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CONFORMATIONAL TRANSITIONS OF THE HYDROPHOBIC POLYACIDS 

Shintaro SUGAR and Nobumichi OHNO * 
Department of Polymer Science. Faculty of Science. Hokliaido University, Sapporo. Holikaido 060, Japatt 

The conformational transitions of the alternating maleic acid copolymers with styrene (hlA-St),l and a-methyl styrene 
(MA-&W),, in aqueous solutions were studied by means of various methods. The following results were obtained: 1) The con- 
formational transitions of (MA-St), from the compact to extended coil form are observed in various salt solutions, as in 
aqueous NaCl, and the compact form is stabilized by Rb+ and Cs”, but destabilized by Li*_ The coions, Br-, I-, ClO, and 
SCN- affect scarcely the stability of the compact form. 2? The temperature coefficient of viscosity d In [q] ldT of (MA-St),, 
in 0.09 hl Nail was positive for the compact form, but negative for the coil form, and it reflects the transition. 3) The dif- 
ference between specitic heats for the compact and coil forms of (MA-S& in 0.03 al NaCl is determined to be about 15% 
of the corresponding heat of transfer of benzene to aqueous medium. 4) A remarkable dilution of the bound monomeric 
acridine orange to the compact form (BIA-St),, is observed and the dimerization free energy of the dye in the compact form 

is about -2.1 kcal/mole at 25°C. 5) Potentiometric, dilatometric and viscometric titrations of (MA-XISt), in aqueous NaCl 
at 25’C show a similar conformational transition fo that of (MA-St),,. Also, the difference in the molar extinction coefti- 
cient at 261 nm indicates the transition. The compact form of (MA-MSt),, is more unstable than that of (MA-St),,. From the 
results, the compact conformations and the transirion mechanism of both the polyacids were discussed in comparison with 
the results for the maleic acid copolymers with ?I-alkyl vinyl ethers. 

I. Introduction 

Various synthetic polyelectrolytes are known to 
exist in a somewhat compact conformation at small 
degrees of ionization Q. Poly (methacrylic acid) (PMA) 
in the compact form has been extensively investigated 
[ l-51, and the form is considered to be stabilized by 
short range interaction between methyl groups. Long 
range electrostatic interactions become predominant 
at high (Y, and the compact form is converted into an 
extended coil form. Some copolymers of maleic acid 
and ?z-alkyl vinyl ethers have been found to undergo 
similar transitions upon ionization of the primary 
carboxyl groups [6-lo] _ Both the van der Waals and 
hydrophobic interactions seem to be responsible for 
stabilization of the compact form. 

A similar pH-induced conformational transition of 
an alternating copolymer of maleic acid and styrene 

(MA-St), has been recently found [I l-141, and a 
thermcdynamic analysis of the transition in aqueous 
NaCl solution was carried out by us with data for the 
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fractionated samples by means of various methods in- 
cluding potentiometric, viscometric, dilatometric, op- 
tical and calorimetric ones [ 13 ,12]_ The compact form 
at small degrees of ionization al of the primary carbo- 
xyl groups was shown to be not so compact as in the 
globular protein, and considered to be stabilized by 
hydrophobic interaction between phenyl groups buried 
in the copolymer and the residue exposed after the 
transition. The standard enthalpy change, Aff:, esti- 
mated by calorimetry at 2S°C was positive correspond- 
ing to the positive transfer heat of benzene to aqueous 
medium. 

In analyzing pH and optical titration results of 
(MA-St),, the conformational transition was assumed, 
as in the case of PMA, to be attributed to the transition 
between two segmental forms (the g-form, in which 
the segment is buried in the hydrophobic domain, and 
the c-form, in which it is exposed). The midpoint of 
transition calculated from the pH-titrpti1-m data coin- 
cided with that from the optical ones. T_he initiation 
parameter (5 of the g-form calculated by use of Zimm- 
Rice theory was found to be similar to those for the 
maleic acid copolymers of Jr-alkyl vinyl ethers obtained 
by Dubin and Strauss [S] _ 
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Fig. 1. The modified pH-titration curves of (MA-St),, of RW = 
613 000 in aqueous solutions of various sodium salts at Z = 0.09 
and 25OC: NaCl (c), NaBr (A), NaSCN (0) and NaC104 (c). 
(To avoid overlapping, the NaI data are not given.) The polymer 
concentration cp is 0.0091 g/ml. 

