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SYNOPSIS 

Water-soluble copolymers, poly ( dodecyl acrylate-coacrylic acid) ( PDA) , are synthesized 
by copolymerizing different ratios of dodecyl-acrylate/acrylic acid. Their aqueous solutions 
are transparent. The plots of Z1/Z3 (the intensity ratio of pyrene emission at 374 nm and 
385 nm) and of surface tension as a function of polymer concentrations are combined to 
verify the existence of the aggregates of PDAs. It  is found that the aggregations begin to 
form at concentrations below that of the polymer transfer to the air-water interface. The 
plots of Il/Z3 as a function of polymer concentration shows that the polymers with a higher 
ratio of dodecyl acrylate form polymer aggregates a t  lower concentrations. The hydropho- 
bicity of the inner core of polymer aggregates is close to that of sodium dodecyl sulfate 
(SDS) . Polymer solutions of PDA 30, PDA 30L, and PDA 15, show significant solubilization 
ability to pyrene. (The molar ratio of dodecyl acrylate/total acrylates is 30%, 30%, and 
15% for PDA 30, PDA 30L, and PDA 15, respectively. L, low molecular weight.) The 
solubilization ability increases with the increase in polymer concentration and degree of 
substitution of dodecylamine. The intensity ratio of the excimer emission to monomer 
emission of pyrene ( Ie /  I ,  ) increases with increasing polymer concentration, roughly parallel 
to the increase in the amount of pyrene solubilized. However, the Ze/Z, a t  a fixed pyrene 
concentration ( I e /  Z:) decreases with increasing polymer concentration. These phenomena 
are interpreted in terms of the amount of pyrene solubilized and the size and concentration 
of the polymer aggregates. 0 1993 John Wiley & Sons, Inc. 

I NTRO DU CTl ON 

For ABA, three block-type, water-soluble copoly- 
mers such as poly (ethylene oxide-propylene oxide- 
ethylene oxide), the polymer chains form aggre- 
gates 1-4 in aqueous solution that is transparent. 
However, for a water-soluble polymer such as po- 
lyacrylic acid, the polymer chain is well-expanded 
in aqueous s ~ l u t i o n . ~ - ~  When the backbone of such 
a water-soluble polymer is grafted with long-chain 
hydrophobic groups, the polymer then consists of 
both hydrophobic and hydrophilic groups and forms 
aggregates as a result of the intermolecular and/or 
intramolecular hydrophobic interactions. Thus, such 
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a polymer can be regarded as polymerized surfactant, 
and its property in solutions is expected to be an 
intermediate between a surfactant and a water-sol- 
uble polymer so as to form aggregates in aqueous 
solution. 

In previous studies, poly ( dodecyl acrylate-coac- 
rylic acid) (PDA) was synthesized and used as an 
emulsifier for emulsion and for emulsion polymer- 
i ~ a t i o n . ~  It was found that the content of the hy- 
drophobic group (dodecyl acrylate) of such a poly- 
mer significantly influences the properties of emul- 
sion and the result of the emulsion polymerization. 
It is important to understand the fundamental be- 
havior of PDA in aqueous solutions, such as aggre- 
gate formation, and the properties of such aggre- 
gates. 

The ratio of intensities of the fluorescence of py- 
rene at  different wavelengths was used to monitor 
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the micropolarity, ''-I3 and this was combined with 
surface tension to investigate the formation of the 
micelle aggregates of surfactants and the aggregates 
of polymers.'O-'s The intensity of the excimer for- 
mation in an aggregate could also be used to inves- 
tigate the size or number of aggregates.14-16 In this 
study, the fluorescence method and the surface ten- 
sion method were combined to verify the formation 
of the aggregates of PDA. Then, the properties of 
the aggregates were studied by means of the intensity 
ratio of excimer emission of pyrene, and pyrene sol- 
ubility. It was found that the hydrophobicity (the 
percentage of dodecyl acrylate) of PDA significantly 
influences the minimum concentration for aggregate 
formation and the properties of aggregates. 

