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We present the results of molecular dynamics simulations for three different systems of bilayers of long-chain
atkyl thiol [S(CH,),sCH,] molecules on an solid-solid interface using the extended collapsed atom model for
the chain-molecule. It is found that there exist two possible transitions: 2 continuous transition characterized by
a change in molecular interaction between sites of different chain molecules with increasing area per molecule
and a sudden transition from an ordered lattice-like state to a liquid-like state due to the lack of interactions
between sites of chain molecules on different surfaces with increasing distance between two solid surfaces,
The third system displays a smooth change in probability distribution characterized by the increment of gatche
structure in the near-tail part of the chain with increasing area per molecule. The analyses of energetic results
and chain conformation results demonstrate the characteristic change of chain structure of each system,

Introduction

In a previous paper, we have performed several
molecular dynamics (MD) simulations of monolayers of
long-chain alkyl thiol[S(CH,),sCH,;] molecules on an air-
sohid interface using an extended collapsed atom model for
the chain-molecule and a gold surface for the solid surface.
We investigated the structure and thermodynamics of
monolayers of long-chain alkyl thiol molecules on an air-
solid interface as a function of area per molecule, especially,
to study the phase transition in the monolayer, the fraction
of trans formation, the thickness of the monolayer,
monolayer tilting,Slattice defects, and diffusion of the chain-
molecules. Also additional studies of how the area per
molecule of the chain-molecule on the surface affects the

characterization of Langmuir monolayer were carried out.
The results from our MD simulations showed three possible
transitions: a continuous transition characterized by a
change in molecular configuration without changing in the -
lattice structure, a sudden transition characterized by the
distinct lattice defects and perfect islands, and a third
transition characterized by the appearance of a random,
liquid-like state.

We have extended this study' to the bilayers of alkyl
thiol molecules at a solid-solid interface. The bilayer of
chain-molecules is very important for biological membranes,’
because, in the bilayers, lipid-lipid interactions as well as
lipid-intrinsic molecule (e.g., cholesterol and protein)
interactions may be studied for a reasonably well-defined
system. Also this study helps to understand the system of
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Langmuir-Blodgett monolayers and multilayers,™® surface
adsorbed chain-molecules,>” and molecular/liquid crystals of
chain-molecules.**

In this study, we follow the MD simulation system of
Biswas et al.!® but extend our study to more complex
systems. They fixed the heads of the chain-molecules on
the surfaces, and kept the distance between two surfaces
constant throughout the simulation. But this model showed
neither the pseudohexagonal rotator phase phenomena nor
the phase transition, since the head groups were fixed and
the distance between two surfaces was fixed without
changing the volume of the system. It is known that the
dominant effect of the transition of the bilayer system is
due to the longitudinal motion of the chains with an
abundance of gauche defects at the interface. And we have
considered the system in which each site of the head group
interacts with the solid surface by a 12-3 Lennard-Jones'!'?
potential, leaving the orientation of the first bond with
respect to the surface normal unrestricted.

The pseudohexagonal rotator phase in long-chain n-
alkanes has been widely studied by experimentalists.”"
The results for the monolayer system obtained by us'
displayed the pseudohexagonal rotator phase phenomena by
the distinct lattice defects. This is due to the orientation of
the first bond with respect to the surface normal was
unrestricted. The results for the tilt angles calculated by
Biswas et al.'” showed the decrement of the chain tilt at
higher temperature (350 K). The same results were
observed in the monolayer systems studied by us.'! The
decrement of the chain tilt is due to the lattice isolation.
Biswas ef al.'” calculated two tilt angles-local tilt and global
tilt. The global tilt angles calculated in their work! included
the effect of the azimuthal distribution of individual
molecular tilt angles.

This paper is organized as follows. In Section II, details
of the molecular model and molecular dynamics simulation
method in a NVT ensemble are presented. We discuss our
simulation results of monolayers of long-chain alkyl thiol
molecules in the solid-solid interface in Section IIl and
present the concluding remarks in Section IV.

