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Abstract

The surface properties of poly¢monoalkylmaleamic acid-alt-styrene) sodium salts are studied as a function of the molecular weight
and the size of the linear alkyl lateral chain of the polyelectrolyte. The experimental results are well described by the Gibbs—Szyszkowski
treatment. Both the surface tension behavior and the standard free energy of adsorption depend on the polyelectrolyte side chain and on t
average molecular weightf,,. An M,,-dependent contribution to the free energy of adsorption ranging fr@r@1 to—1.05 kJ for mole of
methylene groups is found. The area covered by monomer units increasegwihd the sizes of side chains are similar to those reported
in small-molecule systems. The nature of the functional group amide in the side chain has practically no effect on the surface properties a
compared with the ester group in this kind of polyelectrolytes.
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1. Introduction trolytes was studied by Okubo [4]. The behavior is mainly
determined by the hydrophobic character of the counterion
The surface properties of amphipathic polyelectrolytes in the case of cationic polyelectrolytes, whereas anionic
are a topic of great interest from both basic and techno- polymers such as sodium polyacrylate and polystyrene sul-
logical points of view [1,2]. This kind of polyelectrolyte fonate present low surface activity due to the incapacity of
is formed by a monomer unit which is structurally similar these polyelectrolytes to separate their hydrophobic and hy-
to a simple low-molecular-weight detergent molecule and drophilic moieties at the surface.
for this reason it has been called polysoap. In a previous As far as we know, few studies of the influence of the
work [3] the behavior of the surface tensign,of synthetic molecular weight on the surface properties of amphipathic
polyelectrolytes derived from an alternating 1:1 poly(maleic polymers have been reported. The general view of high-
acid-co-styrene) at the air-water interface was studied. Themolecular-weight samples is that this influence is minor if
decrease of the surface tension was proportional to the sideit exists. Nevertheless, for oligomers [5] below the concen-
chain length of the polyelectrolyte, whereas the results of the tration of intramolecular aggregation a remarkable influence
excess surface concentration, as well as the areas coveregdf p7,, on surface properties seems to exist. On the other
by monomer unit and the free energy of adsorption, were hand, Cao [6] reported that the equilibrium spreading pres-
all comparable with those reported in small-molecule sys- g res of monolayers of polyethylene oxide are dependent on
f[ems in spite of the high molecular weight of the solute. The jig M,,, whereas the surface properties of bovine serum and
mfluenge of the nature of thg monomer unit on Fhe surface p,man serum albumin, which have practically the safye
properties of several synthetic anionic and cationic polyelec-  ; gifferent amino acid sequences, are dissimilar [7]. The
aim of the present work is precisely to analyze the influence
~* Corresponding author. of the molecular weight of polyelectrolytes on the surface
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alt-styrene) sodium salts. The structure of the comonomeric3. Resultsand discussion
unit is the following:
Figures la—1d show the dependence of the surface ten-
oNa* sion in the high-dilution zone as a function of polymer
/ concentrationyz, in moles of comonomer unit for all
0=¢C the polyelectrolytes studied here. These figures showthe
\ behavior at constant side-chain length for the three differ-
v G BH ——CHly — CH ——n ent M,,. As can be seeny decreases with the polyelec-
0=—c trolyte concentration until a plateau seems to be reached.
Moreover, in all casey is clearly dependent on the mole-
cular weight of the polyelectrolyte; i.e., the slogg /dm
is more negative as the molecular weight of the polyelec-
trolyte decreases. On the other hand, at constéptthe
CH; y lowering is more pronounced as the side chain length in-
creases as can be observed in Figs. 2a-2c. Similar behavior
n=2,7,9,11 was found in agueous solutions of poly(monoalkylmaleic
acid-alt-styrene) sodium salts in the same range of concen-
tration [3] keepingM,, constant. These results reflect the
2. Experimental fact that the surface properties are practically independent
of the type of functional group of the polyelectrolyte amide

