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Abstract

The surface properties of poly(N-monoalkylmaleamic acid-alt-styrene) sodium salts are studied as a function of the molecular
and the size of the linear alkyl lateral chain of the polyelectrolyte. The experimental results are well described by the Gibbs–Szy
treatment. Both the surface tension behavior and the standard free energy of adsorption depend on the polyelectrolyte side chain
average molecular weight,Mw. AnMw-dependent contribution to the free energy of adsorption ranging from−1.21 to−1.05 kJ for mole of
methylene groups is found. The area covered by monomer units increases withMw and the sizes of side chains are similar to those repo
in small-molecule systems. The nature of the functional group amide in the side chain has practically no effect on the surface pro
compared with the ester group in this kind of polyelectrolytes.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The surface properties of amphipathic polyelectroly
are a topic of great interest from both basic and tech
logical points of view [1,2]. This kind of polyelectrolyt
is formed by a monomer unit which is structurally simi
to a simple low-molecular-weight detergent molecule
for this reason it has been called polysoap. In a prev
work [3] the behavior of the surface tension,γ , of synthetic
polyelectrolytes derived from an alternating 1:1 poly(ma
acid-co-styrene) at the air–water interface was studied.
decrease of the surface tension was proportional to the
chain length of the polyelectrolyte, whereas the results o
excess surface concentration, as well as the areas co
by monomer unit and the free energy of adsorption, w
all comparable with those reported in small-molecule s
tems in spite of the high molecular weight of the solute. T
influence of the nature of the monomer unit on the surf
properties of several synthetic anionic and cationic polye
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trolytes was studied by Okubo [4]. The behavior is mai
determined by the hydrophobic character of the counte
in the case of cationic polyelectrolytes, whereas anio
polymers such as sodium polyacrylate and polystyrene
fonate present low surface activity due to the incapacit
these polyelectrolytes to separate their hydrophobic and
drophilic moieties at the surface.

As far as we know, few studies of the influence of
molecular weight on the surface properties of amphipa
polymers have been reported. The general view of h
molecular-weight samples is that this influence is mino
it exists. Nevertheless, for oligomers [5] below the conc
tration of intramolecular aggregation a remarkable influe
of Mw on surface properties seems to exist. On the o
hand, Cao [6] reported that the equilibrium spreading p
sures of monolayers of polyethylene oxide are depende
itsMw, whereas the surface properties of bovine serum
human serum albumin, which have practically the sameMw
but different amino acid sequences, are dissimilar [7].
aim of the present work is precisely to analyze the influe
of the molecular weight of polyelectrolytes on the surfa
properties of a series of poly(N -monoalkylmaleamic acid
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alt-styrene) sodium salts. The structure of the comonom
unit is the following:

2. Experimental

Poly(maleic anhydride-alt-styrene), AM-alt-Sty, ofMw
45,000 and 125,000 was synthesized by radical polym
ization in anhydrous benzene at 55◦C under a nitrogen at
mosphere, mixing an equimolar amount of maleic anhyd
and styrene withα,α-azobisisobutyronitrile (0.3% mole wit
respect to the monomers) as initiator. The white solids
tained were filtered and washed in Soxhlet with anhydr
benzene in order to eliminate impurities and oligomers,
were dried under vacuum. The AM-alt-Sty polymer w
Mw 1600 was a commercial sample from Aldrich, Milwa
kee, USA. The polyelectrolytes used here were named
P450, and P1250 forMw 1600, 45,000, and 125,000, respe
tively.

Poly(N -monoalkylmaleamic acid-alt-styrene), AMNCn-
alt-Sty, with n = 3, 8, 10, and 12, was synthesized by
fluxing AM-alt-Sty with the respective linearn-alkylamines
in acetonitrile. Reactions were considered finished when
IR band of the carbonyl group of the maleic anhydride
1825 cm−1 disappeared completely and the IR band of
amide carbonyl group of 1625 cm−1 appeared. In order t
obtain the sodium salts, polymers were treated with aque
10 w/v% NaHCO3 and the resulting solutions were final
dialyzed and lyophilized. Polyelectrolytes were charac
ized by IR and C13 NMR spectroscopy.

