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Ab stract
The tit le poly mer, PTAA, prac ti cally free of es ter groups was ob tai ned by oxi da ti ve poly me ri za tion of methyl thiop hen-
3-yla ce ta te and sub se quent ba sic hydroly sis of pri mary poly mer. Poly(thiop hen-3-yla ce tic acid) has been tho roughly
cha rac te ri zed by NMR, IR, Ra man, and UV/Vis spec tros copy. The pol ya cid be ha vior du ring neu tra li za tion ti tra tions
with lit hium and so dium hydro xi des, car ried out un der ni tro gen at mosp he re, has been stu died by con duc to me try and po -
ten tio me try. Hen der son-Has sel bach plots of po ten tio me tric ti tra tion cur ves show a break point at p H around 6, whe re
the cur ve slo pe drops from 1.8 (at lo wer p H) to a va lue from 1.05 to 1.3 (at hig her p H va lues). The UV/Vis spec tra mo -
ni to red du ring back ti tra tion show: (i) mo no to nous de crea se of both λmax and εmax as p H de crea ses, (ii) the pre sen ce of
the isos be stic point at 401 nm that can be as cri bed to con for ma tio nal tran si tion of PTAA chains, and (iii) absen ce of the
isos be stic point at 392 nm re por ted pre vi ously by ot her aut hors. 

Key words: Ionic poly mers, pol ye lec troly te, polyt hiop he ne, ti tra tion cur ves, Hen der son-Has sel bach plot, con for ma tio -
nal tran si tion 

1. In tro duc tion
Pol ye lec troly te (PEL) is de fi ned as a poly mer com -

po sed of ma cro mo le cu les in which a sub stan tial por tion of
the mo no me ric units con tain io nic or io ni zab le groups, or
both.1–2 As to pro per ties, PEL s sig ni fi cantly dif fer from
non–io nic poly mers, as well as from low–mo le cu lar–
weight elec troly tes.3–12 In par ti cu lar, elec troly tic dis so cia -
tion of PEL s may be ac com pa nied by con for ma tio nal
chan ges13 of their chains that are most ap pa rent in so lu -
tions of co nju ga ted pol ye lec troly tes (CPE s), as they are
di rectly ob ser vab le through co lor (ab sorp tion as well as
fluo res cen ce) chan ges. PEL s of ten ex hi bit io nic con duc ti -
vity in the so lid sta te but co nju ga ted PEL s can in ad di tion
ex hi bit elec tro nic con duc ti vity.14 Chains of CPE s pos sess
amp hip hi lic cha rac ter gi ving them the ca pa bi lity of self–
as sembly, and the abi lity to in te ract spe ci fi cally with ot her

pol yio nic spe cies such as nuc leic acids and pro teins.15–20

CPE s are cur rently being te sted as pro mi sing new ma te -
rials for re du cing the elec tron–in jec tion bar rier from high
work–func tion me tal elec tro des in to poly mers in op toe -
lec tro nic de vi ces,21–25 and as sen sor ma te rials for de tec -
tion of ions,26-30 biomolecules31,32 and various organic
molecules31,32 ope ra ting on the ba sis of their UV/Vis (ul -
tra vio let-vi sib le), fluo res cen ce, or re dox res pon ses. CPE s
enab le the la yer–by–la yer con struc tion of a new type of
poly mer com po si te film con si sting of al ter na ting la yers of
ca tio nic and anio nic CPE s.33–35 They are al so used as fa -
vo rab le ma trix ma te rials for pre pa ra tion of or ga nic–inor -
ga nic com po si tes with nob le–me tal pla smo nic na no par -
tic les that can com pri se hot spots greatly en han cing the
lo cal elec tri cal field in ten sity.36-40

Pro per ties of aqu e ous so lu tions of strong PEL s (inc -
lu ding CPE s) are do mi na ted by re pul si ve Cou lomb in te -
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rac tions bet ween li ke–char ged units of ma cro pol yions
(ma cro mo le cu lar pol yions),8–12 as well as by at trac ti ve
Cou lomb in te rac tions bet ween ma cro pol yions and their
coun te rions. The at trac ti ve in te rac tions cau se an ac cu mu -
la tion of coun te rions in the clo se vi ci nity of the ma cro pol -
yions.41 On the ot her hand, small ions of the sa me char ge
sign as the ma cro pol yions, so-cal led co ions, are re pel led
by the ma cro pol yions. 

The overw hel ming ma jo rity of stu dies on CPE s fo -
cus on the pre pa ra tion, struc tu re, and bench mark tests of
the func tio nal pro per ties of the se systems.42–50 This al so
holds true for the poly(thiop hen-3-yla ce tic acid), PTAA,
which is a CPE with weak aci dic groups, the be ha vior of
which is strongly inf luen ced by the io ni za tion equi li brium
in vol ving the se groups. Val lat et al.43,51 and Kim et al.52–54

stu died the acid-ba se ti tra tion be ha vior of aqu e ous so lu -
tions of PTAA si mul ta ne ously mo ni to ring the UV/Vis
spec tra of the so lu tions. In ad di tion to this, Val lat et al.43,51

in ve sti ga ted com ple tely neu tra li zed PTAA, i.e., poly[so -
dium (thiop hen-3-yl)ace ta te] de no ted he re as PTAN a, by
small an gle neu tron and X–ray scat te ring tech ni ques.
They ob tai ned evi den ce of con for ma tio nal tran si tions of
PTAA chains du ring the acid-ba se ti tra tions, and exa mi -
ned the ef fects of (i) the poly mer con cen tra tion, (ii) poly -
mer mo le cu lar weight, and (iii) Na Cl ad ded to so lu tion
(io nic strength ef fect) on the be ha vior of the se so lu tions.
Both teams re por ted in crea se in the slo pe of Hen der son-
Has sel bach plots in the pre sen ce of va ri ous con cen tra tions
of Na Cl from va lues bet ween 1.4 and 1.9 to va lues bet -
ween 3 and 11.8, de pen ding on salt con cen tra tion.51–54 In -
te re stingly, one of the se groups re por ted a drop of the slo -
pe va lue from 2.0 to 1.1 for a cross-lin ked P3TAA.54

