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Aggregation of hydrophobically end-capped poly(ethylene oxide)s: HEURs, denoted as QEOasoCg, 
CnEObooCn, and CjsEOgboCis, are described 탾sing static fhjorescence, dynamic light scattering, and atomic 
force microscope (AFM) techniq탾es. The CAC (critical aggregation concentration) was determined by com­
paring two fhiorescent peaks which were infhienced by the polarity of the probe dye molec탾les, pyrene. The 
aggregation occ탾fs in concentrations higher than 10 g/L of CgEOasoCg and the CAC decreases by increasing 
the side chain length. The dynamic light scattering experiment shows fast mode and slow mode decays, and 
both are diffusive. The fast mode does not depend on the concentration, tnit the slow mode shows concentration 
dependence infhienced by the formation of an aggregated strict탸re. The hydrophobic end grcmps effect more 
dominantly than the main chains for the formation of HEUR micelles. By increasing the concentration, the 
HEUR micelles change their strict탸re from spheres to rodlike micelles, and finally make fused strict탸res, 
which were vitalized with atomic force microscopy.

Introduction

The water soluble polymers with hydrophobic end groups 
play an important role as viscosity modifiers in water borne 
technologies such as paints, inks, and cosmetics.1,2 The asso­
ciated thickener increases the solution viscosity, and its rheo­
logical behavior is essential for the ingredient formulation.3 
The associated mechanism of the water-soluble polymer 
began with systematic studies on a series of well-defined 
너EUR (hydrophobic ethoxylated urethane) polymers.4 Rheo­
logical measurements were focused in the early stages.5-8 
However, recently fundamental studies have been conducted 
by several research groups using an extensive series of 
methods including fluorescent probe experiment,9-17 pulsed 
gradient spin echo (PGSE) nuclear magnetic resonance 
(NMR),18-21 dynamic light scattering,9,10,22-25 and small-an이e 
scattering (SAXS, SANS).26,27 From a fundamental point of 
view, the molecules with low polydispersity and direct modi­
fication of the hydroxyl group of poly(ethylene oxide) are 
more interesting. The synthesis processes of these molecules 
have been recently introduced by Alami et al. and character­
ized by NMR, UM and SEC.27,28

Associating polymers containing hydrophobic side chains 
and hydrophilic main chains are similar to surfoctant mole­
cules. At low concentrations the hydrophobic side chains of 
the polymer are assembled inside the micelle, and the hydro­
philic main chains make a loop and generate a flower type 
structure.29-31 When the concentration exceeds the CAC, the 
intercrossing of the PEO chains takes place and viscosity 
rises abruptly. 너oweveT, models of micelle connectivity by 
superbridges, superloops, or dangling ends are still contro­
versial. Here, we suggest that the end group elfect is more 
dominant than the main chain contribution for the formation 
of the micelle of HEUR. The polymer micelles with three 
difi^rent PEO contents and three different side chain length 
of the associated polymers were used to provide the aggre­
gation model.

Experimental Section

Associated polymers have been kindly provided by prof 
E. Kumacheva at the Univ, of Toronto, Canada. The molecu­
lar weight of three different molecules which is end-capped 
with octyl (C=8), dodecyl (C=12) and octadecyl (C=18) 
alkyl chain, respectively, are determined by GPC and denoted 
by C8E038oC8 (Mw: 16,700, Mw/Mn: 1.18), G2EO600C12 
(Mw: 26200, Mw/Mn: 1.22), and GbEC&oC^ (Mw: 37,650, 
Mw/Mn: 1.27). The weight ratio of these side chains to the 
main chain PEO is 1.35, 1.29, and 1.34%, respectively.

Fluorescence spectra were measured on an ISS PCI pho­
ton counting spectro-fluorometer between 350 and 450 nm. 
Pyrene was used as a probe at 6 x 10-? m and with excited 
wavelength at 334 nm. Pyrene used in the fluorescence stud­
ies was purchased from Aldrich and purified by a process in 
the reference.12 The peak position is not alfected by the sol­
vent type, but the intensity of the peak is influenced by the 
solvent polarity.32,33 Instrumental error to read the intensity 
is within 3%.

Dynamic light scattering measurements were performed 
using a UNIPHASE He-Ne laser operating at 632.8 nm. The 
maximum operating power of the laser was 30 mW. The 
detector optics employed optical fibers coupled to an ALV/ 
SO-SIPD/DUAL detection unit which employed an EMI 
PM-28B power supply and ALV/PM-PD preamplifier/dis- 
criminator. The signal analyzer was an ALV-5000/E/WIN 
multiple tau digital correlator with 288 exponentially spaced 
channels. Its minimum real sampling time is 10"6 s and a 
maximum of about 100s. A lens with a focal length of 200 
mm narrowed the incident beam to reduce the thermal lens­
ing elfect and to increase the coherence area. The scattered 
beam passed through two pin holes (diameter 400 and 400 
Mm, respectively) before reaching the PMT. A scattering cell 
(10 mm diameter cylindrical) was placed in a temperature 
controlled bath of index matching liquid, toluene. All of the 
experiments were performed at 25 ± 0.1 °C.
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An atomic force microscope, Park Scientific Instrument, 
Autoprobe CP, equipped with a S13N4 tip was used to 
observe the self assembled micelle on a solid surface. The 
spring constant was 0.4 N/m and the images were obtained 
in contact mode. Scan rates were varied from 2 to 4 Hz. All 
samples were examined at an ambient temperature. The self 
assembled samples were prepared by soaking a clean mica 
piece into the HEUR solution fbr several minutes. The 
images presented in this work were obtained at several dif­
ferent spots of the sample.

