/s.4//moi~) 

1.75 0.77 1.34 33670 10.40 
2.14 0.78 1.67 28310 10.5 1 
2.66 0.80 2.12 1 4990 10.06 
3.06 0.81 2.48 6810 10.36 

The average value of(KM'.')'".' at 25 OC is 10.33 (~p'"~~/mole/l). 
The c q u i l i i  constant K, is equal to 0.12 (rnoIcA)-*. g his smaU 
equiliium constant indicates that only a d amount of the EB and 
2MA (<100?) in solution pdcipates in the formation of the EB*2MA 
complexes. However, even the small amount of the EB.2M.A complexes 
plays an important role in concentrated EB/NMP/2MA solution 
system, it reduces the interactions between polymer chains, enhances 
the solution solubility and prolongs the solution gelation sigoificantly. 

EB S- 
The geMm in ~OIlcCIltratcd EB/NMP/2MA sol~tim is due to the H- 
bonding between polymer chains, therefore, it is a physical gelation. In 
the gelation process, due to EB*2MA cosnplex dissociation aud EB-EB 
H-bonding mestablishmcnt, the solution losses its fluidity. The time of 
gel farmaton is oat of the most important kinetic characteristics of 
curing since it is charactenstl ' *c of some critical &grcc of conversion 
correspoading to the transition from viscous flow to the rubber like 
stage. More precise measurement of the time to gelation can be obtained 
by plotting the reciprocal of viscosity vs. time for data taken k m  
Region 111 [13]. The longcr gelatiw time a polymer solution has, the 
longa is the time during which the polymer solution c8n be processed. 
The effects of 2MA/EB molar ratio and tempmature on the gelation time 
of the EB/NMp/2MA solution an presentsd in Figure 8. 
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0 I 10 i s  20 2s ao 

Qoktion 11- (hr) 

FIGURE 8 Conccntmted EB/NMP/2MA solution gelation time as 
functions of 2MA/EB molar ratio and temperature. (EB conc. 200! 
w/w). 

At a given EB concentration (20% w/w) and te- (25 "C), the 
extent of formed EB*2MA complexes inmases with the 2 M B  molar 
ratio. With more EB*2MA complex formation, the concentrated 
EB/NMP/2MA solution possesses a ler(pr stability associated with a 
lower solution viscosity and a longer duration of Region ZZ. The solution 
gelation increase linearly with 2 W B  molar ratio. 

On the other hand, as the temperature increases from 25 to 60 "C, the 
solution gelation time decneses following a power-law. Increasing 
temperature accelerates the concentrated EB/NMP/2MA solutions 
gelation. Two possibilities exist that may Bccouut for this behavior. 
First, at elevated temperatures, the relatively volatile 2MA is more 
rapidly dxiven h m  the solution in the Viscometer, and thereby 
decreasing the actual 2 W B  complex concentration. Secondly, the 
concentrated solution simply phase separates. Expetiments am under 
way to determine the cause of this phenomenon. 

CONCLUSIONS 

Dissolving large quantities of Emeraldbe Base in the NMp/2MA solvent 
system involves the process of intermolecular H-bond breaking between 
EB chains, and the subsequent H-bond complexation between EB and 
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RHEOKINETIC STUDY OF POLYANILINE 353 

2MA molecules. An EB*ZMA compllex foimaton is a third order 
reaction that is first order in [EB] and second order in [2MA]. The small 
rate constaut (- 3.4 x lo4 (m~ld)-~/min at 25 “C) indicates that the 
EB*ZMA complexation process is slow at room temperature. The 
reaction needn time to Itech an squilibrium state. Only when the 
solution racks an upih ium state will EB molccula take on an 
“expanded” conformation and possess the lowest self-interaction 
(viscosity). It has been proved that the electrical and mdchanical 
properties of EB products (e.g. EB fihn and fibers) can be enhancad 
greatly by using Region ZZ EB solution.[2] 

concentrated E B M I 2 M A  solutions in diffmnt regions. In Region I, 
temperature will speed up EBQMA complexation process (shorter time 
length of Region I). The activation energy (-73 U/mole) of this 
complexation suggests that sufficient energy must be provided during 
EB/”/2MA solution mixing to CILBUT~ complete EB02MA complex 
formation. On the other ha@ iacreasing temperatwe accelerates EB 
gelation process in R e g h  m. By intelligently controlling temperature at 
the diffmnt nsions, au optimized EB/NMP/2MA solution, with the 
highest EB solubility, the longest stability and the lowest viscosity, can 
beobtaincd. 

The EB solution gelation linearly increases with 2 W B  molar ratio. 
Higher 2MA/EB molar ratios give an EB/NMP/2MA solution with 
1- stability and lower Region ZZ viscosity. Greater quantities of 
2MA, as might be UBCd if one wcre using co-solvents, are found to 
deteriorate the resulting polymer articles by embrittlement. 

amounts of 2MA. 

Increasing the tcm- effects the rheological behavior of 

Environmental safety is the other important factor driving to U8e smau 
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