Molecular Model and Molecular Dynamics
Simulation Methods

Molecular Model. The systems studied in this work
consist of 90 surfactant chain-molecules periodically
replicated in the x- and y-directions. The heads of 45 chain-
molecules are on the upper surface and the other 45 heads
are on the lower surface. The initial configuration of those
chain-molecules is treated not overlapped. The chain-
molecules considered here consist of a sulfur head-group, 15
methylene segments, and a methyl tail-group. The
molecular model used for the chain-molecules is so-called
extended collapsed atom model, developed by Chynoweth
et al,’® in which monomeric units (sulfur atom, methylene,
or methyl) are typically treated as a single sphere (or site)
with a Lennard-Jones (LJ) potential between the spheres.
Not only sites on different chain-molecules but sites more
than three apart on the same chain-molecule interact
through a 12-6 L) potential. C.C.C-C torsional rotation
potential, introduced in Ryckaert and Bellemans' original
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collapsed atom model,"” is also included.

The interaction between ecach site and the solid surface is
given by a 12-3 LJ potential which have the form of'™'?
vey=_Co___Cs

(z-z9®  (z-z)°
where z is the distance between each site and the surface,
and C,,, G, and z, are fitting potential parameters which are
given in Table I for the several different sites.

Bond stretching interaction between adjacent sites on the
same chain are also considered.® The potential energy
associated with bond stretching between sites i and j is
assumed to be harmonic and is given by

Ve k(s [ =re)? @

1)

Here, r; is the bond vector, r, is the equilibrium distance
and k, is the force constant (the last two are constant
parameters depending upon the type of sites i and j only).

Bond angle bending denotes the interaction between three
cansecutively bonded sites i, j and k. The potential energy
associated with bond angle bending is also harmonic and is
given by

Va(@)=k; (6- 8,7 (3)

where 8 is C-C-C or S-C-C angle, & is the equilibrium
bond angle, and %, are the force constant {the last two are
constant parameters depending upon the type of sites i
and & only).

The changes in the equilibrium dihedral angles are
subject to torsional rotational potential. Torsional rotation
about a bond denotes the bonded interaction between four
sites i, j, k and I The potential energy associated with
torsional rotation is represented by the original Ryckaert-
Bellemans potential'’

Vi(y) = a, +a, cos(y) + a,cos?(y) + a, cos™{(y}
+a, cos*(y) + a; cos*(Y) (4)

where ¥ is the dihedral angle. The potential parameters - r,,
ki, B, ks, aq Qi @1, 43, a4 and as - used in our study are
given in Table 1. The corresponding forces due to the
potentials of Eqgs. (2)-(4) are obtained by differentiation'®
with respect to the position vector of each site.

Molecular Dynamics Simulation in a Canonical
Ensemble. In the present work, a canonical ensemble of
fixed N (=90 chain-molecules), V (=volume of rectangular
box), and T (=293.15 K) is chosen for the simulation
ensemble. In this ensemble, three different systems of
bilayers of chain-molecules are selected. The areas per
molecule range from 1540 to 51.77 A¥fmolecule and the
distances between twa solid surfaces are varied from 30.0
to 45.0 A. The preliminary molecular dynamics simulation
of monolayer of the chain-molecules is started from a state
at the area/molecule of 42.78 A¥molecule with the distance
between two solid surfaces of 30.0 A. The lengths of the
simulation box are X;=44.73, Y;=43.04, and fixed Z;=30.0
A. The half of the head-group are on the lattice point of a
regular hexagonal structure of the upper solid surface and
the other half head-group are on the center of the hexagonal
structure of the lower solid surface. In order to simulate
smaller or larger area per molecule of monolayers, the box
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Table 1, Potential parameters for S(CH,),sCH; molecule

Bond stretching S-C C-C
1, (nm) 0.182 0.153
k, (kFmol-om®) 132600 132600

Bond angle bending S-C-C C-C-C

9, (deg) 109.5 114.4
k. (KJ/mol-deg®) 0.07915  0.07915
L-] 12-6 potential S CH, CH,
o (nm) 0.425 0.3905 0.3905
£ (kJ/mol) T 1.6629 0.4939 0.7325
L-J 12-3 potential S CH, CH,
z, (nm) 0.0269 0.086 0.086
C, (107 kJ/mol)  3.3998 2.3280 2.8352
C; (kJ/mol) 1.5016 0.1422 0.1729

Torsional potential {kJ/mol)

a, a, 3, a, ag a
9.279 12.156 -13.120-3.060 26.240 -31.495

size is periodically increased or decreased in the x-, y-, and
z-directions.

