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Abstract

The changes in protonation level ([IM[N] ratio), doping state, and conjugation condition for polyaniline-complexes/polyamic acid
(PANI-complexes/PAA) blends and their thermally cured polyaniline-complexes/polyimide (PANI-complexes/Pl) have been assessed by X-
ray photoelectron spectroscopy and UV—-Vis spectroscopy. It was suggested that the protonation levels were predominantly associated with
dopants that show different protonation ability. By XPS N1s peak convolution, it was found that thermal treatment of blends led to dedoping
when the curing temperature reached Za(However, stability of protonation state of blends against thermal curing was higher than pure
PANI-complexes. Dopants in the blends also affect the distribution 'o§pecies and thermal stability to curing. Mild thermal treatment
(180°C) led to the increase of conjugation length ascribing to the increased order of polymer chain, although their protonation levels were not
increased© 2000 Elsevier Science Ltd. All rights reserved.

Keywords Conductive polymer blends; Polyaniline; Polyimide

1. Introduction leucoemeladine(y = 1). PANI can achieve its highly
conductive state either through the protonation of the
Recent innovating means for increasing processability of imine nitrogens €£N-) in its emeraldine state, or through
polyaniline (PANI) was counterion-induced processability the oxidation of the amine nitrogens (—=NH-) in its fully
with functionalized protonic acids like camphorsulfonic reduced leucoemeraldine state [6,7]. Because X-ray photo-
acid and dodecylbenzenesulfonic acid [1,2]. By these electron spectroscopy (XPS) measurement is a good way to
dopants, solutions or melts of PANI-complexes in the determine quantitatively proportions of quinoid imine,
conducting form with high conductivity could be obtained. benzenoid amine and positively charged nitrogen in
Because the conducting forms of PANI are inherently brit- PANI, many researchers reported the intrinsic protonation
tle, on the contrary, efforts to improve the mechanical prop- states by this method [8—11]. But, little is known about the
erties and broaden the range of industrial applications havechange of XPS spectra and the blend behavior of PANI-
been directed toward blending with other polymers. In the complexes when it was blended with other host polymers.
view of enhancing the mechanical properties and thermal The idea of this paper is that the protonation states of
stability of conductivity, the blends of PANI and polyimide PANI-blends can be quantitatively analyzed by XPS
(PI) have been prepared and reported [3,4]. The electricalmeasurement. The positively charged nitrogen portion is
conductivity, blends behavior and the structure of the blends related to the doping level, in other words protonation
were investigated in these papers. level of the blends, which plays an important role in elec-
PANI have a general formula [(-B—NH-B—-NH}B— trical conductivity. On the contrary, because our blend
N=Q=N-),_] in which B and Q denote thes8, rings in system is composed of various imidization states, viz. differ-
the benzenoid and quinoid forms, respectively [5,6]. The ent thermal cured states, investigations of the change of
intrinsic oxidation state of PANI can range from that of nitrogen species by varying the thermal curing step could
the fully oxidized pernigranilingy = 0), through that of be important in evaluating and analyzing the variation of the
50% oxidized emeralding/ = 0.5), to that of fully reduced internal structure of the blends. Hence, the XPS study of the
PANI/PI films with various curing steps is described here
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Fig. 1. C1s core-level spectra of (a) PAA and (b) PI, and the N1s core-level spectra of (c) PAA and (d) PI. The raw data (jagged curve) have beeedeconvolut
into Gaussian/20% Lorentzian peaks on a Shirley background.

2. Experimental at a photoelectron take-off angle of°3bith respect to the
sample surface. The peaks were deconvoluted into the
The PANI-complex/PAA blends were prepared by the components consisting of a Gaussian line shape Lorentzian
reported method [3,4]. The sample name C50 and D50 function (Gaussian:80%, Lorentzian:20%) on a Shirley
means 50 wt.% PANI-CSA and PANI-DBSA blends, background. To compensate for the surface charging effect,
respectively. The attached numbers located after the hypherall binding energies were referenced to Cls neutral carbon
are the curing temperatures. The intrinsic oxidation state peak at 284.6 eV. The elemental stoichiometries were deter-
and protonation levels of blend films were determined by mined from the peak area ratio, after correcting with the
XPS. The XPS measurements were made on a SSI, 2803-Sensitivity factors. The electrical conductivity of the blend
spectrometer with Al K X-ray source. The X-ray source films was measured using the standard four-probe method,
was 12 kV and 20 mA. All core-level spectra were obtained and for measuring the conductivity variation with
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Fig. 2. XPS narrow scans of PANI-CSA ((a), (b), (c)) and that of PANI-DBSA ((d), (e), (f)).