Results and Discussion

The fluorescence emission spectrum exhibits five peaks 
denoted I-V. Figure 1(a) shows the fluorescence emission 
spectrum of pyrene in water. Polarity sensitive dye like 
pyrene provides information about the hydrophobicity of the 
dye environment in the micelle. It is known that: 1) the 
intensity of peak I (at 372 nm) is weak in nonpolar solvent 
and strong in polar solvent, 2) the I/III ratio is 1.8-1.9 in 
water and reaches 0.6 in nonpolar solvent.32,33 Pyrene is 
mainly hydrophobic probe and its solubility in water is very 
low (2-3 ^M). In the presence of micelles, pyrene is prefer­
entially diffuse into the hydrophobic domain of the micelles. 
Typical I/III value fbr aqueous micelle system is 1.1-1.2, 
implying the pyrene is located in the surface region of the 
micelle hydrocarbon core. The intensity of the peak changes 
by adding HEUR polymers in the pyrene solution as in Fig­
ure 1(b), in which the HEUR, CnEOeooCn, concentration is

21.30 g/L.
The I/III ratio of HEUR spectra was measured as a func­

tion of polymer concentration. Figure 2 shows the I/III ratio 
of the fluorescence emission spectrum of pyrene in CsEOsso- 
Cs, CnEOeooCn, and CisEOseoCis solutions as a function of 
HEUR concentration, respectively.

The transition of I/III ratio of CsEOssoCs in Figure 2(a) 
occurs at a relatively high concentration, ~10 g/L, compared 
with CnEOeooCn and CisEOseoCis which shows the transi­
tion at lower concentrations,〜1 g/L and ~10-2 g/L, respec­
tively. The I/III ratios of CsEOssoCs and CnEOeooCn de­
crease over an order of decay from 10 g/L to 100 g/L con­
centration region. For the CisEOseoCis the I/III transition 
occurs over broader concentration range, from 10-2 g/L to 2 
g/L. Generally, the CAC is located on the inflection point of 
the I/III curve and their inflection points are 16.16, 3.33, and 
0.017 g/L fbr the CgEOssoCg, C12EO600C12, and C18EO860C1&, 
respectively. The I/III ratio decreases and reaches the flat
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Figure 1. (a) A fluorescence emission spectrum of the pyrene in 
water, and (b) in HEUR solution of 21.30 g/L.
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Figure 2. The I/III ratio of fluorescence emission spectrum inten­
sity of three HEURs, (a) CsEOssoCs, (b) C12EO600C12, and (c) 
Ci8E08ooCi8, by changing the concentration. The error bar indi­
cates 3% experimental error.
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Figure 3. (a) The intensity-intensity correlation function, g⑵(t), 
and (b) the distributions of relaxation times obtained by inverse 
Laplace transformation, scattering angle 60° at various concent­
ration of C12EO600C12.

Figure 4. (a) Angular dependence of the fast mode and (b) the 
slow mode from one of the samples, 16.4 g/L of Ci2E06ooCi2.

region (data not shown) where the hydrophobic domains are 
relatively small in the solution. The difference between the 
transitions stron이y depends on the PEO contents and 
lengths of the hydrophobic end groups of the HEURs. Long 
range distribution of the I/III ratio in CisEOseoCis indicates 
that longer PEO chain makes broad distribution of the polar­
ity of the pyrene molecules, which also implies the more 
flexible micelle structure fbr the long ethylene oxide chains, 
C18E()86oC18.

Figure 3 shows the intensity-intensity correlation function, 
g⑵(t), at a scattering angle of 60° of various concentration 
of CnEOeooCn. The scattered intensity was hardly detected 
below CAC and the concentrations in Figure 3 are near the 
CAC.

The intensity-intensity correlation function:

g⑵(t) = lim也河加+ M
— 8

= B(1 +f\ g⑴(에2)

Here, t is the lag time, B is the baseline, and/is an instru­
mental parameter depending mostly on the number of coher­
ence areas detected. The normalized first order correlation 
function is given by a sin이e exponential, g⑴(T = exp(-rT), 
where r is the relaxation rate. Distributions of relaxation 
times were obtained by inverse Laplace transformation using 
the algorithm CONTIN.34 The small-fast mode and the large- 
slow mode are clearly indicated in Figure 3(b) and both 
modes are proportional to the angle. Angular dependence of 

