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How Do Polymers Undergo Intrapolymer Associations? 

Hiroshi YAMAMOTO, Akihito HASHIDZUME, and Yotaro MORISHIMA t 

Department of Macromolecular Science, Graduate School of Science, 
Osaka University, Toyonaka, Osaka 560-0043, Japan 

(Received January 31, 2000; Accepted May 2, 2000) 

ABSTRACT: Copolymers of sodium 2-(acrylamido)-2-methylpropanesulfonate and N-dodecylmethacrylamide 
(C 12MAm) undergo intrapolymer hydrophobic association in water, but depending on micellization procedures, the poly­
mers may or may not form completely unimolecular micelles. Various protocols for the preparation of aqueous solutions 
of the polymers were examined to clarify how the polymers form preferentially unimolecular micelles. In solid polymer 
samples purified by reprecipitation followed by lyophilization, kinetically-frozen multimolecular micelles, formed by hy­
drophobic associations in entangled polymer chains during purification, may already exist. When a solid polymer sample 
is added to water, kinetically-frozen micelles are simply re-dissolved in water as such. Virtually unimolecular micelles 
were obtained when the solid sample was first dissolved in pure water at an elevated temperature (;;c:90°C), followed by 
addition of salt at the same temperature. Micelles formed from the copolymers with C12MAm content ;;c:40 mo!% were not 
equilibrium micelles but kinetically-frozen. The micelles were not completely unimolecular. The number of polymer 
chains comprising a micelle increased with C12MAm content. 

KEY WORDS Protocol/ Entanglement/ Sodium 2-(Acrylamido)-2-methylpropanesulfonate / N-Dode-
cylmethacrylamide / Interpolymer Association/ Intrapolymer Association/ Kinetically-Frozen Mi­
celle / 

Water-soluble amphiphilic copolymers, consisting of 
hydrophilic and hydrophobic monomer units, have been 
extensively studied in recent years for potential applica­
tions as well as academic interest in self-assembling 
phenomena.1 -s 

The self-association of amphiphilic polymers in water 
is mainly driven by hydrophobic interactions, yielding 
micellelike nanostructures. A large number of studies 
have been reported on polymer micelles formed from am­
phiphilic block and random copolymers in aqueous solu­
tions.6-10 In the case of water-soluble AB and ABA type 
amphiphilic block copolymers, where A and B represent 
hydrophilic and hydrophobic blocks, respectively, core­
corona type micelles are normally formed by multipoly­
mer associations.11- 20 In the case of amphiphilic random 
copolymers, self-association behavior is more compli­
cated than that of block copolymers because large num­
bers of hydrophilic and hydrophobic segments are con­
nected in random distribution on a polymer chain and 
therefore the association of polymer-bound hydrophobes 
occurs on the same polymer chain and between different 
polymer chains. If polymer-bound hydrophobes associate 
between different polymer chains, crosslinked structures 
are formed. When hydrophobe content in the copolymer 
is low, interpolymer association may lead to a large in­
crease in solution viscosity. When hydrophobe content is 
sufficiently high, extensive interpolymer associations 
may lead to gelation arising from infinite network 
structures. In contrast, if polymer-bound hydrophobes 
associate completely within the same polymer chain, 
single-macromolecular micelles (unimolecular micelles) 
are formed. 

Random copolymers of sodium 2-(acrylamido)-2-methyl­
propanesulfonate (AMPS) and methacrylamides substi-

tTo whom correspondence should be addressed. 

tuted with a bulky hydrophobe at the N-position un­
dergo micellization within a single polymer chain in 
water to form unimolecular micelles.8

• 
21 - 23 In such uni­

molecular micelles, all polymer-bound hydrophobes are 
incorporated in intrapolymer domains (i.e., micelle 
cores) surrounded by electrolyte segments and thus hy­
drophobes are no longer available for association with 
other hydrophobes on different polymer chains. In other 
words, unimolecular micelles possess a "closed" struc­
ture24-26 and exist as such even at very high concentra­
tions without undergoing interpolymer hydrophobic as­
sociation. 8· 

21· 22 However, it remains unanswered when 
and how polymer-bound hydrophobes undergo such 
highly preferential intrapolymer association dominating 
over interpolymer association. 

Intrapolymer micellization of amphiphilic polyelectro­
lytes in water may be governed by free energy if micelli­
zation occurs under an equilibrium condition. An impor­
tant question to be asked is whether intrapolymer micel­
lization occurs at equilibrium when a solid polymer sam­
ple is directly dissolved in water or a micelle structure 
has already been formed in the solid sample and a 
kinetically-frozen micelle is simply re-dissolved in 
water. In the latter case, the micelle structure found af­
ter direct dissolution of a solid polymer sample in water 
should depend on the history of the sample. If that is the 
case, structures of polymer micelles may be found to dif­
fer depending on protocol for the preparation of polymer 
solutions. 