The surface tension measurements were performe
25± 0.01◦C according to the Du Noüy method in a Krü
Model K-8 interfacial tensiometer.

The average molecular weight of the synthesized p
mers was estimated by solution viscosity measuremen
THF at 30◦C using the relationship [8]

(1)[η] = 5.07× 10−5 M0.81.

Bidistilled and ultrafiltered water with a surface tension
71.0 dyn/cm was used. All other reagents used were of a
lytical grade.
,

t

3. Results and discussion

Figures 1a–1d show the dependence of the surface
sion in the high-dilution zone as a function of polym
concentration,m, in moles of comonomer unit/l for all
the polyelectrolytes studied here. These figures show thγ
behavior at constant side-chain length for the three dif
entMw. As can be seen,γ decreases with the polyele
trolyte concentration until a plateau seems to be reac
Moreover, in all casesγ is clearly dependent on the mol
cular weight of the polyelectrolyte; i.e., the slopedγ /dm
is more negative as the molecular weight of the polye
trolyte decreases. On the other hand, at constantMw the
γ lowering is more pronounced as the side chain length
creases as can be observed in Figs. 2a–2c. Similar beh
was found in aqueous solutions of poly(monoalkylma
acid-alt-styrene) sodium salts in the same range of con
tration [3] keepingMw constant. These results reflect t
fact that the surface properties are practically indepen
of the type of functional group of the polyelectrolyte ami
or ester [3] connecting the side aliphatic chain with the m
chain. However, there is a marked effect ofMw on the poly-
electrolyte surface activity for the same side chain.

In order to quantify and compare the adsorption proc
at the surface the Gibbs equation was used [4],

Γ = −[(|ZpZg|
)/(|Zp| + |Zg|

)]
RT

(2)× (dγ /d lnm)(d lnm/d lna),

where a and m are the mean ion activity and the pol
electrolyte concentration, respectively.Zp andZg are the
polyion monomer unit and the counterion valences, res
tively, andR andT have their usual meaning. The(d lnm)/
(d lna) term was evaluated according to Manning’s [9] th
ory by

(3)d ln a/d lnm= 1

2

∣
∣Z−1
g

∣
∣(ξ−1) if ξ > 1,

whereξ is the linear charge density parameter, defined a

(4)ξ = e2/εkT b.

In Eq. (4),e is the proton charge,ε the bulk dielectric con-
stant of the solvent, andb the average distance betwe
charges on the polyelectrolyte chain. The latter value
calculated assuming that C–C–C bond angles and C–C
distances were 109.5◦ and 1.54 Å, respectively. Then va
ues of 5.03 Å, 1.418, and 2.836 were obtained forb, ξ , and
(d lnm)/(d lna), respectively. Then, Eq. (2) becomes

(5)Γ = −[1.418/RT ](dγ /d lnm).

Obviously, the surface excess values are dependent o
charge spacingb and some error may be involved in its es
mation: however, this calculated parameter should be
close to the actual distance between charges, consid
the high dilution range where surface tension measurem
were done. Some differences inb might exist comparing
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(a) (b)
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Fig. 1. Surface tension dependence on polyelectrolyte concentration at constant side chain length: (a) propyl, (b) octyl, (c) decyl, and (d) dodecylderivatives.
(1) P16, (!) P450, (P) P1250.
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propyl derivatives of lowMw , which is nearly a semirigid
rod polyelectrolyte as compared with the more coiled oc
decyl, and dodecyl derivatives. The latter ones should h
a similar conformation, and therefore analogousb, and it
may be stabilized in solution, pointing its charges to wa
and their apolar residues probably forming hydrophobic
crodomains distant from bulk water. The magnitude of
linear charge density parameter,ξ = 1.418, reflects that in
the limit of infinite dilution at least 30% of the sodium cou
terions are condensed onto the polyion to giveξ = 1; thus
the term(d lnm/d lna) in Eq. (2) is not the unity as occu
in single electrolytes. Manning’s polyelectrolyte counter
condensation theory reasonably accounts for this fact.

