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Introduction 

Conjugated polymers have been studied in great detail over the past several decades 

due to their unique optical and electronic properties and the potential to use them in a 

variety of active devices including LEDs, photovoltaics, electrochromics, transistors, and 

others.  Virtually all of the device applications that have been studied to date rely on the 

conjugated polymer being in either the chemically undoped state or being p-type 

(oxidatively) doped.  There are many applications that would benefit tremendously from 

the availability of n-type (reductively) doped materials, however most of those systems 

studied are quite unstable towards re-oxidation in the ambient environment.  Towards this 

goal, a variety of groups have been focused on designing and synthesizing new n-type 

doped conjugated polymer systems,1-34 however no environmentally stable system has 

been achieved. 

One particularly interesting and relevant material is the rigid-rod polymer poly(p-

phenylene benzobisthiazole) (PBZT).  This material, along with the related 

benzobisoxazole and benzobisimidazole analogues, has been studied in depth for its good 

mechanical and thermo-oxidative properties which are particularly beneficial for 

structural applications.35  Recently, however, it was discovered that PBZT also exhibits 

quite interesting and unusual optical and electrical properties that are highly dependent 

upon the presence an acid within the film which acts to protonate the nitrogen sites in the 

aromatic heterocycle.7-14  It is believed that this material, when protonated, becomes a 

very good electron acceptor and can be n-type (reductively) doped with a variety of 

metals to yield a highly conductive, relatively stable material. 
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It is the purpose of this paper to provide a thorough examination of both the 

protonation and chemical doping behavior of PBZT under a variety of different 

conditions.  Four different acids are studied to examine the effects of the anion on the 

protonation and doping behavior and a variety of different metals are used to chemically 

dope the material, which is remarkably stable even when immersed in water.  By 

examining this fundamental chemical and electronic behavior, we provide a more 

complete description of how this system behaves which can be generalized and applied to 

the further design of even more stable, n-type doped polymers. 

 

Experimental 

The glass slides that were used as substrates in these studies were first cleaned by 

sonicating them in a series of solutions.  A mild detergent was followed by 

trichloroethane, acetone, and then methanol.  In order to promote adhesion to the spin-

coated films, the glass slides were modified by depositing an inert, thin polymer 

multilayer film using a layer-by-layer deposition approach.36  Anywhere from 2 to 5 

bilayers of a polycation (poly(allylamine hydrochloride)) and polyanion (polyacrylic acid 

or polystyrene sulfonate) combination were deposited onto the surface according to well 

established procedures.36-39  Thin films of PBZT were spin-coated onto these substrates 

from a 0.1 weight percent solution in methanesulfonic acid.  Typical spin-coating 

conditions were 500 rpm for 15 sec followed by 2000 rpm for 15 sec.  The remaining 

acid was removed from the spin-coated film by soaking it in deionized water, which 

acted to coagulate the PBZT film and dissolve the methanesulfonic acid. 
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Absorption spectroscopy was performed on a Cary 5 UV-Vis-NIR spectrophotometer 

from Varian.  Spin-coated PBZT films were exposed to a variety of different aqueous, 

acidic solutions and the absorbance spectra were measured in situ according to the 

following procedure.  After spin coating the film, the glass slide was cut to fit into a 1 cm 

x 1 cm quartz cuvette, which was filled with the aqueous acid solution of interest.  A 

baseline scan was obtained prior to inserting the sample by using a blank substrate and 

the appropriate solution in the cuvette.  It should be noted that the absorbance for each of 

the various acid solutions are not the same due to the range of acid concentrations used.  

Consequently, separate baselines were necessary for each scan in order to appropriately 

correct for the absorbance of the solution itself. 

In the cases where a metal was in contact with the film and solution during the 

absorption measurement, a portion of the glass slide was first coated with a thin film of 

the appropriate metal.  This deposition was accomplished using a high-vacuum, thermal 

evaporation system at a base pressure of 10-6 torr or lower.  The PBZT film was 

subsequently spin-coated over the entire substrate, including the metallized portion.  

During the absorption measurements, the metallized region was positioned in the acid 

solution and placed in close proximity to, but not overlapping with, the area over which 

the absorption was measured. 

