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ABSTRACT: The behavior of poly(ethylene oxide)-block-poly(N,N-dimethylacrylamide) (PEO-5-PDMA)
in aqueous solution at dilute concentrations was studied by laser light scattering. Even though water was
a nonselective solvent for both PEO and PDMA blocks, PEO-6-PDMA formed a certain loose associate in
aqueous solutions. Different from the micellization of block copolymers in selective solvents, the association
of PEO-h-PDMA in aqueous solution showed weak concentration and temperature dependence as well as
opposite salt effect. At 4.0 M NaCl, the association was completely suppressed and PEO-b-PDMA existed as
individual polymer chains. This opposite “salting out” effect revealed the association mechanism of block
copolymers in nonselective solvent: the solubility of PEO block in aqueous solution was unique, and it
exhibited a better hydrophilicity and thick hydration shell than other water-soluble polymers. This inequality
or weak incompatibility drove the block copolymer to associate into loose structures containing multi-
domains rich of either blocks. The dependence of the association on the block ratio also supported our

conclusions.

Introduction

Block copolymers have been widely studied in the past
20 years, mainly because of their capacity of forming diverse
morphologies in the solvents selective for one of the blocks.
A variety of ordered structures, including spheres, vesicles,
cylinders, and lamellae, have been assembled by the control of
the synthetic chemistry, the external conditions (e.g., concentra-
tion and temperature), and the kinetics.' "¢ These well-defined
structures render block copolymers many practical applications
in the fields of thermoplastic elastomers, solubilizers, dispersion
agents, nanomaterials, and so on.>”"13 More recently, the block
copolymers containing poly(ethylene oxide) (PEO) are drawn
much attention in drug (gene) delivery due to their good
biocompatibility and some other superior properties.'* >

When block copolymer is dissolved in a nonselective solvent,
1., a solvent good for all the blocks, the copolymer is generally
considered to exist as single chains. Because of the unfavorable
thermodynamic interactions between different blocks, the single
polymer chains may adopt segregated conformation, core—shell
conformation, or some conformation in between.?'~>* Recently,
Topp et al. observed that PEO-b-poly(N-isopropylacrylamide)
(PNIPAM) formed aggregates in aqueous solution at tempera-
tures below the low critical solution temperature (LCST) of
PNIPAM.?® Annaka and co-workers also reported that the
“disordered micelles” formed by PEO-h-PNIPAM was started
at temperature as low as 17 °C, far below the critical micelle
temperature.”® With increasing temperature to induce the
collapse of PNIPAM chains, the “abnormal” aggregate disas-
sociated with a certain extent before the formation of micelles.””

Edelmann et al. investigated the aggregation behavior of PEO-
b-poly(methyl methacrylate) (PEO-b-PMMA) in nonselective
solvents, such as tetrahydrofuran (THF), acetone, chloroform,
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1,4-dioxane, and 2.2,2-trifluoroethanol.® The good solvent
quality was assured by the positive 4, values and the calculated
Flory—Huggins interaction parameters, y, whose values were less
than 0.5 for all the solvents. An aggregate with the size at least one
order larger than that of the single chain was detected by the
scattering techniques in all the solutions except in 1,4-dioxane.
The measurements on the surface tension and '"H NMR also
demonstrated that the aggregate was not micellar structures.
The authors attributed the aggregation to certain strongly
fluctuating and internally disordered objects.”®

Clearly, the block copolymers, at least PEO-containing block
copolymers, were not in the state of single polymer chains
in nonselective solvent. They formed a certain kind of aggregate
or associate with an unclear reason. In the present work,
we synthesized the diblock copolymers of PEO-b-poly(N,N-
dimethylacrylamide) (PEO-h-PDMA) with different block ratio
by using the atom transfer radical polymerization (ATRP) and
studied the aggregation behavior of PEO-b-PDMA in detail in
aqueous solution by the combination of dynamic and static light
scattering. To reveal the mechanism of aggregation, we focused
on the effect of block ratio, concentration, temperature, salt
concentration, and the aggregation behavior in organic solvent
and in the presence of homo-PEO chains.