temperature the four-probe cell was inserted in a glass tube.comparison with that of PAA (285.94) from 11.6 to 8.7%
UV-Vis absorption spectra of the films coated on the ITO by area. It means the transformation of the carboxyl group
glass followed by thermal curing were recorded with an into the carbonyl group by cyclization (imidization) with
UNICAM 8700 series UV-Vis spectrophotometer.

3. Results and discussion

elimination of water. The shapes of the N1s core-level spec-
tra of two samples are different in Fig. 1(c) and (d). PAA
shows only one peak at 399.5 eV which are attributed to the
N species (C—N-C) that could not form the cyclic imide
ring. The spectrum of Pl has three species, 397.58, 399.38,

Fig. 1(a) and (b) shows Cls core-level spectra of PAA and and 400.33 eV, respectively, for imine nitrogen, N species
PI, respectively. The Cls peak of PAA was fitted with four from PAA, and imide nitrogen. This result also suggests that
components: at 283.09 eV (C—H species), at 284.6 eV (C—CPAA was converted to Pl after the thermal imidization
species), at 285.94 eV (C—N or C-O species), and atprocess. There may be a possibility of the existence of
288.54 eV (G0 species) [12]. The spectrum of Cls core- oxidized or protonated N atoms. From these peak deconvo-
level of PI has a similar shape except shifting of each lutions, however, the oxidized or protonated N atoms on
component and changing of area ratio of respective speciesdoping seem to be absent. It seems hardly possible that N
281.88 eV (phenyl carbon (ODA) bonded to hydrogen), at atoms of the amide group in PAA and those of the imide in
284.6 eV (phenyl carbon (PMDA), C—C or C—N species), at Pl have the reactivity with dopants because nitrogen of
285.28 eV (C-0 species), and at 287.73 eWV+(Lspecies
(carbonyl carbon)). The portion of the third peak (C—O mers with a rigid aromatic backbone.

species) of PI

revealed at 285.28 eV decreases

amide group or imide ring exist in the main chain of poly-

in XPS spectra (Cls, N1s, S2p) of PANI-CSA and
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Fig. 3. C1s core-level spectra of: () C50; (b) C50-180; and (c) C50-250. g 4. C1s core-level spectra of: (a) D50; (b) D50-180; and (c) D50-250.

PANI-DBSA were shown in Fig. 2. The C1s spectrum of located at 399.53 eV and two Npeaks are shown at
PANI-CSA can be deconvoluted into three environments: 400.63 and 401.78 eV, respectively, in PANI-DBSA. The
C—C or C—H at 284.6 eV, C—N or=6N at 285.7, C—N, most important feature is the difference in distribution of the
C=N" or C=0 at 287.6. Small, high binding energy (BE) N* species and the [N/[N] ratios (N: sum of —N=, —~NH—,

tails (BE = 287.6 eV) due to ther—" bonding band which N™) in two PANI-complexes. In both complexes, all the
is a long-range order with a polymer chain shake-up satellite imine nitrogens were protonated and transformed into the
structure coincide with the well-doped state. PANI-DBSA positively charged nitrogens, consistent with the fact that
was also deconvoluted with three peaks at 284.6, 285.65,protonation occurred preferentially at the imine nitrogens
286.95 eV by matching the same component as PANI-CSA [15,16]. However, the proportion of positively charged
[13]. In general, quinoid imine, benzenoid amine, and posi- nitrogens exceeded 50%, suggesting that additional proto-
tively charged nitrogen in the PANI-complex correspond, nation occurred at the amine nitrogens [17]. It can be
respectively, to N1s core-level peak components revealed atsuggested that protonation in the amine site of PANI
about 398, 399 and over 400 eV in the curve-fitted N1s core- would lead to the —NH,— groups. This would probably
level spectrum [14]. In PANI-CSA, —NH- from benzenoid reduce the extent of ther-conjugation and thus bring
amine is revealed at 399.35 eV and thé $pecies appeared  about more uniform positive charges on the polymer chain
in two peaks at 400.35 and 402.4 eV. The —NH- species is[17]. The different shape of the N1s spectra suggests that