 

Results and Discussion 

The serendipitous discovery that PBZT can become chemically doped and highly 

conductive when in the presence of an acid has been preliminarily reported on7,8,13 and is 

shown in Figure 1.  PBZT (structure also shown in Figure 1) is an aromatic, heterocyclic, 
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rigid-rod polymer that is only soluble in strong acids.  The acid acts to protonate the 

nitrogen sites in the heterocycle to disrupt the molecular packing and intermolecular 

interactions thereby enabling the polymer to be dissolved.  A significant amount of work 

has gone into examining the lyotropic liquid crystalline behavior of these materials in 

solution35, however it has only recently been discovered that a free-standing film of 

PBZT immersed in a more dilute acidic solution is capable of becoming doped and highly 

conductive.  As shown in the figure, pristine PBZT forms a yellow film that remains 

unchanged when it is immersed in water.  Upon immersion in concentrated hydrochloric 

acid, the polymer becomes protonated and turns orange in color.  The startling 

observation is that if this protonated material is contacted by a piece of copper, the film 

turns very dark (black) in the area near the copper.  This doped region grows radially out 

from the point of contact of the copper to encompass the entire film in a matter of 

seconds.  The D.C. electrical conductivity of the doped film has been measured to be on 

the order of 100 S/cm, which is to be compared to approximately 10-12 S/cm for the 

pristine, undoped film.7,8,13  This same effect has been observed 

spectroelectrochemically8 whereby a film of PBZT is applied to a transparent electrode 

(Indium Tin Oxide) and used as the cathode in an electrochemical cell.  The film 

becomes electrochemically reduced to give the same, doped form of PBZT as seen above.  

The prevailing thought on the mechanism of this process is that since protonation of the 

PBZT occurs at the N lone pair electrons (σ-system) which are orthogonal to the π-

system, the effect on the π-orbitals is mainly to significantly increase the electron affinity 

and reduction potential of the polymer.  A similar situation would result upon 

quaternization of the nitrogen with alkyl substituents and this has been a focus of the 
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work by Dudis and others8,10,11,13.  It should be noted that Marks and coworkers first 

reported on the ability of PBZT to be electrochemically doped to yield an electrically 

conductive polymer.40  That work focused on pristine PBZT that was not protonated and 

required –1.47 V vs SCE (E1/2) in order to reduce to polymer. 

As discussed in more detail later, the reduction potential is observed (via comparison 

to the standard reduction potentials of metals) to be significantly increased upon 

protonation with seeming little deleterious effect on the stability.  In fact, if the doped 

material is subsequently removed from the concentrated HCl solution and put in de-

ionized water under ambient conditions, the film remains in its doped state.  Only after 

about 10 minutes does the film become de-doped and it returns to its original 

unprotonated and undoped form (yellow film).  This process is completely reversible and 

the material will once again become protonated and doped if immersed into an acidic 

solution and contacted by a piece of copper.  If the doped film is immersed in water that 

has been purged with N2 gas to remove dissolved O2, then the film remains in its doped 

state for about 45 minutes before becoming de-doped, and if the doping process is carried 

out in a N2 purged glove bag, then the film remains doped for at least several days.  

Apparently, the doped form of PBZT is stable with respect to water, but is re-oxidized 

(i.e. unstable) in the presence of O2. 

To quantify the effects of protonation, UV-vis absorption spectroscopy was 

performed on thin films of PBZT exposed to different acidic conditions.  Figure 2 shows 

the results for a spin-coated film of PBZT that is exposed to various concentrations of 

aqueous HCl solutions during the measurement.  The spectrum for 0 M HCl (i.e. pure 

water) is that of pristine PBZT and exhibits two major peaks near 443 nm and 474 nm 
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which is consistent with what has been reported in the literature.41-43  As the HCl 

concentration increases, the peaks at 443 nm and 474 nm decrease while a new peak at 

499 nm grows, with an isosbestic point near 481 nm.  At 12.1 M (concentrated solution, 

