
Introduction

In our previous work [1, 2] the abrupt sign reversal in the
f potential of a colloidal sphere, usually negatively
charged in the surface, was observed by the addition of
various kinds of oppositely charged macroions and their
low valency simple ions such as calcium and lanthanium
ions. This suggests that the excess number of macroions
compared to the number of charges on the colloidal
surfaces are absorbed in the manner of the so-called
avalanche-type synchronous absorption mechanism, i.e.,
absorption of macroions occurs abruptly on the colloi-
dal surfaces above the critical concentration (m*) of

macroions added. Below the critical concentration
absorption does not occur so signi®cantly.

It is possible to obtain multilayered absorption of
macroions on the surface of anionic colloidal spheres by
the addition of macrocations ®rst, then macroanions,
further macrocations, macroanions, and so on. This
alternate absorption should occur through the electro-
static attraction between the absorbed colloidal spheres
and the oppositely charged macroions. This report is
the ®rst one from our laboratory on the alternate
changes in the charge sign and also in the thickness of
the absorbed layer observed for macroion±colloidal
complex systems.
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Abstract Alternative multiple ab-
sorbed layers of up to ten macro-
cations [poly(4-vinyl-N-n-
butylpyridinium bromide)] and
macroanions [sodium poly(styrene
sulfonate)] are formed on colloidal
silica spheres above the critical con-
centration of macroions, m*. The m*
value is the minimum number of
macroions required to reverse the
sign of the f potential of the spheres
in the ®rst absorption step. Alterna-
tive sign reversal in the f potential
and expansive±contractive thickness
changes are observed by the repeat-
ed and alternate addition of macro-
cations ®rst and macroanions next.
During multiple absorption, the pH
and conductivity values decrease
and increase continuously as the
number of absorbed layers increases.
When the macroanions are added

®rst, sign reversal in the f potential
and reversible expansion and con-
traction do not occur. Breaking of
the alternate multiple-type absorp-
tion occurs when equivalency in the
number of dissociative groups of
macrocations and macroanions is
broken. Synchronous conforma-
tional changes of macrocations and
macroanions in the multiple-
absorbed layers, where balancing of
the conformational rigidities with
the multiple electrostatic attraction
and repulsion between macrocations
and anions occurs, are supported
strongly.
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We should note here that a similar layer-by-layer
absorption of oppositely charged molecules including
polymers has been studied intensively by Decher and
coworkers [3±6]. They observed the reversible thickness
changes in the absorbed layers. Several types of multiple
absorption of macromolecules have been investigated
hitherto [7±18]. Quite recently, multilayered cationic
particles of rhodamine B-labeled melamine formamide
with sodium poly(styrene sulfonate) (N-PSS) and
poly(allylamine hydrochloride) were prepared and their
FoÈ rster resonance energy transfer was discussed [19].
Furthermore, the f potential showed a nice alternate
sign reversal of the spheres, though the thickness of the
absorbed layers was not measured.

Experimental

Materials

The CS91 colloidal silica spheres were a gift from Catalyst
& Chemicals Ind. (Tokyo). The diameter (d0), the standard
deviation (d) from the mean diameter and the polydispersity index
(d/d0) were 110 nm, 4.5 nm and 0.041, respectively. These size
parameters were determined with an electron microscope. The
charge density of the strongly acidic groups was 0.48 lC/cm2.
NaPSS (molecular weight = 18000, polydispersity index MW/
MN = 1.14) was obtained from Pressure Chemicals (Pittsburgh,
Pa.). The details of the preparation and puri®cation of poly-4-
vinyl-N-n-butyl pyridinium bromide (C4PVP) was described in
previous papers [20, 21]. The degree of polymerization of the parent
polymer, poly-4-vinylpyridine was determined by viscometry to be
3800. The water used for the puri®cation and suspension prepa-
ration was puri®ed by a Milli-Q reagent grade system (Milli-RO5
plus and Milli-Q plus, Millipore Co., Bedford, Mass.).

Electrophoretic light-scattering measurements

ELS measurements were made on a Leza-600 ELS Zeta-meter
(Otsuka Electronics, Osaka) at 25 + 0.02 °C.

pH measurements

pH values of the sample suspensions were measured on a Beckman
(Tokyo) model /34 pH meter, with a glass electrode (model 6378-
10D, Horiba, Kyoto) at 25 � 0.5 °C.

Conductivity measurements

The conductivity of the suspension was measured on a model DS-
14 conductivity meter (Horiba, Kyoto) with an electrode (no. 3552,
Horiba) at 25 � 0.5 °C.

