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ABSTRACT: Laser-light-scattering (LLS) studies on the complexation between poly(styrene-co-4-
vinylphenol) (STVPh) and isorefractive poly(ethyl methacrylate) (PEMA) in toluene show that the
complexes can form immediately after mixing two complementary polymer solutions. The time dependence
of the excess scattering intensity and average hydrodynamic radius (〈Rh〉) indicates that the STVPh/
PEMA complex dispersion is not thermodynamically stable in toluene. Only if one of the components is
in excess can more stable complex dispersion be obtained. When the phenol content of STVPh is higher
than 9 mol %, the composition dependence of 〈Rh〉 shows a maximum at an equimolar ratio of monomer
STVPh to EMA, corresponding to the fixed mean stoichiometry (FMS) ratio of complexation determined
by viscometry. A combination of static and dynamic LLS results reveals that the complex particles are
more compact than individual polymer chains and the complexes have a fixed composition when the
amount of STVPh15 is in excess, wherein each PEMA polymer chain acts as a nucleus surrounded by
∼35 STVPh15 polymer chains, suggesting a sterically controlled complexation process.

Introduction

The miscibility between different polymers is one of
the basic factors governing the morphologies and prop-
erties of polymer blends. The general method of en-
hancing the miscibility is to introduce specific interac-
tions,1 such as ion-ion,2 electron transfer,3 and hydrogen
bonding.4-9 Kwei and co-workers9 first introduced
hydrogen-bonding interaction to improve the miscibility
of a polymer blend. Coleman et al.8 have developed a
semiquantitative theory which predicts the phase dia-
gram (miscibility) of a polymer blend. Jiang et al.5
synthesized a copolymer of styrene and the hydroxyl-
containing monomer p-(1,1,1,3,3,3-hexafluoro-2-hydroxy-
propyl)-R-methylstyrene [denoted as PS(OH)] and stud-
ied its miscibility with poly(methyl methacrylate)
(PMMA). It was found that only ∼2 mol % of the
hydroxyl-containing units in PS(OH) rendered the
otherwise immiscible blend miscible. When the interac-
tion increases, the polymer chains can even form
intermolecular complexes.10,11 The immiscibility-to-
miscibility and miscibility-to-complexation transitions
can be induced by the same kind of intermolecular
interaction, but the difference is that the complexation
involves pairing of the interacting polymer chains,
whereas in a normal miscible blend different component
chains are believed to be randomly mixed. Therefore,
the study of the complexation between two polymer
chains with a specific interaction has opened a new way
to develop new materials from existing common poly-
mers.
Intermolecular complexation has been extensively

studied.12-14 According to the type of interaction, the
complexation can be divided into four classes: (1)
polyelectrolyte complexation; (2) hydrogen-bonding com-
plexation; (3) stereocomplexation; and (4) charge-
transfer complexation. The polyelectrolyte and hydrogen-
bonding complexation have been mostly studied. Most

of the studies in the past are concentrated on the
complexation of water-soluble polymers in aqueous
solution or in a strong polar solvent. Little was reported
on the complexation of lipophilic polymers, especially
those large-scale commercial products with a wide range
of applications. Frechet and de Meftahi15 and Goh et
al.16 reported the complexation between poly(vinylphe-
nol) (PVPh) and poly(vinylpyridine). The DSC results
showed that this kind of polymer blend has a much
higher Tg than the individual components, indicating a
strong interaction between the two components. Goh
et al.17 have also studied the miscibility and complex-
ation between poly(styrene-co-allyl alcohol) (PSAA) and
poly(N,N-dimethylacrylamide) (PDMA) in butanone.
Kwei et al.18 found complexation between PVPh and
PDMA in dioxane and methanol. Jiang et al.10,11 have
found that PMMA can form complexes with PS(OH) in
both toluene and bulk if the hydroxyl content of PS-
(OH) is higher than ∼7 mol %. Since then, this system
has been extensively studied using various methods,
such as viscometry, fluorospectroscopy, and high-resolu-
tion NMR. The advantage of studying this system is
that the interaction strength can be well controlled by
varying the hydroxyl content so that the same blend
system can transfer from immiscibility to miscibility and
from miscibility to complexation.
Spectroscopy methods, such as UV, IR, fluorescence,