37 wt%), the peak at 443 nm has effectively disappeared and the spectrum is again 

comprised of two major peaks, but now located at longer wavelengths.  The presence of 

the isosbestic point strongly suggests that there are only two species contributing to the 

absorption spectrum over the concentration range studied.  The first, which is 

characterized by the spectrum at 0 M, is that of the un-protonated form of PBZT.  The 

second, which has the spectrum shown for 12.1 M, can reasonably be assumed to be the 

half-protonated form of PBZT in which only one of the N sites in the polymer repeat unit 

is protonated.  The spectra shown for concentrations in between these two extremes are 

simply a linear combination of these two spectra which gives rise to the isosbestic point 

at 481 nm.  This red-shift in the absorption spectrum upon protonation could be attributed 

to several factors.  Shen and coworkers41,42 have attributed a similar observation in model 

compounds to an increase in the electron delocalization between the main heterocyclic 

ring and the phenyl ring in the protonated structure, analogous to a longer conjugation 

length.  However, a variety of other groups working on similar aromatic, N-containing 

heterocyclic polymers and compounds have seen very similar effects upon protonation 

and have attributed it to an electronic effect.5-14,44-46  Protonation (and quaternization in 

general) of the N-lone pair electrons significantly lowers both the HOMO and LUMO 

levels by acting as an electron accepting substituent and introducing a positive charge 

onto the polymer.  It lowers the LUMO more so than it does the HOMO, due to the 

greater electron density on the N-site in the LUMO, and therefore the optical gap is 
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decreased.6,44  This explanation agrees with the chemical doping observations discussed 

later and is believed to be responsible for the shift seen here. 

By plotting the peak absorbance values (at 443 nm, 474 nm, and 499 nm) for each of 

the different acid concentrations, spectrometric titration curves, such as that shown in 

Figure 2b can obtained.47  As mentioned above, these measurements are performed on a 

thin film of PBZT that is in equilibrium with an aqueous, acidic solution.  The acid 

concentrations range from 0 M (pure water) to concentrated stock solutions (37 wt% for 

HCl, 12.1 M).  Since very concentrated solutions are being used (both here as well as in 

later discussions where the acid is close to 100 wt%), it is more appropriate to refer to the 

concentrations themselves rather than pH values, which would effectively become 

meaningless at the high concentrations discussed later.  Consequently in order to 

determine “effective” pKa values of the PBZT films, the spectrometric titration curves are 

plotted using pHA values, whereby pHA = –log[HA] and [HA] is the concentration of the 

acid.  In situations of low acid concentration, this is equivalent to the pH of the solution 

since the films used here are sufficiently thin so as to not appreciably affect the value. 

The effective pKa for protonation of PBZT in HCl can be determined by the inflection 

point of all three curves in Figure 2b, and this occurs at a value of approximately – 0.8.  

At this point, half of the polymer repeat units are mono-protonated and the other half are 

un-protonated.  Protonation of the second nitrogen atom to give the fully protonated form 

would occur at higher acid concentrations than are achievable with aqueous hydrochloric 

acid (concentrated HCl ∼ 37 wt%), as discussed later. 

This behavior is similar to other well-known, aromatic nitrogen-containing 

heterocyclic systems such as pyrazine and 4,4’-bipyridine in which protonation of the 
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two equivalent nitrogen atoms (lone pair electrons are similarly orthogonal to the π-

system) occurs at separate pKa values.  The dissociation constants for the conjugate acid 

of pyrazine are pKa1 = -6 (PyzH2
2+) and pKa2 = 0.6 (PyzH+),48 while for 4,4’-bipyridine 

they are pKa1 = 2.5 (BpyH2
2+) and pKa2 = 4.9 (BpyH+).49  It is useful to compare these 

values to that for pyridine itself which has a pKa = 5.2 (PyH+).  From this comparison, the 

well-known electron-withdrawing effects of N are manifested by the fact that the pKa for 

mono-protonation follows the order PyH+ > BpyH+ > PyzH+.  In addition, however, it can 

be seen that protonation of the first N-site results in a significant lowering of the basicity 