M.G. Han, S.S. Im / Polymer 41 (2000) 3253-3262

(c)

(b)

Intensity (Arb. Units)

(a)

1 PP R | 1 1
396 399 402 405 408

Binding Energy (eV)

393

Fig. 5. N1s core-level spectra of: (a) C50; (b) C50-180; and (c) C50-250.

these two PANI-complexes have dissimilar distribution of

N* species, in other words, different doping states. These

two peaks can be assigned to the —Nkadical-cation and
to the imine cation=NH™, which are related to polaron and

Table 1
XPS results of relative atomic concentration (%)
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bipolaron, respectively, [18,19]. The difference in the shape
of the high BE tail of the PANI-DBSA, as compared with
PANI-CSA, suggests some difference in the electrostatic
interaction of the anions with PANI. This may be the result
of the geometric difference of anions, proton donating
ability divergence, or difference in complex formation
morphology in the solution. Generally, the shape of the
N1s spectra of PANI-CSA is characteristic of heavily proto-
nated PANI [17]. It thus suggests higher protonation of
PANI-CSA than PANI-DBSA. The S2p core-level signal
attributed to the covalently bonded sulfate anion (5O
can be fitted with the spin—orbit doublet S§2p and
S(2pyp) [20] lying at about 167.7 and 168.8 eV, respec-
tively, in PANI-DBSA. But, PANI-CSA could be deconvo-
luted with three peaks adding one small peak at 166.5 eV to
the existing peaks at around 167.9 and 169.5eV. The
appearance of a low-BE S2p peak indicates that a fraction
of sulfate anions in PANI-CSA exists in more electron-rich
conditions [21], which means that PANI doped by CSA
have higher doping state than DBSA due to difference of
geometry or the protonating ability of dopants.

Figs. 3 and 4 show C1s spectra of CSA- and DBSA-doped
blends, respectively. The shapes of the two blends are differ-
ent in nature. In Fig. 3, C1s spectrum of CSA-doped blends
can be deconvoluted into three environments: C—C or C—H
at 284.6 eV, C-N or EN at 285.83~ 286.36, C—N,
C=N" or C=0 at over 287.8. The second peaks located
from 286.36 (C50) to 285.83 (C50-250) have the tendency
to reduce with thermal curing conditions. The extraordin-
arily high intensity of the second peak exists characteristi-
cally in only CSA-doped blends. This peak was diminished
as the curing temperature increased. The reason for the high
intensity of this peak and the reduction of peak intensity
with the curing steps are uncertain. Small high BE tails
(BE > 287.8 eV) core-level spectra due to the-w" bond-
ing band agree with the well-doped state irrespective of the
thermal curing step. Cls spectra of DBSA-doped blends
were also deconvoluted with three peaks (Fig. 4). The
high BE tail over 288 eV of Fig. 4(a) was also preserved
regardless of thermal curing.

Fig. 5(a) shows the N1s core-level spectrum for CSA-
doped blends prepared from the NMP solution without
thermal curing. In this case, benzenoid amine (-NH-) and

Sample Cis Ols N1s S2p

Calc? Meas® Calc. Meas. Calc. Meas. Calc. Meas.
PANI-CSA 75.86 75.34 13.79 13.81 6.90 6.92 3.45 3.93
C50 73.35 72.96 18.31 18.32 6.67 6.72 1.67 2.08
PANI-DBSA 83.33 81.86 8.33 9.17 5.56 5.48 2.78 3.49
D50 77.02 76.80 15.61 15.38 6.01 5.97 1.36 1.85

& Calculated value.
® Measured value after correction with the sensitivity factor.



