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ABSTRACT: Static and dynamic light scattering, viscometry, NMR, and vapor pressure osmometry techniques 
have been employed to study the water-induced micellization behavior of poly(oxyethy1ene-oxypropylene- 
oxyethylene) block copolymer, Pluronic L64, in o-xylene solution. Results show that Pluronic L64 does not 
form polymolecular micelles in the absence of water or in the presence of a small amount of water (molar 
ratio water/EO < 0.15). Micelles, consisting of a PPO shell and a PEO and H20 core, are formed when the 
water to EO molar ratio (2) in the micelle is greater than 0.2. For 2 < 1.3, spherical micelles with an average 
hydrodynamic radius Rh of ca. 9.2 nm are formed, with R h  almost independent of 2. For 2 > 1.3, both the 
aggregation number and the hydrodynamic radius become dependent on the 2 value, then the micelle shape 
could be nonspherical. As experimentally evidenced by NMR spectra, the solubilized water can be classified 
into bound water and free water. Most likely, water is not evenly distributed in the core, as the environments 
of EO units at different positions in the block copolymer are not identical. 

Introduction 
Poly(oxyethy1ene-oxypropylene-oxyethylene) (PEO- 

PPO-PEO) triblock copolymers (trade name Pluronic) 
are widely used nonionic surfactants.' Micellar properties 
can be changed to meet specific requirements in different 
areas by varying the block length and the weight ratio of 
PEO to PPO. They have attracted considerable attention 
in both fundamental research and practical application. 
In general, the colloidal behavior of block copolymers of 
ABA type in solution is still not very clear due to the 
complexity of their conformation, interaction, and com- 
position. There have been a number of studies dealing 
with PEO-PPO-PEO ABA block copolymers in water,2-12 
which is a good solvent for the end blocks (PEO). I t  is 
now well-known that EPE type block copolymers can form 
micelles in water at a proper concentration region and 
temperature range. The micelle consists of a PEO shell 
and a PPO core. The micelle size and shape are closely 
related to the temperature, pressure, concentration, sol- 
ubilizates, and the composition of the block copolymer. 
Temperature plays a very important role with respect to 
the micellization and the micelle size. For some systems,2 
there exist three temperature regions, i.e. unimer region, 
transition region, and micelle region. Temperature vari- 
ation affects the solvation of PEO and thereby the 
aggregation number of the micelle. At  high concentrations, 
gelation is possible for some copolymers, e.g. Pluronic F127 
and P85.5836 The behaviors of Pluronic copolymers in water 
at  high concentrations were well described by using a hard 
sphere model.6 The organic solubilizate was found to play 
an important role with respect to the micelle size.3 The 
micelle size and the aggregation number increase as the 
amount of solubilization is increased. 

To our knowledge, few studies were reported on the 
micellization behavior of Pluronic block copolymers in 
nonaqueous solvents. Cowie and Sirianni13 studied Plu- 
ronic F38, F68, F88, and F108 in benzene and dioxane by 
light scattering, vapor pressure osmometry, and ultra- 
centrifugation. They found that polyols can form micelles 
in benzene and dioxane at  37 "C. The aggregation number 
of F68 in benzene was about 4. The effect of a trace amount 
of water was marked. The aggregation number of F68 in 
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water-saturated benzene was nearly double that in dry 
benzene. They suggested that the micelle was nonspher- 
ical. Very recently, Samii et  al.14 studied the phase 
behavior of PEO-PPO block copolymers in nonaqueous 
solvents. Hydrogen bonding between solvent and copol- 
ymer plays a very important role with respect to the 
solution properties of the block copolymers. 

Although the behavior of PEO-PPO-PEO block co- 
polymers in apolar solvents is rarely studied, the behavior 
of nonionic surfactants of the type of poly(ethy1ene glycol) 
alkyl ether has been well investigated.l"l8 Ravey et al.'6 
classified nonaqueous solvents into three classes and 
reported that only unimers or possibly a few dimers exist 
in aromatic solvents. Water plays an important role in 
the micellization and the micelle structure of nonionic 
surfactants in organic solvents. For example, the aggre- 
gation number of C12(E0)4 in decane is about 10 at  20 OC 
but increases to 500-700 after water solubilization. With 
an increase in solubilized water, the structure of the micelle 
changes from hank-like (interpenetrated bilayers) to 
lamellar (separated bilayers). After the EO group was 
fully hydrated (HzO/EO = 2-31, further addition of water 
would create a central aqueous film. Cooney et al." used 
Raman spectroscopy to study the Triton X-lOO/benzene/ 
water system. They found that water could form 1:l 
hydrogen bonds with the EO group in Triton X-100. This 
formation has priority over the formation of water-water 
hydrogen bonds. Christenson et a1.18 studied the inter- 
action between water and EO of poly(ethy1ene glycol) 
dodecyl ether in the hydrocarbon media by NMR and 
light scattering. They concluded that there was no 
association at low water concentration. At a water/EO 
ratio between 0.6 and 1.4, association structures started 
to form. The average chain conformation changed with 
the water content. At  higher water concentrations, a water- 
rich core was formed. The chemical shift of the water 
proton increases quickly first and then tends toward a 
constant with a further increase in the amount of water. 