EXPERIMENTAL 

Materials 

Pyrene, purchased from Merck Chemical Co., was 
purified by three recrystallizations from ethanol. 
Acrylic acid ( Ishizu) , dodecyl acrylate (Fluka) , 
benzoyl peroxide (Kokusan) , n -butyl mercaptan 
(Tokyo, Kasei) , were used as supplied. 

Methods 

Synthesis of Poly (dodecyl Acrylate-Coacrylic 
Acid) (PDA)9 

In a four-neck reaction kettle, dodecyl acrylate (35.3 
g) , acrylic acid (24.7 g),  and n-butyl mercaptan ( 12 
g )  , dissolved in dioxane ( 150 g)  , and benzoylperox- 
ide (BPO) (2.4 g) , was added into the reactor during 
3 h at 90°C. The reactor was maintained at  90°C 
for another 3 h to complete the polymerization. The 
solvent was evaporated, and the residue dissolved 

in 0.1 M NaOH solution, and the solution was ad- 
justed to pH 9. After reprecipitation in methanol, 
the white solid (PDA 30) was filtered and dried in 
a vacuum oven a t  50°C for 48 h. The conversion 
yield was more than 99%. 

By similar procedure, PDA 30L (using n-butyl 
mercaptan, 2.4 g) and PDA 15 (using 15% of dodecyl 
acrylate ) were synthesized (Table I ) .  

Fluorescence Measurements 

All fluorescence measurements were recorded on a 
Hitachi Model F-4010 Fluorescence Spectropho- 
tometer. The ratio of the intensity of pyrene emis- 
sion at  374 nm and at  385 nm is defined as Il/13. 
The ratio of the intensity of the maximum pyrene 
excimer emission (ca. 468 nm) to the maximum py- 
rene monomer emission (374 nm) is defined as Ie/ 
I,. All of the solutions for fluorescence measure- 
ments contained a buffer solution to maintain the 
pH at 7. For reference, 11/13 values for pyrene in 
water, n-hexane, and the micelle of sodium dode- 
cylsulfate are measured to be 1.84 ( t = 80) ,  0.56 ( t  

= 3 ) ,  and 1.10 ( t  = 30), respectively, which are close 
that of the reported 

Measurement of Surface Tension 

The PDAs were dissolved in water to prepare a 1% 
solution, that was then serially diluted. The surface 
tension of these solutions was measured by using a 
tensiometer ( Surface Tensiometer CBVP-A3). 

Solubilization Measurements 

Pyrene (0.10 g) was added to a 10 mL solution of 
PDAs and stirred overnight. Then the solution was 
filtered with Gelman Sciences Sterile Acrodisc 0.2 

Table I Composition and Behaviors of Poly(dodecy1 Acrylate-Coacrylic Acid) (PDA) 

Comparative Solubilization 
Hydrophobicity Minimum' to Pyrene 

Symbol (%I" C*b (wt %) I i / I 3  Ie/Zmd (%Ie 
PDA 30 
PDA 30L 
PDA 15 
PDA 5 

30 
30 
15 
5 

5 x 10-5 1.07 0.97 
10-~ 1.05 2.05 

5 x 10-~ 1.17 0.16 
5 x 10-3 1.23 0 

0.47 
0.49 
0.09 
0 

a The Comparative hydrophobicity is expressed by the molar ratio of dodecyl acrylate/(dodecyl acrylate + acrylic acid). 

' Pyrene concentration is fixed a t  9.8 X 
The concentration (weight percentage) where polymer begins to form aggregates is defined as C1. 

Polymer solution (concentration, 1 wt %) was saturated with pyrene. 
Percentage based on total amount of solution; polymer concentration, 1 wt %. 

M. 