3258

Table 2
N1s data of various samples from XPS results
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Sample N1s binding energy (eV) Proportion (%)
-N= —NH- N* —N= —NH- N* SIN®

PANI-CSA 399.35 400.35, 402.4 455 56.7 0.568
C50 399.8 400.75, 401.75 42.3 57.7 0.310
C50-180 399.92 401.12, 401.82 37.3 62.7 0.289
C50-250 398.63 399.48 400.28, 400.93 7.2 25.2 67.6 0.246
PANI-DBSA 399.53 400.63, 401.78 46.4 53.6 0.637
D50 399.41 400.11, 401.22 49.3 50.7 0.310
D50 - 180 399.24 400.09, 401.04 51.1 48.9 0.294
D50-250 398.82 399.57 400.52, 401.47 8.9 24.2 66.9 0.217

2Determined from the curve-fitted N1s core-level spectra.

® Determined from the corrected S2p and N1s core-level spectral area ratio.
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Fig. 6. N1s core-level spectra of: (a) D50; (b) D50-180; and (c) D50-250.

positively charged nitrogens of PANI are revealed at 399.8
and >400 eV, respectively. The high BE tail in the N1s
spectrum, attributable to the protonated (positively charged)
nitrogens, has been resolved into two peaks separated by
about (0.95) and (1.95) from the amine peak, respectively.
Fig. 5(b) shows a phase similar to Fig. 5(a). But, Fig. 5(c)
could be deconvoluted into four peaks by adding the peak at
low binding energy (398.63 eV) which arise from quinoid
imine =N-). This suggested that C50 had undergone the
thermal dedoping process during curing at Z50Detailed
peak data are listed in Tables 1 and 2. The N1s core-level
spectra of D50 blends were shown in Fig. 6. Quinoid imine
(=N-), benzenoid amine (-NH-) and positively charged
nitrogens (N) of PANI are revealed at 399.82, 399.57
and>400 eV, respectively. As with the CSA-doped blends,
the quinoid imine spectra at399 eV was revealed (Fig.
6(c)). However, the shape of the N1s core-level spectra is
different from CSA-doped blends. The difference in the
distribution of two N° spectra of blends seems to be
ascribed to pure PANI-CSA and PANI-DBSA, which have
different doping states from one another.

Relative atomic percentage of PANI-complexes and their
blends after correcting with the sensitivity factors are listed
in Table 1. The calculated atomic percentages of PANI-
complexes were computed by number of atoms in the
polymer. It was calibrated by multiplying the PAA com-
ponent with the proper constant for the purpose of calculat-
ing the atomic number in the blends by considering the mole
fraction of two components, because the weight content of
PANI-complexes was maintained to 50 wt.%. The measured
atomic percentage obtained from the sensitivity factor
correcting of each component was close to the calculated
value with the exception of sulfur content. The reason for
the extra high content of sulfur in comparison with the
calculated value is due to excess introduction of dopants
to block the insufficient doping of both PANI-complexes
and to increase solubility, especially for PANI-DBSA.
Therefore, when comparing theoretical S/N ratios (sulfur
to nitrogen ratios) of PANI-complexes (50%) with the
measured values which are calculated by dividing the N1s
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suggested that the incorporation of the polymeric anion is
more active in PANI-CSA solution than PANI-DBSA solu-

(@) tion, because the well defined layered structure of PANI-
DBSA should hinder the approach of polymeric anion to the

(®) amine nitrogen of PANI. The difficulty in accessibility of
carboxylate anion can be also explained in terms of proto-

(c) nation ability. From these results and suppositions, the

dopants in the blends seem to have a principle effect on
doping level, doping state, and blend behavior because of
their pre-formed peculiar morphology.

The imine nitrogen was not shown up to 280 which
means they were not dedoped until this temperature. Only
after the blends cured up to Z%0) the N1s spectra of imine
nitrogen appeared in both blends. The proportion of imine
(e) nitrogen of C50-250 and D50-250 are 7.2 and 8.9, respec-
tively. It means that the stability to thermal curing of PANI-
1) CSA is higher than PANI-DBSA although the difference is
small. The S/N ratio of C50 and D50 are both 0.31, although
those of calculated value considering the mole fraction are
0.250 and 0.226, respectively. This coincides well with the
S/N ratio of two kinds of PANI-complexes: PANI-DBSA
has a higher S content than PANI-CSA. Although S content
of 250°C cured samples was decreased, thé][] ratio

(d)

Absorbance (A.U.)