Both PEO-PPO-PEO copolymers and poly(ethy1ene 
glycol) alkyl ethers have the same lyophobic part (PEO) 
in apolar solvents. In principle, it is possible that they 
would have similar colloidal properties. However, in 
literature there is certainly a lack of information on the 
behavior of Pluronic block copolymers in nonaqueous 
media. Whether they can form micelles in apolar solvents 
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400-mW range. The cell was held in a brass thermostat whose 
temperature was controlled to h0.02 OC. We used benzene as a 
reference for computing the Rayleigh ratio R, of the sample 
solution with R,(n = 32.0 x W[1+ 3.68 X W ( T -  298)l cm-l 
for benzene at  488 nm.19 

The excess Rayleigh ratio (R,) for vertically polarized incident 
and scattered light has the form 

and how the water can affect t h e  micellization behavior 
are the important basic questions. We have systematically 
investigated the association properties of Pluronic L64 in 
water2 and the effect of solubilized o-xylene on the micelle 
~ t r u c t u r e . ~  In this work, we present some results on  
Pluronic L64 in  o-xylene (a good solvent for the middle 
PPO block) with and without the presence of water, using 
static and dynamic light scattering, NMR, VPO, and 
viscometry. L64 is a typical Pluronic surfactant consisting 
of 60% by weight of PPO, and the length of the 
hydrophobic block is nearly the same as the total  length 
of the hydrophilic part. We want to further expand our 
s tudy  of the colloidal properties of this typical block 
copolymer to organic media, with our attention being 
concentrated on the effect of solubilized water. It would 
be very interesting if the size and the structure of micelle 
can be controlled by  varying the amount of solubilized 
water. 

Recently, Rodrigues and M a t t i ~ e ~ ~  reported a computer 
simulation of the behavior of a triblock copolymer Bp%& 
in a solvent which is a good solvent for the middle block. 
Their results show that the micelle has a rudimentary 
internal core consisting of dense-packed beads of B, a very 
diffuse interface, and an expanded corona. Cogan and 

have studied the effect of water on PS-PEO diblock 
copolymers in cyclopentane, a select solvent for polysty- 
rene. A trace amount of water can markedly increase the 
aggregation number of the micelle. Further addition of 
water results in a solution of swollen micelles, i.e. a 
polymeric microemulsion. 

Experimental Methods 
Materials and Solution Preparation. Pluronic L64 was 

obtained from BASF and used without further purification. The 
nominal molar mass of this copolymer is 2900 g mol-'. HPLC 
grade o-xylene and o-xylene-dlo (99+ atom % D) were purchased 
from Aldrich Co. and used as received. The solution was prepared 
by f i t  making a concentrated solution. After standw overnight, 
the solution was diluted to the required concentration. The 
solution for light scattering measurements was clarified by 
fitration through a 0.2-pm pore size Millipore filter. To solubilize 
water, clarified distilled water was added to the filtered L64/ 
o-xylene solution. The solutions for NMR measurements were 
made by f i t  dissolving L64 in o-xylene-dlo and then adding the 
proper amounts of water. 

Solubilization Measurements. We used two ways to 
measure the maximum solubilized amount of water in L64/0- 
xylene solution. The first one was to use a microsyringe (5 or 10 
rL) to add an increasing amount of water to the solution until 
the solution became cloudy and remained so within 10 min for 
most of the L64 concentrations. The second way was to make 
a water-solubilized U/o-xylene solution by adding a known 
amount of water to the solution, and then by diluting the solution 
with further addition of solvent o-xylene till the solution became 
cloudy. In the vicinity of the critical micelle concentration (cmc), 
the equilibration time required was much longer. The solubi- 
lization experiment was carried out at room temperatures (23- 
24 'C). 

Refractive Index Increment. The refractive index incre- 
ment (dn/dC)Tp was determined by using a Brice-Phoenix 
differential refractometer. Measurements were made at  26.2 OC 
and a t  wavelengths of 436 and 546nm. From the measured values, 
the refractive index increments a t  488 nm were obtained by 
interpolation. Thus dn/dC = -0.045 cm3 g1 for the L64/o-xylene 
system. For the L64/waterlo-xylene system, dnldC = -0.050 - 
0.0122 cm3 g l ,  where 2 is the molar ratio of water to ethylene 
oxide (EO) units in the micelle. 
Static Light Scattering. A standard, laboratory-built spec- 

t r ~ m e t e r ' ~  was used to measure the scattered light intensity and 
to perform photon correlation measurements at scattering angles 
between 20 and 135'. A Spectra-Physics argon ion laser (Model 
165) was operated at  488 nm with an output power in the 200- 

R, = HCM*P(q)S(q,C) 

H = 4rZn2(dn/dC)2~p/(N~X04), where n is the refractive index of 
the solution, NA, Avogadro's number, b, the wavelength of the 
incident light in vacuo, and C, the concentration of the solute in 
g cm3. P(q)  and S(q,C) are the form factor and the structure 
factor, respectively, with q [=(4nn/Xo) sin(tV2)I being the 
magnitude of the scattering vector. The apparent molar m w  
(M*) is equal to the weight average molar mass (M,) if the 
refractive indices of the two blocks are equal.% For a system 
heterogeneous in composition, the apparent molar mass and the 
weight average molar mass are related by 