To answer this question, we examined how the asso­
ciation behavior of copolymers of AMPS and N-dode­
cylmethacrylamide (C12MAm) in water depends on pro­
tocol for the preparation of polymer solutions. C12 alkyl 
chains in these copolymers show a strong tendency for 
intrapolymer self-association, leading to the formation of 
unimolecular micelles. 22· 23· 27 These copolymers were 
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prepared by free radical copolymerization in N,N-dime­
thylformamide (DMF) and purified by reprecipitation 
from a methanol solution into excess diethyl ether, fol­
lowed by dialysis of an aqueous solution against pure 
water. A solid polymer sample was recovered from a dia­
lyzed aqueous solution by freeze-drying. During polym­
erization and purification, polymers may exist as entan­
gled chains. If polymer chains remain entangled in a 
solid sample, they may undergo "intrapolymer" micelli­
zation in an entangled state when dissolved in water, re­
sulting in multi polymer micelles even if the polymer per 
se has a strong preference for intrapolymer self­
association. Therefore, to obtain purely unimolecular 
micelles, we should eliminate chain entanglement before 
polymers are subjected to micellization. If polymers un­
dergo self-association in an entangled state, polymer 
chains may not spontaneously disentangle upon simple 
dilution in water because the entanglement would be 
"locked" by hydrophobic associations of polymer-bound 
hydrophobes. In other words, hydrophobes on different 
polymer chains entangled would associate as if on the 
same polymer chain. 

Hydrophobic interactions are driven by positive en­
tropy resulting from a decrease in structured water 
molecules on the periphery of hydrophobes.28· 29 How­
ever, water structures are destroyed at elevated tem­
peratures (:290°C), if not completely, and hence hydro­
phobic interactions are greatly diminished at tempera­
tures :290°C. Therefore, we tested mainly the following 
two protocols to "cancel" out the history of solid polymer 
samples and "unlock" entanglements if any; (i) a solid 
polymer sample was dissolved in an organic solvent mis­
cible with water, and the polymer solution was dialyzed 
against pure water such that micellization occurs under 
equilibrium conditions according to change in solvent 
composition (i.e., ratio of organic solvent to water) dur­
ing dialysis, and (ii) a solid polymer sample was dis­
solved in pure water and the solution was heated at tem­
peratures :2'.90°C. In amphiphilic polyelectrolytes, hydro­
phobic attractive interactions balance with electrostatic 
repulsive interactions. Therefore, if hydrophobic interac­
tions are disrupted at an elevated temperature, electro­
static repulsive interactions may facilitate the disentan­
glement of polymer chains. Such electrostatic effect on 
chain disentanglement would be more favorable in the 
absence of salt than its presence because electrostatic 
forces are shielded by added salt. Therefore, if we need 
to prepare a unimolecular micelle solution with added 
salt, it should be important when to add salt, 

Micelles of AMPS-C12MAm copolymers in aqueous so­
lutions prepared by various protocols were carefully 
characterized by gel permeation chromatography (GPC), 
static light scattering (SLS), quasielastic light scattering 
(QELS), and nonradiative energy transfer (NRET) tech­
niques. For characterization by NRET, the polymers 
were singly labeled with naphthalene (Np) or pyrene 
(Py) or doubly labeled with Np and Py on the same poly­
mer chain (Chart 1). 

EXPERIMENTAL 

Monomers 
N-Dodecylmethacrylamide (C12MAm),30 N-(1-naphthyl-
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Chart 1. 

methyl)methacrylamide ( lNpMAm),31 and N-(1-
pyrenylmethyl)methacrylamide (1PyMAm)32 were syn­
thesized as reported previously. 2-(Acrylamido)-2-methyl­
propanesulfonic acid (AMPS) was purchased from Wako 
Pure Chemicals and used without further purification. 
2,2'-Azobis(isobutyronitrile) (AIBN) was recrystallized 
from ethanol prior to use. 

Singly-Labeled Polymers 
The polymers singly-labeled with naphthalene (Np) or 

pyrene (Py) were prepared by terpolymerization of 
AMPS, C12MAm (0, 10, 20, 30, 40, 50, 55, or 60 mol%), 
lNpMAm (1 mol%) or lPyMAm (1 mol%), and 0.1 mol% 
(based on the total monomers) of AIBN in N,N­
dimethylformamide (DMF) at 60°C for 15 h. The details 
of the polymerization procedures were reported else­
where.22 The polymers were purified by reprecipitations 
from methanol (concentration is ca. 100 g L - 1) into ex­
cess diethyl ether, and polymer solutions in a dilute 
aqueous Na OH (polymer concentration is ca. 5 g L - l) 

were dialyzed against pure water for a week and finally 
recovered by freeze-drying from aqueous solution. The 
compositions of the terpolymers were determined by N/C 
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in elemental analysis and UV absorbance. We previously 
confirmed that AMPS-C12MAm,32 AMPS-INpMAm,31 

and AMPS-1PyMAm32 copolymerizations result in co­
polymer compositions equal to monomer feed composi­
tions and completely random distribution of monomer 
units (i.e., "ideal copolymerization"). Therefore, the com­
positions of terpolymers are considered the same as 
monomer compositions in the feed and the distribution 
of the three monomer units in the terpolymer is com­
pletely random. 

Doubly-Labeled Polymers 
Polymers doubly-labeled with Np and Py were pre­

pared and purified in a manner similar to the prepara­
tion of the singly-labeled polymers using AMPS 
(45 mol%), C12MAm (50 mol%), lNpMAm (4 mol%), and 
lPyMAm (1 mol%) in monomer feed. The composition of 
the doubly-labeled polymer was determined by N/C in 
elemental analysis and UV absorbance. 