these modes in Figure 4(a) and (b) indicates that both modes 
are diffusive. The fast mode is a result of sin이e molecular 
diffusion or small oligomeric aggregations and the slow 
mode is due to the agglomerated micellar structure. The dif­
fusion coefficient of the fast mode and the slow mode are 
calculated from the gamma us. q2 plot, D = V/q2, where D is 
the diffusion coefficient, q is the magnitude of the scattering 
vector, q = 4沏°sin(分2)/兀，no is the refractive index of sol­
vent, 兀 is the wavelength in vacuum, and 0 is the scattering 
angle. The deviation to fit the correlation function is indi­
cated by error bar in Figure 4 (a) and (b). The corresponding 
hydrodynamic radii, 5.8 nm and 175.1 nm, respectively, are 
deduced from & = kTJ(§ni]D\ where k is Boltzmann con­
stant and n is solvent viscosity. By increasing the concentra­
tion, the fast mode remains at the same position of the 
distribution function, but the slow mode shifts to the longer 
relaxation time. HEUR with longer ethylene oxides chains, 
CisE086oCi8, also shows two diffusive modes.

The I/III results show a range of extensive formation of 
micellar aggregations. The fluorescence quenching and DLS 
measurements mark the size and the aggregation process in 
more distinct ways. At very low concentrations, most poly­
mer molecules are free or in small oligomeric aggregations. 
Fluorescence and light scattering measurements cannot dis­
tinguish between these forms. However, a series of samples 
with different lengths of main chains and hydrophobic end 
groups suggest a driving factor to form the HEUR micelle. 
The recently discussed models of free energy changes with 
the formation of loops of an end-modified polymer can be
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Figure 5. AFM images of HEURs, CisEOseoCis, self^assembled on mica surface from solution in (a) 1.0 g/L, (b) 3.0 g/L, and (c) 30 g/L. 
The time of exposure is 30 min.

applied fbr the systems, in which; 1) there is a loss of 
entropy when the polymer chain is back-folded, and 2) there 
is a gain in hydrophobic free energy when the chains associ­
ated. Several authors proposed the gain of free energy on 
association of the tails and the loss of entropy of the Gauss­
ian chains.9 In the cases of decreased lengths of the PEO 
chain or longer alkyl groups, loops would become more 
favorable. In our case, in spite of the long PEO chain, the 
gain in hydrophobic energy of CisEOseoCis to form more 
favorable micellar structures than those of the short alkyl 
chain ended HEUR. The loop formation would stron이y 
depend on the energetic contributions of the hydrophobic 
side chains. But as mentioned above, the flexibility and size 
of the micelle would depend on the size of PEO chain.

Since the open association model proposed by Maechling- 
Strasser,23 in which the fundamental building blocks were 
unassociated polymer chains, Winnik suggested a closed asso­
ciation model.11 Winnik's rosette-like micelle model is that 
the individual polymer chains associated to form micelles of 
a well defined structure, but these micelles undergo second­
ary association to form clusters. Nystrom and Hansen sug­
gest a fractal-like structure with relaxation processes by DLS 
and PGSE-NMR.21 At high polymer concentrations, they sug­
gest the polymer chains undergo a series of loop-bridge, bridge­
bridge, and bridge-loop steps.

To visualize the micelle structure of the HEUR polymers, 
we transfer the micelle onto the solid surface and observed it 
through the atomic force microscope. Figure 5 shows the 
AFM images of the HEUR (CisEOseoCis) micelles formed at 
different concentration solutions by self-assembling on the 
mica surface.

The layer of micelles is strongly adsorbed on the mica sur­
face because the AFM images after scanning of contact mode 
does not show any disruption of the micellar structure. 
Adsorption from a dilute solution, 1.0 g/L of HEUR, pro­
duces spherical micellar particles as in Figure 5(a). The 
average height is 〜2.0 nm, while the diameter of the sphere 
varies from 137 nm to 255 nm. As the HEUR concentration 

increases to 3.0 g/L, fused HEUR structures with stripes and 
circles were observed. The thickness of a fine stripe is 211 
nm, which is the same as the diameter of the spherical 
micelle. It is speculated that the stripes and spheres fused 
together and generate huge rodlike structures with the length 
of several pn. The huge rodlike morphology is preserved 
upon the breakage of the structure by increasing the concen­
tration up to 3.0 g/L. Figure 5 (c) shows the self-assembly of 
HEUR prepared at a high concentration, 30 g/L. The surface 
coverage increased and a highly defused structure was cre­
ated by bridging both in the vertical and horizontal direc­
tions.

In conclusion, the end groups effect more seriously than 
the long main chains to form the HEUR micelle. The flower-

Figure 6. Schematic representation of the formation of aggregat­
ed HEURs, (a) at low concentration, (b) at critical micelle concent­
ration, (c) and (d) after cac.
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like micelle in the dilute solution expands and generates the 
rodlike structure by increasing the concentration. Then the 
micelles diffuse each other and generate the large fractal-like 
structure in high concentrations. These were not clear in the 
previous light scattering and fluorescence studies. Figure 6 
represents the schematic model for the formation of 너EUR 
micelle by concentration increments; 너EUR molecules (a) 
freely move in low c이icenhation solutions, (b) generate 
spherical micelles by increasing the concentration, (c) dif­
fuse each other and generate the rodlike micelle, and (d) 
interconnect the rod-like micelles and generate huge fractal 
structures.
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