Poly(maleic anhydride-alt-styrene), AM-alt-Sty, &f,, or ester [3] connecting the side aliphatic chain with the main
45,000 and 125,000 was synthesized by radical polymer-chain. However, there is a marked effectf, on the poly-
ization in anhydrous benzene at 85 under a nitrogen at- electrolyte surface activity for the same side chain.
mosphere, mixing an equimolar amount of maleic anhydride I order to quantify and compare the adsorption process
and styrene witk,-azobisisobutyronitrile (0.3% mole with ~ at the surface the Gibbs equation was used [4],
respect to the monomers) as initiator. The white solids ob-
tained were filtered and washed in Soxhlet with anhydrous I'==[(12pZ1)/(1Zy1 +12,1)|RT
benzene in order to eliminate impurities and oligomers, and x (dy/dInm)(dInm/dIna), (2)
were dried under vacuum. The AM-alt-Sty polymer with
M,, 1600 was a commercial sample from Aldrich, Milwau-
kee, USA. The polyelectrolytes used here were named P16
P450, and P1250 favr,, 1600, 45,000, and 125,000, respec-
tively.

Poly(N-monoalkylmaleamic acid-alt-styrene), AMNE
alt-Sty, withn = 3, 8, 10, and 12, was synthesized by re- L
fluxing AM-alt-Sty with the respective linear-alkylamines _ “1) =1y i
in acetonitrile. Reactions were considered finished when thedlna/dlnm - §|Zg |(§ ) E>1 ®)

IR band of the carbonyl group of the maleic anhydride at where¢ is the linear charge density parameter, defined as
1825 cnt! disappeared completely and the IR band of the

amide carbonyl group of 1625 cth appeared. In order to & = %/ekTb. (4)
obtain the sodium salts, polymerg were trgated with aqueous, Eq. (4),¢ is the proton charge; the bulk dielectric con-

10 w/v% NaHCQ and the resulting solutions were finally - giant' of the solvent, andl the average distance between
dialyzed and lyophilized. Polyelectrolytes were character- charges on the polyelectrolyte chain. The latter value was

; 3
ized by IR and € NMR spectroscopy. calculated assuming that C—-C—C bond angles and C—C bond
The surface tension measurements were performed atyiciances were 1095nd 1.54 A, respectively. Then val-

254 0.01°C according to the Du Noly method in a Krliss | o5 0f 5.03 A. 1.418. and 2.836 were obtainediag, and

Model K-8 interfacial tensiometer. , (dInm)/(dIna), respectively. Then, Eq. (2) becomes
The average molecular weight of the synthesized poly-

mers was estimated by solution viscosity measurements inI" = —[1.418/RT](dy /d Inm). (5)
THF at 30°C using the relationship [8]

NH

(cm,),

wherea and m are the mean ion activity and the poly-
electrolyte concentration, respectively,, and Z, are the
'polyion monomer unit and the counterion valences, respec-
tively, andR andT have their usual meaning. Tli&Inm)/
(dIna) term was evaluated according to Manning’s [9] the-
ory by

Obviously, the surface excess values are dependent on the
[7] = 5.07 x 10~5 M°82 (1) charge spacing and some error may be involved in its esti-
mation: however, this calculated parameter should be very
Bidistilled and ultrafiltered water with a surface tension of close to the actual distance between charges, considering
71.0 dyrycm was used. All other reagents used were of ana- the high dilution range where surface tension measurements
lytical grade. were done. Some differences inmight exist comparing
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Fig. 1. Surface tension dependence on polyelectrolyte concentration at constant side chain length: (a) propyl, (b) octyl, (c) decyl, and (@¥ivatieey!
(D) P16, ©) P450, () P1250.