Other Materials 
NaCl and LiC104 were purchased from Wako Pure 

Chemicals and used without further purification. HPLC 
grade methanol and acetonitrile were purchased from 
Wako Pure Chemicals and used without further purifi­
cation. Milli-Q water was used for all measurements. 

Measurements 
Absorption spectra were recorded with a JASCO 

V-550 spectrophotometer. Steady-state fluorescence 
spectra were measured on a Hitachi F-4500 fluorescence 
spectrophotometer using a I-cm path length quartz cu­
vette. 

Sample solutions were excited at 290 nm and fluores­
cence spectra were recorded in the wavelength range 
300-550 nm. The intensity of pyrene fluorescence due 
to NRET from singlet excited naphthalene was esti­
mated at 376 nm. Contribution from direct pyrene exci­
tation was corrected by subtracting from each spectrum 
the emission spectrum of the corresponding Py-labeled 
polymer (Chart l(b)) of the same Py concentration. 

GPC measurements were performed at 40°C with a 
JASCO GPC-900 system equipped with Shodex Asahi­
pak GF-7M HQ columns in combination with a JASCO 
UV-975 detector. A 0.2 M LiC104 solution in methanol 
was used as eluent. Flow rate was maintained at 
1 mL min -l during measurement. Molecular weight dis­
tribution (Mw!Mn) of polymer samples was calibrated 
with poly(ethylene glycol) standards (Scientific Polymer 
Products, Inc.). 

Hydrodynamic radii (Rh) and their distributions were 
measured with an Otsuka Electronics Photal DLS-7000 
light scattering spectrometer equipped with a 60-m W Ar 
laser lamp and detector optics. An ALV-5000E digital 
multiple-, correlator (Langen-GmbH) was used for data 
collection. Autocorrelation function was measured at dif­
ferent angles (50°-130°) at 25°C. Sample solutions were 
filtered with a 0.2 µm pore size membrane filter prior to 
measurement. The observed intensity autocorrelation 
function g<2l(t) was related to normalized autocorrelation 
functiong<1l(t) by the Siegert relation, 

(1) 
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where /3 is a constant parameter for an optical system 
used and Bis a baseline term. To obtain relaxation time 
distribution, rA( r), inverse Laplace transform (ILT) 
analysis for g<2l(t) was performed using the algorithm 
REPES33 according to the equation, 

g<U(t)= f rA(r)exp(-t/r)dlnr (2) 

where r is the relaxation time. Relaxation time distribu­
tion is presented as rA( r) versus logr profile with equal 
area. Apparent diffusion coefficient, D , was calculated 
from the ILT moments as 

(3) 

where r is the relaxation rate and q is the magnitude of 
scattering vector expressed as, 

q= 4ln sin (0/2) 

Rh is given by the Einstein-Stokes equation, 

Rh=___!!:i!_ 
6mJD 

(4) 

(5) 

where kB is the Boltzmann constant, Tis the Kelvin tem­
perature, and 1J is the solvent viscosity. 

SLS data were obtained at 25°C with an Otsuka Elec­
tronics Photal DLS-7000 light scattering spectrometer 
equipped with an Ar laser (50 mW at 488 nm). Sample 
solutions of polymers were filtered with a 0.2 µm pore 
size membrane filter prior to measurement. Under these 
conditions, measurement was performed at 25°C and op­
tical constant K was calculated from the relation, 

4Jl'2n2(dn / dc)2 
K=------

NA}.,4 
(6) 

where n is the refractive index of solution, NA is the 
Avogadro number, }., is the wavelength, and dn/dc is the 
refractive index increment against concentration. Val­
ues of dn/dc were determined with a Shimadzu im­
proved Schulz-Cantow type differential refractometer. 
Apparent weight-average molecular weights (Mw) were 
estimated as, 

Kc =~1-(1 +16JT2n/3;;., 2 <S2>sin2 %+L)+2A2c+L (7) 
Re Mw 

where c is the polymer concentration, Re is the Rayleigh 
ratio,<S2>is the mean-square radius of gyration, 0 is 
the scattering angle, and A 2 is the second virial coeffi­
cient. 

RESULTS AND DISCUSSION 

Characterization of Polymers 
Because hydrophobic associations are absent in 

methanol, we estimated weight-average molecular 
weights (Mw) of Np-labeled polymers with C12MAm con­
tent (fed at 0-60 mol% (Chart l(a)) by SLS in metha­
nol containing 0.1 M LiC104 and molecular weight distri­
bution (Mw!Mn) by GPC using methanol containing 
0.2 M LiC104 as eluent. SLS measurements were per­
formed in a polymer concentration range 1.0-5.0 g L 1. 
An example of Zimm plots for the polymer with fc12 = 
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Figure 1. Zimm plots for the Np-labeled polymer with fc 12 = 
10 mo!% in methanol containing 0.1 M LiC104 at 25°C. 