Experimental Section

Materials. THF and NaCl were purchased from Beijing
Chemical Reagent Co. (Beijing, China) and used as received.
Milli-Q water (Millipore) with resistance of 18.2 MQ was used
throughout the experiments.

Synthesis of PEO-b-PDMA. Five PEO-b-PDMA samples
with different block ratio were synthesized by ATRP with
CuBr and 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazamacro-
cyclotetradecane (Meg[14]aneN,) as the catalyst and ligand,
respectively.?’ PEO-Br macroinitiator was synthesized by ester-
ification of PEO (molecular mass 2000) with 2-bromoisobutyryl
bromide. The ratio of PEO-Br/CuBr/Meg[14]aneN, was kept
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Table 1. Molecular Weight and Polydispersity of PEO-b-PDMA

molecular formula M (NMR) M/ M (GPC)
PEO,4-6-PDMA 49 7000 1.2
PEOy44-b-PDMAgg 11000 1.2
PEOy44-b-PDMA 13 19000 1.2
PEQO44-b-PDMA ;¢ 23000 1.2
PEOy44-b-PDMA;o, 32000 1.3

constant at 1/1/3. The reagents were added in a dried glass tube
together with monomer (DMA) and toluene. After degassing by
three freeze—pump—thaw cycles, the tube was sealed under
vacuum and then immersed in a water bath thermostated at
20 °C. The reaction was carried out for a prescribed time period.
The polymer samples were then taken out and dissolved
in DMF. An alumina column was used to remove copper.
The polymer product in DMF was precipitated by adding
excess amount of ether and then filtered and dried at 40 °C in
a vacuum oven for 24 h. The molecular weight of the resulting
PDMA was controlled by the initial feed ratio of DMA to
PEO-Br and the conversion of DMA. The molecular weight
of the resulting PDMA increased linearly with the conversion
of the DMA.?

The molecular weight distribution of PEO-b-PDMA were
measured by using a gel permeation chromatography (GPC)
system, which was equipped with a Waters 2410 refractive index
detector, a Waters 515 HPLC pump, and three Waters Styragel
Columns (HT2, HT3, and HT4). The columns were thermo-
stated at 35 °C. Linear polystyrene standards were used for
calibration. THF at a flow rate of 1.0 mL/min was used as the
eluent. "H NMR was conducted in an AV-300 NMR spectro-
meter at 20 °C by using D,O as the solvent. The average
molecular weight and the block ratio were determined by using
the peak integral of the —OCHH,CH,— protons of PEO and the
N-methyl protons of DMA units. The results from GPC and 'H
NMR are summarized in Table 1.

Sample Preparation. The stock solution of each block copo-
lymer was prepared by directly dissolving the polymer powder in
the solvents and allowing it to stay overnight to ensure complete
dissolution. The resulting stock solution was then diluted into
desired concentration with proper amount of solvents. For LLS
measurements, the solution was filtered through a 0.45 um
Millipore filter into a dust-free vial.

LLS. A commercialized LLS spectrometer from Brookhaven
Instruments Corp. (Holtsville, NY) was used to perform both
static light scattering (SLS) and dynamic light scattering (DLS)
over a scattering angular range of 20°—120°. A solid-state laser
(532 nm, 100 mW, CNI Changchun GXC-III, China) polarized
at the vertical direction was used as the light source, and a BI-
TurboCorr digital correlator was used to collect and process
data. In SLS, the angular dependence of the excess absolute
time-averaged scattered intensity, also known as the Rayleigh
ratio R,,(6), was measured. For a very dilute solution, the
weight-averaged molar mass (M) and the root mean-square
radius of gyration (R,) can be obtained on the basis of