propyl derivatives of lowM,,, which is nearly a semirigid  Table 1
rod polyelectrolyte as compared with the more coiled octyl, Adjustment parameters of Gibbs-Szyszkowski equation

decyl, and dodecyl derivatives. The latter ones should have Side chain Ax10% B Maximum errof
a similar cor)formgtion, apd ther_efc_)re _analog(busand it 1600 Propyl 3.9 0.249 0.28
may be stabilized in solution, pointing its charges to water Octyl 0.7 0.229 0.28
and their apolar residues probably forming hydrophobic mi- Decyl 0.2 0.217 0.72
crodomains distant from bulk water. The magnitude of the %Odec?/' 0511 %22%62 %73%
linear charge density parametér= 1.418, reflects that in : oég,ﬁ’y 20 0.920 0.36
the limit of infinite dilution at least 30% of the sodium coun- Decyl 08 0.206 058
terions are condensed onto the polyion to gjve 1; thus Dodecyl 0.3 0.191 0.60
the term(dInm/dIna) in EqQ. (2) is not the unity as occurs 125,000 Propy! 7.3 0.229 0.48
in single electrolytes. Manning’s polyelectrolyte counterion SCW'I 31’2 g-ig; g-gg
condensation theory reasonably accounts for this fact. ecy ' ' ‘

Dodecyl 0.7 0.190 0.36

At 25°C, Eg. (5) results to be

11 i [Vtheor — Vexpl|-
I'=—[5.726x 107 (dy /d Inm)

_ —11
=—[5.726x 10" m(dy /dm). ©6) marized the values of these parameters fonttealjustment

The slopes,dy /dm), were evaluated by fitting the experi- for all the polymers here studied. The small magnitude of

mental data to the empirical Szyszkowski equation [10], the maximum errors between experimental and theoretical
data reflects the appropriateness of the Gibbs—Szyszkowski

y= )/0{1 - B Iog[(m/A) + 1]} 7 equations for accounting for the results in the present case

whereyy is the surface tension of the pure solvent and3 as well. In Figs. 1a—1d the theoretical curveofersusn is

are two empirical adjustable parameters. In Table 1 are sum-also shown.
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Fig. 2. Surface tension versus polyelectrolyte concentration at condanfa) P16, (b) P450, (c) P125@Jj propyl, (O) octyl, (A) decyl, and ¥) dodecyl
derivatives.

In Eq. (7), A is a parameter related to the standard free polyelectrolyte is nearly a semirigid rod; thus, it shows the
energy of adsorptionB is related to the average number of greatest ability to extend its lateral chains at the surface due
molecules per unit area at the surface in its closest packingto its smaller steric hindrance as compared with the poly-
arrangement (minimum surface area/molecule), i.e., with the electrolytes of higher molecular weight, which should have
limiting excess surface concentration. Theand B values a quasi-random coil structure due to their high€y. The
are of the same order of magnitude as those reported in analpolyelectrolyte concentration where the plateau is reached
ogous systems [3] at the air/water surface and slightly higher follows the order determined by the side chain length. Simi-
than those reported at theoctane/water interface [11]. lar I's, are obtained for the P450 polyelectrolyte. In the case

Figures 3a—3d show thE dependence om at constant  of the P1250 polyelectrolyte, some limitations to accommo-
side chain length for the thre,, over the entire concen-  gate its aliphatic side chains at the surface might exist. In
tration range studied here. As expected, all these curves arghe pulk, this polyelectrolyte probably has a random coil
Langmuir-type saturation profiles. The sequence of the ini- sty cture with its polar carboxylate groups in contact with
tial slopesd I"/dm is the following: water and the side chains forming some of the inner hy-
(dT"Jdm)dodecy> (dT'/dm)decy) drophobic microdomains meqtioned qbove, which can-be

sensed by fluorescence studies. Obviously, propyl deriva-
> (dI"/dm)octyl > (dT"/dm)propyt tives should have less ability to form these microdomains

Thus, the surface saturation is reached more rapidly with than octyl, decyl, and dodecy! derivatives. Therefore, the
polyelectrolytes containing longer side chains, i.e., chains fluorescence of an appropriate hydrophobic probe could be
that cover a larger area at the surface. Moreover, for the enhanced in these microenvironments. At the surface its con-
same side chain depends on the molecular weight of the formation must be compatible with a structure similar to a
polyelectrolyte for the same. In fact, the smaller the mole-  comb-like polyelectrolyte with its lateral chains exposed to
cular weight, the higher the excess surface concentrationthe air phase and the polar groups in contact with the wa-
and, consequently, the higher tlig,. Obviously, the P16  ter phase. Thus, the adsorption process at the surface could
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Fig. 3. Excess surface concentration: (a) propyl, (b) octyl, (c) decyl, and (d) dodecyl derivaiiyésl§, O) P450, () P1250.