M*(dn/dCI2 = M,(dn/dC),(dn/dC), + [(dn/dC); - 
(dn/dC),(dn/dC),I WAMW/A + [(dn/dC); - 

with M w / ~  and M w j ~  being the weight-average molecular weights 
of the components A and B and WA and WB being the weight- 
average weight fractions of A and B, respectively. For L64, the 
refractive indices of the two components (PEO and PPO) are 
very close, 1.4563 and 1.4495, respectively, a t  the sodium D line. 
They also have similar densities. Thus the difference between 
the apparent molar mass and the weight-average molar mass is 
estimated to be only ca. 1 % . For our system, the particle size 
was small, i.e. qR, << 1. Therefore, we did not observe the angle 
dependence of scattered intensity and can simply let P(q)  = 1.0. 
The structure factor S(q,C) reflects the particle-particle inter- 
action. One of the simplest models for repulsive interaction is 
the so-called hard sphere (HS) model. Based on the Percus- 
Yevick approximation,2' the structure factor at a finite concen- 
tration and zero scattering angle can be expressed as 

(dn/dC)A(dn/dC)Bl W&fw/B (2) 

s(~=o,c) = (1 - V)4(1 + 2rp)-2 (3) 
where cp is the volume fraction of the hard spheres and is related 
to the solute concentration by cp = ( ~ ~ R H s ~ / ~ M ) N A C ,  with RHS 
the radius of hard sphere. In the dilute solution region, eq 1 can 
be approximated as 

(4) 
where A2 is the second virial coefficient. For a micellar solution, 
eq 4 should be written as 

H(C - cmc)/R, = 1/M* + 2A2(C - cmc) (4B) 
where M* is the apparent molar mass of the micelle and cmc is 
the critical micelle concentration. 

In the intermediate concentration region, a combination of 
eqs 1 and 3 leads to (in the logarithmic form) 

(4C) 
The error caused by neglecting the higher-order terms of log- 
(S(q=O,C)) is less than 5% up to rp - 0.4. 

Photon Correlation Speectroscopy. The intensity auto- 
correlation function was measured at various scattering angles 
in the range 20-135O with a Brookhaven BI2030AT 64-channel 
digital correlator. When the measured and the calculated 
baselines were in good agreement (difference <0.1% ), the 
correlation function was accepted. The measured correlation 
function in the self-beating mode has the form 

HCIR, = l/M* + 2A2C + ... 

log(HC/R,) = -lOg(M*) + 3 . 4 8 ~  

G'2 ' (q ,~ )  = A ( l  + &"'(q,r))2) (5) 
with T ,  the delay time, A, the background, and 8, the coherence 
factor. The measured electric field correlation function (g(l)(q,r)l 
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was fitted with a cumulants expansion 

g"'(q,s) = exp(-r(q)r + 0.5r2(q)rz + ...I (6) 

where is the mean line width and p z / f :  is the variance of the 
line width distribution function. From r, the z-average trans- 
lational diffusion coefficient (D) is obtained: 

D = r /q2  (7) 

By extrapolation of the values for the diffusion coefficient to 
zero concentration (Do), the average hydrodynamic radius (Rh) 
can be calculated by using the Stokes-Einstein relation, 

R, = k B T / ( 6 d , )  (8) 
where k ~ ,  T, and q are the Boltzmann constant, the absolute 
temperature, and the solvent viscosity, respectively. 

Viscosity. The viscosity of the copolymer solution was 
determined byusingeither an Ubbelohde typemultibulbcapillary 
viscometer or a Brookfield cone-plate viscometer with a shear 
rate ranging from 1.15 to 230.0 s-1. From the measured viscosity, 
we can calculate the intrinsic viscosity [ q ]  of the system by using 
either 

(9) (7, - 1)/C = [SI + kJ?lZC + ... 

ln(q,)/C = [TI + k2[&c + ... 
or 

(10) 
where qr (= q,,lJq,,lv) is the relative viscosity, Cis the concentration 
of solute in g cm-3, and kl and k2 are Huggins' and Kramer's 
coefficients, respectively. For a dilute polymer solution, k l  - kp 
= 0.5. k l  or kp reflects the interaction of the particle with the 
solvent. The intrinsic viscosity [ q ]  is related to the particle shape 
and density by the expressionz1 

(11) 
where Y is the shape factor, {is the degree of solvation (solvated 
solvent weight per gram of polymer), and p * ,  pp, and p s  are the 
density of the particle, polymer, and solvent respectively. For 
spheres, Y = 2.5; for ellipsoids, Y > 2.5. 

Knowing [q ]  and assuming that particles are spherical, one 
can calculate the radius of the equivalent hydrodynamic sphere 
(R,) by" 

[ql = Y / P *  = V ( P i '  + {&-l) 

R, = (3M[~j ] / ( lO . r rN, )~"~  (12) 
N M R .  A GE QE-300 NMR spectrometer was used to obtain 

the NMR results with tetramethylsilane as an internal reference. 
The chemical shift of the water proton observed (6) is an average 
over different types of water protons because of the fast exchange 
of water protons 

6 = p i b i  (13) 
where @i and 61 are the molar fraction and the chemical shift of 
component i, respectively. 

Vapor Pressure Osmometry (VPO). A vapor pressure 
osmometer (Knauer) was used to determine the number average 
molecular weight (M,)  of L64 in o-xylene. The measured 
temperature difference and the solute concentration are related 
by 

AT = K ( C / M ,  + AzC2 + ...) (14) 
In the above formula, K and A2 are the equipment constant and 
the second virial coefficient, respectively. We used sucrose 
octaacetate (FW 678.60 g mol-') as a standard to calibrate the 
equipment constant. 