On the other hand, kinetic studies on the transition 
from the compact form were performed by a pH-jump 
method [I 5--16]_ The kinetic trace was analyzed by 
applying the general kinetic theory of cooperative tran- 
sition, and a linear Ising model was found to be appli- 
cable even for the compact form to interpret the depend- 
ence of the mean relaxation times on CK~ _ Applicability 
of such a model may show the importance of the short 
range interaction between the hydrophobic residues 
for stabilization of the compact form of (MA-St), _ 
Also, the a-value was calculated from the kinetic data 
and found to agree with the values from the equilibrium 
methods. 

The aim of our study is to obtain information about 
the compact conformations of the hydrophobic poly- 
acids and to clarify the transition mechanism. In this 
paper are reported the conformational rransition 
studies of the alternating maleic acid copolymers of 
styrene and a-methyl styrene (MA-MSt), in aqueous 
salt solutions by means of various methods. Moreover, 
interactions of the hydrophobic dye, acridine orange 
(AO), with both the copolymers are described. 

Fig. 2. The reduced viscosity of (MA-St),, in aqueous salt solu- 
tion at Z = 0.09 and X°C_ The symbols, MW and cp the same 
asin fig_ 1. 

2. Materials and methods 

The fractionated (MA-St),, was obtained by the 
method described previously [ 111. The alternating 
copolymer of maleic anhydride and a-methyl styrene 
(MAn-MSt),, was made from a mixture of rnaleic an- 
hydride and a-methyl styrene in decalin, Q,cY’-azobi- 
sisobutyronitrile being used as an initiator [ 173 _ Frac- 
tionation was achieved by slow addition of poor sol- 
Vents. The approximate molecular weight (MW) was 
estimated from a relation between the intrinsic viscosity 
[Q] and MW of (MAn-St), [ 183 _ (MAn-MSt),, was hydro- 
lyzed in water at about 80°C. The elementary analysis 
of (MAIFMSt), and the pH-titration of (MA-MSt), 
showed that the obtained sample is a 1 : 1 copolymer 
of maleic acid and a-methyl styrene. 

A0 (Merck) was recrystalized in a mixture of etha- 
nol and water. Its concentration was determined from 
the molar extinction coefficient at 492 nm [19] _ Other 
chemicals used were of special grade (Nakarai Chem., 
Kyoto). 
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Fig. 3. The modiied pH-titration curves of (MA-St),1 in aquc- 
ous solutions of various chlorides at I= 0.09 and 25°C: NaCl 
;;;: ,yiCl (L), Cscl (0) and RbCl (=). hl\y and cp the same as in 

_D 1 

pH, viscosity, volume change, calorimetric and op- 
tical measurements were described previously [ 11-l 2, 
1%16,201. 

3. Results 

3. I. 1. Effects of counterions and coions on the 
rraiuitio?i 

In fig. 1) the pH-titration data of (MA-S),, in aque- 
ous solutions of various sodium salts are shown. The 
coions, Br-, I-, ClOr and SCN-, are found to affect 
scarcely the modified titration diagram. In fig. 2, 
effects of the coions on the reduced viscosity of 
(MA-St),, in the compact form are shown. Although 
the effects are not so remarkable, the reduced viscosity 
of the compact form copolymer depends slightly on 
the coion species. Especially, the water structure break- 
ing ions affect the viscosity for the compact form. 9ne 
of the causes for stabilization of the compact form of 
(MA-St), seems to be the water structure around the 
molecule_ 