involve a change in the polyelectrolyte conformation. The Table 2
low surface activity of P1250 polyelectrolyte as compared Limiting excess surface concentration, areas covered by comonomer units
with the other is a consequence of the incapacity of this 2nd standard free energies of adsorption

polyelectrolyte to extend lateral chains freely to the air at ~ Mw Side chain  I'x x 1010 o x 1016 —AGY,
the surface. Therefore, P1250 polyelectrolyte should main- (mol/cnm?) (cm?) (kJ/mol)
tain itself at the surface part of the conformation which it 1600 Propyl 4.39 37.8 29.4
adopts in the bulk. It is important to state that this polymer Octyl 4.50 41.0 33.7
has an average degree of polymerization of 615, as com- gezy' | :;-%g ‘E;-i f’gi
. . odecy! . . .

pared with only 220 for the I?450 polyelectrolyte and_ !ugt 45,000 Propyl 4.09 206 8.8
8 for P16 polyelectrolyte, which probably has a semirigid Octyl 3.88 42.8 31.1
rod conformation not only in the bulk water but also at the Decyl 3.64 455 33.3
interface. Dodecyl 3.37 49.2 35.8

Table 2 summarizes the values B, and the areas coy-  12%:000 gCrtOFl’y' 34524 4215'31 23759
gred bythe.comono.meric unit at the surfaceTheo values _ Deg;l 338 19.0 318
increase with the size of the polyelectrolyte lateral chain. Dodecyl 3.35 49.5 337

As expected, longer side chains cover a major area at the
surface, whereas their magnitudes are similar to those re-

ported for simple low-molecular-weight detergents [12—-14], and the values are summarized in Table 2. As can be seen,
these values are all negative, reflecting the fact that the ad-

carboxylic acids [15], and analogous polyelectrolytes [3].

The standard free energy of adsorptiarGJ,; was cal-  sorption process occurs spontaneously. For the sipe
culated according to the expression [10] Angs is more negative, as the lateral chain size increases.

On the other handAG?

AGQye= —2.303RT[log(A) — 1.744], (8)

ads

is also more negative as the
M,, decreases at constant side-chain length. The magni-
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casesAngsis less negative ai/,, increases. However, the

trend of these curves suggests the existence of amighe-
gion whereAGgds becomes independent &f,,. This zone
was not experimentally accessible due to polyelectrolyte sol-

T ubility problems.

§, -32+ From the above results it can be concluded that the sur-
= face properties of such amphipathic polyelectrolytes are de-
2'2” el pendent on the polyelectrolyfd,, from the thermodynamic

<40

T T T T T

Ne of carbon atoms of the side chain

and conformational points of view. Both theG2 . and the

o values are dependent @#i,. Theo values increase with

the size of the lateral chain. Thus, these side chains extend
at the surface, covering larger areas and adopting a more
extended conformation depending on their size. Finally, the

Fig. 4. Standard free energy of adsorption versus the number of carbon@mide group, with an NH group capable of interacting by hy-
atoms in the lateral chainl) P16, O) P450, () P1250.

(kJ/mole)

ads

AG®

Fig. 5. Standard free energy of adsorption vergys () propyl, (O) octyl,
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284
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40
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(2) decyl, and ) dodecyl derivatives.

tudes ofAG

ads

0
ads

are comparable with values reported in sim-
ilar systems [3]. In order to estimate the contribution of
each methylene group to the total free energy of adsorption,
AGY._was plotted against the number of carbon atoms,

drogen bonding with neighboring carbonyl moieties, seems
to have no effect on the surface properties as compared with
the ester groups of poly(monoalkylmaleic acid-alt-styrene)

sodium salts.
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