In this paper the simulation systems are three Kinds:
system A - bilayers of fixed distance between two solid
surfaces (45.0 A) with areas per molecule ranging from
15.40 to 27.38 A¥molecule, system B - bilayers of fixed
area per molecule (42.78 A%molecule) with distances
between solid surfaces ranging from 30.0 to 40.0 A, and
system C - another bilayers of fixed distance between two
solid surfaces (30.0 A) with areas per moelecule ranging
from 38.61 to 51.77 A¥molecule. For the initial
configurations of all the chain-molecules, the orientation of
the first §-C bond with respect to the surface normal is
unrestricted, the sulfur head group is located at the lattice
point of a regular hexagonal structure, 2.4 A apart from the
solid surface, and the consecutive methylene and methyl
sites are placed in the z-direction so that the bond length
and the bond angles are kept at 1.53 A and 109.5°
respectively.

Gauss's principle of least constraint® is used to maintain
the system at the constant temperature, The ordinary
periodic boundary condition in the x- and y-directions only
and minimum image convention for the LJ potential are
applied with a spherical cut-off distance of radius 9.808 A.
Gear's fifth order predictor-corrector method® is employed
for time integration algorithm with time step of 0.5 fs
(femto second). Each simulation is equilibrated for
approximately 200,000 time steps (100 ps), and followed by
10,000 time steps (50 ps) for sampling. The trajectories
{(configurations and orientations) of the chain-molecules are
stored every ten time steps (5 fs).

Results

Thermodynamics

Several potential energies calculated from our molecular
dynamics simulations are given in Table 2. Lennard-Jones
potential energies are almost monotonically increased with
increasing area per molecule (fixed distance between two
surfaces) except the smallest area per molecule case due to
a large repulsion between chain-molecules and with
increasing distance between two surfaces (fixed area per
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Table 2. Average potential energies (kl/mal) from our MD
simulations for bilayer of S(CH,),:CH,

Area/ L) Chain- Dihedtal

molecule (A”) potential surface stretching  angle bending
. encrgy
-distance (A) energy energy energy energy

A1540-450 -748 -1230 0.796 9.56 15.14
18.08-450 -1269 -1238 0.983 577 14.13
20.96-45.0 -120.5 -1242 1.162 4.57 14,58
2407-450 -1159 -126.0 1.194 4.76 14.99
27.38-45.0 -109.6 -1280 1.297 9.53 16.05

B 42.78-30.0 973 -129.6 1.588 8,99 16.23
4278-325 902 -131.8 1.750 11.51 16.73
42.78-350 -813 -1374 2132 11.50 17.04
4278-375 -804 -1386 2167 12.01 16.96
42778-40.0 -798 -1389 2.170 13.33 17.31

C3861-30.0 -985 -130.6 1.579 8.38 16.17
42.78.30.0 973  -129.6 1.588 8.99 16.23
47.17-30.0 944 -1322 1.58% 9.06 16.36
51.77-30.0 -924 -1324 1.646 1053 16.85

C-C bond C-C-C bond

molecule), but chain-surface potential energies display the
opposite trend. Dihedral energies are also increased with
increasing area per molecule (fixed distance between two
surfaces). C-C bond stretching and C-C-C bond angle
bending energies display the same trend with small

0.60 T T T T T T
0.40 -

Q.20 -

Q.00

Q.40 +

0.20

0.00
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0.20
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density profiles
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Figure 1. The density profiles of system A at five different
areas per molecule: (a) 15.40, (b) 18.08, (c) 20.96, (d) 24.07,

and (e} 27.38 AYmolecule with the same distance between two
salid surfaces of 45.0 A
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variance.

