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ABSTRACT: To study the effect of the structural factors of hydrophobic residues in 
amphiphilic polyelectrolytes on self-aggregation and on the nature of hydrophobic microdomains 
thus formed in aqueous solution, copolymers of sodium 2-acrylamido-2-methylpropanesulfonate 
(AMPS) with various hydrophobic monomers such as 1-vinylpyrene, 9-vinylphenanthrene, choles
tanyl methacrylate, and lauryl methacrylamide were synthesized. The microphase separation of 
these copolymers to form micelle-like hydrophobic domains in aqueous solution was evidenced by 
viscosity behavior, the line broadening.of 1 H NMR absorption peaks, the surface tension of the 
aqueous solutions, and the morphology of cast films. The copolymers with aromatic hydrophobic 
residues (pyrenyl or phenanthryl groups) were more able to self-aggregate than those with aliphatic 
hydrophobic residues (lauryl or cholestanyl groups). In the hydrophobic microdomains the 
aromatic residues tend to be more tightly packed than are the aliphatic residues. 
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In recent years, there has been much atten
tion focused on photophysics and photochem
istry, 1- 5 redox processes,6 and chemical re
actions 7 •8 in amphiphilic polyelectrolytes in 
aqueous media because significant kinetic ef
fects are often observed as a result of the 
existence of the microphase structures of the 
polymers. 

tent of the hydrophobic residues in the 
polymers. 9 

On an amphiphilic polyelectrolyte chian at
tractive hydrophobic interactions among hy
drophobic residues compete with repulsive 
electrostatic interactions among charged seg
ments. The self-organization of hydrophobic 
residues to form a micelle-like microphase 
structure can occur when the hydrophobic 
interactions are strong enough to prevail over 
segmental Coulombic repulsions. Naturally, 
the consequence of the competition between 
the hydrophobic attraction and the electro
static repulsion strongly depends on the con-

We have reported that amphiphilic co
polymers of AMPS with 9-vinylphenanthrene 
(9VPh) show anomalous photophysical be
havior in aqueous solution as compared with a 
low molecular-weight related model system. 10 

In these amphiphilic copolymers the clusters of 
phenanthrene (Phen) residues are formed, to 
which hydrophobic quencher molecules are 
efficiently bound in aqueous solution. 10· 11 

More recently, we have demonstrated a 
remarkable effect of the "hydrophobic com
partmentalization" of chromophores (Phen 
residues) in the hydrophobic microdomains 
composed of pendant phenyl groups or lauryl 
groups in the amphiphilic terpolymers of 
AMPS, 9VPh, and styrene or lauryl metha
crylamide (LMA). 12 In the case of the com
partmentalization with the phenyl aggregates, 
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a collisionless long-range electron transfer oc
curs from singlet-excited Phen to methyl
viologen (MVz+) bound to the peripheral area 
of the hydrophobic microdomain; i.e., MVz+ 
is prohibited from entering the phenyl ag
gregates.13 By contrast, in the case of the lauryl 
aggregates, MV2 + can easily get into the hy
drophobic microdomain and is allowed to 
come into contact with the Phen residues, and 
thereby ground-state interactions between 
Phen and MV2 + are favored. A remarkable 
feature for the hydrophobic compartmentali
zation of the chromophores with the phenyl 
aggregates is that an extremely efficient charge 
separation takes place. 12·13 

These observations in our continuing work 
on photophysics and photoinduced electron 
transfer in amphiphilic polyelectrolyte systems 
have motivated us to study how the tendency 
for the microphase separation and the nature 
of the microphase structures thus formed are 
dependent on the type of the hydrophobic 
groups. 

To this end we prepared random copoly
mers of AMPS with various hydrophobic 
monomers (Scheme I). The present paper de
scribes the microphase separation of am
phiphilic polyelectrolytes in aqueous solution 
with an emphasis on the qualitative com
parison among the various types of hydro
phobic groups in the copolymers. The experi
mental results obtained in the present study 
are not satisfactorily quantitative ones. Never
theless, the qualitative comparison among the 
various hydrophobic residues can still pro
vide useful information on the characteristic 
photophysical and photochemical behavior 
of the amphiphilic polyelectrolytes in aque
ous solution. 