The counterion affects the stabilization of the com- 
pact form, as shown in figs. 3 and 4, where Cs* and 
Rb’ are shown ro be bound more tightly than Na+ to 
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Fig. 4. The reduced viscosity of (MA-St),, in aqueous salt solu- 
tion at I = 0.09 and 25°C. The symbols, hlW and cp the same 
as in fig. 3. 

the compact form copolymer and to stabilize the form. 
However, L.i+ destabilizes the compact form and ex- 
pands the molecular dimension. Although the side 
chains of it-alkyl vinyl ether copolymers are reported 
to bind Lie, which stabilizes the compac? form [lOI, 
interactions of Lii with charged carboxyl groups, phe- 
nyl groups and water structure may be taken into con- 
sideration in the present case. 

Anyway, the pH-induced conformstional transitions 
observed in the various salt solutions used here are simi- 
lar to those in the NaCl solution. 

3.1.2. Temperature dependence qf (q] in aqueorrs NaCl 
Dependence of [q] of (MA-St), on degree of neutra- 

lization (Y; of the primary carboxyl groups was previ- 
ously shown to reflect the transition [ 1 l] _ The unper- 



turbed RMS radius of dimension CS$)‘~~ and t&e appa- 
rent electrostatic: interaction parameter B were both 
found to reflect the framition. 

Bere, rile remperature dependence of faf of the 
fkactiozxited (M&St),, of MW = 613 000 was studied 
in 8 temperature rang9 of5-PPC. In 6~. S,[i73 is 
shown to be almost proportional to temperature at 
each ~“2. The temperature coefficient d In Iq]/dT is 
Cl.0077 k 09003 (K-1 ), irrespective of QE; , for the 
compact iForm (ai f 0,1 --X?_;i), but it is negative for 
the coiled form at a; = 090. A plot of the coefficient 
agak& ~2i showr4 in Eg. 6 seems to ref#ect its confor- 

rmt%gal transition as did the plots uf (L@'~ and ffie 
interacrion parameter B. Recent studies on the tem- 
perature coefficient of viscosity of hyahx~otic acid, 
xvti& alsa rmdergoes a confolmationaf transition upon 
io&zaGon, frave exam&d the &r&r change of the 
coefficient to fMA-Stjfi, and C&md has interpreted 
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Fig. 6. The temperature coefficient of viscosity of IX&-St),, 
calculated from the data in fig. 5. 

se~gi-mxtal states f3f 3 _ The temperature coefficient of 
viscrrsity of @&A-St& may be rezated to the Eransition 
of a segnlental state between the g- and c-forms. It is 
an important quantity for studies on the transition 
mechanism. 

The standard free energy chan~et &G~, for the zran- 
sition of (MA-St), was previously determined from the 
p&titration data in aqueous NaCl, and also LLHP was 
calculated from the caJorimetric measurements at ionic 
strength I = 0.03 and 2S°C. Here, the calorimetric data 
of the transition at I = 0.03 are obtained at various 
temperatures_ The results are shown hx fig. 7, in &dch 
the anomalous behavior of LLEF~~~ is found at each 
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Table 1 
Thermodynamic’parameters of the transitions of (MA-St), and (MA-lWE),r in aqueous salt solution 

Material 

(MA-St)jl 

(MA-BVE),r 

benzene 1331 
butane 1343 

2, 

283 
291 
298 
308 

298 
298 
298 
318 

198 
298 

I 

0.03 
0.03 
0.03 
0.03 

0.20 
0.04 
0 
0 

0 
0 

AG 
(cal/mono- 
mole) 

330* 

330 

4610 
5900 

AH AS 
(cal/mono- (cal/mono- 

mole) mole -I;) 

210 -0-41 
280 -0.17 
340 0.04 
430 o-33 

<o <O 
-345 -2.2 
-560 -3.0 

93 -0.7 

580 -13.5 
-800 -23 

“YP 
(cal/mono- 
mole -K) 

9 

33** 

57-70 
65-80 

0 

0.13+0.08 

* Temperature dependexe of AC is very little. 
** Calculated from the data at 298 K and 3 18 I(. 

temperature. QHF determined by the same method as 
in the previous report [ 121 was almost proportional 
to temperature in its range of IO-35”C, and the dif- 
ference AT, between specific heats for the compact 
and coil forms could be determined. 