and especially NMR, are powerful methods in elucidat-
ing the formation and the local structure of the com-
plexes in solution. On the other hand, laser light
scattering (LLS) has proved to be a very useful method
to study the aggregation process, especially in a very
dilute solution wherein conventional viscometry has no
sensitivity. In this study, the formation and the struc-
ture of the complex between poly(styrene-co-4-vinylphe-
nol) (STVPh) and poly(ethyl methacrylate) (PEMA) in
toluene have been studied by a combination of static
and dynamic LLS. In this system, toluene is inert to
the hydrogen bonding and is isorefractive to PEMA.
This study was motivated with three objectives: (1) to
find direct evidence of the complexation between STVPh
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and PEMA in very dilute solution; (2) to reveal the
composition and interaction dependence of the complex-
ation; and (3) to elucidate the mechanism of the interac-
tion and the resulting structure of the complexes.

Experimental Section
Sample Preparation. Poly(ethyl methacrylate) (PEMA)

was synthesized by radical polymerization of ethyl methacry-
late in benzene.7 Poly(styrene-co-4-vinylphenol)s (STVPh)
with different contents of 4-vinylphenol (VPh) were prepared
by copolymerization of styrene and 4-methoxystyrene followed
by a demethylation procedure.19 The weight-average molar
masses of PEMA and STVPh listed in Table 1 were determined
by laser light scattering. In Table 1, the number following
STVPh represents the molar percent of VPh content in the
copolymer. There is no detectable aggregation if the toluene
solution contains only STVPh.
All solutions used in laser light scattering were clarified

with a 0.2-µm Whatman PTFE filter. The solution mixture
was prepared by adding dropwise a proper amount of a dust-
free PEMA solution to ∼1 mL of dust-free STVPh solution.
The weight of 1 drop of the solution is ∼0.01 g, and the adding
rate is about 1 drop/s. The solution was vigorously mixed
using a Vortex mixer. The measurement time started just
after the addition. The initial concentrations of both the
STVPh and the PEMA solutions were 1.00× 10-4 g/mL except
where otherwise specified. The final composition of each
mixture was determined by weighting.
Laser Light Scattering. A modified commercial LLS

spectrometer (ALV/SP-125) equipped with a multi-τ digital
time correlator (ALV-5000) and a solid-state laser (ADLAS
DPY 425 II, output power = 400 mW at λ0 ) 532 nm) was
used. The incident beam was vertically polarized with respect
to the scattering plane. All measurements were done at 25.0
( 0.1 °C. The specific refractive index increment (dn/dC or
written as ν) was determined by a novel and precise dif-
ferential refractometer.20 For STVPh with different VPh
contents, ν ranges from 0.110 to 0.115 mL/g, while for PEMA
ν is only ∼0.006 mL/g. Therefore, the light scattered from
PEMA can be neglected in comparison with that from STVPh.
In static LLS, the angular dependence of the excess absolute

time-averaged scattered intensity, known as the Rayleigh ratio
Rvv(q), of a set of dilute copolymer solutions was measured.
Rvv(q) is related to the weight-average molar mass Mw, the
second virial coefficient A2, and the z-average radius of
gyration 〈Rg

2〉z1/2 (or written as 〈Rg〉) as21

where K ) 4π2n2ν2/(NAλ04) with NA, n, and λ0 being Avogadro’s
constant, the solvent refractive index, and the wavelength of
light in the vacuum, respectively. q ) (4πn/λ0) sin(θ/2), with
θ being the scattering angle. The copolymer concentration is
in units of grams/milliliter.
It should be noted that eq 1 is only valid for homopolymers.

When using it for a copolymer, the measured Mw is an
apparent one, i.e., Mw,app. In this study, the ν values of the
styrene and VPh segments are not very different. For ex-

ample, the value of ν for poly(4-methoxystyrene) in toluene is
0.101 mL/g at 25 °C and λ ) 546 nm,22 only ∼10% less than
that of polystyrene homopolymer. It is known that for a
copolymer with polydispersity in both the chain length and
composition, the measured apparent molecular weight Mapp

can be expressed asMapp ) (1/ν2)∑iΩiMiνi2, with ν and νi being
the specific refractive index increments of the copolymer and
the ith polymer chain, respectively, and Wi and Mi being the
weight fraction and molar mass of the ith polymer chain,
respectively. If the ith polymer chain is comprised of segments
A and B with weight fractions of WiA and WiB and refractive
index increments of νA and νB, respectively,23