FUNCTIONAL POLYMERS FOR COLLOIDAL APPLICATIONS. VII 1297 

pm syringe filter. The UV absorbance of the solution 
was measured using Jasco Model 7850 UV spectro- 
photometer, and the concentration of solubilized 
pyrene was calculated from the calibration curve. 

RESULTS AND DISCUSSION 

There are five peaks in the emission spectra of py- 
rene, and the emission intensity of the first peak 
(374 nm) and of the third peak (385 nm) is sensitive 
to the microenvironment. Thus, the intensity ratio 
of the emission at 374 nm and 385 nm ( 1 1 / 1 3 )  has 
been used to monitor the solution behavior of sur- 
factants and/or p~lymers . l~- '~  A bigger Il / I 3  value 
means a greater polarity of the solution around py- 
rene. Therefore, the formation of the aggregates with 
a hydrophobic inner core can be detected by means 
of plotting I 1 / I 3  vs. polymer concentration. In Figure 
1 , 1 1 / 1 3  value of pyrene in a polymer solution of PDA 
30 is measured as a function of polymer concentra- 
tion. When the polymer concentration is below 5 
X (weight percentage, hereafter), the 11/13 
value remains at  a value of 1.8, close to that of pure 
water, indicating that there are no aggregates formed 
in this region. In the region of 5 X 10-5%-10-1%, 
the 11/13 value decreases gradually down to 1.07. 
The decrease in I1 / I 3  indicates the microenviron- 
ment around pyrene is getting less polar. It means 
that the polymer begins to form aggregates above 5 
X lop5%. The continuous decrease in 1 1 / 1 3  values 
can be interpreted as the micropolarity in the poly- 
mer aggregates becomes less and less polar due to 
the increase in the aggregate size, which is accom- 
panied by a closer packing of the inner core. In Fig- 
ure 1, the surface tension ( y )  of polymer solution 
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Figure 1 I1/& value (0 )  and surface tension (H) for 
the polymer solutions of PDA 30 as a function of polymer 
concentration. ( [ Pyrene] = 9.8 X M ) .  

is also plotted as a function of the polymer concen- 
tration. y begins to decrease at - and re- 
mains at a constant value above 0.5%. This indicates 
that the polymer begins to transfer to the air-water 
interface at lop3% and ceases to transfer above 0.5%. 
The behaviors of lipophile-grafted polyacrylic acid 
in solution can be summarized from the results of 
11/13 value and y as follows: 

1. The polymer begins to form aggregates at a 
) similar 

2. The polymer forms aggregates before it starts 

very low concentration (5  x 
to that of surfactants. 

to transfer to the air-water interface. 

For surfactants, the molecules transfer to the inter- 
face before the micellar formation. This indicates 
that the tendency for PDA to transfer to the inter- 
face is smaller than that of surfactants. 

The plots of 1 1 / 1 3  value vs. polymer concentration 
for acrylic copolymers composed of different ratios 
of dodecyl acrylate or with different molecular 
weight (PDA 5, PDA 15, PDA 30, PDA 30L) are 
shown in Figure 2. (The molar ratio of dodecyl ac- 
rylate/total acrylates is 5%, 15%, and 30% for PDA 
5, PDA 15, and PDA 30, respectively. All of them 
are random copolymers.) At very low polymer con- 
centration, I1/I3 values are - 1.8 for all of the four 
polymers. This value is close to that of water. It 
means that no aggregates of polymer formed in so- 
lution at  this concentration. The 1, / I 3  value begins 
to decrease at  concentrations of about 5 X lop5%, 

