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Cylindrical Micelles Formed by a Charged Comb-Shaped 
Copolymer in Aqueous Solutions Studied by Small- Angle Neutron 
Scattering 
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ABSTRACT We present the analysis of a series of small-angle neutron scattering data of a comb-shaped 
copolymer, poly( 1-octadecene-co-(maleic anhydride)), dissolved a t  various concentrations in D20 a t  room 
temperature. The results show a t  full ionization the copolymers self-associate to  form cylindrical micelles 
with a radius of 27 A and a length of 99 A. At low concentrations, the number of repeating units of the copolymer 
per micelle is determined to be 233 A 5 and the hydration number per hydrophilic head group equals 10. 
The number of repeating units gradually decreases to 98 with concomitant increase in the hydration number 
to 30 at  20 wt % solution. This indicates that the system tends to  lower its free energy by decreasing the 
aggregation number of micelles a t  higher concentrations. 

I. Introduction 
Synthetic polyelectrolytes in aqueous solutions have 

been the focus of many ~tudies . l -~ These polymers are 
important in m a n y  industrial applications because the 
conformational states of these polymers in solution often 
influence the solution behavior, such as the rheological 
property. Especially interesting are some polyelectrolytes 
with amphiphilic characteristics; they  exhibit waxy prop- 
erties and yet  are soluble in water. 

Our main interest in this work is the aggregational be- 
havior of a comb-shaped al ternat ing copolymer poly( l- 
octadecene-co-(maleic anhydride)), abbreviated as POD- 
MA, in water. The copolymers form clear solutions at 
moderate concentrations when the diacid groups are fully 
neutralized with the hydroxides of alkaline metal ions. The 

molecular structure of one repeating unit in the diacid form 
is depicted in Figure 1. Earlier studies with a similar class 
of copolymer, (alkyl vinyl ether)-co-(maleic anhydride), by  
Dubin and S t r a u s ~ ~ - ~  using potentiometric titrations and 
viscosity measurements have shown that the conforma- 
tional states of these polymers are strongly influenced b y  
the degree of ionization of the diacid head group. Their 
studies were centered around copolymers with shorter side 
chains in comparison to PODMA. T h e y  proposed that the 
copolymers form hypercoiled “intramolecular” micelles. 
However, our recent solubilization measurements of 
PODMA using Raman and FTIR‘ have clearly shown the 
partition of benzyl alcohol in the hydrocarbon and aqueous 
phases. The results are indicative of the formation of 
hydrocarbon domains in water. 

Carbon-13 NMR measurements7 of PODMA solutions 
have shown that the chemical shifts of the side-chain 
methylene groups (C&J are unchanged in solutions with 

measurements with sodium alkylsulfates and other sur- 
fact ant^^*^ have demonst ra ted  that the chemical shif t  
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synthesizing this class of copolymers." Typically, an equivalent 
amount of maleic anhydride is added dropwise to a container 
containing 1-alkene and a peroxide initiator maintained at 160 
"C and under Nz while stirring. The polymerization is often 
complete about 30 min after the completion of the addition of 
maleic anhydride. 

The copolymer used in this study was purified by removing 
the trace amount of the unreacted 1-alkene. The elemental 
analysis of the copolymer in the anhydride form showed that the 
mole ratio of maleic anhydride to 1-alkene was 1.2 to 1. The 
weight-average and number-average molecular weights of PODMA 
were determined by gel permeation chromatography to be M,/M,, 
= 6660/3960 = 1.68 by using polystyrene standards. The new 
set of data was slightly different from our previous report,'O mainly 
due to the use of an improved method to remove base-line noise 
from the chromatogram.12 The Tg of the copolymer is 330 K and 
the T,  of the side-chain 258 K. 

The solutions for SANS study were prepared by combining 
hydrogenated copolymer with a stoichiometric quantity of LiOH 
to fully neutralize the diacid head groups in a given amount of 
DzO. The stoichiometry of neutralization was experimentally 
verified by monitoring the disappearance of the -COOH band with 
FTIR. The solutions were heated to 95 & 5 "C for 10-35 hours, 
depending on the concentrations, until they became clear or 
translucent. LiOH was from Fisher specified as purified and 
anhydrous and was used as received. D20 was from Aldrich 
specified as 100% D atom. 