Structure

System A, This system is very similar to that studied
by Biswas ef al.’® but the head group are not fixed on the
surface in this study, In Figure 1, we show the probability
distributions of segments normal to the surface for five
different area per molecule ranging from 15.40 to 27.38 AY
molecule with fixed distance of 45.0 A between two
surfaces which are the primary measurers of local structure.
The singlet probability P{z) can be determined directly
from our molecular dynamics simulations by P,(2)=<N{z)>/
N, where N is the total number of molecules, and <N{z)> is
the average over time of the number of segments ¢ that are
found in a slab of thickness Az with distance z from the z=0
plane. Az used in all simulations was equal to 0.2 A. The
peaks are changed from the sharp non-overlapping to the
broad overlapping as the area per molecule increases with
fixed distance between two solid surfaces. In the smallest
area per molecule, the repulsive interaction between sites of
different chain molecules dominates and this makes all the
chain molecules most upright. As the area per molecule
increases, the interaction between sites of different chain
molecules become attractive as seen in Table 2, and the
system moves through energetically the most stable state in
Figure 1(b), the appearance of overlapping of sites in Figure
1(c), and the broad overlapping in Figure i(d) and (). A
clear transition between Figures 1(b) and 1{d) is observed
with the intermediate state of Figure 1(c).

Chain conformation results from our molecular dynamics
simulations for bilayers of S(CH,),sCH, are listed in Table 3.
The values of head-to-tail distance, monolayer thickness,
and trans bond fraction are plotted as a function of area per
molecule in Figure 2. The head-to-tail distance is insensitive
with the change of area per molecule. However, The
monolayer thickness is directly related to the fraction of
trans bond and decreases monotonically as the area per
molecule is increased with a sudden decrease at 24.07 AY
molecule. The behavior of non-changing head-to-tail

Table 3. Chain conformation results from our MD simulations
for bilayer of S(CH,))sCH;

Are.a.fm.olecule Heaq-to- Monolayer Trans Tilt angles
(A)distance  tail thickness bond
(A) distance fraction Eq.(5) Eq.{6) Eq.(7)

A1540-450 2010 1.876 05997 2224 21.04 13.00
18.08-45.0  2.004 1.863 0.9992 2321 21.62 1590
20.96-45.0  2.000 1.820 0.9928 26.10 24.50 21.10
24.07-45.0 1993 1.547 09886 40.25 39.09 39.16
2738450 1977 1.395 0.9702 46.50 45.13 44.54

B 4278-30.0 1878 1779 09133 2864 18.67 17.05
42.78-325  1.820 1.572  0.8722 3914 30.26 27.26
42.78-350 1691 1.120 07967 56.46 48.52 43.88
42.78-37.5  1.683 1.000 0.7883 60.44 53.55 44.97
42.78-40.0  1.637 0971 0.7740 61.36 53.59 46.68

C38.61-300 1883 1.806 09161 27.00 1644 15.63
42.78-30.0  1.878 1.779 095133 2864 18.67 17.05
47.17-30.0  1.858 1700 09084 3298 23.76 21.10
51.77-30.0  1.856 1.662 09022 3491 26.39 22.76
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Figure 2. The head-to-tail distance, the monolayer thickness,
and the fraction of trans bond of system A as a function of area
per malecule with the same distance between twao solid surfaces
of 45.0 A.

distance with the large change of monolayer thickness
indicates the significant tilting of the chain-molecules. As
the monolayer thickness decreases with increasing area per
molecule, the separation between tails of chain molecules
adsorbed on the lower and upper surfaces is increased as
seen in Figure 1 and the chain-surface energy is also
increased due to more attractive interaction of chain
molecules with the surface on which they adsorbed than
with the other surface.

The tilt angle is sensitive to the change of the area per
molecule. It is simply calculated from the monolayer
thickness,

cos =1/, (5)

where [, is the thickness of a completely trans and upright
monolayer. Or

cos8=1/d, ()

with the head-to-tail distance, d. Another way to calculate
the tilt angle is through the average of the tilt of all
molecules

(7

where N is the total number of molecules, i is the vector
that corresponds to the highest eigen value in the moment
of inertia tensor, and i, is the vector normal to the
monolayer interface.