400 500 600 700 360 ' 900 was increased especially for D50-250.
The UV-Vis spectra of samples, PANI-CSA, PANI-
Wave number (nm) DBSA, PANI-CSA/PAA, PANI-DBSA/PAA, were shown

in Figs. 7—10. The samples were cured by step, 120, 150,
Fig. 7. UV-Vis spectra of PANI-CSA, and the same material such as those 180, 210 and 25T, respectively. Each temperature means
of cured samples: () up to proper temperature; (by2(c) 150C; (d) the last stage of thermal curing. The UV-Vis spectroscopy
180°C; (e) 210C; and (f) 250C. ) )

spectra of uncured samples show a shoulder-like polaronic

peak at around 440 nm and a localized polaron peak over
percentage with S2p percentage in Table 1, it appears that800 nm [23,24]. The polaron peaks, in other words semi-
PANI-CSA (56.8%) and PANI-DBSA (63.7%) have excess quinone radical cation [25] disappeared after being cured to
S/N value. a high temperature. Clearly, the polaron absorption over

The N1s spectra obtained from Figs. 5 and 6 and the S/N800 nm of pure PANI-complexes (PANI-CSA and PANI-

ratios are listed in Table 2. The S/N ratio was determined DBSA) disappear when the temperature reaches’@10
from the sensitivity factor corrected S2p to N1s core-level while, that of two kinds of blends disappear only after it
spectra ratio from Table 1. Comparing the sulfur content of reaches 25@. It can be suggested as follows from these
CSA-doped samples with those of DBSA-doped samples, it results that blending PANI-complexes with PAA enhances
appears that the S/N ratio of PANI-DBSA (0.637) is higher the stability of the chain structure against thermal curing.
than PANI-CSA (0.568) with the latter having a closer N This is in good accordance with the result that the thermal
[N] value (0.567) than the former (0.536). In both blends, stability of conductivity of the PANI-complex/PAA blends
the [N"]J/[N] ratio exceeds 50%, which suggests that the is superior to pure PANI-complex [3]. But, the disappearing
strong acid group —SgBl of two dopants may protonate behavior of localized polaron during thermal curing is
not only the imine nitrogen but also the amine nitrogen in dissimilar.
both complexes. As discussed, there is no possibility of Fig. 11 summarizes the movement of the localized
protonating the N atoms of Pl on doping. The possible inter- polaron peak revealed at abott800 nm. As the curing
pretation about possessing a higher J§N] value of temperature increased, this polaron peak gradually shifted
PANI-CSA may exist in higher acidity of CSA. In the to lower wave numbers. This blue shift means the short-
blends, the [N]/[N] ratios are visibly different from one  ening of the conjugation length of PANI or compacted
another. The CSA-doped blends show higher/Ml than chain structure, which gives rise to defection in conjugation.
PANI-CSA, while DBSA-doped blends show lower [N However, the position of o Of the localized polaron peak
[N] value than PANI-DBSA. It may be the results of incor- at 180C increased although it differs from the phase of
poration of carboxylate ion (COQ group of PAA that can increasing tendency with the samples except PANI-CSA/
function as an auxiliary dopant into the PANI chain [22]. PAA which shows only a slightly decreasing phase until
Thus, PAA can exist in polymeric anions. It may be 210C. A, at 180C presents a key to the elucidation of
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Fig. 9. UV-vis. spectra of PANI-DBSA, and the same material such as
Fig. 8. UV-vis. spectra of C50, and the same material such as those of those of cured samples: (a) up to proper temperature; (5)C126) 150C;
cured samples: (a) up to proper temperature; (b)°’@2@c) 150C; (d) (d) 180°C; (e) 210C; and (f) 256C.
18C°C; (e) 210C; and (f) 250C.
PANI-CSA/PAA and PANI-DBSA/PAA film as a function
the conductivity variance behavior of blends as the thermal of temperature. The scanning rate of the temperaturdis 3
treatment step [4]. When the temperature of curing reachedmin. The conductivity of PANI-CSA/PAA increases slowly
250°C, the polaron peak had completely disappeared and theuntil 185°C, and after that temperature it decreases mildly.
exciton absorption band at around 600 nm had appeared,n the case of PANI-DBSA/PAA, the electrical conductivity
indicating that PANI had undergone the dedoping process.decreased steeply after 200 It is supposed that the
ComparingA . Of the localized polaron peak of uncured decrease in conductivity can be due to the dissociation or
PANI-complex/PAA blends with pure PANI-complexes evaporation of dopants from the PANI chain. In light of that,
and blends show higher values than the PANI-complex in DBSA seems more stable to temperature than CSA.
both cases. It may be related with the higher conjugation However, the conductivity of DBSA-doped blends drops
length of the blends than pure PANI-complex, and that is more steeply than CSA-doped blends after critical tempera-
well agreed with the previously reported conductivity data ture (210C), which also suggested that DBSA dissociate
[3,4]. In these papers, when the PANI content exceeds more easily than CSA from the PANI chain after critical
proper weight content, the conductivity of blends surpassedtemperature. Because of the S (sulfur) content in both blends
those of pure PANI-complexes. At 18D, A of all when the curing temperature of Z&decreased a bit, many
samples except PANI-CSA/PAA are increased. In our of the dopants that are dissociated from the PANI chain
previous results, we reported slight increase of conductivity seem to remain in the blends without evaporating. Critical
as the thermal curing temperature reaches°@80rhis temperatures to which conductivity increased monoton-
phenomenon was explained as the annealing effect of theously means that there had to be molecular rearrangement
PANI chain by mild thermal treatment. It can also be on heating, which made the molecular conformation favor-
suggested that the thermal curing affects the chain align- able for electron delocalization. It is in good agreement with
ment of the polymer, which leads to the increase of conju- the increase of conductivity after mild curing as our
gation length and that brings about the increase of previous results [3,4] and again with Fig. 11. The conduc-
conductivity. tivity of PANI-DBSA is higher than that of PANI-CSA at
Fig. 12 shows the variation of conductivity of the room temperature although the protonation levels of two
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samples are in the other way. It is likely that protonation of
amine nitrogens in the emeraldine salt form of PANI and the
accompanied conversion of the NH groups to the"Hp-