In this con tri bu tion we re port re sults of ex ten si ve po -
ten tio me tric and con duc to me tric ti tra tions of PTAA with
Na OH, and Li OH, res pec ti vely. All the ti tra tions we re per -
for med un der the ni tro gen at mosp he re. To our best know -
led ge, no con duc to me tric study of PTAA so lu tions has
been pub lis hed so far. The po ten tio me tric ti tra tion re sults,
pre sen ted in the form of the Hen der son-Has sel bach plots,
are analy zed and com pa red with the li te ra tu re da ta. Dif fe -
ren ces from the ti tra tion re sults ob tai ned by ot her aut hors
are dis cus sed in view of the dif fe ren ces in ex pe ri men tal de -
tails, such as sam ple pre pa ra tion, dialy sis, and ot hers.

2. Ex pe ri men tal
2. 1. Poly mer Synthe sis and Cha rac te ri za tion 

The poly mers stu died we re pre pa red in two batc hes
by hydroly tic mo di fi ca tion of poly(methyl thiop hen-3-
yla ce ta te), PTAM e that was synthe si zed by oxi da ti ve
poly me ri za tion of methyl thiop hen-3-yla ce ta te with Fe Cl3
in chlo ro form using a pro ce du re des cri bed el sew he re.53

Poly(thiop hen-3-yla ce tic acid), PTAA, was ob tai ned by
the to tal al ka li ne hydroly sis of PTAM e. For de tails on
poly mer synthe sis see “Sup por ting In for ma tion”. 

Ba sic cha rac te ri stics of the first batch (batch 1) of
PTAM e (la ter on hydroly zed to ob tain PTAN a) used in the
to tal hydroly sis of es ter groups we re as fol lows: num ber-
ave ra ge mo lar mass Mn = 6.0 k Da, mass-ave ra ge mo lar
mass Mw = 14.5 k Da, dis per sity

55 \ = 2.4, num ber-ave ra ge
de gree of poly me ri za tion Xn ≅ 39. Sin ce no de gra da tion of
poly mer main chains was ob ser ved du ring the al ka li ne hy-
droly sis of PTAM e un der slightly mil der con di tions than43

we had ap plied, it is rea so nab le to as su me that PTAA ob -
tai ned by hydroly sis of PTAM e has re tai ned the sa me de -
gree of poly me ri za tion (i.e. Xn ≅ 39). At this point it should
be stres sed that Val lat et al. com pa red43 the re la ti ve mo le -
cu lar weight of their sam ple of PTAM e ob tai ned by si ze-
exc lu sion chro ma to graphy (SEC), ba sed on polyst yre ne
ca li bra tion, with the ab so lu te mo le cu lar weight ob tai ned
from field-flow frac tio na tion (FFF). Ac cor ding to their fin -
dings Mw(FFF) ex cee ded Mw(SEC) by a fac tor of ap pro xi -
ma tely 1.7. Using this ca li bra tion (see “Sup por ting In for -
ma tion”) for Mw and the dis per sity va lue \ = 2.4, our 
sam ple should ha ve Mn = 10.3 k Da, Mw = 24.8 k Da and Xn
≅ 66. The da ta for the se cond batch (batch 2) of PTAM e
are:Mn = 11.1 k Da, Mw = 33.3 k Da, \ = 3.0, and Xn ≅ 72.

Si ze-exc lu sion chro ma to graphy (SEC) analy ses of
poly mers we re per for med using the HP 1100 in stru ment
equip ped with a dio de ar ray UV/Vis de tec tor and a se ries
of three SEC co lumns (PL mi xed-A, mi xed-B and mi xed-
C, Poly mer La bo ra to ries, Bri stol) ca li bra ted with polyst -
yre ne (PS) stan dards (PL, Bri stol, UK). Te trahy dro fu ran
(flow ra te 0.7 m L/min) was used as a mo bi le pha se. Ap pa -
rent mo le cu lar weight ave ra ges re la ti ve to PS stan dards
we re ob tai ned.

1H and 13C NMR spec tra we re mea su red on a Va rian
UNITYINOVA 400 in stru ment using poly mer so lu tions in
CDC l3 (PTAM e) or d6-DMSO (PTAA). The spec tra we re
re fe ren ced to te tra methyl si la ne (1H) and the sol vent sig -
nals (77.00 ppm for 13C spec tra in CDC l3; 2.50 ppm for 

1H
and 39.50 ppm for 13C spec tra in d6-DMSO). In fra red
spec tra we re re cor ded on a Ni co let Mag na 760 FTIR in -
stru ment equip ped with an Ins pec tor IR Mi cros co pe and
with an FT Ra man mo du le (Nd:YAG la ser 1064 nm) us-
ing the dif fu se ref lec tan ce tech ni que (128 scans at a re so -
lu tion of 4 cm–1) and un di lu ted as well as KB r–di lu ted
sam ples. Ra man Spec tra we re mea su red in a PTAA so lu -
tion in DMSO at room tem pe ra tu re using a Ra man spec -
tro me ter equip ped with a Jo bin–Yvon–Spex 270M (1800
gr/mm gra ting) mo noc hro ma tor and CCD de tec tor (Prin -
ce ton In stru ments). Ex ci ta tion at 532.5 nm (ave ra ge la ser
po wer at the sam ple in a cu vet te was about 100 m W) and
an ac cu mu la tion ti me of 150 s we re used. 