HC/Ryw(0) = (1/My)[1 + (1/3)R> %] +24,C (1)

where H = 4m*n*(dn/dC)*/(NaA*) and ¢ = 4zn/A sin(6/2) with
Na, C, n,dn/dC, and 4 being Avogadro’s number, the concen-
tration, the solvent refractive index, the specific refractive index
increment, and the wavelength of light in a vacuum, respectively.
In dynamic LLS, the intensity—intensity time correlation func-
tion G?(7) in the self-beating mode was measured

G (r) = Al +BlgV ()] 2)
where 4 is the measured baseline, 3 is a coherence factor, 7 is the

delay time, and g"(7) is the normalized first-order electric field
time correlation function. g"(7) is related to the line width
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Figure 1. Size distribution of PEO44-b-PDMA |73 in water at 1.3 mg/mL.
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By using a Laplace inversion program, CONTIN, the normal-
ized distribution function of the characteristic line width G(I')
was obtained. The average line width, T', was calculated accord-
ingtol’ = [TG(I)dI.T isa function of both C and g, which can
be expressed as

T/q* = D(1 +kaC)[1 +f(Req)*] (4)

with D, k4, and fbeing the translational diffusive coefficient, the
diffusion second virial coefficient, and a dimensionless constant,
respectively. D can be further converted into the hydrodynamic
radius Ry, by using the Stokes—Einstein equation:

D = kgT/6anRy, (5)

where kg, 7, and 7 are the Boltzmann constant, the absolute
temperature, and the viscosity of the solvent, respectively.

Determination of dn/dC. The dn/dC of the block copolymers
was calculated by dn/dC = w(dn/dC), + w,(dn/dC),, with w,
and w, denoting the weight fraction of PEO and PDMA blocks,
respectively. The dn/dC values of the homopolymers in the
corresponding solvents were obtained either from ref 31 or from
the measurement by a differential refractometer (Wyatt Optilab
Rex). It was determined that the dn/dC values of PEO and
PDMA in | M NaCl were ca. 0.12 and 0.14 mL/g, respectively.
The dn/dC value of PDMA in THF was determined to be
0.068 mL/g, close to the value of PEO in the same solvent.’!
The refractive index of 1 M NaCl is 1.34.

Results and Discussion

Associates in Aqueous Solution. Water is known as a good
solvent for both PEO and PDMA at room temperature.
Individual PEO or PDMA chains in the swollen state are
expected in dilute aqueous solutions. Figure 1 shows the size
distribution of PEO44-b-PDMA 75 in water at 1.3 mg/mL.
Two characteristic diffusive modes, with the peak Ry .pp
values at 5.4 and 147 nm, respectively, were observed.
Considering that there were only 217 repeating units in
PEO-b-PDMA, we attributed the fast diffusive mode to the
single molecules of copolymer and the slow mode to the
aggregates formed by PEOy4-b-PDMA 73 in aqueous solu-
tion. Since the aggregate was in equilibrium with the single
polymer chains, it was more proper to call it “associates”, as
suggested by Elias.*® According to eqs 2 and 3, the size
distributions in Figure 1 were averaged by intensity. Because
the scattered intensity was roughly proportional to the sixth
power of the size, the number of the large associates in the
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Figure 2. SLS result of PEO44-b-PDMA 75 in water at 1.3 mg/mL. The
inset shows the static structure factors of the single chains (solid square)
and the associate (solid triangle).

system was much less than that of the individual chains.
The formation of the associates was also demonstrated by
SLS. The dn/dC values of PEO and PDMA in aqueous
solution were large and close (0.135—0.15 mL/g).*" There-
fore, the apparent molecular weigh could be evaluated from
the angular dependence of the excess scatted intensity. By
using the data point below 90°, a My, o, 0f 1.6 x 10° g/mol,
~80 times larger than the single polymer chains, was
obtained after the extrapolation to zero angle. The fitting
of the curve (the fitting coefficient /> > 0.99) in Figure 2 also
yielded a R, ,pp of ~153 nm, much larger than the size of
single PEO44-b-PDMA 75 chain. (The values of M,, ,,, and
R, .pp Obtained in this approach are used only to indicate the
degree of association; they do not have much physical mean-
ings.) Both DLS and SLS results proved the association of
PEO-b-PDMA in aqueous solution.