EXPERIMENT AL 

Materials 
Laury! methacrylamide (LMA) was synthe

sized as follows: To a stirred solution of 35.2 g 
(0.19 mo!) of laurylamine (Wako Pure Chem-
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ical Ind. Ltd.), 35.5 g (0.35 mol) of triethyl
amine, and 10 mg of hydroquinone in 400 ml 
of benzene was added 20.3g (0.194mol) of 
methacryloyl chloride over a period of 1 h. 
The reaction mixture was stirred for additional 
24 h at room temperature. After removing 
precipitates by filtration the benzene solution 
was washed with a 0.1-M HCI aqueous solutima 
three times and then thoroughly washed with 
pure water. The organic layer was then dried 
over magnesium sulfate overnight. Benzene 
was removed on a rotary evaporator to dry
ness. The crude product was recrystallized 
twice from benzene and dried in vacuo at room 
temperature (36.8 g, yield 76.4 %): mp 36°C; 1 H 
NMR (CDCl3) 1.8-1.91 (t, 3H), 2.24-2.6 
(m, 20H), 2.94 (m, 3H), 4.18-4.38 (q, 2H), 
6.28 (m, 1 H), 6.64 (s, I H), and 6.9 (s, I H); 
Anal. Calcd. for C16H31 NO: C, 75.83%; H, 
12.33%; N, 5.52%. Found: C, 75.59% H, 
12.38%; N, 5.51 %-

The preparations of cholestanyl methacryl
ate14 (ChM), 9-Vinylphenanthrene10 (9VPh), 
and l-vinylpyrene10 (lVPy) have been report
ed elsewhere. 

2-Acrylamido-2-methylpropanesulfonic 
acid (AMPS) (Nitto Chemical Co.) was used 
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without further purification. 

Copolymerizations 
Copolymers of AMPS with the hydrophobic 

monomers were prepared by free-radical po
lymerization as follows: In a glass ampule 
were placed a known amount of AMPS and 
a hydrophobic monomer, 0.2 mo!'¼ (on the 
basis of the total monomers) of 2,2' -azobis 
(2-methylpropionitrile) (AIBN), and tetrahy
drofuran (THF). The complete dissolution of 
AMPS in THF was effected by adding the 
equimolar triethylamine to the solution. The 
ampule was thoroughly outgassed on a vac
uum line and sealed off. The polymerizations 
were carried out in the ampule immersed in a 
water bath at 60°C. The reaction mixture was 
then poured into a large excess of n-hexane to 
precipitate out the resultant copolymers. The 
copolymers were further purified by repre
cipitation from a THF solution into an excess 
of n-hexane, allowed to air dry briefly, and 
treated with dilute aqueous sodium hydroxide. 
With water soluble copolymers, the dilute al
kaline solution was shaken with n-hexane to 
extract liberated triethylamine and dialyzed 
against pure water. The copolymers were re
covered by freeze-drying. With water insol
uble copolymers, the precipitates in the dilute 
alkaline solution were filtered, washed with 
pure water, and dried. 

The copolymer compositions were deter
mined by the C/N and C/S ratios of micro
analysis. 

Measurements 
The reduced viscosities of the aqueous so

lutions of the copolymers were measured at 
30°C in a modified Ubbelohde type viscom
eter. 

1 H NMR spectra were measured employing 
6-wt% solutions of the copolymers in DMSO
d6 or in D20 at room temperature by using a 
Varian T-60 spectrometer. 

Surface tensions were measured by a con
ventional drop-weight method. The number of 
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drops was counted at 30°C by a stalagnometer 
placed in a thermostat. 15 

Electron micrographs were taken with a 
Hitachi H-600FE Transmission Analytical 
Electron Microscope at 100 kV. An aqueous 
solution of the amphiphilic copolymer (ca. 2 
wt%) was applied to a 400-mesh copper grid 
covered with a carbon-coated collodion film 
and allowed air dry. The cast film was stained 
by applying a drop of 2-wt% aqueous solution 
of uranyl acetate. The specimens were observ
ed at the direct magnification of 5 x 104 . 