Ihe o-value was estimated from the calorimetric 
data at 25OC as follows: 

ffl/2 = “IY~;4HvH , (1) 

where AH,,, is the van ‘t Hoff enthalpy of the transi- 
tion, which was calculated from the previously reported 
apparent fraction of the c-form fc [ 12]_ The relation 

between QHvH and fc is: 

Mv, = 4RT’(af,IW)fc,,, 

= 4~7-2 wf,b,m+ m-~ifc=o.5 - (2) 

We used af,/ih, = 1.74 (from fig_ 4 in ref. [12]) and 
aa,/aT= (0.75 + 0.35; A 10-3/K (from fig_ I in ref. 

I.121). 
Values of all parameters obtained here are summar- 

ized in table 1, where values for the n-butyl vinyl ether 
copolymer (MA-BVE) are compared [22-233 z 

3.1.4. Inieracrion wiriz Ad 

and the copolymer conformation. Dilution of A0 
along the polymer chain was remarkable for the com- 
pact form, but scarce for the coil form. In order to 
estimate hydropbobicity of the compact form quan- 
titatively, here, interaction of A0 with the compact 
form (MA-St), was investigated in detail. Spectro- 
scopic titration data at 492 nm of the copolymer at 
CK] = 0.27 (oi = 0.20) and I= 0.143 are shown in 
fig. 8 in a range of alcp/cd less than 2, where the free 
A0 and bound aggregates of A0 are assumed to exist. 
From the results, the binding site of A0 seems to be 
the charged carboxy! group. Equilibrium constant of 
binding of A0 to the site is about 5.8 X lo5 according 
to Schwarz’s method [24] _ On the other hand, in a 
range of olcp/cd larger than 3, the remarkable dilution 
effect can be observed as an appearance of bound mono- 
meric A0 band at 502.5 nm [20] _ Extrapolation of a 
plot of the molar extinction coefficient at the peak 
2gainst (alcp/c&l to cp -+ 03 can give the dimerization 
free energy of AO, which relates to the hydrophobic&y 
of the copolymer [19,25] _ Such an extrapolation is 
shown in fig. 9, from which the free energy at I = 
0.143, cK1 = 027 and cd = 1 _ 15 X 1 0B5 mole/l is found 
to be about -2.1 kcal/mole at 25OC. The free energy 
is -10.7 kcal/mole in water at 25OC [26]. 

Interaction of A0 with (MA-St), was previously Fractions of the bound dye in monomeric, dimeric 
studied by means of spectroscopic and PI&titration and aggregate forms to the hydrophobic polymers are 
methods 1203. The absorption spestrum of A0 de- interpreted theoretically by the linear Ising model with 
pended on cp/cd (polymer to dye concentration ratio) the first, second and third nearest neighbour interac- 
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Fig. 8. Free fraction of AO,~A~, in aqueous 0.143 hl NaCi of 
(MA-St),, of MW = 360 000 at 0.1 = 0.27, Cd = 1.15 X IO+ 

mole/l and 25’C. Number of bindins sites of A0 per charged 
carbospl groups calculated by SchwarzS method [24j is 
about 0.90. 

tions @7,283 _ Vitaghano et al. have attempted to ob- 
tain such fractions of bound A0 to some acidic poly- 
electrolytes [19,25,29], but their method had to use 
some assumptions. We did not make the diagram of 
dependence of each fraction against oIcp/cd _ 

Anyway, the compact conformation of (MA-St)?, 
has the hydrophobic domain being able to disperse 
the monomeric AO. 