Results and discussions

The f potential and the e�ective thickness of the
absorbed layers in the macroion±colloid complex
formed by the alternate addition of C4PVP ®rst and

NaPSS on CS91 spheres are shown in Fig. 1. Here, the
equivalent ionic concentrations were 8 ´ 10)6 monomol
for both C4PVP and NaPSS polymers. Sphere concen-
trations were 7 ´ 10)5 in volume fraction and 5.2 ´ 10)9

Eq/l in equivalent concentration of the sphere charges.
The critical concentration (m*) of C4PVP for the charge
reversal of CS91 spheres was 3 ´ 10)6 monoM [2]. The
f potential repeated sign reversal beautifully. The small
and large circles show the two runs of the f potential
measurements and their mean values, respectively. The
reproducibility of the f potential was excellent. Surpris-
ingly, the thickness of the absorbed layers estimated
from the ELS measurements also repeatedly expanded
and shrank when the e�ective charges of the spheres
were positive and negative, respectively. In this ®gure,
two runs of the ELS measurements and their mean
values are shown by the small and large triangles,
respectively. The reproducibility of the thickness was not
so good compared with that of the f potential, especially
for more than seven layers.

It should be mentioned that the ®rst absorption step
is clearly avalanche-type, i.e., absorption of the macro-
cations occurred abruptly above the critical concentra-
tion of melting (m* = 3 ´ 10)6 monoM), which is a
great-excess compared with the equivalent concentration
of sphere charges (5.2 ´ 10)9 Eq/l). Simple calculation
tells us that 13 macrocations (degree of polymerization
= 3800) are bound on a colloidal sphere in the ®rst
absorption step. Thus C4PVP molecules must be bound
quite loosely on the colloidal surface, since the absorp-
tion layer of macrocations is very thick, about 400 nm.
The contour length of C4PVP is estimated to be
950 nm[0.25 nm(monomer length) ´ 3800(degree of
polymerization)], and the ionic concentration of
the macrocations is 580 (3 ´ 10)6/5.2 ´ 10)9) times

Fig. 1 a f potential and b absorbed layer thickness of CS91 spheres
at 25 °C. Poly-4-vinyl-N-n-butyl pyridinium bromide (C4PVP)
(8 ´ 10)6monoM) and sodium poly(styrene sulfonate) (NaPSS)
(8 ´ 10)6monoM) are added alternately: / = 7 ´ 10)5, Large sym-
bols indicate the mean of the two runs shown by the small symbols
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higher compared with that of the colloidal spheres.
Therefore, it is highly plausible that one end of the
macroions is bound on the colloidal surfaces with tail-
type absorption and almost all of the macrocations are
highly stretched in the suspension containing no foreign
salt.

It should be further mentioned here that almost all
the macroions are bound on the colloidal surfaces in
each absorption step and that the numbers of free
macrocations, macroanions and/or macrocation±mac-
roanion complexes are negligibly small.

Figure 2 shows a schematic representation of the
alternate multiple absorption of macrocations and
macroanions on the colloidal surfaces speculated from
the experimental results on the f potential and the
thickness of the absorbed layers shown in Fig. 1.
Expansion and contraction of the absorbed layers
suggests several things. First, C4PVP molecules are
bound more loosely than NaPSS. The rigidity of the
polymer chain of the former is greater than that of
the latter. The bulky N-butyl pyridinium moeities are the
main reason for the di�culty of compact stacking.
Second, the most outside absorbed layer is loosely
bound and expanded compared with the inner layers,
since the thickness of the ®rst absorbed layer increases
sharply to about 400 nm as shown in Fig. 1. Thirdly,
synchronous balancing between the electrostatic attrac-
tions among the multiple interlayers of macrocations
(e.g., n-valent) and anions (o-valent) accompanied with
the polymer chain contraction and the electrostatic
repulsions with the chain expansion within the intralay-
ers. The third factor should be the synchronous and
cooperative interactions among the m-valent silica
surfaces and the absorbed layers of the macroions
having ionic valencies of n+ and o). Consider a ten-
layered sphere with macrocations and macroanions, for
example. First, the electrostatic attractive and repulsive

interactions among the 11 layers such as [m+]-[n+]-
[o)]-[n+]-[o)]-[n+]-[o)]-[n+]-[o)]-[n+]-[o-] must be
taken account. Secondly, intralayer electrostatic repul-
sion may contribute to the synchronization. Third,
nonelectrostatic (e.g., hydrophobic, dipole±dipole) inter-
and intra-layered attractive interactions are important.
Thirdly, the ¯exibilities of the macrocations and mac-
roanions are important for the expansion forces in the
intralayers. Theoretical consideration, where these fac-
tors are taken into account, is essential for understand-
ing the synchronous nature of the absorption found in
this work.

The pH and the conductivity of the complex suspen-
sions in the course of the alternate absorption processes
are shown in Fig. 3. Interestingly, the former decreased
slightly and continuously, and the latter increased
signi®cantly and also continuously. The repeated expan-
sion and contraction in the absorbed layers observed in
Fig. 1 did not a�ect these two parameters so much.