Results and Discussion 
Part A: L64/+Xylene System. Light scattering, VPO, 

and viscometry were employed to investigate the behavior 
of L64 in anhydrous o-xylene. We used vapor pressure 
osmometry to determine the number-average molecular 
weight of L64 in o-xylene in the absence of water. The 
VPO results are shown in Figure 1. The number average 
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Figure 1. VPO results of L64 in o-xylene in the absence of water 
a t  26.2 OC. The extrapolated intercept corresponds to an M, of 
3.4 x 103. 
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Figure 2. Viscosity results of L64 in o-xylene in the absence of 
water a t  26.2 OC. Solid lines represent the fit by eqs 9 and 10. 
The derived intrinsic viscosity is 7.1 cm3 gl. The inset covers 
a wider concentration range. 

molecular weight (3.4 X lo3 g mol-') obtained is close to 
the nominal value of 2900 g mol-', and AT/C versus C is 
linear in the concentration range of 0.05-0.28 g cm-3, 
implying that in anhydrous o-xylene L64 exists as a unimer 
in this concentration range. Viscosity results are shown 
in Figure 2. There is no inflection within the entire 
concentration range studied, which is consistent with the 
VPO results. From the intrinsic viscosity value (7.10 cm3 
g-l) and eq 11, we estimate that the possible maximum 
degree of solvation of L64 in o-xylene, S; would be 1.67 g/g, 
which corresponds to a molar ratio of xylene/PO of 1.5. 

Our light scattering measurements further confirm that 
L64 exists essentially as unimers in anhydrous o-xylene. 
In the absence of angular dependence of scattered inten- 
sity, we can use the scattered intensity data measured at  
8 = 90° directly. In Figure 3, HCIRW is plotted against 
C. In the dilute region (C < 0.10 g ~ m - ~ ) ,  HC/Rm versus 
C is linear. From the intercept and the slope of the plot, 
the molar mass of the L64 particle in o-xylene and the 
second virial coefficient were determined to be 3.7 X lo3 
g mol-' and 4.5 X mol cm3 g2, respectively (see Table 
I). The weight-average molecular weight thus obtained is 
close to the above number-average molecular weight, 
yielding M,IM,, =1.1. A large value for the second virial 
coefficient strongly implies that the interaction between 
L64 chains is dominated by the repulsive forces, 
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Figure 3. Concentration dependence of HCIRw of L64 in 
o-xylene at 26.2 "C. The molar ratios of water to EO unit are 
0 and 0.1, respectively. 
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Figure 4. Excess Rayleigh ratio of L64 in o-xylene at 26.2 O C  

as a function of concentration of L64 in the absence of water (0, 
A) and in the presence of water (0). The solid lines are hard 
sphere fitting results based on eq 3. 

Table I 
Results of L64 in *Xylene in the Absence of Water and in 

the Presence of a Small Amount of Water 

H20/E0 (g mol-') (g mol-') (nm) (nm) (nm) (mol cm3 g2) 
0 3700 3400 1.2 1.4 1.6 0.0045 
0.1 3800 1.3 1.7 0.0026 

as does the above mentioned high degree of solvation of 
L64 in o-xylene. Although the HC/Rw versus C plot is no 
longer linear at  higher concentrations because of the 
contribution of higher-order terms, there seems no in- 
flection in the whole concentration range studied, as shown 
by the VPO and viscosity results. Thus, we expect that 
the unimer state has not changed in this concentration 
range. In order to probe the structure of the L64 unimer 
in o-xylene, we tried to use the hard sphere model to fit 
the experimental scattering data. In Figure 4, the relation 
of the excess Rayleigh ratio due to the L64 chains versus 
concentration is displayed. The lower solid line is the 
fitting result according to the hard sphere model (eq 3) 
with a hard sphere radius (RHs) of 1.2 nm. The excess 
scattered intensity first increases and then decreases with 
increasing Concentration. This behavior can be explained 
by the fact that the repulsive interactions between particles 
dominate. The hard sphere radius thus calculated agrees 
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Figure 5. Apparent maximum ratio of solubilized water to EO 
against the concentrationof L64 in o-xylene at room temperatures 
(23-24 O C ) .  The solid line denotes the fitting results according 
to eq 15. Open symbols were measured by adding water to the 
solution till the solution becomes cloudy. The three open symbols 
represent three independent measurements. The filled symbol 
was measured by diluting the water-solubilized solution. 

well with the measured hydrodynamic radius (Rh) of 1.4 
nm, implying that, to a first order approximation, in the 
absence of water, L64 in o-xylene behaves like hard spheres. 