where δWiA is the fluctuation of the weight fraction of
component A in the ith polymer chain. In this study, the
difference in ν between the styrene and VPh segments should
be no more than 0.01 mL/g and the component fluctuation is
less than 30% because the maximum amount of VPh in the
STVPh samples used is ∼15 wt %. Therefore, the error ofMw

should be less than 6%; namely, |Mapp - Mw|/Mw ≈ 2 × 0.3 ×
0.01/0.1 + 2 × 0.32 × (0.01/0.1)2 ≈ 6%. In the complex
dispersion, we used the value of ν of the STVPh copolymers
in the calculation because PEMA is isorefractive. Thus, the
calculated Mw only contains the contributions from STVPh.
Assuming f is the weight fraction of the STVPh polymer chains
in the complex, we have νcomplex ) νSTVPhf, Ccomplex ) CSTVPh/f,
and Mcomplex ) MSTVPh/f so that [KSTVPhCSTVPh/Rvv(q)]Cf0,qf0 )
1/MSTVPh, where KSTVPh is the optical constant using the value
of ν of the STVPh copolymers. In this study, the weight
fraction of PEMA in the complex is less than 15% and νPEMA

) 0.006 mL/g so that the errors introduced into ν and Mw are
no more than ∼1% and ∼2%, respectively, if νSTVPh, instead of
ν, is used, well within our experimental error limits.
In dynamic LLS, the intensity-intensity time correlation

function G(2)(t,q) in the self-beating mode was measured.
G(2)(t,q) can be related to the normalized first-order electric
field time correlation function |g(1)(t,q)|as 24,25

where A is the measured baseline, â is a parameter depending
on the coherence of the detection, and t is the delay time. For
a polydisperse sample, |g(1)(t,q)| is related to the line-width
distribution G(Γ) as

G(Γ) can be calculated from the Laplace inversion of G(2)(t,q)
on the basis of eqs 3 and 4. In this study, the constrained
regularization CONTIN program developed by Provencher26
was used. For a diffusive relaxation, Γ is a function of both C
and q; namely,27, 28

where D is the translational diffusion coefficient at C f 0, and
q f 0; f is a dimensionless constant, and kd is the diffusion
second virial coefficient. D, f, and kd can be obtained from
(Γ/q2)Cf0,qf0, (Γ/q2)Cf0 vs q2, and (Γ/q2)qf0 vs C, respectively.
Further, D can be converted to the hydrodynamic radius (Rh)
using the Stokes-Einstein equation: Rh ) kBT/6πηD, where
η is the solvent viscosity, kB is the Boltzmann constant, and T
is the absolute temperature.

Results and Discussion
1. Time Dependence of Complexation. Upon the

addition of PEMA into a STVPh toluene solution, the

Table 1. LLS Results of Individual
Poly(styrene-co-4-vinylphenol) and Poly(ethyl

methacrylate) Chains in Toluene or THF at 25 °C

sample
phenol,
mol %

Mw, 105
g/mol

A2, 10-4

mL mol/g2
〈Rg〉,
nm

〈Rh〉,
nm 〈Rg〉/〈Rh〉

STVPh0a 0 3.1
STVPh3 3 1.0 4.9 12 9 1.4
STVPh6 6 3.7 1.0 40 26 1.5
STVPh9 9 4.0 3.4 43 27 1.6
STVPh12 12 3.9 1.3 39 26 1.5
STVP15 15 3.9 0.6 35 23 1.5
PEMA-1b 8.0 3.6 64 40 1.6
PEMA-2a 0.7

a Characterized by GPC. b In THF.