2. 2. Pre pa ra tion of Stock So lu tions

PTAA/Na stock so lu tion – mi xed so lu tion of PTAA
and its so dium salt: dried sam ple of PTAA from the first
batch was dis per sed in triply di stil led wa ter un der a ni tro -
gen at mosp he re and neu tra li zed by ti tra tion with an aqu e -
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ous so lu tion of Na OH (0.0996 M). The so lu tion that was
tur bid in the aci dic p H ran ge be ca me com ple tely clear at
p H va lue of about 8.5. In or der to ob tain the ma xi mal so -
lu bi lity of PTAA, the so lu tion p H va lue was in crea sed to
9.1 by ad ding an ex cess of the Na OH so lu tion. To pre vent
pos sib le for ma tion of car bo na te and hydro gen car bo na te
ions, the p H of the re sul ting poly mer so lu tion was de crea -
sed by ti tra tion with aqu e ous HC l (0.1 M) to p H = 5.1.
The so lu tion ob tai ned in this way was fil te red through a
cel lu lo se–ni tra te 3.0 µm fil ter (Sar to rius), pou red in to
dialy sis tu bes (Spec tra/Por 1; re la ti ve–mo le cu lar–mass
cut-off: 6.0–8.0 k Da) and dialy zed against triply di stil led
wa ter for about one month. Du ring the dialy sis p H of the
so lu tion de crea sed to a va lue around 3.75 due to the exc -
han ge of Na+ with H3O

+ ions from wa ter. As a con se quen -
ce par tial pre ci pi ta tion of PTAA oc cur red in the dialy sis
tu bes.53 The so lu tion be ca me clear again upon ad ju sting
its p H to 6.0 by ad ding an ap pro pria te vo lu me of the Na -
OH so lu tion (via ti tra tion) un der a ni tro gen at mosp he re.
We took strict pre cau tions against con ta mi na tion of the
so lu tion with at mosp he ric CO2 du ring the neu tra li za tion
of PTAA to p H 6.0. Fi nally, the so lu tion was suc ces si vely
fil te red through cel lu lo se–ni tra te fil ters of po ro sity 3.0,
1.2, and 0.45 µm, and the fil tra te sto red in the dark at
room tem pe ra tu re as the stock so lu tion from which the so -
lu tions used la ter we re pre pa red by weig hing. 

PTAA/Li stock so lu tion – mi xed so lu tion of PTAA
and its lit hium salt – was pre pa red from the se cond batch
of PTAM e using the sa me pro ce du re as des cri bed abo ve
for pre pa ra tion of PTAA/Na and Li OH in stead of Na OH.
The dif fe ren ce that should be men tio ned he re is that the
mo lar–mass cut-off of dialy zing tu bes used in dialy sis
against wa ter was 3.5 k Da. 

The com po si tion of the stock so lu tion (batch 1) was
analy zed using (i) the po ten tio me tric ti tra tion with Na OH
so lu tion (0.0996 M) to de ter mi ne the con cen tra tion of free
car boxy lic groups, cCOOH, and (ii) ato mic ab sorp tion spec -
tros copy to de ter mi ne the con cen tra tion of Na+ coun te rions,
cNa+. Ne glec ting the con cen tra tions of H3O

+ and HO– ions
(p H va lues we re around 6), the elec tro neu tra lity con di tion
re qui res pa rity of con cen tra tions COO– and Na+ ions (cCOO–
= cNa+) in the stock so lu tion. As PTAA is a weak pol ya cid,
the de gree of neu tra li za tion, αn, of PTAA can be cal cu la ted
as αn = cNa+/cCOOX, whe re cCOOX is the to tal con cen tra tion of
car boxy groups gi ven as cCOOX = cCOOH + cCOO–. Be cau se
our PTAA sam ples we re prac ti cally free of methyl-es ter
groups (see NMR spec tra in the “Sup por ting In for ma tion”),
cCOOX (= cCOO–/αn) was equal to the con cen tra tion of mo no -
me ric units of the poly mer in so lu tion, cpol. 

The con cen tra tion of the stock so lu tion of PTAA/Li
(sam ple from the se cond batch) was de ter mi ned in the sa -
me way as that of the PTAA/Na so lu tion (from the first
batch) using Li OH so lu tion (0.0901 M) as the ti trant du -
ring the po ten tio me tric ti tra tion. The ato mic ab sorp tion
spec tros copy was used to de ter mi ne con cen tra tion of lit -
hium coun te rions.

Po ten tio me tric Ti tra tionswe re per for med at 25 °C using
an MA 5740 p H me ter (Is kra, Slo ve nia) and In Lab®406
Mett ler To le do com bi ned glass elec tro de with an in cor po -
ra ted gel-fil led re fe ren ce elec tro de. Be fo re each mea su re -
ment, the p H me ter was ca li bra ted using buf fer so lu tions
of p H 6.86, and 9.18; the elec tro de res pon se slo pe was
found to be 94.8% of the theo re ti cal one. The mag ne ti -
cally stir red so lu tion was kept un der the ni tro gen at mosp -
he re du ring ti tra tion. The ti trant (CO2–free so lu tion of
0.0996 M Na OH or 0.0901 M Li OH) was mea su red out
using a 2 m L mi cro–bu ret te (Gil mont) and the equi va len -
ce point (p H ≅ 8.9) was de ter mi ned from the se cond de ri -
va ti ve graph. 