At 25 ◦C, Eq. (5) results to be

Γ = −[5.726× 10−11](dγ /d lnm)

(6)= −[5.726× 10−11]m(dγ/dm).
The slopes, (dγ /dm), were evaluated by fitting the expe
mental data to the empirical Szyszkowski equation [10],

(7)γ = γ0
{
1−B log

[
(m/A)+ 1

]}
,

whereγ0 is the surface tension of the pure solvent andA, B
are two empirical adjustable parameters. In Table 1 are s
 -

Table 1
Adjustment parameters of Gibbs–Szyszkowski equation

Mw Side chain A× 104 B Maximum error*

1600 Propyl 3.9 0.249 0.28
Octyl 0.7 0.229 0.28
Decyl 0.2 0.217 0.72
Dodecyl 0.1 0.206 0.76

45,000 Propyl 5.1 0.232 0.38
Octyl 2.0 0.220 0.36
Decyl 0.8 0.206 0.58
Dodecyl 0.3 0.191 0.60

125,000 Propyl 7.3 0.229 0.48
Octyl 3.8 0.201 0.78
Decyl 1.5 0.192 0.30
Dodecyl 0.7 0.190 0.36

* |γtheor− γexpl|.

marized the values of these parameters for theγ adjustment
for all the polymers here studied. The small magnitude
the maximum errors between experimental and theore
data reflects the appropriateness of the Gibbs–Szyszko
equations for accounting for the results in the present
as well. In Figs. 1a–1d the theoretical curve ofγ versusm is
also shown.
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(a) (b)

(c)

Fig. 2. Surface tension versus polyelectrolyte concentration at constantMw : (a) P16, (b) P450, (c) P1250. (1) propyl, (!) octyl, (P) decyl, and (e) dodecyl
derivatives.
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In Eq. (7),A is a parameter related to the standard f
energy of adsorption.B is related to the average number
molecules per unit area at the surface in its closest pac
arrangement (minimum surface area/molecule), i.e., with
limiting excess surface concentration. TheA andB values
are of the same order of magnitude as those reported in
ogous systems [3] at the air/water surface and slightly hig
than those reported at then-octane/water interface [11].

Figures 3a–3d show theΓ dependence onm at constant
side chain length for the threeMw over the entire concen
tration range studied here. As expected, all these curve
Langmuir-type saturation profiles. The sequence of the
tial slopesdΓ/dm is the following:

(dΓ/dm)dodecyl> (dΓ/dm)decyl

> (dΓ/dm)octyl> (dΓ/dm)propyl.

Thus, the surface saturation is reached more rapidly
polyelectrolytes containing longer side chains, i.e., cha
that cover a larger area at the surface. Moreover, for
same side chain,Γ depends on the molecular weight of t
polyelectrolyte for the samem. In fact, the smaller the mole
cular weight, the higher the excess surface concentra
and, consequently, the higher theΓ∞. Obviously, the P16
-

polyelectrolyte is nearly a semirigid rod; thus, it shows
greatest ability to extend its lateral chains at the surface
to its smaller steric hindrance as compared with the p
electrolytes of higher molecular weight, which should ha
a quasi-random coil structure due to their higherMw. The
polyelectrolyte concentration where the plateau is reac
follows the order determined by the side chain length. Si
lar Γ∞ are obtained for the P450 polyelectrolyte. In the c
of the P1250 polyelectrolyte, some limitations to accomm
date its aliphatic side chains at the surface might exis
the bulk, this polyelectrolyte probably has a random c
structure with its polar carboxylate groups in contact w
water and the side chains forming some of the inner
drophobic microdomains mentioned above, which can
sensed by fluorescence studies. Obviously, propyl de
tives should have less ability to form these microdoma
than octyl, decyl, and dodecyl derivatives. Therefore,
fluorescence of an appropriate hydrophobic probe coul
enhanced in these microenvironments. At the surface its
formation must be compatible with a structure similar to
comb-like polyelectrolyte with its lateral chains exposed
the air phase and the polar groups in contact with the
ter phase. Thus, the adsorption process at the surface
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Fig. 3. Excess surface concentration: (a) propyl, (b) octyl, (c) decyl, and (d) dodecyl derivatives. (1) P16, (!) P450, (P) P1250.
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involve a change in the polyelectrolyte conformation. T
low surface activity of P1250 polyelectrolyte as compa
with the other is a consequence of the incapacity of
polyelectrolyte to extend lateral chains freely to the ai
the surface. Therefore, P1250 polyelectrolyte should m
tain itself at the surface part of the conformation which
adopts in the bulk. It is important to state that this polym
has an average degree of polymerization of 615, as c
pared with only 220 for the P450 polyelectrolyte and j
8 for P16 polyelectrolyte, which probably has a semiri
rod conformation not only in the bulk water but also at
interface.