From Figures 3 and 4 and Table I, we note that in the 
presence of a small amount of water with a molar ratio 
H20/EO of 0.1, the behavior of L64 in o-xylene is very 
similar to that in the anhydrous o-xylene. On the basis 
of the results of vicosity, VPO, and light scattering 
measurements, we can reach the conclusion that L64 does 
not form polymolecular micelles in the absence of water 
and even when a small amount of water is present. Most 
likely, the strong solvation of the PPO block by o-xylene 
prevents L64 from associating into micelles. The structure 
of L64 in o-xylene could be roughly approximated as a 
hard sphere. In o-xylene in the absence of water or in the 
presence of a small amount of water, the properties of L64 
in o-xylene are very similar to those of the poly(oxyeth- 
ylene) alkyl ether nonionic surfactants in aromatic sol- 
vents.16J8 Our results differ from the report of Cowie and 
Sirianni.13 The measured size of L64 unimer in o-xylene 
is comparable with previously reported values for L64 
unimer in water: 1.7 nm by DLS2 and 1.5 nm by NMR.5 

Part B: L64/t+Xylene/Water System. (1)  Solubi- 
lization of Water in L64/t+Xylene. Although L64 does 
not form micelles in anhydrous o-xylene, it can solubilize 
water remarkably well at  higher concentrations (e.g. C 
>0.10 g cm-3). The results of solubilization measurements 
are shown in Figure 5. In the low L64 concentration region, 
the amount of water solubilized, which is expressed as the 
molar ratio of solubilized water to oxyethylene (EO), is 
about 0.15, nearly independent of the L64 concentration. 
This solubilization is due to EO in each individual polymer 
hereafter referred to as the unimer. At higher concen- 
trations, the apparent maximum amount of solubilized 
water per EO unit becomes much larger and is a function 
of the total L64 concentration, which is typical for micelle 
solubilization. Such behavior implies that, in the presence 
of water, L64 forms micelles at  higher concentrations. To 
a first-order approximation, we may assume that the 
maximum ratio of solubilized water to EO units in L64 
micelles is independent of the micelle Concentration. 
Therefore, the experimentally measured apparent max- 
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Figure 6. NMR spectra of L64 in o-xylene-dlo at different Z and 
at room temperature. The concentration of L64 is 0.316 g ~ m - ~ .  

imum molar ratio of solubilized water to EO (Zap,), as 
shown in Figure 5,  can be approximately expressed by 

Zepp = (Z,,,(C - cmc) + Zocmc)/C = 

where Zm,, and 20 (=0.15) are the maximum molar ratio 
of solubilized water to EO in micelles and in the unimer, 
respectively. The solid curve in Figure 5 is the fit of eq 
15. The fit agrees quite well with the experimental data 
in the high concentration region (C >0.11 g ~ m - ~ ) ,  yielding 
cmc and 2,- values of 8.6 X g ~ m - ~  and 2.7, 
respectively. Data points obtained in two different ways, 
as described in the caption of Figure 5, agree quite well. 
It should be noted that, in the vicinity of the cmc, the time 
effect to reach equilibrium in solubilizing water was 
remarkable. It was difficult to get reproducible equilib- 
rium results. In addition, the cmc for block copolymers 
usually represents a transition region. As a precautionary 
measure, all experimental data for further analysis were 
taken only in the high concentration region (C >0.11 g 
cm-3). 

(2) NMR Results. In order to understand the inter- 
action between solubilized water and L64 molecules, we 
used NMR to study the environment change of water and 
EO of L64 from the proton spectra. Figure 6 shows the 
NMR spectra of L64 in o-xylene-dlo at  different molar 
ratios of H20/EO in the micelle. In Figure 6, the peak a 
witn chemical shift 6 = 1.1 ppm corresponds to the protons 
of the methyl group in oxypropylene; peak b with 6 = 3.3 
ppm corresponds to the proton of the -CH< group in 

Z,,, - (Z,,, - Zo)cmc/C (15) 

oxypropylene; peak b has one-third the area of peak a, 
thus having the same ratio as the chemical formula 
requires. This ratio further confirms that the assignment 
is reasonable. We assign peak c with d = 3.5 ppm to the 
resonance of the protons of methylene (-CHz-) in both 
oxyethylene and oxypropylene. In the absence of water, 
the environments of the methylene protons (qH2-1 of 
PO and EO are very similar. It is reasonable that they 
have the same chemical shifts. The peak d with 6 = 3.62 
ppm shifts to lower field and becomes larger when more 
water is added. We assign this peak to the resonance of 
the hydroxyl proton of water. This assignment is rea- 
sonable when compared with the results of Christenson 
et al. lS 

IC I IC I 

There is a resonance peak of the hydroxyl proton of water 
even without adding water to the system because both the 
W and solvent contain a trace amount of water. However, 
the corresponding characteristic peak is too small to permit 
a quantitative estimate of the amount of water. The 
chemical shifts of the methyl (peak a) and the -CH< (peak 
b) of the oxypropylene block remain essentially unchanged 
when the water to EO ratio in the micelle (2) is increased 
from 0 to 1.3, implying that the chemical environment of 
the oxypropylene block has not changed. Thus, the 
penetration of water into the PPO shell is negligible in the 
region of Z < 1.3. When more water was solubilized, peak 
c exhibited a shoulder, which became broader with 
increasing 2. The methylene of EO could be responsible 
for this shoulder. If the environment of EO becomes more 
polar, the chemical shift should have a downfield shift.18 
With increasing 2, the chemical environments of EO units 
along the PEO chain are being changed. The degree 
of change is related to the location of the EO unit on the 
PEO chain and the amount of solubilized water. The EO 
unit in the most polar environment has the largest 
downfield shift. We can see, from the NMR spectra, that 
the environments (polarity) of EO units along the PEO 
chain are different after water solubilization, especially in 
the case of high 2, suggesting that water is not evenly 
distributed in the core of the micelle. Probably, the center 
of the core is richer in water than the interface region 
between PEO and PPO. Water is much more polar than 
the EO unit. The interface energy will increase if the 
water content in the interface is increased. Therefore the 
distribution with a water-rich core is an energetically 
favored state. 