Fig. 10. UV-vis. spectra of D50, and the same material such as those of groups will interfere with the formation of polarons and

cured samples: (a) up to proper temperature; (b)’@2@c) 150C; (d)

180°C; (e) 210C; and (f) 256C.

e
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Fig. 11.A,ax Of the localized polaron peak of all samples as a function of

curing temperature.

bipolarons [26] and result in the interruption of the order
of the polaron lattice. That may be the reason for the higher
conductivity of DBSA-doped PANI and its blends than
CSA-doped PANI and its blends despite the higher doping
level of the former.

4. Conclusions

The protonation level, stability of protonation state to
thermal curing and the change of conjugation length of
our blends were traced by XPS and UV-Vis Spectroscopy
measurements.  PANI-complexes/PAA and  PANI-
complexes/Pl show that the high doping level exceeded
the expected doping level (50%), which may be ascribed
to the doping of amine nitrogen in addition to imine nitro-
gen. The doping level and doping state were the function of
dopants in the blends. The imine nitrogen species, which
mean dedoped chains are absent, until the curing tempera-
ture reached 25C. DBSA-doped blends show higher
content of these imine species after thermal curing at
25C0C and lower doping level than CSA-doped blends.
But, the electrical conductivity of DBSA-doped blends is
somewhat higher than that of CSA-doped blends due to the
interference in the formation of polaron in CSA-doped
blends owing to excess doping. the thermal stability of
protonation levels of blends was higher than that of
PANI-complexes. Thermal curing up to 18 results in
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the increase of the conjugation level although the protona-

tion level was relatively low in both blends.
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