Table 2 summarizes the values ofΓ∞ and the areas cov
ered by the comonomeric unit at the surface,σ . Theσ values
increase with the size of the polyelectrolyte lateral ch
As expected, longer side chains cover a major area a
surface, whereas their magnitudes are similar to those
ported for simple low-molecular-weight detergents [12–1
carboxylic acids [15], and analogous polyelectrolytes [3]

The standard free energy of adsorption,�G0
ads, was cal-

culated according to the expression [10]

(8)�G0
ads= −2.303RT

[
log(A)− 1.744

]
,

-

Table 2
Limiting excess surface concentration, areas covered by comonomer
and standard free energies of adsorption

Mw Side chain Γ∞ × 1010 σ × 1016 −�G0
ads

(mol/cm2) (cm2) (kJ/mol)

1600 Propyl 4.39 37.8 29.4
Octyl 4.50 41.0 33.7
Decyl 3.84 43.2 36.8
Dodecyl 3.63 45.7 38.5

45,000 Propyl 4.09 40.6 28.8
Octyl 3.88 42.8 31.1
Decyl 3.64 45.5 33.3
Dodecyl 3.37 49.2 35.8

125,000 Propyl 4.04 41.1 27.9
Octyl 3.54 46.8 29.5
Decyl 3.38 49.0 31.8
Dodecyl 3.35 49.5 33.7

and the values are summarized in Table 2. As can be s
these values are all negative, reflecting the fact that the
sorption process occurs spontaneously. For the sameMw,
�G0

ads is more negative, as the lateral chain size increa
On the other hand,�G0

ads is also more negative as th
Mw decreases at constant side-chain length. The ma
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Fig. 4. Standard free energy of adsorption versus the number of ca
atoms in the lateral chain: (1) P16, (!) P450, (P) P1250.

Fig. 5. Standard free energy of adsorption versusMw : (1) propyl, (!) octyl,
(P) decyl, and (e) dodecyl derivatives.

tudes of�G0
adsare comparable with values reported in si

ilar systems [3]. In order to estimate the contribution
each methylene group to the total free energy of adsorp
�G0

ads was plotted against the number of carbon atomsn,
in the lateral chain. As can be seen in Fig. 4, there is a lin
behavior of�G0

ads with n, at least for 8-, 10-, and 12-carbo
derivatives in the three systems. Propyl polyelectrolytes
viate from the linear trend shown by the other polyel
trolytes. The linear adjustment considering only the oc
decyl, and dodecyl polyelectrolytes yields−1.21, −1.17,
and −1.05 kJ/mol for the contribution of each methylen
group to�G0

ads for the P16, P450, and P1250 polyele
trolytes, respectively. As expected, methylene groups de
the polyelectrolyte from water. Keeping constant the po
electrolyte side chain length,�G0

adswas plotted againstMw
and the results are shown in Fig. 5. As can be observed,
 l

cases�G0
ads is less negative asMw increases. However, th

trend of these curves suggests the existence of a high-Mw re-
gion where�G0

ads becomes independent ofMw . This zone
was not experimentally accessible due to polyelectrolyte
ubility problems.

From the above results it can be concluded that the
face properties of such amphipathic polyelectrolytes are
pendent on the polyelectrolyteMw from the thermodynamic
and conformational points of view. Both the�G0

adsand the
σ values are dependent onMw . Theσ values increase with
the size of the lateral chain. Thus, these side chains ex
at the surface, covering larger areas and adopting a m
extended conformation depending on their size. Finally,
amide group, with an NH group capable of interacting by
drogen bonding with neighboring carbonyl moieties, see
to have no effect on the surface properties as compared
the ester groups of poly(monoalkylmaleic acid-alt-styre
sodium salts.
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