The tilt angles calculated from Egs. (5), (6) and (7) as a
function of area per molecule are shown in Figure 3. The
three tilt angles show the same trend over all the areas per
molecule with a sudden increase at 24.07 A%*molecule and
the comparison of these angles indicates that Eq. (5)
overestimates the monolayer tilt with respect to Eq. (7)
siince it assumes the absence of any gauche defects in the
chain. That is why the behavior of the tilt angle from Eq. (5)
is more similar to that of the monolayer thickness than Eq.
(7). The tilt angle distribution changes significantly between
20.96 and 24.07 A’molecule which implies a kind of
transition between them. This system with large distance
between two solid surfaces shows similar behavior as that
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Figure 3. The tilt angles calculated from Egs. (5), (6), and (7)
of system A as a function of area per molecule with the same
distance between two solid surfaces of 45.0 A.

of monolayer. In the MD study for substrate-supported
monolayers of long-chain molecules by Bareman and Klein,?
they reported very similar results that at the highest
densities the chains align approximately normal to the
substrate and show a continuous increase in the collective
tilt as the molecular area is increased.

System B. This system is the reverse of system A in
which bilayers of fixed area per molecule (42.78 A¥
molecule) with distances between solid surfaces range from
30.0 to 40.0 A. The density profiles of segments of this
system are shown in Figure 4. The peaks are changed from
the sharp overlapping to the non-structural broad
overlapping as the distance between two solid surfaces
increases with fixed area per molecule. In the shortest
distance between two surfaces, the aitractive interaction
between sites of chain molecules on different surfaces
makes the chain molecules upright, but segments are found
most in their own sites and one lower sites of the upright
configuration. It is worth noting that the tail group and
upper segments are located at longer z-coordinates than in
the case of system A, This is because of the strong
atiractive interaction between sites of chain molecules on
different surfaces as when two combs are overlapped and
because of the flexible property of the extended collapsed
atom mode]l for the chain molecule which results in the
high C-C bond stretching and C-C-C bond angle bending
energies in Table 2. As the distance between two surfaces
increases, the interaction become less attractive due to less
contact between sites of chain molecules on different
surfaces, and the system moves through energetically the
less stable state in Figure 4(b) and changes suddenly to a
liquid-like state with the appearance of non-structural broad
overlapping of sites in Figure 4(c), (d), and (e). In Figure
4(c), the chain molecules lose the support between them by
a further backward of one surface and fall down on the
surfaces. A clear phase transition between Figures 4(b) and
4{(c) is observed.

The energetic change according to this phase transition
from an ordered lattice-like state .of Figure 4(b) to a liquid-
like state of Figure 4(c) is clearly seen in the LJ potential,
chain-surface, and dihedral energies of Table 2 but not in
the C-C bond stretching and C-C-C bond angle bending
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per molecule in Figure 5. These three properties show a
sudden change of the system from 32.5 to 35.0 A¥molecule.
The low values of head-to-tail distance at 35.0, 37.5, and
40.0 A¥molecule indicate a large amount of gauche defects
in the chains which can be seen in the trans fraction. The
same trend of monolayer thickness at those areas per
molecule result in the high tilt angles as seen in Figure 6.
The tilt angles of system B calculated from Egs. (5), (6)
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Figure 7. The density profiles of system C at four different
areas per molecule: (a) 38.61, (b) 42.78, (¢} 47.17, and {d) 51.77
A¥molecule with the same distance between two solid surfaces
of 30.0 A. The density profiles for only the monolayer are
shown. See the text.
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Figure 8. The head-to-tail distance, the monolayer thickness,
and the fraction of trans bond of system C as a function of area
per molecule with the same distance between two solid surfaces
of 30.0 A

and (7) as a function of distance between two surfaces also
show a sudden change of the system from 32.5 to 35.0 AY
molecule.