Con duc to me tric Acid-Ba se Ti tra tions we re car ried out
at 25 °C using a 712 Me trohm con duc to me ter. The stir red
so lu tion was ti tra ted by Gil mont mi cro-bu ret te un der the
ni tro gen at mosp he re.56

Ato mic Ab sorp tion Spec tro me try mea su re ments we re
per for med using an AA nalyst 600 (Per kin El mer) in stru -
ment and stan dard so lu tions of so dium ions with cNa+
equal to 0.100, 0.200, 0.300, and 0.400 mgNa+/L. To de ter -
mi ne cNa+ in the stock so lu tion, the (stock) so lu tion was
di lu ted to match the con cen tra tion ran ge of the stan dard
so lu tions. Con cen tra tion of lit hium ions in the stock so lu -
tion of PTAA/Li was de ter mi ned in a si mi lar way.

UV/Vis Ab sorp tion Spec tra we re re cor ded on a Va rian
Cary 100 UV/Vis spec trop ho to me ter using quartz cu vet -
tes with op ti cal paths of 1.0, 0.5, 0.2, 0.1, and 0.025 cm at
25 °C if not in di ca ted ot her wi se. 

3. Re sults and Dis cus sion
Ab bre via tions for poly mer systems stu died in this

pa per are as fol lows (no te that αn stands for the de gree of
neu tra li za tion of a poly me ric acid): 

PTAA – poly(thiop hen-3-yl ace tic acid) 
PTAN a – so dium salt of PTAA, i.e., com ple tely

neu tra li zed PTAA (αn = 1) 
PTAL i – lit hium salt of PTAA, i.e., com ple tely neu -

tra li zed PTAA (αn = 1) 
PTAA/Na – PTAA par tially neu tra li zed with 

Na OH(aq) (αn = 0.346 in the ca se of our sam ples) 
PTAA/Li – PTAA par tially neu tra li zed with 

Li OH(aq) (αn = 0.346 in the ca se of our sam ples) 
PTAM e – poly(methyl thiop hen-3-yla ce ta te), the

pre cur sor for pre pa ra tion of PTAA.

3. 1. Spec tros co pic Cha rac te ri stics 
of PTAA Sam ples 
Com pa ri son of 1H NMR spec tra of our PTAM e and

PTAA sam ples (see “Sup por ting In for ma tion”) sho wed
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that the PTAA sam ples we re al most free of -COOCH3
groups. The 1H NMR spec trum of PTAA sho wed two sig -
nals of -CH2- groups that could be as sig ned

57,58 to tho se
inc lu ded in the HT (3.80 ppm) and TT (3.55 ppm) se quen -
ces (H stands for head and T for tail of a mo no me ric unit).
As the in ten si ties of the se sig nals we re ap pro xi ma tely
equal, the con tent of HT se quen ces (i.e., the de gree of re -
gio re gu la rity) of chains of the stu died PTAA/Me and
PTAA sam ples and their salts could be, wit hin ex pe ri men -
tal er ror, as cer tai ned to be around 50%. In ot her words, all
sam ples stu died can be re gar ded as re gio-ir re gu lar poly -
mers. The absen ce of the sig nal at 170.40 ppm in the 13C
NMR spec trum of PTAA (see “Sup por ting In for ma tion”)
con fir med the prac ti cal (wit hin the de tec tion li mits) ab -
sen ce of -COOCH3 mo ie ties in our PTAA sam ples. As
com pa red with the spec trum of our sam ples (Fi gu re 1),
the 1H NMR spec tra of PTAA and PTAM e pub lis hed by
Kim et al.53 sho wed much less re sol ved sig nals of pro tons
of -CH2- groups as well as thiophe ne-rings. 

The “Sup por ting In for ma tion” to this pa per con -
tains, in ad di tion to the 13C NMR spec tra already men tio -
ned, the Ra man and IR spec tra of PTAA, the IR spec trum
of PTAM e, the UV/Vis spec tra of PTAA in DMF, DMSO
and in the so lid sta te, and the UV/Vis spec trum of PTAM e
in DMSO. 

3. 2. Con duc to me tric Ti tra tions 

Pol ye lec troly tes con tai ning car boxy lic groups typi -
cally be ha ve as weak pol ya cids. When such acids are
weak enough their io ni za tion can be pro vo ked mainly by
neutra li za tion (i.e. by the ad di tion of a strong ba se li ke an
al ka li hydro xi de), and the de gree of io ni za tion can be as -
su med to be equal to the de gree of neu tra li za tion. Furt her -
mo re, if the frac tion of hydrop hi lic func tio nal groups at -
tac hed to poly mer chains is not high enough, such a pol -
ya cid is usually only slightly so lub le (or even in so lub le) in

Fi gu re 2. Con duc to me tric ti tra tion cur ve ob tai ned for the ti tra tion
of PTAA so lu tion (batch 2; ini tial αn = 0.346 and ini tial cPTAA/Li =
0.0013 mol/L) with Li OH aqu e ous so lu tion (0.0901 M); κ is the
spe ci fic con duc ti vity of so lu tion. 

wa ter when the de gree of neu tra li za tion is very low. This
is true al so for our PTAA so lu tions. 