SANS data for the low concentration series (0.25-1.0% by 
weight) were taken at the National Center for small-angle scat- 
tering research at Oak Ridge National Laboratory. This series 
of data was taken at the wave length h = 4.75 A. The Bragg 
wavenumber Q is related to wavelength, A, and scattering angle, 
0, by Q = (4n/X) sin (8/2), and covered the range 0.02-0.15 A-1. 
The high concentration series (10-20%) was taken at the biology 
low-angle spectrometer in Brookhaven National Laboratory. The 
wavelength was 5.32 8, and the Q range was 0.015-0.26 kl. The 
raw data were corrected for background, the empty cell contri- 
butions, and the nonuniform detector efficiencies and then 
normalized by using a 1 mmHzO sample. The normalized in- 
tensity I (Q)  is given in the unit of cm-'. In the following analysis 
of data, we subtracted the incoherent scattering contributions 
from the calculated amounts of hydrogen and deuterium atoms 
in the solution. 

111. Cross Section Formula for Cylindrical 
Micelles 

We first assume a system of monodispersed and iso- 
tropically oriented cylinders of length L and cross sectional 
radius A dispersed in DzO. Although the following for- 
mulas are derived under the assumption of monodispersity, 
it will become clear later that the cylinder length L rep- 
resents the weight average of the degree of polymerization 
and that the polydispersity of the cylinders is thus reflected 
in the SANS data. 

The normalized cross section I(Q) can be written as 

where P(Q) is the normalized cylindrical form factor given 
by (13, 

I(&) = I$CQ)S(Q) (1) 

i H,*,/ 1 
M.W. = 368gm 
MOLECULAR VOLUMES: 

I 

L ------- -1 
Figure 1. Molecular structure of one repeating unit of poly(1- 
octadecene-co-(maleic anhydride)) in the diacid form. 

versus inverse concentration plot shows an inflection point 
a t  the critical micelle concentration. We expected to ob- 
serve the same behavior if the copolymer aggregates were 
to dissociate into molecular states. The NMR results have 
clearly demonstrated that even if there is a critical micelle 
concentration for this copolymer it would be below 50 ppm, 
which is the practical lower limit for the NMR. However, 
from the NMR data, it is not conclusive whether the 
micelles are formed through intermolecular aggregation 
or intramolecular hypercoils. Differential scanning calo- 
rimetry measurements of solutions a t  a wide range of 
concentrations have shown no thermal event between the 
freezing and boiling points of D20, indicating that the side 
chains and the micelles are probably in the same state of 
conformation at this temperature and concentration range. 

In this work, we first used the small angle neutron 
scattering (SANS) technique to investigate PODMA in 
water where the interactions between aggregates are weak; 
hence the analysis of the cross section over the entire 
Q-range can be made without ambiguity. In this case, the 
cross section at zero angle limit gives the absolute mo- 
lecular weight of the aggregates and the cross section at  
large angles gives the shape of aggregates. Thus the mi- 
cellar formation and its geometric shape can be unam- 
biguously established. A t  higher concentrations the in- 
teraction between charged aggregates becomes appreciable 
and the information with regard to the aggregation number 
and shape of the micelles can only be inferred from an 
asymptotic analysis of the large-angle data. 

In section 11, we briefly summarize the experimental 
procedures. In section I11 we present the cross-section 
formula for cylindrical micelles, and in section IV we 
present data analysis using this formula and the results. 
The major findings and conclusions are summarized in 
section V. A preliminary description of this work can be 
found in a recent Materials Research Society Conference 
Proceedings.lo 

11. Experimental Section 
The alternating addition copolymer can be synthesized via 

free-radical initiation. Several procedures are in existence in 

In eq 2, /I is the direction cosine between the Q vector and 
the axis of the cylinder, V = QR(1- pz)1/2, and w = QpL/2. 
S(Q) is an angular-averaged structure factor of interacting 
~y1inders.l~ This factor is unity for all Q in the dilute limit 
and at  sufficiently large Q in the case of high concentra- 
tions. At high concentrations, I (Q)  is expected to show a 
peak at a Q value corresponding to 2a divided by the 
characteristic periodic distance of the local ordering of the 
cylinders. The Io factor can be related to the repeating 
unit concentration (number of repeating units per unit 
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b = 4 = 21.74A 

a = 99A 

CROSS-SECTIONAL VIEW 

Figure 2. Cylindrical micelle formed by the fully ionized, 
combshaped copolymer poly(1-odadecene-co-(maleic anhydride)) 
in water. 