10 mol% is presented in Figure 1. Under these condi­
tions, reasonably good Zimm plots were obtained also for 
the other polymers with varying contents of C12MAm. 
From Zimm plots, Mw were estimated by extrapolating 0 
and c to zero. The results are listed in Table I along with 
Mw!Mn roughly estimated by GPC. Mw in methanol solu­
tions was (3.9-6.5) X 104 and Mw!Mn 1.9-2.4. There is 
no particular dependence of Mw and Mw!Mn on fc12-

Polymer Solution Preparations 
To assess the dependence of polymer micellization on 

preparation of micelle solutions, QELS measurements 
were performed on sample solutions of the doubly­
labeled polymer with fc12 =50 mol% (Chart l(c)) at a 
polymer concentration of 1.5 g L - l in 0.2 M Na Cl aque­
ous solution, as summarized in Scheme 1. Apparent hy­
drodynamic radii (Rh) obtained at a scattering angle of 
90° are indicated in Scheme 1. 

Six solutions (Solutions 1-6) were prepared as fol­
lows (Scheme 1): 

Solution 1: A dry polymer sample obtained as in the 
Experimental Section was dissolved in methanol and 
dialyzed against pure water for 1 week. The polymer 
was recovered by freeze-drying from an aqueous solution 
after dialysis. The polymer was dissolved in a 0.2 M 
NaCl aqueous solution at room temperature and allowed 
to stand for 2 days (Process 1). Rh for this solution 
(polymer concentration adjusted to 1.5 g L - l prior to 
measurement) was 20.1 nm. 

Solution 2: A dry polymer sample was dissolved in a 
water/acetonitrile mixed solvent (3/7, v/v) and dialyzed 
against pure water for 1 week. The polymer was recov­
ered by freeze-drying from aqueous solution after dialy­
sis. The polymer was dissolved in 0.2 M NaCl aqueous 
solution at 90°C (Process 2). Rh for this solution was 
8.9nm. 

Solution 3: The same freeze-dried polymer was dis­
solved in pure water at 90°C. After cooling to room tem­
perature, a predetermined amount of NaCl was added to 
the solution (Process 3). Rh was 7.9 nm, slightly smaller 
than that for Solution 2. 

Solution 4: A dry polymer sample was dissolved in 
0.2 M NaCl aqueous solution at room temperature and 
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allowed to stand for 2 days (Process 4). Rh was 25.5 nm. 
Solution 5: The same dry polymer was dissolved in 

0.2 M NaCl aqueous solution at 90°C (Process 5). Rh 
was 7 .5 nm, much smaller than for Solution 4. 

Solution 6: Dry polymer was dissolved in pure water 
at 90°C. After cooling to room temperature, a predeter­
mined amount of NaCl was added (Process 6). Rh was 
6.1 nm, significantly smaller than for Solution 5. 

Rh for Solution 6 was smaller than for any other solu­
tions. Rh for solutions prepared without heating at 90°C 
(Solutions 1 and 4) are much larger than for solutions 
prepared by heating at the elevated temperature. We ex­
amined whether sonication during heating at 90°C af­
fects Rh (data not shown) but found virtually no effect. 

Micelle structures, formed when the reprecipitated 
polymers were first dissolved in water for dialysis, are 
retained in dry polymer samples recovered by freeze­
drying. This micelle may be a kinetically-frozen micelle 
formed not only by intrapolymer hydrophobic associa­
tion but also interpolymer association between polymer 
chains entangled in the dry sample. When the dry sam­
ple is dissolved in water at room temperature, the 
already-formed multipolymer micelles are simply re­
dissolved without reorganization of micellar structure, 
and therefore hydrodynamic size is larger than that for 
the corresponding unimolecular micelle. If polymer solu­
tion in pure water is heated at 90°C, a temperature at 
which hydrophobic interactions diminish, the micellar 
structure may be disrupted allowing polymer chains to 
disentangle. Such disentanglement may be facilitated by 
interpolymer electrostatic repulsion. Upon cooling the 
solution to room temperature, each polymer chain un­
dergoes completely intrapolymer self-association, yield­
ing unimolecular micelles, as illustrated in Figure 2. 

The distributions of relaxation times in QELS at 
0 = 90° for Solutions 4, 5, and 6 are compared in Fig­
ure 3. Relaxation time distribution for Solution 4 is bi­
modal with a small fast relaxation mode peak attribut­
able mainly to unimers (a single polymer state) and a 
much larger slow mode peak to multipolymer aggre­
gates. Relaxation time distribution for Solution 6, 
which shows the smallest Rh, is narrower than for Solu­
tion 5. We may thus conclude that heating polymer so­
lution without added salt is most important to eliminate 
interpolymer hydrophobic association possibly brought 
about through chain entanglements in solid polymer 
samples recovered by freeze-drying. Dialysis of organic 
solutions of the polymer against pure water and sonica­
tion of polymer aqueous solution have little or not effect 
on the elimination of chain entanglements. 

Nonradiative Energy Transfer (NRET) 
NRET between an energy donor and energy acceptor 

covalently attached to the same polymer chain or sepa­
rate polymer chains is useful to probe conformational 
changes. 34- 3s Naphthalene and pyrene are often used as 
a donor-acceptor pair because this pair has large spec­
tral overlap, and naphthalene can be selectively excited 
near 290 nm. NRET is indicated by increase in the in­
tensity of pyrene fluorescence with excitation of naph­
thalene.27 

Interpolymer NRET measurements were performed 
with polymer solutions prepared as follows: 
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(1) Dissolved in methanol. 
(2) Dialyzed against pure water for 1 week. Dissolved in 0.2 M NaCl aqueous solution 
(3) Recovered by lyophilization. at room temperature. 2 days .• I Solution l I (Process 1) 

Rh= 20.1 nm 

- Dissolved in 0.2 M NaCl aqueous solution at 90 ·c. I Solution 2 I (1) Dissolved in H20/CH3CN (3/7, v/v). 
(2) Dialyzed against pure water for 1 week. 