A con duc to me tric ti tra tion cur ve shown in Fi gu re 2
clearly pro ved that an in crea sing vo lu me of the ba se 
(Li OH in this ca se) so lu tion ad ded con ti nu ously in crea sed
the de gree of io ni za tion of PTAA chains. The mo no to nous
in crea se of the spe ci fic con duc ti vity with the vo lu me of
ad ded ba se con firms a li near in crea se of the de gree of io -
ni za tion if the de gree of neu tra li za tion is in crea sed. The
equi va lent vo lu me could be de ter mi ned very ac cu ra tely:
the re sult found (VLi OH = 0.5015 m L; αn = 1.00) well
agreed with the va lues ob tained from the po ten tio me tric
ti tra tion and spec trop ho to me tric de ter mi na tion. 

3. 3. Neu tra li za tion Po ten tio me tric 
Ti tra tion Cur ves 
This met hod is one of the clas si cal tools to cha rac te -

ri ze pol ya cids.59,60 The sha pe of the ti tra tion cur ve can re -
veal not only the strength of the pol ya cid but al so pos sib le
con for ma tio nal chan ges ac com pan ying its neu tra li za tion.
The da ta can be analyzed using the Hen der son-Has sel -
bach equa tion

(1)

whe re pKa and n de no te con stants that are typi cal for the
gi ven poly me ric acid. In the ab sen ce of hydrop ho bic in te -
rac tions, the pa ra me ter n is clo sely re la ted to the elec tro -
sta tic re pul sion bet ween neigh bo ring char ged groups.
Furt her, n is cha rac te ri stic of the pol ya cid type and does
not show strong de pen den ce on the pol ya cid mo le cu lar
weight.53,59

Po ten tio me tric ti tra tion cur ves of PTAA re cor ded
for batc hes 1 and 2 are shown in Fi gu re 3. The cur ve with
so lid circ les (l) re pre sents p H-chan ge of so lu tion du ring
ti tra tion of PTAA with Na OH (0.0996 M; no Na Cl ad ded)

Fi gu re 1. 1H NMR spec trum of PTAA (se cond batch).
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as a func tion of de gree of neu tra li za tion (mo re pre ci sely:
as a func tion of ra tio of ad ded vo lu me of al ka li hydro xi de
so lu tion against equi va lent vo lu me VMOH/VMOH(equiv)). The
cur ve with so lid up ward trian gles (p) be longs to the ti tra -
tion of PTAA, with Li OH (0.0901 M) in pre sen ce of neu -
tral salt (1 M Li Cl). The con cen tra tion of PTAA ti tra ted
with Li OH was around 30% lo wer than the one ti tra ted
with Na OH, but this fact does not ha ve much inf luen ce on
the sha pe of the ti tra tion cur ve. 

The most no tab le dif fe ren ce bet ween the cur ves is
that the ti tra tion cur ve of PTAA with Li OH lies at con si -
de rably lower p H va lues than that of the ti tra tion with 
Na OH. This ef fect can be en ti rely at tri bu ted to the pre sen -
ce of Li Cl that screens elec tro sta tic for ces among ions and
so in crea ses the ap pa rent strength of the ti tra ted pol ya cid.
This phe no me non is rou ti nely ex ploi ted for ob tai ning
shar per equi va lent points at po ten tio me tric ti tra tion of
weak pol ya cids.

Much mo re in te re sting is the dif fe ren ce bet ween the
third ti tra tion cur ve (so lid down ward trian gles q) re pre -
sen ting back ti tra tion of PTAL i (batch 2 be fo re dialy sis)
with 0.1 M HC l wit hout neu tral salt ad ded, and the ti tra -
tion cur ve for PTAA/Na (so lid circ les l). Alt hough the
con cen tra tion of the PTAA/Li so lu tion was lo wer than
that of the PTAA/Na, the p H va lue at the vi ci nity of 80%
neu tra li za tion ob ser ved for the PTAA/Li so lu tion is con si -
de rably lo wer than that ob ser ved for PTAA/Na so lu tion.
At pre sent we do not ha ve a plau sib le ex pla na tion for this
phe no me non; ne vert he less, a re mo val of the low-mo lar-
mass frac tions from PTAA/Na so lu tion might be par tially
ac coun ted for it.  

Fi gu re 3. Com pa ri son of po ten tio me tric ti tra tion cur ves (ob tai ned
at 25 °C) re cor ded du ring: (a) ti tra tion of PTAA/Na (αn = 0.346;
batch 1) with 0.0996 M Na OH in wa ter (so lid circ les l); (b) ti tra -
tion of PTAA/Li (αn = 0.346; batch 2) with 0.0901 M Li OH in 1 M
Li Cl (so lid up ward trian gles p); (c) back ti tra tion of PTAL i (batch
2) with 0.1 M HC l in wa ter (so lid down ward trian gles q). Sam ples
(a) and (b) we re dialy zed be fo re ti tra tion whi le sam ple (c) was not
dialy zed. The dif fe ren ce in con cen tra tion of the va ri ous sam ples
was around 30%, with the mean va lue at 0.004 mol mo no me ric
units of poly mer/L. 

Fi gu re 4. Plots of Hender son-Has sel bach equa tion applied to da ta
from Fi gu re 3 (for symbols see cap tion to Fi gu re 3). 