The f potential (curves a) and the absorbed layer's
thickness (b) when the NaPSS macroanions were added
®rst to the suspension of the anionic colloidal silica
spheres are shown in Fig. 4. Clearly, weak absorption
occurs; however, no clear-cut alternate changes were
observed in the f potential. The potentials remained
negative at about )40 mV except for the ®rst absorption
step ()62 mV). This suggests the importance of the
dipole±dipole attractive forces between the macroions
and the colloidal spheres, especially in the ®rst absorp-
tion step [2]. Interestingly, the thickness increased
linearly though a slight re¯ection was observed in the
curve of the plots of thickness against number of layers.

We should mention here that the order of addition of
macroions and the equivalency in the ionic concentra-
tions among colloidal spheres, macrocations and mac-
roanions are highly important for the alternate multiple
absorption. When macroanions are added ®rst, a large

Fig. 2 Schematic presentation of multiple absorption of macrocations
and macroanions on the colloidal surface

Fig. 3 pH (s) and conductivity (X) of CS91 spheres at 25 °C. C4PVP
(8 ´ 10)6monoM) and NaPSS (8 ´ 10)6monoM) are added alter-
nately: / = 7 ´ 10)5, NaPSS ®rst
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number of free macroanions coexist in suspension, and
the macrocation and macroanion complexes are also
formed in the addition processes.

Figure 5 shows the f potential and the thickness
of the absorbed layer when the concentrations of
both C4PVP and NaPSS are 10)6 monoM, i.e., below
the critical concentration of the charge reversal
(m* = 3 ´ 10)6 Eq/l). Clearly, the alternate change in
the sign of the f potentials was not observed irrespective
of the kind of macroions added in the ®rst step;
however, the thickness of the absorbed layers increased
slightly as the number of layers increased.

The f potential and the thickness of the absorbed
layer when the concentrations of C4PVP and NaPSS are
below and above the critical concentration respectively,
are shown in Fig. 6. Fluctuations in the two parameters
were vague except for the ®rst few processes. It should
be noted that the absorption took place in the ®rst few

steps. The results suggest that the equivalency of the
charges between the macrocations and macroanions is
important for the alternate sign reversal in the
f potential and the synchronous expansion and contrac-
tion in the absorbed layers.

Figure 7 shows the f potential and the thickness of
the absorbed layer when the concentrations of C4PVP
and NaPSS are above and below the m* value,
respectively, i.e., the opposite condition to that in
Fig. 6. When C4PVP was added ®rst, the second and
the following processes did not show any signi®cant
increase in the thickness, and the f potential returned to
that of the bare silica spheres. It should be noted that an
increase in the thickness of the absorption layers was
observed even when the equivalency was broken as
shown in Figs. 6 and 7.

The data presented in Figs. 4±7 clearly suggest that
the alternate sign reversal in the f potential and the

Fig. 4 a f potential and b absorbed layer thickness of CS91 spheres
at 25 °C. C4PVP (8 ´ 10)6monoM) and NaPSS (8 ´ 10)6monoM)
are added alternately: / = 7 ´ 10)5, NaPSS ®rst, Large symbols
indicate the mean of the two runs shown by the small symbols

Fig. 5a, b f potential (s, n) and absorbed layer thickness (d, m)
of CS91 spheres at 25 °C. C4PVP (10)6monoM) and NaPSS
(10)6monoM) are added alternately: / = 7 ´ 10)5, a C4PVP ®rst, b
NaPSS ®rst

Fig. 6a, b f potential (s, n) and absorbed layer thickness (d, m)
of CS91 spheres at 25 °C. C4PVP (1.6 ´ 10)5monoM) and NaPSS
(8 ´ 10)6monoM) are added alternately: / = 7 ´ 10)5, a C4PVP
®rst, b NaPSS ®rst

Fig. 7a, b f potential (s, n) and absorbed layer thickness (d, m)
of CS91 spheres at 25 °C. C4PVP (8 ´ 10)6monoM) and NaPSS
(1.6 ´ 10)5monoM) are added alternately: / = 7 ´ 10)5, a C4PVP
®rst, b NaPSS ®rst
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expansion and contraction in the thickness of the
absorbed layer shown in Fig. 1 only occur when 1.
The macrocation is added ®rst. 2. The ionic concentra-
tions of macrocations and macroanions are equivalent.
3. The concentrations of the macroions are above the
m* value.

Balancing of the electrostatic, hydrophobic and
dipole±dipole interactions between the colloidal spheres
and the macroions must be important for the synchro-

nous expansion and contraction. The theoretical aspects
of this unique absorption phenomenon are quite impor-
tant and are now being investigated in our laboratory
with further systematic experimental studies.
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