The apparent chemical shift of the hydroxyl protons of 
water molecules varies with the ratio of water to EO in the 
micelle, as shown by the open circles in Figure 7. When 
Z is increased, the apparent chemical shift 6 first shows 
little change, then increases quickly, and finally tends 
toward a constant. This result is similar to that for poly- 
(ethylene glycol) dodecyl ether in benzene.18 In general, 
the solubilized water can be divided into free water and 
bound water. The free water molecules interact only 
between themselves; the bound water forms hydrogen 
bonds with oxyethylene. In the low 2 region, most of the 
water forms hydrogen bonds with EO because formation 
of a water-EO hydrogen bond has priority in comparison 
with the energy of the water-water hydrogen bond.'? The 
hydrogen bond energy of water-EO is about 22 kJ mol-', 
which is about 2.5 kJ mol-' larger than the association 
energy per bond in a water trimer molecule.? After the 2 
value is increased to a certain value (Z,), the EO has almost 
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Figure 7. Apparent chemical shift of water protons as a function 
of water ratio (0). The solid line is a best fit of eq 16B. The 
dotted curve denotes an extension of eq 16B to Z = 0.4. 

been saturated with water; the additional incoming water 
is free water capable of forming only hydrogen bonds with 
water. The experimentally measured apparent chemical 
shift represents an average contribution from all kinds of 
protons. If we know the chemical shift of free water (Sf) 
and bound water (bb) as well as the molar fraction of bound 
water (ab), we can calculate the apparent chemical shift 
6 by eq 13. After all EO units have been saturated, the 
chemical shift can be expressed as 

0.15cmcbb + (C - cmc)(d,Z, + 6,(Z - 2,)) 
O.15cmc + (C - cmc)Z 6 =  (16) 

where 6, is an apparent chemical shift when all EO units 
have been saturated (2 = 2,) and both 6, and 2, are 
constant. We assume that all the water molecules which 
interact with unimers are bound water and the ratio (0.15) 
remains unchanged. On substitution of C = 0.316 g ~ m - ~ ,  
and cmc = 8.6 X g ~ m - ~ ,  eq 16 becomes 

The solid line in Figure 7 is a result of fitting eq 16B. The 
fit agrees well with experimental data when Z >1.3, 
implying that almost all EO have been saturated when Z 
>1.3. The results are confirmed by the viscosity and light 
scattering results, as will be discussed later. From the 
fitting result, we calculate the chemical shift of free water, 
bf, to be 5.07 i 0.04 ppm. In comparison with the known 
chemical shift of pure water, 5.14 ppm,22 our result is 
reasonable for bulk water. Free water could really exist 
in the L64//o-xylene/water micelle. 

From the NMR results, we can get some information 
about the mechanism of water solubilization in L64/0- 
xylene. When a small amount of water is present, almost 
all the water molecules are preferably bound with EO, 
and L64 exists in the unimer form. The NMR results 
suggest that when the water to EO ratio becomes larger 
(e+, Z > 0.21, there is a competition for hydrogen bonding 
sites and thereby an equilibrium distribution between the 
bound and free water molecules. Free water molecules in 
an apolar medium tend to form clusters. The water 
clusters should function as nucleation centers to promote 
the association of L64 copolymer into micelles with end 
PEO blocks oriented toward the water clusters and the 
middle block extending into the apolar medium. Such a 
plausible mechanism is supported, as will be discussed 
later, by the static and dynamic light scattering results 
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Figure 8. Weight average molar mass of the micelles and the 
corresponding aggregation number of the micelles as a function 
of water to EO ratio (2) at 26.2 OC. 

that instead of the L64 unimer with Rh = 1.4 nm in the 
region Z C 0.2, polymolecular micelles with an aggregation 
number of about 110 and Rh = 9.2 nm are formed when 
Zreaches about 0.4. Accordingly, the NMR spectra clearly 
display an enhanced, downfield shifted peak for the water 
protons due to the appearance of free water molecules, as 
shown in Figure 6. 