(lower pKa) of the second N-site.  That is to say, pKa2 > pKa1 for both pyrazine and 

bipyridine.  In addition, based on infrared spectroscopic data of PBZT model compounds 

in solution, Shen and coworkers41 have also concluded that the benzobisthiazole system 

exhibits two separate pKa values associated with each nitrogen atom.  However due to the 

fact that their studies were carried out on low-molecular weight compounds in a dilute 

solution, and those discussed here are for thin, solid films in equilibrium with an aqueous, 

acidic solution, significantly different results are obtained.  The results for the model 

compounds41 yield an estimated pKa of 2.1 for mono-protonation which is to be 

compared to the value of – 0.8 as discussed above.  Many factors could play a role in this 

discrepancy, however given that the thin film must maintain equilibrium with the 

aqueous solution, a partitioning of the acid between the two phases in accordance with 

the Nernst Distribution Law will likely occur.50  This would result in a lower effective pH 

in the film and could account for the observed difference as compared to the single-

solution case for the model compounds.  If the simplifying assumption is made that the 

results for the model compound in solution are characteristic of the intrinsic protonation 
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behavior of benzobisthiazole, then an effective pH of 2.1 would be needed in the film to 

reach the equivalence point.  Given that the pHCl (∼pH) of the solution in equilibrium 

with the film at equivalence is observed to be –0.8, then a partition coefficient, 

[ ] [ ] filmaq HClHCl / , of about 800 can be estimated to exist between the aqueous, acidic 

solution and the thin film.  While this large partitioning effect is consistent with the 

hydrophobic character of PBZT, other morphological or macromolecular effects could 

also account for some of the observed difference in the protonation behavior. 

The same set of experiments as described for Figure 2 were performed on a thin film 

of PBZT that was in contact with a piece of copper when it was immersed in the aqueous, 

hydrochloric acid solution and the results are shown in Figure 3.  Initially at low acid 

concentrations (0 to 6.0 M, pHCl > –0.8), the behavior is the same as that in the absence 

of the copper (Figure 2).  That is, the absorbance peaks at 443 nm and 474 nm begin to 

decrease while that at 499 nm begins to grow with increasing acid concentration.  

However, once the pHCl of the aqueous solution reaches about –0.8, the film exhibits a 

completely different behavior which is characteristic of the black, doped film shown in 

Figure 1.  The three individual peaks previously seen are no longer present, but rather a 

very broad and relatively featureless peak is observed which is typical of doped, 

conjugated polymers.  This is shown in the spectrometric titration curve of Figure 3b by 

an increase in the absorbance peak intensity at 630 nm and a sharp decrease in the peak 

intensity at the other three wavelengths below a pHCl of –0.8.  This transition occurs 

exactly at the pKa determined in Figure 2.  Once the polymer becomes protonated (in this 

case, with a −Cl  counter-ion), it is capable of being reduced by simple metals.  Metallic 

copper donates an electron to the protonated PBZT, which results in CuCl2 being formed 
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in the aqueous, acidic solution.  Figure 4 supports this conclusion by showing the UV-vis 

absorption spectrum of the supernatant, HCl solution (baselined to concentrated HCl) 

after a film of PBZT has been doped with metallic copper.  Clearly, CuCl2 is present in 

the solution after the doping process.  In addition, if a stoichiometric analysis is 

performed on the supernatant solution, the amount of CuCl2 that is found in solution is 

51041.1 −×  mol for every 7.7 mg ( 51089.2 −×  mol) of polymer repeat units that have been 

doped.  This corresponds to a molar ratio of 0.49 which indicates that there is a one-to-

one correspondence between the number of polymer repeat units and the number of −Cl  

ions that get expelled into the solution during doping. 