Rh= 8.9 nm (3) Recovered by lyophilization. 

(Process 2) 

Dissolved in pure water 
at 90 ·c. NaCl added at 90 ·c. • I Solution 3 1 (Process 3) 

\ Dry Polymer l- Rh= 7.9 nm 

Dissolved in 0.2 M NaCl aqueous solution at room temperature. 2 days.• I Solution 41 (Process 4) 

Rh= 25.5 nm 

Dissolved in 0.2 M NaCl aqueous solution at 90 °C. 
: Solution s I (Process 5) 

Dissolved in pure water at 90 ·c. NaCl added at 90 ·c. • 

Rh= 7.5 nm 

Solution 6 ~--~I (Process 6) 

Rh= 6.1 nm 

Scheme 1. Preparation of aqueous solutiopns of polymer. 

> 
Headng Cooling 

25 °C 90 °C 25 °C 

Figure 2. Conceptual illustration of the formation of unimolecu­
lar micelles when multimolecular micelles in pure water were 
heated at an elevated temperature, followed cooling. 

Solution (i): Polymer solutions (1 g L -i) of the Np­
labeled polymer and Py-labeled polymer of the same fc12 
were separately prepared according to Process 5 (ex­
cept NaCl concentration of 0.05 M) and the two aqueous 
solutions were mixed at 4 : 1 (Np-labeled polymer : Py­
labeled polymer) after cooling the solutions to room tem­
perature. 

Solution (ii): The Np-labeled and Py-labeled poly­
mers with the same fc 12 were dissolved in methanol 
(polymer concentration is ca. 10 g L - l ), and poured into 
excess diethyl ether to precipitate the polymers. After 
removing diethyl ether by centrifugation, the polymers 
were dissolved in water and recovered by freeze-drying 
from aqueous solution of the mixture of the Np-labeled 
and Py-labeled polymers. A polymer solution of the re­
covered polymer sample was prepared according to 
Process 5 (except NaCl concentration of0.05 M). 

Solution (iii): The same freeze-dried polymer mix­
ture was dissolved in pure water at 90°C according to 
Process 6 (except NaCl concentration of 0.05 M ad­
justed at room temperature). 

Using these three solutions of polymers with fc 12 = 
0-60 mol%, we performed interpolymer NRET meas-
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0.01 0.1 

Relaxation Time, r(ms) 

Figure 3. Distribution of the relaxation times in QELS meas­
ured at 0 =90° for 1.5 g L -, doubly-labeled polymer solutions con­
taining 0.2 M NaCl at 25°C. Solution 4 (0), Solution 5 (0), and 
Solution 6 (L'.). 

urements at polymer concentration of 1.0 g L - 1. Figure 4 
shows the ratio of intensity for Py fluorescence to that 
for Np fluorescence (/pyl/Np) plotted as a function of fc12 
for the three solutions. /Py//Np for Solutions (ii) and 
(iii) obviously increase when fc12 >40 mol%. This in­
crease is due to an increase in the number of Np and Py 
labels close to each other within the Forster radius (R0 = 
2.86 nm for transfer from 1-methylnaphthalene to py­
rene39). These results suggest that when hydrophobe 
content is higher than 40 mol%, interpolymer associa­
tions during the reprecipitation and dialysis are re­
tained to some extent even after treating the polymer 
sample according to Processes 5 and 6. The number of 
polymer chains associated together clearly increased 
with fc12 at fc 12 >40 mol%. /pyl/Np for Solution (ii) are 
larger than for Solution (iii) at the same fc 12 at fc12 > 
40 mol%. This suggests a larger number of polymer 
chains to be associated in Solution (ii) than in Solu­
tion (iii). This is an indication that chain disentangle-
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Figure 4. Intensity of fluorescence from Py to Np labels (Ip/I Np) 

as a function of fc, 2 for mixed solutions of Py- and Np-labeled poly­
mers containing 0.05 M NaCl with excitation at 290 nm at 25°C: 
Polymer concentration; 1 g L- 1

. Solution (i) (0), Solution (ii) 
(0), and Solution (iii) (6). 

ment occurs more easily in pure water than in salt 
water. 

In sharp contrast, lp/lNp for Solution (i) are virtually 
constant at a small value independent of fc 12, indicating 
no interpolymer NRET at any fc12 in Solution (i). This 
does not indicate the absence ofinterpolymer association 
in Solution (i). When a solution of Np- and Py-labeled 
polymers was prepared separately from a solid sample of 
each polymer, some polymer chains in the solution may 
exist as interpolymer associates formed during precipi­
tation and dialysis. When the two polymer solutions 
were mixed, the two polymers exist independently, and 
neither rearrangement of the association state nor fur­
ther association occurs. Micelles formed from the 
AMPS-C12MAm copolymers in aqueous solutions are 
thus kinetically-frozen. 

lp/lNp in interpolymer NRET measurement are much 
smaller than in intrapolymer NRET of doubly-labeled 
polymers. lp/lNp for the doubly-labeled polymers (i.e., 
intrapolymer NRET efficiencies) in Solutions 4, 5, and 
6 were 10.5, 9.4, and 9.2, respectively. These large ratios 
indicate strong preference of intra polymer association of 
the polymer. 