System C, This system is similar to system A but
bilayers of fixed distance between two solid surfaces (30.0
A) with areas per molecule range from 38.61 to 51.77 A%
molecule. The fixed distance between two surfaces is
decreased while the areas per molecule are increased due to
the interaction between sites of chain molecules on different
surfaces when compared with system A. The density
profiles of segments for only the monolayer of this system
are shown in Figure 7 for simplicity. The density profiles
for the other monolayer can be created by the mirror
reflection of these density profiles at z=1.5 nm. For
example, the result by the miror reflection of Figure 7(b}) is
Figure 4(a). The density profiles and chain conformation
results in Figures 8 and 9 calculated in this system are
completely different from those in system A,

There is no sudden change in the density profiles, head-to-
tail distance, monolayer thickness, trans fraction, and tilt
angles as the area per molecule increases with fixed
distance between two solid surfaces. A smooth change in
prabability distribution is characterized by the increment of
gauche structure in the near-tail part. However, if the
distance between two surfaces of MD simulation is
extended far beyond 51.77 A%molecule, a different type of
density profile is expected from the change in the positions
of segments from Figure 7(c) to (d). For example, the tail
group is found maost in its own site and one lower site of
the upright configuration in Figure 7(c) but in its own site
and up to three lower sites of the upright configuration in
Figure 7(d).

Finally, we have shown the fraction of trans bond of five
different systems of area per molecule-distance between two
solid surfaces in Figure 10. First, the decrease of the trans
fraction towards the tail group could be attributed to the
free motion of the tail group. Generally speaking, gauche
defects are more likely found in the lower part of the chain
while trans bonds in the upper part. This result is rather
different from that of Biswas et al.' in which the middle of
the chain had the highest extent of order. The difference
comes mainly from the fixity of the head group on the
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Figure 10, The fraction of trans bond of five different systems
of area per molecule-distance between two solid surfaces: 20.96-
45.0 (@), 27.38-45.0 (O), 42.78-30.0 (0), 42.78-40.0 (A), and
51.77-30.0 (A).

surfaces. However, the first two bilayers of 20.96-45.0 and
27.38-45.0 (system A) have the same trend as Biswas ef al.'®
because system A has almost the same area per molecule
and distance between two surfaces as that of Biswas et al.'
even though the head group are not fixed in this study.

The change in trans bond fraction from 20.96-45.0
(Figure 1{c)) to 27.38-45.0 (Figure 1(e)) is very small even
though a clear transition is predicted in system A. On the
other hand, the change from 42.78-30.0 (Figure 4(a)) to
42.78-40.0 (Figure 4(d)) is remarkable which reflects the
phase fransition from the ordered lattice-like state to the
liquid-like state in system B, The small change in #rans
bond fraction is also observed from 42.78-30.0 to $1.77-30.0
in system C.

Concluding Remarks

We present the results of molecular dynamics simulations
of bilayers of long-chain alkyl thiol {S(CH,}sCHs,]
molecules on an solid-solid interface using the extended
collapsed atom model for the chain-molecule. Several
molecular dynamics simulations have been performed on
three different systems-bilayers of fixed distance between
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twao salid surfaces (45.0 A) with areas per molecule ranging
from 1540 to 27.38 A¥%malecule (system A), bilayers of
fixed area per molecule (42.78 A*molecule) with distances
between solid surfaces ranging from 30.0 to 50.0 A (system
B), and another bilayers of fixed distance between two solid
surfaces (30.0 A) with areas per molecule ranging from
38.61 to 51.77 A’molecule (system C). It is found that
there exist two possibie transitions: a continuous transition
characterized by a change in molecular interaction between
sites of different chain molecules in system A and a sudden
transition from an ordered lattice-like state to a liquid-like
state due to the lack of interactions between sites of chain
molecules on different surfaces in system B. System C
displays a smooth change in probability distribution
characterized by the increment of gauche structure in the
near-tail part of the chain. The analyses of energetic results
and chain conformation results such as head-to-tail distance,
monolayer thickness, and trans bond fraction demonstrate
the characteristic change of chain structure of each system.
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Fluorescence and Laser Light Scattering Studies of Modified
Poly(ethylene-co-methylacrylate) lonomers on the Formation of
Stable Colloidal Nanoparticles in Aqueous Solution