Cyclic voltammetry was performed in an attempt to precisely determine the reduction 

potential of the protonated polymer, however experimental complications made the 

results inconclusive.  Poor adhesion of the films to the electrode surfaces, especially 

under acidic conditions, led to delamination.  These efforts are continuing, however by 

generalizing the chemical doping process to include other metals, an indirect estimate of 

the reduction potential can be made.  A film of PBZT immersed in concentrated HCl is 

able to be doped by a variety of metals including Mg, Al, Zn, Fe, Cu, and even Ag (but 

not Au), in a fashion similar to that described above.  While exhaustive spectrometric 

titrations have not been performed for each of these metals, comparison to their standard 

electrode potentials results in the conclusion that the reduction potential of protonated 

PBZT is near 0.56 V vs SCE (standard electrode potential for AgeAg →+ −+ ).  Metals 

with an electrode potential lower than this are able to reduce the protonated PBZT.  As 

mentioned above, Marks and coworkers40 have measured the reduction potential for 

pristine PBZT and have shown it to be –1.47 V vs SCE.  Consequently, protonation of 
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the N-site along the polymer backbone of PBZT results in a very large increase in the 

reduction potential (making it easier to reduce), which is responsible for the ability of the 

protonated polymer to be reduced by simple metals. 

The proposed mechanism for protonation and chemical doping is shown in Figure 5.  

At relatively low acid concentrations (characteristic of protonation in HCl), the polymer 

becomes protonated at one of the N-sites in the repeat unit.  This occurs at a characteristic 

pKa (–0.8 for HCl), as discussed in Figures 2 and 3 above.  Once the polymer becomes 

protonated, it is capable of becoming reduced by simple metals to form the quinoidal 

structure shown in Figure 5d.  It is useful to consider that the protonated form of PBZT 

can be classified as a Weitz-type redox system that is capable of a two-step, reversible 

reduction/oxidation.51  This type of behavior is typified by the well-known class of 

materials known as ‘viologenes’ (N-alkylated 4,4’-bipyridines), as shown in Figure 6a.51-

53  Hünig proposed a general structural principle for these systems51,54,55 in which the 

heteroatoms are members of a cyclic π-system showing “quinoid” behavior in the 

reduced form.  Quaternization of both N-sites in 4,4’-bipyridine results in a system (OX 

state) that is iso-π-electronic with bi-phenyl, exhibits aromatic character, and is capable 

of a two-electron reduction that occurs in a step-wise fashion.  Upon this two-electron 

reduction (RED state), the N-sites have a lone-pair of electrons that are part of the π-

system, and it exhibits “quinoid” behavior due to the addition of these two electrons.  The 

intermediate state (one-electron reduction, the so-called semiquinone (SEM) state) is the 

radical cation which can exhibit thermodynamic stability over the fully reduced state, 

depending upon the amount of separation between the two redox potentials, E1 and E2. 
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In addition to the viologens, this principle has successfully been applied to describe a 

great variety of other organic redox systems.  These include the generic class of 

fulvalenes that is of such great interest in charge transfer salts, and many other related 

heterocyclic systems.  As shown in Figure 5b and as pointed out by Bryce56, the 

bis(benzothiazole)s can be viewed as extended analogues of tetrathiafulvalene (TTF) that 

exhibit Weitz-type behavior.  Please note that in the figure, TTF and dibenzo-TTF are 

shown in their reduced form while bis(benzothiazole) is shown in the oxidized form.  

Inserting an aromatic group between the two heterocyclic rings simply acts to extend the 

π-system and thereby separate the positive charges depending on the size of the group.  

Bryce56 found that in bis(benzothiazole) and related systems where a variety of extended, 

conjugated linking groups (phenyl, naphthyl, thiophene, etc.) were used instead of 

directly joining the two heterocyclic rings, the molecules undergo a single, reversible, 

two-electron reduction process to the RED state.  This is in marked contrast to the more 

typical behavior of two, reversible, single-electron redox waves (first to the SEM and 

then to the RED state) as seen in the viologenes and TTF derivatives in which the rings 

are joined directly together and is a result of an increased separation (and less Coulombic 

repulsion) of the heterocyclic rings. 

This two-electron redox behavior of bis(benzothiazole)s is in agreement with the 

doped form of PBZT shown in Figure 5d.  The N-site on either side of the phenyl group 

is protonated and the polymer exhibits Weitz-type behavior by undergoing a two-electron 

reduction to give the quinoidal structure shown.  The fact that a one-to-one 

correspondence is observed between the number of polymer repeat units and the number 
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of −Cl  ions that get expelled into the solution during the doping process also supports the 

notion that the polymer is undergoing a two-electron reduction. 