RES UL TS AND DISCUSSION 

The segments of AMPS in the amphiphilic 
copolymers can effectively solubilize the se
quences of hydrophobic monomer units into 
water. For the amphiphilic copolymers with 
lauryl methacrylamide (LMA) (C16H31 NO), 
ALa-x (x = 4, 13, or 44), all the copolymers 
.were soluble in water, while the copolymers 
with cholestanyl methacrylate (ChM) (C31 

H 520 2 ), ACh-x (x= 1, 9, 23, or 60), were less 
soluble; i.e., ACh-23 (ACh-x with x=23) 
was mostly soluble in water, whereas ACh-60 
was completely insoluble. This difference in 
solubility in water between ALa-x and ACh-x 
seems to be reasonable because the ChM units 
are considerably more hydrophobic than the 
LMA units in terms of the number of carbon 
atoms contained in the monomer. On the other 
hand, the copolymers of 9-vinylphenanthrene 
(9VPh) (C16Hu), APh-x (x=2, 5, 19, 41, or 
50), and of 1-vinylpyrene (1 VPy) (C18 H12), 

APy-x (x = 3, 10, or 50), were all soluble in 
water. These four types of the copolymers 
prepared in the present study were all soluble 
in methanol, N,N-dimethylformamide, and 
dimethylsulfoxide, but insoluble in most of 
other common organic solvents. 

Figure I shows the plots of the reduced 
viscosities of various amphiphilic polyelec
trolytes with varying copolymer compositions 
(x) as a function of the concentration of the 
copolymer in salt-free aqueous solution. 
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Figure I. Plots of reduced viscosities (1/,p/c) vs. concentration for the various amphiphilic polyelec
trolytes with varying copolymer compositions in pure water at 30°C. 

Copolymers with a low content of hydropho
bic units showed a negatively sloping plot, a 
typical behavior of ionized polyelectrolytes. 
The steepness of the negative slopes reflects the 
extent of chain expansion on dilution, which is 
caused by an increased segmental electrostatic 
repulsion. 16 If intramolecular hydrophobic in
teractions are strong enough not to allow a 
polymer coil to expand, the reduced viscosity 
would not increase on dilution. In fact the 
negative slope tends to get less steep as the 
content of the hydrophobic units in the co
polymes increases. In the case of APy-x the 
negative slope turned into a slightly positive 
slope and the reduced viscosities significantly 
decreased as the content of the pyrene residues 
was increased from x= 3 to 10. This is an 
implication that in the case of the pyrene 
residues intramolecular aggregations among 
the hydrophobic groups are highly favored 
and the pyrene aggregates already exist when 
x = IO. From relatively less steep slopes observ
ed for APh-x and APy-x it is suggested that 
the amphiphilic copolymers with the aromatic 
hydrophobic groups have a marked tendency 
to exist in a compact conformation in dilute 
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aqueous solution as compared to the copoly
mers with aliphatic hydrophobic groups 
(ALa-x and ACh-x). 

Viscosity is not only related to molecular 
weight but also reflects the extent of intra
molecular hydrophobic association of hy
drophobic residues on which the hydrody
namic volume of the polymer coils would 
strongly depened. The reduced viscosities for 
the copolymers with aliphatic hydrophobic 
units in pure water are significantly large as 
compared with those for the copolymers with 
aromatic hydrophobic units. It should be 
noted here, however, that the difference in the 
viscosities between the aromatic and aliphatic 
types of the amphiphilic copolymers becomes 
much less when a salt is added. For the aro
matic copolymers a decrease in the reduced 
viscosity upon addition of a salt is significantly 
small as compared to the aliphatic copolymer 
case (data not shown). This suggests that the 
aromatic copolymers are shrunk owing to 
"preexisting" hydrophobic self-aggregation of 
the aromatic units even under salt-free con
ditions. Namely, the chain expansion in salt
free water is much more difficult in the case of 
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Figure 2. 1 H NMR spectra of amphiphilic polyelectrolytes with various copolymer compositions in D2O 
and in DMSO-d6 : The concentration of sample solutions, 6 wt%; temperature, 25°C. 

the copolymers with aromatic hydrophobic 
units. 

Figure 2 shows the 1 H NMR absorption 
peaks associated with methyl and methylene 
protons for ALa-x and ACh-x and with ring 
protons for APh-x and APy-x. These spectra 
were measured in D2O and in DMSO-d6 at 
the same polymer concentration (6 wt%). In 
DMSO-d6 the intensities for these peaks in
creased systematically with an increase in the 
mo!% content of the hydrophobic units in the 
copolymers. On the other hand, in D20 the 
peaks showed an extensive broadening with 
increasing x value due to the self-aggregation 
of the hydrophobic groups occurring in aque
ous solution. This line broadening is more 
pronounced for the aromatic hydrophobic 
units than for the aliphatic ones. This sug
gests that polycyclic aromatic rings tend to be 
tightly packed when hydrophobically self
aggregate in aqueous solution, whereas ali-
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phatic groups, regardless of whether they are 
flexible chains (lauryl groups in ALa-x) or 
rigid rings (cholestanyl groups in ACh-x), tend 
to self-associate rather loosely. 