The re sults of po ten tio me tric ti tra tions pre sen ted in
the form of the Hen der son-Has sel bach plots are shown in
Fi gu re 4. As can be seen, the slo pe n2 of cur ves be lon ging
to both dialy zed sam ples abo ve p H around 6 is equal to
1.3; mind that the se cur ves are ver ti cally dis pla ced due to
dif fe rent strength of elec tro sta tic scree ning in so lu tions
(the pre sen ce and ab sen ce of salt, Li Cl). The re is a break
on the cur ve PTAA/Li + Li Cl so lu tion at p H ≈ 6.0, be low
which the slo pe of the cur ve has in crea sed to n1 ≈ 1.8. It is
dif fi cult to jud ge whet her the sa me break oc curs al so on
the cur ve for PTAA/Na be cau se of ab sen ce of da ta in the
re gion p H < 6.0 (no ti ce that ti tra tion of PTAA/Na as well
as PTAA/Li + Li Cl so lu tion star ted at αn = 0.346). It is ho -
we ver in te re sting that the slo pe of the PTAA/Li (wit hout
ad ded Li Cl) cur ve be low p H of 5.5 al so adopts the va lue
n1 ≈ 1.8. This re sult was not found only by us but re por ted
ear lier for the Hen der son-Has sel bach plot of the po ten tio -
me tric ti tra tions of PTAA sam ples at p H around 6.53 For
p H > 5.5, the slo pe of the cur ve for PTAA/Li (wit hout ad -
ded Li Cl) at tai ned the va lue n2 ≈ 1.05, which is slightly lo -
wer than n2 va lues ob ser ved for PTAA/Na and PTAA/Li +
Li Cl so lu tion at p H > 6. The dis cre pancy can be at tri bu ted
to the even tual pre sen ce of the low-mo lar-mass frac tions
(oli go ions) in non-dialyzed sam ple, for which the pol ye -
lec troly te cha rac ter is not well ex pres sed; no ti ce that
about 40–50% of the PTAA so lu te had been was hed out
du ring the dialy sis. 

At this point we ha ve to stress that the Hen der son-
Has sel bach plots of PTAA re por ted in pre vi ous stu dies
ha ve shown one dif fe ren ce com pa red to our re sults. Whi le
we ha ve ob ser ved a drop in the slo pe from ≈1.8 to 1.3 or
1.05 at p H ≈ 6, Kim et al.53 re por ted an in crea se in the slo -
pe from ≈1.8 to 3.8 at p H ≈ 6 for PTAA in aqu e ous Na Cl
(1.0 M) or even to 11.8 (in 0.2 M Na Cl) and, in anot her
study,51 a break from ≈1.4 to ≈3 at p H ≈ 7. An in crea se in
the slo pe when going from lo wer to hig her va lues of
log[αn/(1–αn)] has been spe cu la ted to be cau sed by the
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for ma tion of in tra mo le cu lar hydro gen bonds. This in crea -
se was shown to be sup pres sed by ad ding met ha nol in to
aqu e ous so lu tion, and it was pro po sed that the ad ded 
Me OH increa ses sol va tion of polyt hiop he ne chain back -
bo ne, which aug ments the main chain ro ta tion and fa ci li -
ta tes dis so cia tion of pro tons.53 On the ot her hand, Val lat et
al.51 sug ge sted the tran si tion among the hydrop ho bic and
hydrop hi lic re gi me as the rea son for the break-point at the
Hen der son-Has sel bach plot. The last ex pla na tion was ba -
sed on chan ges of UV/Vis spec trum of PTAA du ring neu -
tra li za tion ti tra tion.

3. 4. UV/Vis Spec tra Re cor ded Du ring 
Ti tra tions 
Chan ges in con for ma tion of PTAA chain can al so be

ob ser ved in the UV/Vis spec trum of the poly mer; at least
two stu dies ex ploi ting such a pos si bi lity we re pub lis -
hed.51,53 Let us fo cus on the back ti tra tion of PTAL i with
HC l aqu e ous so lu tion. As can be seen from Fi gu re 5 the
aci dic ti tra tion of PTAL i is ac com pa nied with both a con -
ti nu ous de crea se in the mo lar ab sorp tion coef fi cient, εmax,
at the wa ve length of the ma xi mum of ab sorp tion band,
λmax (at around 450 nm), and a de crea se of λmax. The sa me
trend of εmax and si mi lar va lues of λmax we re ob ser ved al so
in the ca se of forth-and-back ti tra tion of PTAN a.51 In ad -
di tion, forth-and-back ti tra tion of PTAN a was clai med to
be ac com pa nied with the ap pea ran ce of two isos be stic
points (IP). Emer gen ce of an isos be stic point (a wa ve -
length, at which the mea su red ab sor ban ce of a sam ple does
not chan ge du ring ti tra tion) had been as cri bed to two con -
for ma tio nal tran si tions. The first IP (λ ≈ 392 nm, re por ted
for PTAN a with Xn = 45, was as cri bed to a con for ma tio nal
tran si tion bet ween den sely col lap sed and col lap sed con for -
ma tions (αn ≈ 0.5) and the se cond IP at λ ≈ 401 nm to the

Fi gu re 5. UV/Vis ab sorp tion spec tra of four days old aqu e ous so lu -
tion  of non-dialy zed PTAL i (batch 2) re cor ded du ring back ti tra -
tion with HC l. Spec tra we re re cor ded at dif fe rent αn (see le gend in -
si de the graph area) and are cor rec ted for di lu tion. Ne ga ti ve va lues
of αn in this par ti cu lar ca se de no te re la ti ve ex cess of HC l. The in set
shows in ter sec tions of spec tra with 0.4 ≤ αn ≤ 1.0 at λ ≈ 401 nm. T
= 25 °C, cPTALi ≈ 1.1 · 10–4 mol mo no me ric units/L. 

tran si tion from col lap sed to ex ten ded con for ma tions (αn ≈
0.81).51 Alt hough so me spec tra shown in Fi gu re 5 in ter -
sect at λ ≈ 401 nm (tho se with αn from 0.4 to 1.0) and,
even tually, so me of them al so at λ ≈ 381 nm (αn from –0.2
to 0.1) it is dif fi cult to con firm conc lu si vely the exi sten ce
of IP’s di rectly from the UV/Vis spec tra. 