In order to probe the protonation and doping behavior of PBZT at even higher acid 

concentrations and with different anions, a variety of other acids were examined.  Figure 

5c shows the effect of exposing the PBZT film to even higher acid concentrations 

(concentrated sulfuric acid, 96 wt%, in this case).  Qualitatively the film again turns 

yellow at these high concentrations, which is attributed to the second protonation step.  

Surprisingly, the film is unable to be chemically doped with simple metals in this fully 

protonated state.  The UV-vis absorption and spectrometric titration data for a thin film of 

PBZT exposed to a range of H2SO4 concentrations is shown in Figure 7.  Initially at low 

acid concentrations (0 to 9.0 M, pH2SO4 > -0.95), the film responds in the same manner 

as it did with HCl.  The two peaks at 443 nm and 474 nm decrease while the one at 499 

nm grows with an isosbestic point near 483 nm.  The titration curve in Figure 7c also 

shows similar behavior over the pH2SO4 range from –0.2 to –0.95 with an inflection point 

corresponding to the pKa of the mono-protonated species located at about –0.65, although 

the spacing of the data makes a precise determination impossible.  This value is close to 

that seen with HCl (–0.8), but the cause for the deviation is not completely understood.  

At higher H2SO4 concentrations (9.0 to 18.0 M, pH2SO4 < –0.95), completely different 

behavior is observed.  Now as the acid concentration increases, the absorption spectrum 

moves back towards lower wavelengths (giving rise to the yellow color of the film 

again), but in a manner that is more consistent with the entire curve blue-shifting rather 

than the disappearance and emergence of two distinct spectra with an isosbestic point.  

This shift is likely the result of protonation of the second N-site on the PBZT, in which 
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case the pKa for this second protonation would be near –1.0 as shown in Figure 7c.  The 

amount of shift is likely determined by a combination of electronic and ring torsion 

effects.  Co-planarity between the phenyl and heterocyclic rings of PBZT will result in 

delocalization of the π electrons.  However as the rings become non-planar (i.e. a larger 

torsion angle, φ), the effective conjugation length will decrease resulting in a blue-

shifting of the absorption spectrum.  Indeed, studies of PBZT have shown that it is non-

planar.57-62  Experimentally57, the torsion angle of a model compound is measured to be 

near 23°, while theoretically58 it is predicted to be 55°.  The discrepancy is believed to be 

due to the significant impact that intermolecular interactions have on the chain 

conformation.  A considerable rotational flexibility is predicted (low barrier to rotation), 

and when the intermolecular interactions are included in the model, much better 

agreement with experiment is achieved.  Protonation of the PBZT chains greatly 

decreases these intermolecular interactions which is the reason that it is only soluble in 

strong acids.59  Consequently at high levels of protonation, the torsion angle might be 

expected to increase due to a decrease in the intermolecular interactions, and thereby 

cause the observed blue-shift in the absorption spectrum.  Similar effects have been 

observed in a variety of heterocyclic systems including poly(pyridine)44,46 and bithiazole 

containing polymers.5,6 

If the protonation in aqueous solutions of H2SO4 is carried out while the film of 

PBZT is in contact with a piece of metal, then the material can become chemically doped.  

Figure 8 shows the UV-vis absorption spectra and spectrometric titration data.  As was 

the case for HCl, at low acid concentrations (0 to 5.4 M, pH2SO4 > –0.7) it behaves very 

much the same as in the absence of the metal.  The absorbance peaks at 443 nm and 474 
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nm begin to decrease, while the peak at 499 nm grows with increasing acid concentration.  

At intermediate acid concentrations (7.2 M and 9.0 M), the material is in it’s mono-

protonated state and becomes doped as indicated by the very broad, long-wavelength 

absorption spectra.  As before, this transition occurs very near the pKa determined for 

mono-protonation (–0.65) in Figure 7.  However in this case, the doping was carried out 

by Fe because it is found that Cu will not induce doping at any level of protonation with 

H2SO4.  Mg, Al, Zn and Fe (i.e. electrode potential at or below Fe), however, are all able 

to reduce the protonated PBZT at these intermediate acid concentrations.  Consequently 

while the absorbance spectrum does not change significantly between HCl and H2SO4 

and protonation by both acids yields a peak near 499 nm, the reduction potential does 

depend on the anion ( −Cl  or −
4HSO ) that is present.  This is discussed in more detail 

below in comparison to other acids. 