‘. 
W --, 

‘\ 
‘. . 

0 
0 0.005 0.01 0.015 0.02 

W$-cp 

Fig. 9.5e5~2.5 Yens C&/al cp of (MA-St),t. MW, CYI, cd, Iand 
Tthe same as in fig. 8. The stacking coefficiertt q1 of A0 = 
33 Ii9.271. 
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Fig. 10. The modified pH-titration curves of unfractionated 
<MA-hlSt),r of cp = 1.37 X lo-* monomole/ in aqueous NaCi 
at 25°C: I= 0.27,0.09,0.03,0.009 from bottom IO top. 

(MA-MSt),, has a well defined equivalent point at 
CQ = 1.0. The modified pH-titration diagram of un- 
fractionated sample (low MW copolymer was eliminated 
through dialysis) in aqueous NaCl is shown in fig_ 10, 
where the conformational transition is clearly found at 
each ionic strength. The pH-titration of a fractionated 
sample of MW = 71 000 showed the similar transition. 
Values of pKq (at o1 = 0) are considerably smaller than 
those for (MA-St), _ ‘Determination of exact values of 
pKy and of the transition free energy AGp at zero 
charge is difficult from the results in fig. 10. Fack ti- 
tration with HCI has to be achieved_ Such data will be 
soon reported. Viscometric data showed that the tran- 
sition is also from the compact to extended form, but 
the acid compact form is not so compact as for (MA- 

St), * 
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Fig. 11. AC261 and A6233 of (hlA-MSt)n of hn’l = 71000 in 
aqueous NaCl of 0.09 31. The dotted lines may show That the 
plot of &233 indicates the conformational transition. 

3.22. Optical titration 
The difference spectrum of the copolymer was ob- 

tained, the coil form copolymer being used as a refer- 
ence. Ilre spectrum in aqueous NaCl has some peaks 
at 233 run, 261 nm and so on. The peak at 233 nm is 
concerned with the charged carboxyl groups and thz,t 
at 261 nm with the phenyl ones. In fig. 1 I, plots of 
4ezs3 and 4~~~1 of the fractionated copolymer 
against o1 are shown at I= 0.03 and 25°C where 
4e means the difference in molar extinction coefficient. 
The plot of 4e261 is in a reversed sigrnoidal fashion, 
and may show the transition. The compact form is 
understood to be more unstable than that of (MA-St),, 
by comparing with the previous plot for (MA-St), 
[12]. However, the plots of 4ezs3 seems to be almost 
proportional to CY~. In fig. 12, the same plots at 261 mn 
are shown at various temperatures and Z = 0.009, where 
the coil form at 5°C is used as a reference. The com- 
pact form at Z=O.O09 may be very unstable at ail tem- 
peratures studied. 

3 
cz 
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Fig-. 12. Temperature dependence of Lket6, of (MA-MSt),, of 
MW = 71000 and cp = 1.58 X 10m2 monomole/l in aqueous 
N&l at I =: 0.009: T= S’C, 15”C, 2S”C, 35°C and 45°C from 
bottom to top. 

3.2-3. Dilatonzetric measurements 
Dilatometric method is powerful for study of the 

conformational transition. In fig. 13, the volume change 
4V of monosodium salt of (MA-M%), observed in 
back titration in aqueous NaCl of 0.009 M with HCl 
is shown. The slope in the central region includes the 
volume change 4Vt due to the conformational transi- 
tion from the coil to compact form. Values of AV, 
are -1.6 and -0.8 ml,!monomole at Z = 0.009 and 0.09, 
respectively. It should be noted that 4Vt of (MA-St), 
was reported to be positive at Z=O.Ol - 0.09 Ill]_ 
Negative AV, of (MA-M%),, seems to indicate the im- 
portance of other factors rather than the hydrophobic 
force between the phenyl groups for stabilization of 
the compact form of (MA-MSt),, _ 