(3) Light Scattering. Both static and dynamic light 
scattering were employed to study the association behavior 
of L64 in o-xylene in the presence of water. As in the case 
of anhydrous o-xylene, the scattered intensity of o-xylene 
solution of L64 with added water also showed no angular 
dependence. Hence, the Rw (excess value as compared to 
the RW at cmc) results were used in the data analysis. We 
assume that the shape and size of micelles are independent 
of the micelle concentration when the molar ratio of water 
to EO units (2) is fixed and that the cmc does not depend 
on 2. The systems studied were in the semidilute region. 
The HC/& versus C plot is no longer linear because the 
higher-order concentration terms are not negligible. But 
a semilogarithmic plot of HC/& versus C is linear (see 
eq 4C) within the concentration range used; therefore, we 
used the log(HC/Rw) versus C plot (Cis the concentration 
of micelles, i.e. L64 plus solubilized water, in g ~ m - ~ )  to 
extrapolate to the cmc value in order to get the molar 
mass of the micelles. From the slope, we can also estimate 
the approximate equivalent hard sphere size. We assume 
that all the micelles have the same composition at a given 
2, and the measured apparent molar mass can be taken 
approximately as the weight-average molar mass of the 
micelle. The changes in the weight-average molar maas 
of the micelle and corresponding aggregation numbers with 
Z are shown in Figure 8, where three different regions of 
Z exist. In the first region (2 I 0.10), L64 exists in the 
form of unimers. With an increase in 2, M,* shows a 
jump because of the formation of micelles and then M,* 
steadily increases with increasing 2. When 2 C 1.4 (second 
region), the rate of increase in M, with 2 remains relatively 
constant and is lower than that in the third region (2 > 
1.4) although no clean discontinuity can be observed. Such 
multiregion behavior is also confirmed by dynamic light 
scattering measurements. As we would expect, the cor- 
relation functions show no angular dependence for Rh. 
For example, Figure 9 shows a typical size distribution of 
L64 micelles in the presence of water (C = 0.186 g ~ m - ~ ,  
2 = 2.0), measured at 45, 60, and 90° with a standard 
deviation of line width distribution in I' space being 0.12, 
0.16, and 0.23, respectively, indicating relatively narrow 
polydispersity in micellar size. Both the cumulanta and 
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Figure 10. Plot of the hydrodynamic radius of the micelles at 
the cmc versus 2 at 26.2 O C .  

CONTIN methods were used to analyze the correlation 
function data. The results by these two methods agree 
well. Figure 10 shows Rh as a function of 2. There are 
also three regions: Rh is very small (Table I), Rh is nearly 
constant (Rh c 9.2 nm, 2 < L3), and Rh increases with 
increasing 2. 

The measured molar mass of the micelle consists of the 
weight of L64 and water. The aggregation number of the 
micelle, N, can be estimated by the relation 

N = M,/[Mo(l + kZ)] (17) 
where k (=0.164) is the conversion coefficient and M ,  and 
MO (=3.7 X lo3 g mol-') are the weight-average molar mass 
of the micelle and of the unimer, respectively. If we assume 
that both PEO and water are located in the core of the 
micelle and the core is liquid-like, the core volume can be 
readily computed on the basis of the assumption of volume 
additivity. If the core has a spherical shape, the core radius 
is given by 

Rc = (3NM0(VE0 + V,)/(47~N,)j'/~ (18) 
where VEO (=0.4/1.05 = 0.38 cm3) and V, (=(0.4/44)182 
= 0.1642 cm3) are the volume of the EO unit and volume 
of solubilized water per gram of L64. The measured and 
calculated parameters of micelles are summarized in Table 
11. In Table 11, the molar ratio of water to EO 2 in the 
micelle, hydrodynamic radius (Rh), and the equivalent hard 

sphere radius (RHs) are the measured results. N is the 
average aggregation number of micelles calculated with 
eq 17, R, is an equivalent viscosity calculated with eq 12, 
and Rc is an equivalent core radius of micelles calculated 
with eq 18. 

(ca. 0.8) and R,/Rh (ca. 
0.9) are almost constants. For 2 > 1.4, both ratios decrease 
continuously with increasing 2. The change suggests that 
the micellar shape is different for 2 < 1.4 and 2 > 1.4. We 
suggest that micelles have a spherical shape when 2 < 1.4 
and become nonspherical, e.g. ellipsoids, when 2 > 1.4. 
For a spherical particle, the ratio of RHdRh or R,/& should 
remain relatively constant when the conformation of the 
particle has remained relatively unchanged. For non- 
spherical particles, these size ratios are determined by 
particle shape. If the sphere model holds, the difference 
between the hydrodynamic radius and the equivalent core 
radius, Rh - Rc, a measure of the shell thickness of the 
micelle, should be nearly a constant. This is indeed the 
case when 2 < 1.4, as shown in Tabie 11. On the other 
hand, in the region 2 > 1.4, the apparent shell thickness 
increases considerably with increasing 2, thus indicating 
that the sphere model is not valid in the region 2 > 1.4. 
For unimer, 2 simply denotes the water to EO ratio, while 
for micelle, 2 denotes the water to EO ratio in the micelle. 

From a consideration of the structure of the L64 
molecule, we could also reach a similar conclusion. On 
the basis of the structure data, the bond length of C-C is 
1.54 A and that of C-0 is 1.43 A; the bond angle LOCC = 
LCOC = 109.5°.25 We can calculate the EO unit length of 
a zigzag conformation as 3.6 A. The maximum stretched 
length of a PEO block is ca. 5.6-6.0 nm and of a PPO block 
is ca. 12.7-13.7 nm (MW ca. 3400-3700 g mol-'). In an 
actual case, the maximum stretched length of PEO block 
could be shorter because the EO unit could also take 
another conformation (e.g. meander conformation), which 
has a shorter structure length (ca. 2.7 A). I t  is not difficult 
to imagine that the micelle core consists of a concentrated 
PEO-water solution rather than one having a free-water 
pool at the center of the core and PEO As the core 
size, as well as the micelle size, are determined by the 
structure of the L64 block copolymer, the core radius will 
not be larger than the maximum stretched structure length 
of the PEO block (ca. 5.6-6.0 nm) and the micelle size 
cannot be larger than half of the maximum stretched 
structure length of L64 (ca. 12-12.8 nm) if the micelle has 
a spherical shape, but without a free-water pool in the 
PEO core. The volume of a micelle core increases with 
increasing 2 (Table 11, Rc). When 2 is increased to a 
certain value, the micelle core volume becomes too large 
for a sphere with a radius equivalent to the maximum 
length with which the PEO block can reach. In order to 
avoid the formation of a free-water pool in the micelle 
core, it becomes necessary to change the micelle shape in 
order to increase the core volume. In the extreme cases 
(2 > 1.8), both the core volume and the micelle size are 
definitely larger than what a spherical micelle can provide. 
Thus a nonspherical shape for such micelles becomes a 
reasonable explanation. At low 2 (e.g. 2 < 1.4A the core 
volume is not too large to fit the spherical model. 
Therefore, the micelle is spherical in this region. Our 
results of Rh c 9.2 nm in this region are in agreement with 
the literature results of hydrodynamic radius of L64 
micelles in water (Rh = 8.5: 10: and 9.2 nm3). More recent, 
transient electric birefringence (TEB) and small-angle 
X-ray scattering (SAXS) results26 show that the micelle 
at  high 2 resembles an ellipsoid with a short axial ratio. 
The TEB and SAXS results agree with light scattering 