At high acid concentrations (Figure 8), PBZT is unable to be chemically doped by the 

Fe and the absorption spectrum reverts back to what it was in the absence of the metal.  

This transition occurs at the point (above 9.0 M, pH2SO4 < –1.0) where the blue-shifting 

in the absorption spectrum began in Figure 7 and which was attributed to the second 

protonation step of PBZT.  The exact mechanism of this is unclear since a second 

protonation event would not disturb the π-system, but it is likely that the chain torsion 

effects described earlier prohibit doping of the material at high acid concentrations. 

Two additional acids were investigated to examine the effects of different anions on 

the protonation and doping behavior of PBZT.  Figure 9 shows the results for methane 

sulfonic acid (CH3SO3H, a common solvent for PBZT) and Figure 10 is for 

tetrafluorboric acid (HBF4).  At low acid concentrations (0 to 10.7 M, pCH3SO3H > –1.0 
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and 0 to 7.9 M, pHBF4 > –0.9), the absorbance spectra are again similar to the previous 

two cases.  For both cases, as the acid concentration increases, the peaks at 443 nm and 

474 nm decrease while the one at 499 grows, with an isosbestic point near 483 nm  

(Figures 9 and 10, a and b).  The inflection point of the spectrometric titration curve gives 

an estimated pKa for the first protonation event of –0.9 in CH3SO3H and –0.75 in HBF4.  

Additionally, at higher CH3SO3H concentrations (Figure 9, c and d), the absorption curve 

again becomes blue-shifted, as seen for H2SO4, presumable due to the second protonation 

of PBZT causing an increase in the ring torsion angle, thereby shortening the conjugation 

length.  The estimated pKa for this second protonation event in CH3SO3H is –1.07.  The 

sudden drop-off of the peak intensity at very high concentrations is due to the fact that the 

CH3SO3H is beginning to dissolve PBZT. 

Similar to the case for H2SO4, the PBZT film is able to be doped by Fe at 

intermediate CH3SO3H concentrations.   This occurs between the first transition (pKa for 

mono-protonation, 7.6 M, pCH3SO3H –0.9) and the second (pKa for the second 

protonation, 11.7 M, pCH3SO3H –1.07).  At concentrations higher than this, the 

absorption spectrum undergoes a blue-shift and the film is unable to be doped by Fe.  In 

addition, Cu does not dope the film in CH3SO3H at any concentration and neither Cu nor 

Fe will dope the film in HBF4 at any concentration. 

Examining the protonation and doping behavior of PBZT films in all four acids leads 

to some general trends.  Under all circumstances, the film must be in its mono-protonated 

state (pHA < pKa for mono-protonation) in order for it to be doped by simple metals (i.e. 

reduction potential significantly increased).  At higher acid concentrations, the film 

undergoes another transition, presumable the second protonation event, above which it 
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exhibits a blue shift in the absorbance spectrum and is unable to be doped by simple 

metals.  This protonation behavior would appear to be independent of the acid used for 

the protonation (i.e. the shape of the absorption spectrum is about the same in all four 

cases).  However, the doping behavior at intermediate acid concentrations can change 

significantly depending upon the anion that is present.  In terms of reduction, the order 

from easiest to hardest is −Cl > −
4(HSO , )33

−SOCH > −
4BF  due to the fact that Cu will 

only dope PBZT in HCl, whereas Fe will dope the film in all but HBF4.  This trend can 

be considered based on the pKa values of each of these four acids and the relative 

basicities of the anions.  Specifically, the pKa values and their relative order are HCl (–7) 

< H2SO4 (–2) < CH3SO3H (–1.8) < HBF4 (–0.44)63-65.  Despite the fact that these are all 

strong acids which will be completely dissociated in dilute aqueous solutions, there is still 

a good correlation with the ability of the PBZT to be reduced when protonated by these 

acids.  It would seem that the basicity of the anion plays a significant role in determining 

the reduction potential of the protonated polymer with the least basic anion (i.e. the 

strongest acid, HCl) giving the largest values likely due to a smaller degree of interaction 

with the protonated chain. 