KC
Rvv(q)

= 1
Mw

(1 + 1
3

〈Rg
2〉zq

2) + 2A2C (1)

Mapp ) ∑
i

WiMi[WiAνA + WiBνB

ν ]2 )

Mw + 2∑
i

WiMiδWiA(νA - νB

ν ) + ∑
i

WiMi(δWiA)
2(νA - νB

ν )2
(2)

G(2)(t,q) ) 〈I(0,q) I(t,q)〉 ) A[1 + â|g(1)(t,q)|2] (3)

|g(1)(t,q)| ) 〈E(0,q) E*(t,q)〉 )∫0∞ G(Γ)e-Γt dΓ (4)

Γ/q2 ) D(1 + kdC)(1 + f〈Rg
2〉zq

2) (5)
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scattering intensity gradually increases and so does the
measured apparent hydrodynamic radius. The rate
increases with the phenol content. Figure 1 shows a
normalized intensity-intensity time correlation func-
tion [g(2)(t,q) - A]/A for a STVPh9/PEMA-2 solution
mixture 10 h after the preparation. The insert in Figure
1 shows an apparent translational diffusion coefficient
distribution G(Γ/q2) calculated from the Laplace inver-
sion of [g(2)(t,q) - A]/A on the basis of eqs 3 and 4. G(Γ/
q2) shows two distinct relaxation processes. Due to the
isorefractive index of PEMA-2 in toluene, what we “see”
in LLS is only the contribution from STVPh9. The fast
relaxation process can be attributed to the translational
diffusion of individual STVPh9 chains. Figure 2 shows
a typical q2 dependence of the average line width 〈Γ〉slow
of the slow relaxation process in Figure 1. The linear
dependence of 〈Γ〉slow on q2 indicates that the slow
relaxation is diffusive and related to the translational
diffusion of some large species; namely, it reflects the
existence of the complexation between STVPh9 and
PEMA-2. This complexation has also been observed by
nonradiative energy-transfer (NRET) fluorospectros-
copy.29
Figure 3 shows the evolution of the translational

diffusion coefficient distribution G(D) of a STVPh9/
PEMA-2 toluene solution after the mixing, where the
scattering angle was fixed at 15° and the weight ratio
of STVPh9:PEMA-2 is 100:8. The initial broadening of
the peaks in G(D) reflects the formation of a small
amount of STVPh/PEMA clusters. These STVPh/PEMA
clusters gradually combine with each other to form
larger STVPh/PEMA clusters. After ∼70 min, two
distinct peaks appear in G(D). Peak 1 corresponding
to the size of ∼20 nm is clearly related to individual
STVPh9 chains, while peak 2 with a large size (150-
300 nm) can be attributed to the STVPh/PEMA com-
plexes. Figure 3 shows that the position and area of
peak 2 increase and the area of peak 1 decreases as the
time increases, but the position of peak 1 remains the

same. This shows that individual STVPh9 chains are
gradually incorporated into the STVPh/PEMA com-
plexes. It should be noted that dynamic LLS is a very
sensitive method to detect the complexation because
G(D) is proportional to the scattering intensity, i.e., to
the square of the scatter’s mass. Therefore, the larger
area of peak 2 actually reflects only a small number of
STVPh/PEMA complexes. In other words, Figure 3
shows that in solution, a large amount of STVPh9
remains as individual polymer chains.
It was found that the ratio of STVPh9/PEMA-2

strongly affects both the increasing rate and the final
values of the apparent average hydrodynamic radius
〈Rh〉 and Rvv(q). For the mixture with a molar ratio of
STVPh9:PEMA-2 ) 1:1, the precipitation occurs im-
mediately after the mixing. The time dependence of
Rvv(q) and 〈Rh〉 can only be measured if one of the
components in the STVPh9/PEMA-2 mixture is in
excess. Figures 4 and 5 respectively show the time
dependence of the apparent average hydrodynamic

Figure 1. Typical normalized intensity-intensity time cor-
relation function [g(2)(t,q) - A]/A of the STVPh9/EMA-2 solu-
tion blend 10 h after preparation. The insert shows an
apparent translational diffusion coefficient distribution G(Γ/
q2) calculated from the Laplace inversion of [g(2)(t,q) - A]/A.

Figure 2. Typical q2 dependence of the average line width
〈Γ〉 of the slow relaxation process shown in the insert of Figure
1.

Figure 3. Evolution of the translational diffusion coefficient
distribution G(D) of the STVPh9/PEMA-2 solution blend after
mixing, where the total polymer concentration is 1.00 × 10-4

g/mL, the weight ratio of STVPh9:PEMA is 100:8, and the
scattering angle is 15°.