for PDA 30, PDA 
30L, PDA 15, and PDA 5, respectively. This means 
that the four polymers begin to form aggregate at 
these four corresponding concentrations. (The con- 
centration where the polymer begins to form aggre- 
gates is defined as Cl .) For PDA 5, I1 / I 3  decreases 
continuously and gradually up to 1%; but for PDA 
15, PDA 30, and PDA 30L, the 1 1 / 1 3  value ceases 
to decrease above the concentration of 0.5%, 0.1%, 
and 0.1%, respectively. This means that for PDA 5, 
the micropolarity of the inner core of aggregates 
keeps decreasing as the polymer concentration in- 
creases as a result of the continual increase in the 
size of the aggregate so that the inner cores of the 
aggregates become more hydrophobic. However, for 
PDA 15, PDA 30, and PDA 30L, the hydrophobicity 
of the inner core of aggregates remaining constant 
above 0.5% or 0.1% indicates a saturation in the 
growth of the aggregates. From the above results, 
the ease in which these four polymers form aggre- 
gates in aqueous solution is PDA 30 x PDA 30L > 
PDA 15 > PDA 5. This trend can be interpreted as 

5 X lop4%, and 5 X 
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+ PDA3OL 

10-6 1 0 - 5  1 0 - 4  10-3 1 0 - 2  1 0 - 1  100 

concentration of PDA (wt%) 

Figure 2 
30L, and PDA 5 ( [ Pyrene] = 9.8 X 

Z, /Z, value as a function of polymer concentration for PDA 15, PDA 30, PDA 
M ) .  

the greater the polymer is composed of hydrophobic 
moieties the greater the hydrophobic interaction 
among polymer chains, which causes the polymer 
to form aggregates more readily. 

As seen in Figure 2, the values of Il / I 3  that PDA 
30 or PDA 30L can reach are around 1.05, close to 
that of SDS micelles ( l.l), which means the inner 
core of the polymer aggregates is similarly hydro- 
phobic as are SDS micelles, independent of the mo- 
lecular weight of the polymer. The minimum I1/& 
value that a polymer can reach is: PDA 30 = PDA 
30L < PDA 15 < PDA 5 (Table I ) .  It means that a 
polymer with a higher hydrophobic moiety can form 
aggregates easily due to higher hydrophobic inter- 
action in the inner core. 

It is well known that surfactants have solubili- 
zation properties 22-25 because they form micelles in 
aqueous solution, 26 where the hydrophobic inner 
core of the m i ~ e l l e s ~ ~ - ~ ~  solubilized organic com- 
pounds. In this study, it is found that polymer so- 

lutions of PDAs show significant solubilization 
ability to pyrene (Table I ) . This is also evidence 
that those polymers form aggregates like micelles in 
aqueous solution. The solubilization ability of PDAs 
increases with polymer concentration for PDA 30 
and PDA 30L. This trend is similar to that observed 
for surf act ant^.'^ The increase in solubilization can 
be attributed to an increase in aggregate concentra- 
tion (like micelle concentration) and/or in the size 
of the aggregates. Also, with a given percentage of 
polymer substitution, the solubilization ability 
changes very little with the decrease in molecular 
weight (PDA 30L = PDA 30).  The solubilization 
ability for PDA 15 is smaller than that for PDA 30L 
or PDA 30, and is not sensitive to the increase in 
polymer concentration. 

Surfactants with higher hydrophobicity form mi- 
celles more readily (lower critical micelle concen- 
tration) ,30 and show a greater solubilization abil- 
ity.22-25 The results from Figure 2 (or Table I )  and 
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The solubilization amount of pyrene (g/ 100 g of polymer solution) as a function 

of polymer concentration in the solution of PDA 30, PDA 30L, and PDA 15. 

Figure 3 indicate that the greater the substitution 
of polymer with dodecyl, the greater hydrophobicity 
of the aggregation ( the linear I I  / I3 value ) , and con- 
comitantly the greater the solubilization ability. 
These phenomena for lipophile-grafted polymers are 
similar to those for surfactants, and the behaviors 
of these polymer aggregates probably can be inter- 
preted in terms of micelles. 