According to Sato and co-workers,?? the static structure
factors (S(q)) of the fast mode and the slow mode were able to
be calculated separately, by the combination of the SLS and
DLS data. The radius of gyration was then obtained from the
S(¢q). By using the scattering data at 30°, 35°, 40°, 45°, 60°,
75°, 90°, and 120°, we calculated the S(g) of the slow mode
and the fast mode, which is shown in the inset in Figure 2.
The structure factor of the fast mode shows a horizontal line,
indicating that the scattered intensity from the single poly-
mer chain has no angular dependence. The large fluctuation
at low angle was due to the smaller area ratio of the fast mode
(Figure 1). However, the S(g) of the associate exhibits a
strong angular dependence, and the R, ,p, of 204 nm was
obtained. The conformation of the associate was inferred
from the R,/Ry, ratio. It was well established in literature that
the R,/Ry, ratios were 0.775 and 1.5 for solid sphere and
random coil, respectively.33 The Rg .pp/Rhapp Tatio of the
associate formed by PEO44-b-PDMA 75 in aqueous solution
was ~1.4, much larger than 0.775, indicating that the associ-
ate was in a loose conformation, close to random coil. It was
definitely not micellar structures, which agreed with the
findings by Edelmann et al.®® Given that the bond lengths
of C—C and C—O were 0.154 and 0.143 nm, respectively,
the contour length of PEO44-b-PDMA |73 was calculated to
be ~50 nm, much smaller than the radius of the associate,
suggesting that the associate was composed of multidomains
rich of either PEO or PDMA chains.

Concentration Effect. Figure 3 shows the size distribu-
tion of PEQO44-b-PDMA ;3 at different concentrations.
At concentrations below 0.1 mg/mL, the association was
hardly detected by LLS. With increasing concentration to
0.6 mg/mL, the associate became stronger, as demonstra-
ted by the results from DLS and SLS (Figure 3). And no

Macromolecules, Vol. 42, No. 14, 2009 5341

6
—O0— 0.3
5] —0—06 5
—— 10 ]
44 013 £
—— 1.6 I3)
~ 3] 220 *
= 00 2 4 6 8
LD 5 sin?6/2
11
0.0 1 \

1e+0 1e+1 1e+2 1e+3 1et+4 1e+5

Rhlapp/nm

Figure 3. Size distribution of PEO44-h-PDMA 75 at different concen-
trations at 30°. The inset shows concentration dependence of the excess
scattered intensity.
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Figure 4. Angular dependence of the excess scattered intensity of
PEQ44-b-PDMA |75 at 1.3 mg/mL at varying temperatures. The inset
shows the size distribution at 30°.

apparent changes on the association were observed there-
after. As shown in the inset in Figure 3, the M\, ,,,, fluctuated
from 1.2 x 10°to 1.5 x 10° g/mol and the Ry app kept almost
constant at ~140 nm in the concentration range of 0.6—
2.0 mg/mL. Hence, it was concluded that the associate had a
weak concentration dependence once it was developed.

Temperature Effect. [t was generally believed that concen-
tration and temperature were two major effects on the
micellization of block copolymers in selective solvents. At
certain temperature, there existed the concentration, known
as cmc, above which the block copolymers formed micelles.
On the other hand, at a given concentration, there existed a
temperature, known as cmt, above or below which the
micellization occurred. As discussed above, the concentra-
tion dependence of PEO44-b-PDMA |73 in aqueous solution
was different (Figure 3) from the behavior of the block
copolymer in a selective solvent. Besides the concentration,
the temperature also affected the association of PEQgy4-b-
PDMA7; in a way quite different from its effect on the
micellization. As show in Figure 4, no apparent changes in
My, app and R, ,p, Was observed for PEO44-b-PDMA 75 in
aqueous solution at temperatures ranging from 10 to 60 °C.
The inset in Figure 4 also shows that the size and size
distribution of the single polymer chains, and the associates
are almost constant as the rise of the temperature from 10 to
60 °C, indicating the weak dependence of the associate on the
temperature.