Figure 4. Time-dependence of the apparent hydrodynamic
radius of the STVPh9/PEMA-2 solution blend with different
compositions, where the STVPh9 concentration is 1.00 × 10-4

g/mL and the scattering angle is 15°.

Figure 5. Time-dependence of the relative Rayleigh ratio
[Rvv,t)t(q)/Rvv,t)0(q)] of the STVPh9/PEMA-2 solution blend with
different compositions.
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radius 〈Rh〉 and relative Rayleigh ratio of [Rvv,t)t(q)/
Rvv,t)0(q)], i.e., using the initial Rayleigh ratio as a
reference point, where CSTVPh9 ) 1.00 × 10-4 g/mL and
θ ) 15°. The linear dependence of [Rvv,t)t(q)/Rvv,t)0(q)]
with time indicates that the weight-average molar mass
of the complexes increases at a constant rate, implying
that the complexation is a diffusion-controlled process.
The rate constants of [Rvv,t)t(q)/Rvv,t)0(q)] and Rh esti-
mated from the initial slope of [Rvv,t)t(q)/Rvv,t)0(q)] ∼ t
and 〈Rh〉 ∼ t are summarized in Table 2. It shows that
the rate constants are greatly influenced by the PEMA-2
concentration.
Figure 6 shows the correlation of 〈Rh〉 with Mw

calculated from the Rayleigh ratio on the basis of eq 1.
It should be noted that Mw only represents the visible
STVPh component, which is the weight-average molar
mass of the STVPh chains in the complexes and
individual STVPh chains. The weight fraction of PEMA
in the complex is ∼10% so thatMw is a good approxima-
tion of the weight-average molar mass of the complexes
and individual STVPh chains. On the other hand, the
scattering intensity is very sensitive to the formation
of large species because I ∝ M2. Only a very small
amount of large complexes can overshadow the scatter-
ing intensity from individual STVPh9 chains. There-
fore, Figure 6 essentially represents the properties of
the large complexes. Except for the very initial stages,
log(〈Rh〉) is a linear function of log(Mw); namely, 〈Rh〉 is
scaled toMw as 〈Rh〉 ∼Mw

R. The value of R ranges from
∼1.0 to ∼0.5 when CPEMA increases from 7.43 × 10-6 to
1.33 × 10-5 g/mL. It is well-known that for a polymer
solution, the exponent R is a constant, independent of
the molar mass. The value of R is related to the polymer
chain conformation; e.g., for a flexible polymer chain in
a good solvent, 0.5 < R < 0.6, and for an extended
polymer chain, 0.6 < R e 1.0. In parallel, we can also
estimate the structural conformation of the complex
from the value of R. Here the value of R ∼ 1.0 indicates
that for a lower CPEMA, the STVPh/PEMA complexes
have an extended conformation, which is schematically
represented by Figure 7a. The value of R ∼ 0.5 shows
that for a higher CPEMA, the STVPh/PEMA complexes
have a “coil” conformation, as shown in Figure 7b.
Figure 7 shows that as CPEMA increases, the conforma-
tion of the STVPh/PEMA complexes gradually changes

from an extended single-PEMA-chain complex to a
multi-PEMA-chain complex. A further increase of
CPEMA eventually leads to the aggregation of the STVPh/
PEMA complexes.
2. Composition Dependence of Complexation.

Figure 8 shows the composition dependence of 〈Rh〉 of
the STVPh/PEMA-1 complexes with different phenol
contents as a function of the monomer molar fraction
of STVPh, which is defined as {[styrene] + [vinylphe-
nol]}/{[styrene] + [vinylphenol] + [ethyl methacrylate]},
where the values of 〈Rh〉 are the maximum values in
the plot of 〈Rh〉 vs t, e.g., in Figure 4. It is worth noting
that all curves display a maximum at the equal molar
fraction; i.e., the monomer fraction of STVPh is ∼ 0.5.
This is consistent with the viscosity result which shows
a minimum near the equimolar ratio in the viscosity-
composition curves as long as the phenol content of
STVPh is larger than 9 mol %.29 The composition of
the mixture with a minimum viscosity is usually
regarded as the fixed mean stoichiometry (FMS) of the
complexes.30 At this composition, the solution exhibits
the highest turbidity and has a maximum amount of
precipitation. The hydrodynamic behavior observed in
the viscosity measurements can be better revealed in
dynamic LLS; namely, larger complexes can lead to

Figure 6. Double logarithmic plot of 〈Rh〉 vs Mw, where the
lines represent a least-squares fitting of 〈Rh〉 ∼ MR; the
exponents R are squares, 1.04; circles, 0.80; triangles, 0.63;
and diamonds, 0.49.