AMPS-C12MAm copolymers may thus show strong in­
trapolymer association but at hydrophobe content 
higher than ca. 40 mol%, some polymer chains associate 
in a interpolymer fashion, that may arise from already 
existing chain entanglements. 

Quasielastic Light Scattering (QELS) 
Using Np-labeled polymers with fc12 of 0-60 mol% 

(Chart l(a)), aqueous solutions at polymer concentration 
of 1 g L -l in 0.05 M NaCl were prepared according to 
Process 6 and relaxation time distribution for the solu­
tions was measured at varying scattering angles from 
50° to 130°. The relaxation rate (I') (i.e., reciprocal of re­
laxation time ( r) ) at each peak top of relaxation time 
distribution was plotted against q2

, giving a straight line 
passing through the origin (data not shown). From the 
diffusion coefficient (DJ determined from the slope of the 
plot, apparent Rh were calculated from eq 5 along with 
the viscosity and refractive index of 0.05 M NaCl aque­
ous solution at 25°C. Rh thus estimated are listed in Ta-
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Table I. 

0 
10 
20 
30 
40 
50 
55 
60 

Molecular weights, molecular weight distribution, and 
hydrodynamic radii for Np-labeled polymers 

5.5 
5.0 
6.5 
4.3 
4.9 
3.9 
4.4 
5.2 

6.1 
6.0 
6.7 
5.3 

5.6 
6.7 
7.1 
8.5 
8.8 

20.7 
81.7 

381.5 

7.6 
19.5 
47.5 

281.2 

2.1 
2.2 
2.2 
2.4 
2.2 
1.9 
2.1 
1.8 

7.3 
7.1 
4.9 
3.9 
4.0 
4.3 
5.7 
8.1 

a Determined by SLS in methanol containing 0.1 M LiCJQ4 at 25 
°C. b Determined by SLS in 0.2 M NaCl aqueous solutions at 25°C. 
See text for preparation of Solutions A-C. 'Determined by GPC 
using methanol containing 0.2 M LiCI04 as eluent at 40°C. d Deter­
mined by QELS in 0.05 M NaCl aqueous solution at 25°C. 

ble I. Rh decreased gradually with increasing fc12, show­
ing a minimum value at fc12 =30 mol%, gradually in­
creasing with increasing fc12 up to 50 mol%, followed by 
sharp increase in Rh at fc12 >50 mol%. Thus, at fc 12< 
50 mol%, the polymer main chain takes a more collapsed 
conformation at higher fc 12 because hydrophobe associa­
tions of the C12 alkyl chains preferentially occur in the 
same polymer chain in this fc12 region. Not only intra­
but also interpolymer associations occur at fc12 beyond 
50 mol%. 

Static Light Scattering (SLS) 
SLS measurements were performed on the Np-labeled 

polymers (Chart l(a)) with fc12 =0-60 mol% at 25°C at 
1.0-5.0 g L -l polymer concentration in 0.2 M NaCl 
aqueous solution. 

Polymer solutions for the SLS measurements were 
prepared as follows: 

Solution A: Solutions of varying polymer concentra­
tions (1.0-5.0 g L -l) in 0.2 M NaCl were prepared ac­
cording to Process 6. 

Solution B: A 5.0 g L - l polymer solution in 0.2 M 
NaCl was first prepared according to Process 5 and ali­
quots of this solution were diluted with 0.2 M NaCl 
aqueous solution at 90°C to prepare solutions of varying 
polymer concentration (1.0-4.0 g L - 1). 

Solution C: A 5.0 g L - l polymer solution in pure 
water was first prepared and NaCl was added (0.2 M 
NaCl) according to Process 6. Aliquots of the solution 
were diluted with a 0.2 M NaCl aqueous solution at 90°C 
to prepare solutions of varying polymer concentration 
(1.0-4.0 g L - 1). 

Apparent Mw estimated from Zimm plots for Solu­
tion A for the polymers with fc12 of 0-30 mol% are 
listed in Table I. Apparent Mw for Solution A agree 
fairly well with Mw in methanol (containing 0.1 M Li­
ClO4) in this fc 12 range. The polymers with fc12 ~ 30 mol 
% thus exist as unimers in Solution A. For the polymer 
with fc12?. 40 mol%, KJR 0 at 0 = 0 for Solution A in­
creased with decreasing polymer concentration in Zimm 
plots. An example of such anomalous Zimm plots for the 
polymer with fc12 = 55 mol% is presented in Figure 5. 
Polymer chains may aggregate and the number of poly­
mer chains associating together (i.e., aggregation num-
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Figure 5. Zimm plots for the Np-labeled polymer with fc 12 = 
55 mo]% in 0.2 M NaCl aqueous solution at 25°C. Polymer concen­
trations: (1) 1 g L 1, (2) 2 g L- 1

, and (3) 3 g L- 1
. 

ber) may increase with polymer concentration. Thus, it 
can be concluded that not only intra- but interpolymer 
associations occur in Solution A when fc12?. 40 mol%. 