The formation of hydrophobic micro
domains is exhibited by surface-active effects 
as illustrated in Figure 3. The surface tensions 
of the aqueous solutions of the amphiphilic 
copolymers decreased with an increase in the 
polymer concentration. The surface-active ef
fect is more significant for copolymers with 
larger x and is eminent for the copolymers with 
aromatic hydrophobic units as compared to 
the aliphatic copolymers. Furthermore, the 
pyrene copolymers showed a larger surface
active effect than did the phenanthrene co
polymers (compare APh-19 and APy-10 in 
Figure 3). Inflection points observed for the 
plots in Figure 3 correspond to the critical 
concentrations at which intermolecular co
operative associations through hydrophobic 
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Figure 3. Relationship between surface tension and 
the concentration of hydrophobic residues in the am
phiphilic polyelectrolytes in aqueous solution at 30°C. 

interactions begin to occur among the am
phiphilic copolymers. There seems little or no 
such cooperative intermolecular association 
processes for the copolymers with aliphatic 
hydrophobic groups. 

Figure 4 compares transmission electron 
micrographs (TEM) of the cast films of the 
amphiphilic copolymers stained with uranyl 
acetate. In all cases microphase structures 
are clearly observed (unstained white por
tions are due to hydrophobic microdomains). 
It is to be noted that, if specimen films are, 
prepared by casting from organic solutions of 
the amphiphilic copolymers, no such micro
phase structures are observed in the TEM. 
As can be seen from Figure 4 there is a 
significant difference in the type of microphase 
separation to form secondary structures 
among the kinds of the hydrophobic units in 
the amphiphilic copolymers. There also seems 
to be differences in the tertiary or higher-order 
structures due to an extensive aggregation of 
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the secondary structures. The shapes of the 
hydrophobic microdomains for the aliphatic 
hydrophobic residues are quite different from 
those for the aromatic hydrophobic residues. 
In the former case, thread-like hydrophopobic 
domains were observed. In particular, with 
ALa-44, long thread-like domains with a 
thickness of roughly 20 A can be clearly seen in 
the picture. With ACh-23, the length and the 
thickness of the hydrophobic domains are 
much smaller than those with ALa-44. For the 
aromatic hydrophobic groups, both APh-50 
and APy-50 seem to undergo coagulation to 
result in somewhat spherical domains. Al
though we cannot interpret in detail the 
morphology of the amphiphilic polyelectrolyte 
films at the present time, it is noteworthy that 
different types of the hydrophobic groups 
would give considerably different morphologi
cal features. The morphologies observed in the 
TEM do not necessarily represent those in 
aqueous solution, but, it is, at least, conceiv
able that similar microphase separation is al
ready present in aqueous solution. 

Hydrophobic associations are characterized 
by the release of "ice-like" structured water 
molecules around hydrophobic groups into 
free water in the bulk phase, thus resulting in 
an increase in entropy. 17 Therefore, the hy
drophobic residues tend to associate with one 
another so as to attain the smallest possible 
surface area exposed to the aqueous phase to 
release the largest possible amount of the 
structured water. Accordingly, "sterical-fit" 
between the hydrophobic groups may be an 
important factor for this process. A possible 
explanation for the tighter hydrophobic in
teractions between the aromatic hydrophobic 
groups may be that planar aromatic rings can 
sterically fit in with each other favorably to 
release a large amount of structured water as 
compared to the case of the aliphatic hy
drophobic groups. 

Besides the chemical structures of the hy
drophobic groups, the distribution of the hy
drophobic sequences in the copolymers may 
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Figure 4. Transmission electron photomicrographs of films cast from the aqueous solutions of the 
amphiphilic polyelectrolytes: a, ALa-44; b, ACh-23; c, AP!h-41; d, APy-50. Scale: 20 nm. 

have an influence on the amphiphilic nature 
of the copolymers. 

Work is in progress to clarify this point by 
preparing the copolymers of AMPS with 
methacrylamides having various hydrophobic 
substituent groups. In these copolymers the 
hydrophobic units are expected to be distri
buted in the completely random fashion. 
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