Effect of Block Ratio. Keeping the molecular weight of
PEO (2K) constant, we also studied the association behavior
of PEO-b-PDMA with different PDMA length. Figure 5
shows the DLS results of PEO-h-PDMA in aqueous solution
at 1.3 mg/mL at 30°. The sizes of the fast mode, which shows



5342  Macromolecules, Vol. 42, No. 14, 2009

4
o 49 6e-6
—O— 88 s .
3{ —+ 173 g " 40985
—7— 216 n:g AAees...’
—A— 304 g > @3“'
I

—~ 21 0

[:L 00 1 2 3 4 5 6

([2 sin?6/2

1e+0 1e+1 1e+2 1e+3 1et+4 1et+5

thapp/nm

Figure 5. Effect of block ratio on the association of PEO44-b-PDMA at
1.3 mg/mL at 30°. The inset shows the SLS data.
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Figure 6. Association of PEOy4-b-PDMA 73 in THF at 1.3 mg/mL at 30°.

no angular dependence, increases with the length of PDMA
block. The Ry, ,pp values are summarized in Table 2. Figure 5
also indicated that the association becomes weak as the
length of PDMA block increases. This phenomenon also
conflicted with the behavior of block copolymer in selective
solvent, where the aggregation became stronger with the
increase of the core-forming block.** The SLS data
(the inset in Figure 5) also indicated that PEO44-h-PDMA 49
had the largest M, ,pp (1.8 10° g/mol) and Rg app (170 nm),
while PEO44-b-PDMA 304 had the smallest M, ,p, (0.54 X
10° g/mol) and Ry app (83 nm) under that same conditions.
The values for other polymers are also listed in Table 2. The
data in Figure 5 demonstrated that the association was
highly dependent on the block ratio, with the short PDMA
block yielding the strongest associates.

Association in Organic Solvent. To reveal the driving force
for the association, we also studied the behavior of PEO4-b-
PDMA 7; in organic solvent. As shown in Figure 6, the
association is much weaker in THF than that in aqueous
solution. The Ry .pp, and M, ,pp Of PEO4y-b-PDMA 75 in
THF were calculated from the SLS data in the inset in
Figure 6. The R, .pp value in THF was ~77 nm, and the
My, app Was ~0.41 x 10° g/mol. Both of the values were
much smaller than those in pure water (153 nm and 1.6 x
10° g/mol, respectively). It was known that water molecule is
an excellent hydrogen-bonding agent; it can strongly interact
with PEO and PDMA via hydrogen bond. Good structural
fit is another reason in the case of PEO.* But THF does not
have these capacities due to the lack of hydrogen. The
formation of associate in THF indicated that hydrogen bond
enhanced the association.

Association Mechanism. Compared with the micellization
in selective solvent, the association behavior of the block
copolymer in nonselective solvent followed quite different
rules in terms of concentration dependence, temperature
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Figure 7. Effect of PEO on the association of PEO44-b-PDMA,¢ at
1.3 mg/mL at 30°. The inset compares the SLS data.

effect, and the dependence of block ratio. The association
could be caused by the hydrophobic end group introduced
during the synthesis. This end-group effect was prominent
when the overall molecular weight of the polymer was
relatively low. The end-group-induced aggregation has been
observed in a number of homopolymer systems, such as
PEO,*** PNIPAm,*® and poly(hydroxyethyl acrylamide).*
For example, alkyl-terminated PNIPAms formed a hydro-
phobic core of alkyl chain ends as long as the alkyl end group
was large enough.*~** Generally, the aggregation induced
by end group followed the rules similar to that of micelliza-
tion. In our case, PEO-h-PMDA was synthesized by ATRP
method, and the end group was merely —Br at the PDMA
end. The bromide group should generate a negligible effect
on the association of the block copolymer because of its
relatively small size and weak hydrophobicity.