Table 2. PEMA Concentration Dependence of the Rate
of Complexation between STVPh9 and PEMA-2 in

Toluene at 25 °C

CPEMA-2, 10-5 g/mL RI, 1/s RRh, nm/s

0.74 3.5 × 10-2 7.0 × 10-1

0.91 2.0 × 10-1 3.0
1.07 7.9 × 10-1 1.2 × 10
1.33 1.6 1.8 × 10

Figure 7. Schematic illustration of the structure of the
STVPh/PEMA complex, where STVPh is in excess.

Figure 8. Composition-dependence of the average hydrody-
namic radius of the STVPh/PEMA-1 complex particles with
STVPh containing different phenol contents, where 〈Rh〉 is the
maximum value in the plot of 〈Rh〉 vs t.

Figure 9. Comparison of the translational diffusion coefficient
distributions of the STVPh/PEMA complex particles with
STVPh containing different phenol contents, where the mono-
mer ratio of STVPh/PEMA is 1:1, i.e., equimolar monomer
ratio.

2038 Zhang et al. Macromolecules, Vol. 30, No. 7, 1997



more precipitation and less individual polymer chains
remain in the solution so that the solution viscosity
decreases.
Figure 9 shows the phenol content dependence of the

translational diffusion coefficient distribution of the
STVPh/PEMA complexes, where the monomer molar
ratio of STVPh/ PEMA was equal. When the phenol
content is higher, the complexes show a narrow size
distribution, suggesting a strong complexation between
STVPh and PEMA, and the aggregation between larger
and small complexes averages the initial size difference
of the STVPh/PEMA complexes. Figure 10 shows a
schematic diagram of the complexation respectively at
low and high phenol contents.
The NRET and viscometry studies of the complexation

between PS(OH) and PMMA have shown that the
complexation occurs only when the hydroxyl content of
PS(OH) reaches a critical value.10 For the present
system, the NRET and viscometry study showed that
when the phenol content is higher than 9 mol %, the
complex was observed in toluene, while in LLS, we
observed that when the phenol content is higher than
6 mol %, there exists a complex as shown in Figure 8
because LLS is more sensitive to larger particles. 〈Rh〉
is only slightly dependent on the phenol content in the
studied range (the phenol content is higher than 6 mol
%), while Rvv(q) is dramatically increased with the
phenol content in the same phenol content range,
indicating that when the phenol content is higher, more
complex particles are formed or the density of the
particles is higher.
3. Structure andWeight Fraction of the STVPh/

PEMA Complexes. As mentioned before, the STVPh/
PEMA complexes in toluene are stable for a long time
if one of the components is in excess. This enables us
to study the structure of the complexes using a combi-
nation of static and dynamic LLS. Figure 11 shows the
composition dependence of the translational diffusion
coefficient distributions of the STVPh15/PEMA-1 mix-
ture where STVPh15 is in excess. G(D) strongly de-
pends on the amount of PEMA-1 added to the STVPh15
solution. Adding a very small amount of PEMA-1 leads
to a broadening of the peak corresponding to the
translational diffusion of individual STVPh15 chains.
It seems that each PEMA-1 chain acts as a nucleating
agent to induce complexation. Further addition of
PEMA-1 leads to two distinct peaks, clearly showing the

complexation between STVPh15 and PEMA-1. The
hydrodynamic size of the complexes is about 10 times
larger than the individual STVPh15 chains. When
CPEMA is 1.25 × 10-6 g/mL, the peak related to the
individual STVPh15 chains nearly disappears. On
average, we estimated that each PEMA-1 chain is
complexed with 10-100 STVPh15 chains from dynamic
LLS results.
Figure 12 shows the angular dependence of KC/Rvv(q)

of the STVPh15/PEMA-1 solutions with different
amounts of PEMA-1. The curvature was expected as
the amount of PEMA-1 increases, because of the forma-

Figure 10. Schematic illustration of the complexes respectively at low and high phenol contents: (a) loose structure; (b) compact
structure.