In contrast, normal Zimm plots were obtained with 
Solution B for all fc 12. Apparent Mw estimated from the 
Zimm plots for Solution B are listed in Table I. Even at 
fc 12 <40 mol% where hydrophobic association predomi­
nantly occurs in an intrapolymer fashion, apparent Mw 
for Solution B are larger than in methanol (containing 
0.1 M LiC1O4) at the same fc 12. Entanglements between 
polymer chains may thus not be completely eliminated 
in Solution B prepared by Process 5. Apparent Mw 
slightly increased with fc12 up to 40 mol%, but increased 
with fc12 at fc12 > 50 mol%, suggesting interpolymer as­
sociations to be more pronounced atfc12 >50 mol%. 

In contrast to Solution A, KcfR0 at 0 = 0 for Solution 
C for fc 12 of 40 to 60 mol% increased with polymer con­
centration, exhibiting normal Zimm plots. Apparent Mw 
estimated from Zimm plots for Solution C are listed in 
Table I. Mw for Solution C are smaller than for Solu­
tion B but larger than in methanol. Assuming Mw in 
methanol are of the unimer state, the aggregation num­
ber of polymer chains in Solution C may be estimated 
from Mw for Solution C and methanol solution. Aggre­
gation numbers thus estimated for the Np-labeled poly­
mers with fc 12 =40, 50, 55, and 60 mol% in Solution C 
are ca. 2, 5, 10, and 50, respectively. Thus, virtually uni­
molecular micelles are formed at fc 12 <40 mol% if poly­
mer solutions are prepared via Process 6. Strictly 
speaking, some polymer micelles for fc 12 =40 mol% may 
consist of 2 or more polymer chains. As f c12 increases be­
yond 50 mol%, the number of polymer chains involved in 
a polymer micelle increases rapidly. SLS for Solutions 
A and B indicate association of the polymers with fc 12?. 

40 mol% is not an equilibrium state, i.e., micelle struc­
tures formed from hydrophobic associations are 
kinetically-frozen in aqueous solution with added salt. 

CONCLUSION 

Copolymers of AMPS and C12MAm undergo preferen­
tially intrapolymer hydrophobic association in water, 
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but it depends on the protocol for micellization proce­
dures whether the polymers end up with uni- or multi­
molecular micelles. Various preparations of aqueous so­
lutions of the polymers were tested to clarify how poly­
mers undergo micellization. In the solid polymer sample 
purified by reprecipitation followed by lyophilization, 
kinetically-frozen micelles may already exist. The mi­
celles are not unimolecular but multimolecular, and 
formed by hydrophobic associations in entangled poly­
mer chains depending on their history. When the solid 
polymer sample is added to water, kinetically-frozen mi­
celles are simply re-dissolved in water as multimolecular 
micelles. Virtually unimolecular micelles may be ob­
tained if the solid sample is first dissolved in pure water 
and the solution is heated to ?.90°C, followed by the ad­
dition of a predetermined amount of NaCl at the same 
temperature to adjust ionic strength of the micelle solu­
tion. This was found most effective for eliminating pre­
existing interpolymer associations. However, micelles 
formed from polymers with fc 12?. 40 mol% were not com­
pletely in a single molecular state. The numbers of poly­
mer chains consisting of a micelle for the polymers with 
fc 12 =40, 50, 55, and 60 mol% were found 2, 5, 10, and 
50, respectively, and increased with fc 12. The micelles of 
polymers with fc 12?. 40 mol% are not in equilibrium but 
kinetically-frozen in aqueous solution with added salt. 

Acknowledgment. The authors thank Associate Pro­
fessor Takahiro Sato at the Department of Macro­
molecular Science, Graduate School of Science, Osaka 
University, for valuable suggestions on light scattering. 
This work was supported in part by a Grant-in-Aid for 
Scientific Research No. 10450354 from the Ministry of 
Education, Science, Sports and Culture, Japan. 

REFERENCES 

1. Y. X. Zang, A. H. Da, T. E. Hogen-Esch, and G. B. Butler, in 
"Water Soluble Polymers: Synthesis, Solution Properties and 
Application," S. W. Shalaby, C. L. McCormick, and G. B. But­
ler, Ed., ACS Symposium Series 467, American Chemical So­
ciety, Washington, D.C., 1991, p 159. 

2. R. Varadaraj, K. D. Branham, C. L. McCormick, and J. Bock, 
in "Macromolecular Complexes in Chemistry and Biology," P. 
L. Dubin, J. Bock, R. M. Davis, D. N. Schulz, and C. Thies, 
Ed., Springer-Verlag, Berlin and Heidelberg, 1994, p 15. And 
references cited therein. 

3. J. Bock, R. Varadaraj, D. N. Schulz, and J. J. Maurer, in 
"Macromolecular Complexes in Chemistry and Biology," P. L. 
Dubin, J. Bock, R. M. Davis, D. N. Schulz, and C. Thies, Ed., 
Springer-Verlag, Berlin and Heidelberg, 1994, p 33. 