When pyrene is solubilized in the aggregates of 
surfactants or polymers above a certain concentra- 
tion, it forms e ~ c i m e r s . ~ ' - ~ ~  As the local concentra- 
tion of pyrene increases, the intensity of the excimer 
emission increases, since the probability is higher 
for the excited pyrene ( Py * ) to collide with a ground- 
state pyrene to form the excimer ( P Y P Y * ) . ~ ~ - ~ ~  
Therefore, the intensity ratio of the excimer emis- 
sion to monomer emission ( I e / I m )  of pyrene can be 
used to monitor the local concentration of pyrene 
in an aggregate, and the behavior of the aggregate. 
It was found that pyrene solubilized in the polymer 
solutions of PDAs shows strong excimer emission 
(Fig. 4 ) .  Figure 5 shows that I e / I m  increases with 

increasing polymer concentration, roughly parallel 
to the increase in the amount of pyrene solubilized 
(Fig. 3 ) . An increase in polymer concentration in- 
creases: the amount of pyrene solubilized or the 
amount and size of the polymer aggregates. The 
former favor excimer formation, and the latter re- 
versely decrease the excimer formation. Therefore, 
the increase of I e / I m  with increasing polymer con- 
centration indicates that the increase in pyrene sol- 
ubilization can outweigh the increased in size or 
amount of aggregates. Figure 5 also shows that when 
a polymer is saturated with pyrene, I e / I m  increases 
with the decreasing M ,  and with the increasing hy- 
drophobicity of PDA (PDA 30L > PDA 30 > PDA 
15). Again, this is because of the increased local 
concentration of pyrene. In Figure 6, the I e / I m  at a 
fixed pyrene concentration (9.8 X M ) ,  called 
I e / I z ,  decreases with increasing of polymer con- 
centration. The phenomena of I e / I ;  in Figure 6 can 
be interpreted, i.e., a t  a given pyrene concentration, 
the local concentration of pyrene decreases as the 
size and/or the amount of polymer aggregate in- 
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Figure 4 The excimer emission of pyrene in the polymer solution (1%) of PDA 30L, 
and PDA 15 that solubilized pyrene with the amount of 0.49 g, and 0.088 g per 100 g of 
polymer solution, respectively. 
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Figure 5 Variation of IJZ,,,, maximum amount of py- 
rene solubilized by polymer, as a function of polymer con- 
centration (O,o, A, for PDA 30, PDA 30L, and PDA 15, 
respectively). PDA 15, respectively). 

Figure 6 Variation I e / I k  (m, 4, A), (pyrene concen- 
tration to be fixed at 9.8 X M) as a function of polymer 
concentration (a, 4, and A, for PDA 30, PDA 30L, and 
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creases, as a result of the increased polymer con- 
centration. 

CONCLUSION 

From the plot of I I  / I3 and surface tension as a func- 
tion of polymer concentration, it is found that a li- 
pophile-grafted polyacrylic acid (e.g., PDA 30) be- 
gins to form aggregates in aqueous solution at a very 
low concentration (5 X ) , which is far below 
the concentration for it to start to transfer to the 
air-water interface ( ) . At high polymer con- 
centration the inner core of the polymer aggregates 
is as hydrophobic as that of SDS micelles, and is 
independent of the molecular weight of polymer. The 
polymers with higher degree of substitution of do- 
decylamine form aggregates more readily than the 
other polymers studied. 

Polymer solutions of PDA 30, PDA 30L, and PDA 
15, show significant solubilization ability to pyrene. 
The solubilization ability increases with the increase 
in polymer concentration and degree of substitution 
of dodecylamine. The intensity ratio of the excimer 
emission to monomer emission of pyrene (Ie/I,,,) 
increases with increasing polymer concentration, 
roughly parallel to the increase in the amount of 
pyrene solubilized. However, the IJI,,, at a fixed py- 
rene concentration ( I J I ; )  decreases with the in- 
crease of polymer concentration. These phenomena 
are interpreted in terms of the amount of pyrene 
solubilized and the size and concentration of the 
polymer aggregates. 

The authors thank the National Science Council, Taipei, 
R.O.C. for their generous financial support of this research. 
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