Sang-lhn Yeo and Kyu Whan Woo*

Department of Chemistry Education, Seoul National University, Seoul 151-742, Korea
Recetved May 1, 1998

Fluorescence and dynamic light scattering measurements were applied to the study of formation and structure
of aggregated colloidal particles in modified poly{ethylene-co-methylacrylate) ionomers in aqueocus solution.
Both 8-aniltino-1-naphthalene-sulfonic acid (ANS) and pyrene were used as fluorescence probe to obtain the
information on the structure of particle surface and inside, respectively. Three different ionomers used in this
study started to aggregate at very dilute concentration, 3-8 10°¢ g/mL. In this study, we demonstrate that the
polyethylene ionomers can form stable nanoparticles. The hydrophobic core made of the polyethylene
backbone chains is stabilized by the ionic groups on the particle surface. Such a formed stable nanoparticles
have a relatively narrow size distribution with an average radius in the range of 27-48 nm, depending on the
kind of ionic groups. Once the stable particles are formed, the particle size distributions were nearly constant.
This study shows another way to prepare surfactant-free polyethylene nanoparticles.

Introduction

Currently the term ionomer applies to a much larger
category of polymers that is made up primarily of non-polar
repeating units, with a small percentage of salt-containing
units.'> Most common non-polar comonomers used are
ethylene and styrene. More than 30 years after the intro-
duction of Surlyn® by DuPont, an intense research effort
has been devoted to ionomers. Recently for environment
reasons, attention has been focused on polymers that can be
used in water-based formulations. The association/
dissociation of ionomers in nonpofar and polar solvents
have been a focused issue for more than 10 years, and the
lightly sulfonated polystyrene ionomer was usuzlly chosen
as a model compound.’ In nonpolar solvent, such as
tetrahydrofuran (THF) and xylene, the ionic groups are not
completely dissociated, but exist as solvated ion-pairs,
Consequently these lead to the association of ionomers,
which has been experimentally confirmed by rheology, light
scattering, small angle neutron scattering and fluorescence.* "
When dissolving in a polar solvent, all phenomena related
to the aggregation in nonpolar solvents disappear because
of the dissociation of the ion-pairs. On the other hand, the
study of the ionomers in aqueous media has attracted much
less attention because of the poor solubility of its hydro-
phobic backbone in water. Recently, it has been found that
randomly carboxylated and lightly sulfonated polystyrene
ionomer chains can form stable colloidal nanoparticles in
water if a dilute solution of an ionomer in tetrahydrofuran

(THF) is added dropwise into an excessive amount of water."
Kutsumizu et af.'* investigated the aggregate-water interface
and the local mobility of aggregate inside.

In the present work, fluorescence together with laser light
scattering were used to demonstrate that the polyethylene
ionomers in which the ijonic groups such as acrylate
potassium salt, acrylamide, acrylic acid are introduced can
form stable colloidal nanoparticies in water. The emphasis
of this study will be on how the formation and structure of
the stable nanoparticles depends on the kind of ionic groups.

Experimental Section

Modification of PE-7.6MA. The modification of
poly(ethylene-co-methylacrylate) (PE-7.6MA), which
contains 7.6 mol % methylacrylate, is camied out as
described previously.” The weight-average motecular
weight (M,) and the number-average molecular weight (M)
of PE-7.6MA were obtained from (GPC) (se¢ Table 1). The
mole fractions of the pendant ionic groups were calculated
based on nitrogen analysis and the KOH amounts used in
hydrolysis. Three modified ionomer samples were used in
this study. The kind and content of the pendant ionic
groups of these three samples are as follows: One of them
[poly(ethylene-co-acrylate potassium salt)] contains 7.6
mol% acrylate potassium salts (designated as PE-7.6KAA
hereafter). Another ionomer sample [poly(ethylene-co-
acrylate potassium salt-co-acrylamide)] contains 3.8 mol%
acrylate potassium salts and 3.8 mol% amide groups