4. I. R. Schmolka, J. Am. Oil. Chem. Soc., 68, 206 (1991). 
5. M. Almgren, P. Bahadur, M. Jansson, P. Li, W. Brown, and A. 

Bahadur, J. Colloid Interface Sci., 151, 157 (1992). 
6. C. L. McCormick, J. Bock, and D. N. Schulz, in "Encyclopedia 

of Polymer Science and Engineering," 2nd ed, J. I. Kroschwitz, 
Ed., John Wiley, New York, N.Y., 1989, Vol. 11. 

7. A. Laschewsky,Adv. Polym. Sci., 124, 1 (1995). 
8. Y. Morishima, in "Solvents and Self-Organization of Poly­

mers," S. E. Webber, D. Tuzar, and P. Munk, Ed., Kluwer 
Academic Publishers, Dordrecht, 1996, p 331. 

9. S. E. Webber, J. Phys. Chem. B, 102, 2618 (1998). 
10. C. L. McCormick, R. S. Armentrout, G. C. Cannon, and G. G. 

Martin, in "Molecular Interactions and Time-Space Organi­
zation in Macromolecular Systems," Y. Morishima, T. Nori­
suye, and K. Tashiro, Ed., Springer-Verlag, Berlin, 1999, p 
125. And reference cited therein. 

11. P. Alexandridis, Macromolecules, 31, 6935 (1998). 

751 



H. y AMAMOTO, A. HASHIDZUME, and Y. MORISHIMA 

12. A. L. Borovinskii and A. R. Khokhlov, Macromolecules, 31, 
1180(1998). 

13. J. R. Quintana, M. D. Janez, E. Hernaez, A. Garcia, and I. 
Katime, Macromolecules, 31, 6865 (1998). 

14. T. Rager, W. H. Meyer, G. Wegner, and M.A. Winnik, Macro­
molecules, 30, 4911 (1997). 

15. S. Creutz, J. van Stam, S. Antoun, F. C. De Schryver, and R. 
Jerome, Macromolecules, 30, 4078 (1997). 

16. J. Ding and G. Liu, Macromolecules, 31, 6554 (1998). 
17. A. Harada and K. Kataoka, Macromolecules, 31, 288 (1998). 
18. E. B. Jorgensen, S. Hvidt, W. Brown, and K. Schillen, Macro­

molecules, 30, 2355 (1997). 
19. R. P. Mondescu and M. Muthukumar, Macromolecules, 30, 

6358 (1997). 
20. Z. Tuzar, H. Pospisil, J. Plestil, A. B. Lowe, F. L. Baines, N. C. 

Billingham, and S. P. Armes, Macromolecules, 30, 2509 
(1997). 

21. Y. Morishima, Trends Polym. Sci., 2, 31 (1994). 
22. Y. Morishima, S. Nomura, T. Ikeda, M. Seki, and M. Kama­

chi, Macromolecules, 28, 2874 (1995). 
23. H. Yamamoto and Y. Morishima, Macromolecules, 32, 7469 

(1999). 
24. C. Tanford, in "The Hydrophobic Effects," 2nd ed, Wiley, New 

York, N.Y., 1980. 
25. H. G. Elias, J. Macromol. Sci., Part A, 7, 601 (1973). 

752 

26. Z. Tuzar and P. Kratochvil, in "Surface and Colloid Science," 
E. Matijevic, Ed., Plenum Press, New York, N.Y., 1993. 

27. H. Yamamoto, M. Mizusaki, K. Yoda, and Y. Morishima, Mac­
romolecules, 31, 3588 (1988). 

28. G. Nemethy and H. A. Scherage, J. Phys. Chem., 66, 1773 
(1962). 

29. W. P. Jencks, in "Catalysis in Chemistry and Enzymology," 
McGraw-Hill, New York, N.Y., 1969, p 393. 

30. Y. Morishima, T. Kobayashi, and S. Nozakura, Polym. J., 21, 
267 (1989). 

31. Y. Morishima, Y. Tominaga, S. Nomura, and M. Kamachi, 
Macromolecules, 25,861 (1992). 

32. Y. Morishima, Y. Tominaga, M. Kamachi, T. Okada, Y. 
Hirata, and N. Mataga, J. Phys. Chem., 95, 6027 (1991). 

33. J. Jakes, Czech. J. Phys., B38, 1305 (1988). 
34. S. E. Webber, Chem. Rev., 90, 1469 (1990). 
35. F. M. Winnik, Polymer, 31, 2125 (1990). 
36. H. Ringsdorf, J. Simon, and F. M. Winnik, Macromolecules, 

25, 7306 ( 1992). 
37. Y. Hu, M. C. Kramer, C. J. Boudreaux, and C. L. McCormick, 

Macromolecules, 28, 7100 (1995). 
38. M. C. Kramer, J. R. Steger, Y. Hu, and C. L. McCormick, 

Macromolecules, 29, 1992 (1996). 
39. I. B. Berlman, in "Energy Transfer Parameters of Aromatic 

Compounds," Academic Press, New York, N.Y., 1973. 

Polym. J., Vol. 32, No. 9. 2000 


	Micellization Protocols for Amphiphilic Polyelectrolytes in Water. How Do Polymers Undergo Intrapolymer Associations?
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	REFERENCES