3.2.4. Interaction of A0 
Interaction of A0 with the copolymer was studied 
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I-+. 13. Volume chartge of nlonosodium salt of (n~A-~~St),t rf 
MW = 71000 during back titration with HCI at 25°C. N&l 
concentration, 0.009 mole/l and initial ant = 0.90. The titra- 
tion method the same as in figs. 7 and 8 in ref. [ 111. 

at 25°C. The dilution effect of A0 in the compact 
foml copolymer in aqueous NaCf was substantial. The 
absorption maximum of the bound monomeric A0 
band was at about 502 nm. However, in the coiled 
conformation, the dilution effect was hardly found. 
At cplcd = 284, I = 0.003 and 2.S°C, the bound mono- 
meric A0 to (MA-MSt), can hardly be found even at 
CX~ = 0.20. From the results, also, the compact form 
of the copolymer is understood to be very unstable. 

J. Discussion 

Au results obtained in this paper show the confor- 
mationai transizions of both the hydrophobic copo- 
lymers and the existence of the compact forms in the 
acidic pH region. From the slight dependence of the 
reduced viscosity of (MA-St),, in the compact form 
on cp, the form seems to be near the &state. The vis- 
cometric expansion factor ffQ defined by [_rl]/[~]~ = 
az was calculated from the [Q] -values of (MA-St), in 
Zg. 5 and the 1~1 ,-values estimated previously II- 1 f _ 

The value of aq is 1.8 & O-2 for the compact form at 
25°C. (MA-St),, in the compact form is not completely 
at the &state, but may be not so far from the B-state. 
The temperature coefficients of viscosity of vinyl 
polyelectrolytes are known Zo be positive, especially in 
the neighbourhood of the e-state [30]. Therefore. rhe 
coefficient in the compact form is positive irrespective 
of ‘Y~ _ What is a main cause of the negative temperature 
coefficient of viscosity of (MA-StX, in the coil form? 
The maxima of reduced viscosity of (MA-St),, are found 
at aI = I .O in all cases (fig. 2 and ref. [ 131). Also, con- 

_ * 
ductrvlty data of (MA-St)j, at a1 = 1.0 fit to Manning’s 
conductivity theory of a rod-like model [31] _ Then the 
conformation of (MA-St),, in the extended form seems 
to be approximated by the wormlike cylindrical model, 
as the charged polysaccharides. The negative tempera- 
ture coefficient of viscosity of (MA-St),, at 3il = 090 
may be concerned with a negative temperature coeff- 
cient of the Kratky-Porod persistence length. 

The value of 4y, is important for discussing the com- 
pact form. For rhe transition of (MA-St)lz, it is only 
f5% of that for the transfer of benzene lo an aqueous 
medium, although the corresponding valu+ of (MA-BVE),, 
is about half of 4yp for butane_ A butyl group is more 
flexible than the phenyl group, and it can be more 
densely folded than the latter in the maleic acid co- 
polymer in the compact form- The compact form of 
(MA-St)?, is considerably expanded, and, therefore, an 
important interaction may be rhe short range interac- 
tion_ The equilibrium of the transition, the interaction 
of A0 wi*& the compact form copolymer and the kine- 
tics of transition can be interpreted in terms of the 
linear Ising model with the first and second, and third 
(if necessary), interacrions. ~MA-MSt),* has a more non- 
flexible back-bone structure than (MA-St),,, azd its com- 
pact form is more unstable than that in the latter. 

By the way, a relation between 4Hp and 4s: was 
found to be as follows: Ar-irp = Q, + Tc AS:, where 
crc = 325 Cal/mole and T, = 300 K. For (MA-BVE), 
the compensation plot 1323 gives the same line. (MA- 
St),, is considered to change the conformation in a 
similar style to (MA-BVE), and the transition free 
energy depends scarcely on the ionic strength and tem- 
perature due to the compensation effect. 
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