An oc cur ren ce of IP is a di rect con se quen ce of su -
per po si tion of spec tra be lon ging to two dif fe rent mu tually
re la ted spe cies (or con for ma tions) coe xi sting in a so lu -
tion. If the mo le ra tio bet ween the spe cies chan ges the su -
per po sed spec trum al so chan ges but re tains unc han ged
ab sor ban ce at IP’s, whe re mo lar ab sorp tion coef fi cient of
both spe cies is equal. Hen ce the spec trum of an ar bi trary
mix tu re of such spe cies can be ob tai ned as a li near com bi -
na tion of the spec tra be lon ging to so lu tions of two li mi -
ting com po si tions in the re gion in which IP oc curs: 

(2)

whe re αn L and αn H are de grees of neu tra li za tion at lo wer
and hig her bor ders of the αn re gion wit hin which IP oc -
curs, xL is the mo lar frac tion of the so lu te for ming mix tu -
re at gi ven αn whi le ε(λ, αn), ε(λ, αn L), and ε(λ, αn H) are
mo lar ab sorp tion coef fi cients of so lu tes at a gi ven wa ve -
length λ and par ti cu lar de gree of neu tra li za tion. We ha ve
ap plied equa tion (2) to spec tra shown in Fi gu re 5 using
ab sor ban ce in stead of ε and found that the spec tra mea su -
red in the ran ge of αn from 0.4 to 1.0 are well re pro du ced
by the li near com bi na tion of spec tra ob tai ned for αn = 0.4
and αn = 1.0. The re sult we ob tai ned con fir med the exi -
sten ce of IP at λ ≈ 401 nm that is most pro bably due to
tran si tion bet ween ex ten ded and coi led chains.

4. Conc lu sions
The con duc to me tric and po ten tio me tric ti tra tions re -

por ted in the pre sent pa per we re car ried out un der ni tro -
gen at mosp he re on ca re fully pu ri fied and tho roughly cha -
rac te ri zed sam ples of prac ti cally com ple tely hydroly zed
poly[(thiop hen-3-yl)ace tic acid] partly neu tra li zed with
Na OH and Li OH, res pec ti vely. The Hen der son-Has sel -
bach plots for ti tra tions of PTAA/Li and PTAA/Na ha ve
shown a break point at p H about 6, whe re the slo pe of the
plot drops from ca 1.8 (for lo wer p H) to a va lue from 1.05
to 1.3 (for hig her p H). This sug gests dif fe rent abi lity of
COOH groups lin ked to PTAA chains to dis so cia te in mo -
re ba sic sur roun dings. In ad di tion, our pa ral lel UV/Vis
spec tros copy mo ni to ring of the neu tra li za tion ti tra tion of
four days old (not dialy zed) aqu e ous so lu tion of PTAL i
with HC l con fir med the exi sten ce of the isos be stic point at
λ = 401 nm. On the ot her hand, this study did not con firm
exi sten ce of the se cond IP at 392 nm, which has been re -
por ted in li te ra tu re.51

Our re sults di sagree with so me ob ser va tions of ot her
groups, re por ting an in crea se in the slo pe of the Hen der son-
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Has sel bach plots up to 3 or even up to 11.8 for li near PTAA
chains.51–54 On the ot her hand, our re sults are in ac cor dan ce
with the chan ge of the slo pe from about 2.0 to 1.1, as re por -
ted for cross-lin ked PTAA.54 The re are so me ot her dis cre -
pan cies bet ween pub lis hed spec tros co pic da ta and tho se
pub lished in this pa per. Furt her, the re are ot hers in con si -
sten cies among the da ta on PTAA-ba sed systems avai lab le
in li te ra tu re. The dis cre pan cies can partly be as cri bed to
pos sib le dif fe ren ces in che mi cal struc tu re of the sam ples
stu died by va ri ous groups, and partly al so to the ki ne tic
phe no me na as so cia ted with slow con for ma tio nal re la xa tion
of PTAA type chains. A plau sib le analy sis of the se ef fects
re qui res a mo re de tai led study that will inc lude al so the ef -
fect of aging of mea su red so lu tions, which is be yond the
sco pe of this pa per. Ac cor ding to our ex pe rien ce great ca re
has to be de vo ted to pre ci se cha rac te ri za tion of the sam ples
stu died, which may not be al ways the ca se in pre vi ous stu -
dies. The work along the se li nes is in pro gress and shall be
pre sen ted in our sub se quent con tri bu tion.
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Povzetek
Po li(tio fen-3-ilo cet na ki sli na) (PTAA) je bi la pri prav lje na z ba zi~no hi dro li zo poli(me tiltio fen-3-il ace ta ta), pred hod no
dob lje ne ga z ok si da tiv no po li me ri za ci jo me til tio fen-3-il ace ta ta. Pri dob lje na PTAA je bi la ana li zi ra na z NMR, IR, Ra -
man in UV/vid no spek tro sko pi jo. Pos ne li in prou~ili smo kon duk to me tri~no in po ten cio me tri~no ti tra cij sko kri vu ljo po -
sneto pri nev tra li za ci ji PTAA z raz to pi na ma li ti je ve ga in na tri je ve ga hi drok si da. Hen der son-Has sel bac hov dia gram po -
ten cio me tri~ne ti tra cij ske kri vu lje ka`e pre lom pri vred no sti p H 6, kjer se na klon pre mi ce z vred no sti 1,8 v ki slem zni`a
na vred no sti med 1,05 in 1,3 v al kal nem. Med po vrat no (ki slo) ti tra ci jo li ti je ve so li PTAA po sne ti UV/vid ni ab sorp cij -
ski spek tri iz ka zu je jo (i) mo no to no zni`eva nje λmax in εmax, (ii) po jav izoz be sti~ne to~ke pri 401 nm kot po sle di ce kon -
for ma cij ske spre mem be po li me ra in (iii) od sot nost v li te ra tu ri za be le`ene izoz be sti~ne to~ke pri 392 nm. 
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Sup por ting Infor ma tion