It has been reported that the homopolymer residues dur-
ing the synthesis of block copolymer caused an anomalous
micellization,** where an aggregate with large size appeared
prior to or together with the regular micelles. To test whether
the association of PEO-b-PDMA in aqueous solution was
induced by the unreacted PEO initiator, we mixed 10%
(weight ratio) PEO with molecular weight of 2000 into
PEOy4-b-PDMA, 4 at 1.3 mg/mL. The weight ratio of
PEO was almost equal to the weight ratio of the PEO
initiators to the total amount of DMA monomers during
the polymerization. As indicated by the GPC results (Sup-
porting Information, Figure S1), no unreacted PEO initia-
tors was detected in the PEO-h-PDMA samples. Therefore,
10 wt % was far beyond the real amount of the unreacted
PEO initiators. As shown in Figure 7, the addition of PEO
exhibited a weak effect on the association of PEOgy4-b-
PDMA, 6. The M, 4y, and R, ,,, were slightly changed
from 0.83 x 10° g/mol and 120 nm, respectively, to 0.77 x
10° g/mol and 127 nm after adding 10% PEO (the inset in
Figure 7). Therefore, the unreacted PEO chains, if there were
any, were not the driving force of the association.

On the basis of the above discussion, the origin of the
association was neither the hydrophobic end groups nor the
PEO initiators remained in the system. It was noticed that
solvent quality, e.g., the use of THF, was able to weaken the
association (Figure 6). Besides changing solvent type, the
addition of salt to aqueous solution was a common method
to alter the solvent quality. The salt effect has been widely
investigated in the study of the Pluronics copolymers (PEO—
PPO—PEO, with PPO denoting poly(propylene oxide)).
Generally, the effect of anion is larger than that of the cation,
and the anions can be classified into the Hofmeister series
according to their “salting-out” strength at the same con-
centration. NaCl was considered as a strong “salting-out”
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Figure 9. Effect of NaCl on the association of PEO44-b-PDMA 75 at
1.3 mg/mL at 30°. The inset compares the SLS data.

agent. It was able to effectively decrease the cmt and the
clouding point of PEO—PPO—PEOQ.* The effect of urea was
opposite. It was used as a weak “salting-in” agent.

Figure 8 shows the effect of urea on the association of
PEO-h-PDMA in aqueous solution. As urea concentration
increased, the association was slightly enhanced. The SLS
data (inset in Figure 8) also indicated that M\, ,,, in 4.0 M
urea was 0.99 x 10° g/mol and R, ,,, was 155 nm, both
of which were larger than those (M, ,pp, = 0.83 X 10® g/mol,
Rgapp = 120 nm) in the solvent without urea. Therefore,
urea, the “salting-in” agent in micellization, exhibited a
“salting-out” effect on the association of PEO-b-PDMA in
nonselective solvent.

The opposite trend was observed on NaCl. As shown in
Figure 9, the association was greatly weakened by adding
NaCl, the commonly believed “salting-out” agent. At 4.0 M
NaCl, the associate was suppressed completely, and PEOyy-
b-PDMA |5 stayed as individual polymer chains. Assuming
that the salt concentration exhibited negligible effect on
dn/dC, the SLS data in the inset in Figure 9 yielded the
M, app Of single chain to be 3.6 x 10* g/mol. With the known
M, app Of single chain, we can calculate the weight ratio and
the M, .., of the associate using the data in Figure 2.
The calculated results indicated that about 6% (weight ratio)
of PEOy44-b-PDMA7; chains formed the associate at
1.3 mg/mL. The M, ,,, of the associate was ca. 3.2 X
107 g/mol, corresponding to an association number of ~800.