For 2 < 1.4, the ratios of 



2124 Wuet al. Macromolecules, Vol. 26, No. 8, 1993 

Table I1 
Results of L64 in *Xylene in the Presence of Water 

0.4 
0.6 
0.8 
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1.2 
1.4 
1.6 
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231 

6.7 
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Figure 11. Intrinsic viscosity of L64 micelles in o-xylene at 26.2 
O C  as a function of water to EO ratio (Z) at the cmc. 

results. The details will be presented in a separate article. 
(4) Viscosity. We used a Brookfield cone-plate vis- 

cometer to measure the viscosity of L64 solutions at  four 
concentrations (C = 0.289,0.246,0.192, and 0.152 g ~ m - ~ ,  
respectively) and at  different 2 values. We tried to 
measure the viscosity at  different shear rates but did not 
observe a shear rate dependence within the range 1.15- 
230.0 s-l. This is in agreement with the preliminary 
conclusions from the TEB and SAXS results26 that, at  
high 2 values, the ellipsoids formed exhibit a small axial 
asymmetry (e.g. axial ratio = 3 when 2 = 2.6). In the 
concentrations studied, the qs$C versus C plots show 
upturn curves, while those in a ln(qr)/C versus C plot are 
linear. We used the ln(q,)/C versus C plot to extrapolate 
to the zero micelle concentration in order to obtain 1771 at 
a given 2. Figure 11 shows the relationship between the 
intrinsic viscosity [ql and 2. [ q ]  decreased with increasing 
2. The rate of decrease in [ql was barely lower in the high 
2 region. From eq 11, we know that both the degree of 
solvation and the particle shape could affect the intrinsic 
viscosity. A combination of NMR and light scattering 
results offers a possible explanation for the viscosity results 
as follows. For 2 -c 1.3, the micelle was spherical, as 
indicated by light scattering measurements, and therefore 
the degree of solvation of the micelle could be estimated 
by using eq 11. The weight fraction of the PPO block in 
the micelle, as defined by Wppg/( W U ~  + Wweter) = 0.6/ ( 1 + 0.1642), decreased with increasing 2. This decrease 
could suggest that the degree of solvation of the micelle 
was reduced with increasing 2 while the solvated o-xylene 
molecules per PO unit remained nearly constant, as implied 
by the NMR results that the solubilized water resided 
with the PEO core in this region. For 2 > 1.3, the degree 
of solvation was expected to decrease perhaps even faster 

with increasing 2. The micellar shape became increasingly 
asymmetric, yielding an opposite effect in the intrinsic 
viscosity. The combination of the two opposite effects 
(i.e., a decrease in the degree of solvation decreases the 
intrinsic viscosity while an increase in the asymmetry in 
the shape increases the intrinsic viscosity as shown in eq 
11) could explain the decreasing rate in the high 2 region. 
At  the present time, it seems difficult to extract quanti- 
tative information, i.e. the axial ratio of the micelle, from 
the viscometry results. 

Conclusions 
From the study the L64/water/o-xylene system by light 

scattering, NMR, and viscometry, we can reach the 
following conclusions. 

L64 does not form polymolecular micelles in the absence 
of water and in the presence of a small amount of water 
(H20/EO 5 0.15). However, L64 can form micelles when 
more water is present. The aggregation number and the 
structure of the micelles are determined by the amount 
of water added. There exist three regions for the water 
to EO ratio: 2 < 0.2, 0.2 < 2 < 1.3, and 2 > 1.3. For 2 
< 0.2, L64 exists in the unimer form. When the ratio 
H20/EO is between 0.2 and 1.3, the hydrodynamic radius 
(ca. 9.2 nm) remains essentially unchanged, and the micelle 
has a spherical shape. When the ratio H20/EO is larger 
than 1.3, the aggregate number and the hydrodynamic 
radius increase with increasing 2, and correspondingly, 
the micelle may transform to an asymmetric shape. Again, 
it should be noted that the shape transition is not sharp, 
for example, in Figure 8, the discontinuity in slope can 
hardly be observed. Therefore, a value of 2 = 1.3 
represents only a rough measure of the cross-over region. 
From the NMR results, we have found that water can be 
classified as bound water and free water. In the case that 
a large amount of water is present, water is not evenly 
distributed in the micelle core, and the environments of 
EO units along the PEO chains could be different. 
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