2. 1. Poly mer Synthe sis and Cha rac te ri za tion

Pre pa ra tion and cha rac te ri za tion of poly mers 

Methyl thiop hen-3-yla ce ta te. Thiop hen-3-yla ce tic acid
(2.84 g, 20 mmol) was trea ted with thionyl chlo ri de (11.8
g, 100 mmol) for 12 hours at 40 °C, then ex cessive thionyl
chlo ri de was re mo ved by di stil la tion and for med car boxy -
lic acid chlo ri de was slowly ad ded to a lar ge ex cess of
met ha nol to ob tain the de si red methy le ster. Cru de pro duct
was ob tai ned by eva po ra ting ex cessive met ha nol, was hed
with aqu e ous so dium bi car bo na te, and se ve ral ti mes with
wa ter, then dis sol ved in diethyl et her, dried with Mg SO4
and pu ri fied on alu mi na co lumn. Iso la ted yield: 1.8 g
(58%) of yel lo wish li quid. 1H NMR (400 MHz, CDC l3, 25
°C, ppm): 7.72 (dd, 1H); 7.13 (dd, 1H); 7.04 (dd, 1H);
3.70 (m, 3H); 3.66 (m, 2H).

Poly(methyl thiop hen-3-yla ce ta te), PTAM e 
Batch 1: A so lu tion of methyl thiop hen-3-yla ce ta te

in dry chlo ro form was slowly ad ded to a sus pen sion of 
Fe Cl3 (4 mo lar equi va lents) in dry chlo ro form at 0 °C
(mo no mer con cen tra tion 0.125 mol/dm3) and the reac tion
mix tu re was stir red for 3 h at 0 °C. Then the mix tu re was
pou red in to wa ter (200 m L), chlo ro form pha se was col lec -
ted and pou red in to et ha nol/ace to ne mix tu re (1/1 v/v, 400
m L) to pre ci pi ta te the pro duct. So lid pro duct was iso la ted
by fil tra tion, was hed se ve ral ti mes with wa ter, then with
met ha nol and dried. 

First batch (used for pre pa ra tion of PTAA); amount
of methyl thiop hen-3-yla ce ta te (5.85 g, 37.5 mmol); iso la -

ted yield: 3.7 g (64%) of brick-red so lid, SEC: Mn = 6000;
Mw = 14500. 

Poly(thiop hen-3-yla ce tic acid), PTAA. PTAM e (3.3 g,
batch 1) was trea ted with aqu e ous Na OH (2.5 M) at 100
°C for 36 hours and the mo di fied poly mer for med was iso -
la ted as des cri bed abo ve. Iso la ted yield: 2.50 g (83%) of
fi ne sie na-brown so lid. 

Fi gu re 1. Re la tion bet ween Mw va lues of PTAM e ob tai ned from
FFF and SEC mea su re ments, res pec ti vely (da ta from: Val lat, P.;
Ca ta la, J.-M.; Ra wi so, M.; Schos se ler, F. Ma cro mo le cu les 2007,
40, 3779–3783).

Sche me 1. Synthe tic rou te for the synthe sis of poly(thiop hen-3-yla ce tic acid).
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1H NMR (400 MHz, DMSO-d6, 25 °C, ppm): 12.62
ppm (1H, -COOH); 7.35, 7.30, 7.28 (1H, thiop he ne rings
of ir re gu lar chain); 3.8 (-CH2- in HT se quen ces); 3.55 (-
CH2- in TT se quen ces). 

13C NMR (400 MHz, DMSO-d6,

25 °C, ppm): 171.31 (-COOH); 136.35; 136.08; 135.74;
134.437; 133.54; 132.82; 132.54; 131.80; 130.57; 129.09;
128.43; 127.05 (all car bon atoms of thiop he ne rings of re -
gi oir re gu lar main chains); 34.41, 33.89 (-CH2-). 

Fi gu re 2. 1H NMR spec trum of PTAM e (CDC l3).

Fi gu re 3. 13C NMR spec tra of PTAA.
Fi gu re 5. UV/vis ab sorp tion spec tra of PTAA and PTAM e in 
DMSO at 25 °C.

Fi gu re 6. Ra man spec trum of PTAA in DMSO; cpol = 1 · 10
–5 M;

ex ci ta tion at 532 nm.

Fi gu re 4. UV/vis spec trum of PTAA in DMF so lu tion and in the
so lid sta te; mea su red at 20 °C
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Fi gu re 7. FTIR spec tra of so lid PTAA and PTAM e sam ples.