 

Conclusions 

 A full description of the protonation and chemical doping behavior of thin films 

of PBZT was given.  Protonation of the polymer backbone initially leads to a red-shift in 

the absorption spectrum.  This was attributed to an electronic effect whereby the positive 

charge due to protonation of the N-lone pair electrons acted as an electron accepting 

substituent.  The LUMO is lowered more so than the HOMO due to the greater electron 
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density on the N-site in the LUMO, thereby leading to a red-shift in the absorption 

spectrum.  It was shown that when half of the N sites in the polymer backbone are 

protonated, the polymer is able to be easily reduced, even with simple metals, leading to 

relatively stable n-doped conducting polymers.  These doped materials are stable with 

respect to water, however are slowly de-doped in an oxygen-containing environment due 

to re-oxidation.  Generically, this effect occurs independent of the acid used, however the 

nature of the counter-anion does play a smaller role in determining the exact value of the 

reduction potential.  At higher acid concentrations the absorption spectrum exhibits a 

blue-shift, due to the polymer becoming fully protonated, and this doping effect is not 

observed.  This is attributed to a decrease in the intermolecular chain interactions leading 

to a loss of coplanarity between the heterocyclic and phenyl rings in the polymer.  This 

results in a lowering of the effective conjugation length and a smaller degree of electron 

delocalization along the backbone. 
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Figure 1 – Chemical structure of poly(benzobisthiozole) (PBZT) (a), and images of an 
extruded film of PBZT immersed in water (b), concentrated (37 weight %) hydrochloric 
acid (c), and concentrated hydrochloric acid while in contact with Cu (d). 

19



(b)
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Figure 2 - Absorbance spectra of PBZT thin films immersed in aqueous solutions
of hydrochloric acid at various concentrations (a), and peak intensities of the absorbance
spectra at selected wavelengths as a function of pHCl = -log[HCl] (b).
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Figure 3 - Absorbance spectra of PBZT thin films in contact with copper metal
and immersed in aqueous solutions of hydrochloric acid at various concentrations (a),
and peak intensities of the absorbance spectra at selected wavelengths as a
function of pHCl = -log[HCl] (b).
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Figure 4 - UV-visible absorption spectra of supernatant solution after doping PBZT film with
Cu, and control solution of CuCl2 in concentrated hydrochloric acid.  
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Figure 5 – Protonation and chemical doping behavior of an extruded film of PBZT immersed 
in water (a), a lower acid concentration (b), a higher acid concentration (c), and a lower acid 
concentration while in contact with a simple metal (d).  The structures are drawn for the 
generic case of different acids and metals, while the images were taken for the specific case of 
H2SO4 (53 wt% and 96 wt% for the lower and higher concentrations, respectively) and Fe 
metal. 
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(c)
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Figure 7 - Absorbance spectra of PBZT thin films immersed in aqueous solutions
of sulfuric acid at various concentrations (a) and (b), and peak intensities of the
absorbance spectra at selected wavelengths as a function of pH2SO4 = -log[H2SO4] (c).
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Figure 8 - Absorbance spectra of PBZT thin films in contact with iron metal and
immersed in aqueous solutions of sulfuric acid at various concentrations (a) and (b),
and peak intensities of the absorbance spectra at selected wavelengths as a function
of pH2SO4 = -log[H2SO4] (c).
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Figure 9 - Absorbance spectra of PBZT thin films immersed in aqueous
solutions of methane sulfonic acid at various concentrations (a) and (c),
and peak intensities of the absorbance spectra at selected wavelengths
as a function of pCH3SO3H = -log[CH3SO3H] (b) and (d).
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(b)

(a)

Figure 10 - Absorbance spectra of PBZT thin films immersed in aqueous solutions
of tetrafluoroboric acid at various concentrations (a), and peak intensities of the
absorbance spectra at selected wavelengths as a function of pHBF4 = -log[HBF4]  (b).
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