The suppression of the associate by NaCl gained insight in
the association mechanism of PEO-containing block copo-
lymer in aqueous solutions. PEO is a polymer with some
special properties. It is soluble in both organic solvent and
water. The solubility of PEO in water is kind of unique,
where the polymer exhibited a good fit to the water struc-
ture.* Such coupling led to a decrease in thermal motion and
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Table 2. LLS Results of PEO-b-PDMA,, at 1.3 mg/mL

number of DMA 49 88 173 216 304
R}, app/nm (single chain) 3.8 4.1 5.4 6.2 8.2
Ry app/nm (associate) 129 139 147 156 143
R, app/nm 170 166 152 114 83
106Mw.app/(g/mol) 1.78 1.24 1.54 0.80 0.54

hence a mutual stabilization. The mechanism of “salting-in”
or “salting-out” effect is not explicit from the literature.
According to the explanation by Florin et al.,*’ the
ions from the salt polarized the water molecules surrounding
them, resulting in a low free energy. Since PEO has a less
tendency to attractions than water, the structural fit of water
and PEO now became unfavorable due to the entropic
contribution. The removal of water from the PEO hydration
shell resulted in an attractive PEO—PEOQ interaction.*® The
effect of salt on the solubility of PEO in aqueous solution has
been studied by either laser light scattering®® or membrane
osmometry.*’ The obtained second viral coefficient 4, dras-
tically reduced with increasing concentration of NaCl or
KCl, suggesting that the interaction between PEO and water
was weakened. In the case of micellization by Pluronics
copolymers containing a hydrophobic block, the weakening
of the hydrophilicity of PEO chain decreased the transition
point and cmt. In our case, the other block is hydrophilic; the
addition of NaCl should even the hydrophilicity of PEO and
PDMA and thus prevent the formation of associates.

In brief, the solubility of PEO in water was different from
the solubility of other hydrophilic polymers. The coupling of
PEO into the water structure rendered PEO a better hydro-
philicity or a thick hydration shell than other water-soluble
polymers. Such incompatibility drove the PEO-containing
block copolymer to associate in water. Since PEO was the
main driving force, the association was closely related with
the PEO/PDMA block ratio. As shown in Figure 5 and
Table 2, a higher PEO ratio led to stronger association.
On the other hand, the good structure fit of PEO and water,
and consequently the association of the block copolymer,
was less dependent on concentration and temperature to
a certain extent.

If the block other than PEO had an improved ability to
attract water, the association should break down. Recently,
Heet al. studied the association behavior of four arm PEO-b-
poly(methacrylic acid) (PMAA) block copolymer in aqueous
solution at various pH. When PMAA block was highly
charged at high pH, only single polymer chains was observed
from DLS at 0.1 M NaClL.>* So far, the reported block
copolymers, which formed strong associates in nonselective
solvents, all contained PEO block.?>~?*! In principle, if the
blocks in a copolymer or the segments in a homopolymer
exhibited different capacity interacting with the solvent
molecules, the induced incompatibility would result in the
association with varying degree. This is probably the reason
for the association of PEO44-b-PDMA |75 in THF, which is a
good solvent for both blocks (Figure 6).

Conclusions

Block copolymers of PEO-h-PDMA in nonselective solvent
did not exist as single polymer chains at dilute solution. They
formed a certain loose associate consisting of multidomains rich
of one block or another. The major driving force for the
association was the incompatibility between the two blocks,
mainly caused by their different capacity of interacting with
solvent molecules. Compared with the micellization in selective
solvent, the association of the block copolymer in nonselective
solvent at dilute concentrations exhibited some distinct features:
weak concentration and temperature dependence, opposite salt
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effect, and so on. The study on the association of block
copolymers helped in determining the molecular weight of block
copolymers by light scattering and viscometry. It also shed light
on the phase behavior of mixtures containing both homo-
polymers and block copolymers at different concentrations.
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