Figure 11. Typical translational diffusion coefficient distribu-
tions of the STVPh15/PEMA-1 solution blend, where STVPh15
is in excess.

Figure 12. Angular dependence of KC/Rvv(q) of the STVPh15/
PEMA-1 solution blend with different PEMA-1 concentrations,
where the total polymer concentration is 1.00 × 10-4 g/mL.
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tion of large complex particles. In static LLS, for a very
dilute solution, the interpolymer interaction can be
neglected so that the excess scattering intensity (the
Rayleigh ratio) of a solution blend can be expressed as

where K is a constant defined in eq 1, and Mc, MPh, Cc,
and CPh are the molar masses and concentrations of the
complexes and individual STVPh15 chains, respectively.
Since STVPh15 is in excess, it is reasonable to assume
that, on average, each PEMA chain is complexed with
a number of STVPh15 chains. Assuming the average
number of STVPh15 chains in each complex particle to
be N, we have

where Cc ) McNc, with Nc being the molar number of
complex particles and CPh ) CT - Cc, with CT being the
total concentration of STVPh15. If assuming each
PEMA chain is surrounded by N number of STVPh15
chains in each complex particle, we have that Nc )
CPEMA/MPEMA and Mc ) NMPh. Equaation 7 can be
rewritten as

Equation 8 shows that we can calculateN fromRvv(qf0)
since K, MPh, Nc, and CT are known parameters and,
further, the complex’s weight fraction xc from N since
xc ) NNcMPh/CT.
Table 3 summarizes the static and dynamic LLS

results, where the concentration of STVPh15 was 1.00
× 10-4 g/mL. The fact that the aggregation number (N)
remains essentially constant over a wide range of CPEMA
suggests that the complex particles have a fixed com-
position. The nearly constant values of 〈Rg〉 in Table 3
also support that the particles have a fixed composition
which may arise from the steric effect and also the
balance between the enthalpy and entropy contribu-
tions. At a low PEMA concentration, each PEMA chain
is surrounded by many STVPh chains so that there is
little chance for two complex particles to come together,
as shown in Figure 7a. At a higher PEMA concentra-
tion,N increases as CPEMA increases, indicating that two
or more complex particles are interconnected by the
PEMA chains.
Figure 13 shows the PEMA concentration dependence

of the weight fraction of the complexes. The weight
fraction is a linear function of CPEMA when CPEMA is low,
which supports the fact that each PEMA chain is
complexed with a constant number of STVPh chains.
The deviation from the linear relation at a high PEMA
concentration can be considered to be a result of the

multichain complexation between STVPh and PEMA.
The yield of the complexation was found to exceed 30%
after the addition of only 1.25 wt % PEMA into the
STVPh15 solution. Moreover, the decrease of the 〈Rg〉/
〈Rh〉 ratio from 1.54 to 0.86 also indicates that the
complex particles have spherical symmetry, shown in
Figure 7b and they are more compact than individual
polymer chains before the complexation.31

Conclusion
The laser-light-scattering results reveal the kinetics

of the complexation between poly(styrene-co-4-vinylphe-
nol) (STVPh) and poly(ethyl methacrylate) (PEMA) in
the STVPh/PEMA solution blend. The linear depen-
dence of [Rvv,t)t(q)/Rvv,t)0(q)] with time implies that
complexation is a diffusion-controlled process. The
average hydrodynamic radius of the complexes can be
scaled to their weight-average molar mass (Mw) as 〈Rh〉
∼Mw

R. The value of R changes from ∼1.0 to ∼0.5 when
the PEMA concentration increases from 7.43 × 10-6 to
1.33 × 10-5 g/mL, indicating a change of the complex
conformation from an extended one to a “coiled” one.
When the phenol content of STVPh is higher than 9 mol
%, equimolar complexes start to form and the formation
of the STVPh/PEMA complexes is controlled by the
molar ratio of the monomer unit of the two polymer
chains. If STVPh15 in the STVPh15/PEMA blend
solution is in excess, the complex particles have a
similar composition; namely, each PEMA chain acts as
a nucleus and is complexed with ∼35 STVPh chains.
The ratio of 〈Rg〉/〈Rh〉 indicates that the complex particles
are compact and have spherical symmetry.
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