volume), the geometrical factors of the repeating unit and 
the polymer in the following way: 

10 = c,PN(b, - V,P~)~ (3) 

where c, is the repeating unit concentration, P is the de- 
gree of polymerization (or the weight average of the degree 
of polymerization in the case of polydispersity), N is the 
aggregation number of the micelle (number of copolymer 
molecules per micelle), b, = 2.73 X 10-l2 cm is the scat- 
tering length of one repeating unit, V, = 665 A3 is the dry 
volume of one repeating unit, and ps = 6.34 X 1O'O cm-2 
is the scattering length density of the solvent D20. 

In fitting the SANS data with eq 1 we impose the vol- 
ume conservation constraint so that the total volume of 
a micelle is the sum of the dry volume of all the repeating 
units and the volume of hydrated water molecules. De- 
noting NDzo as the number of water molecules associated 
with the head group of one repeating unit, 

(4) 

Equation 1 together with eq 4 implies that there are three 
adjustable parameters, namely, R, L, and PN, in the theory 
in the region where S(Q) is unity. 

IV. Data Analysis and Results 
Figure 2 depicts the packing of the fully ionized co- 

polymers in a cylindrical form where the core of the cyl- 
inder is filled up with side chains and the backbone of the 
copolymer runs along the length of the cylinder. We have 
found that the data fall into two groups: the low con- 
centration regime and the high concentration regime. 
Since these two groups of data were taken from two dif- 
ferent spectrometers, the absolute intensity calibration was 
checked with a pair of samples at a common concentration 
of 10 wt % and the results showed good agreement. The 
normalized intensity divided by the repeating unit con- 
centration for the dilute series is plotted in Figure 3a and 
that for concentrated series in Figure 3b. It  should be 

LnR2 = PN(V, + 3oN~,o) 

a 

degree o f  neutralization =1.0 

! 

i 

CONC. C i n  w t %  
0.25% 
0.5% 
1 .O% 
10.0% 

__ - 

_ - - _ _  

0 ( A - 1 )  

3.0 T b 

2.5- BNL 
degree of neutralization =1.0 

~ 

, I  

CONC. C in w t %  
I O .  0% 
12.0% 
15.0% 
20.0% 

- - _  
- _  

- - - _ _  
-_ 

0.0  
0.00 0.04 0.08 0 . l 2  0.18 0.20 0.24 

0 ( A - 1 )  
Figure 3. Normalized intensity distribution divided by the re- 
peating unit concentration, c,,,, for dilute regime (a, top) and 
concentrated regime (b, bottom). 

Table I 
Summary of Data-Fit Parameters 

concn, wt % Q range PN L,  A R, A Nnm 

0.25 0.0266-0.15 234 99.2 26.9 10 
0.50 0.0266-0.15 238 97.4 27.4 10 
1.00 0.0266-0.15 226 98.1 26.6 10 

10.0 0.0934-0.264 115 99.0 21.3 19 
12.0 0.0934-0.264 106 99.0 21.1 2 1  
15.0 0.0934-0.264 92 99.0 20.5 25 
20.0 0.0934-0.264 86 99.0 20.9 30 

noted that at the lowest concentration (0.25%) there is no 
interaction peak. But as the concentration goes up, the 
interaction peak gradually builds up at around Q ,  = 0.05 

which corresponds to a periodic distance of 126 A. -We 
fit the low concentration series data to eq 1 by setting S(Q) 
equal to 1 for Q range 0.0266-0.15 A-1. The results of the 
f i t  are shown in Figure 4, which demonstrates good 
agreement between the fitted curves (solid lines) and the 
experimental data for all Q. The x values for all cases are 
between 0.9 and 1.2. The extracted parameters are found 
to be uniquely determined in this analysis. The parame- 
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Figure 4. Results of fitting SANS data for solutions in the dilute 
regime to the cylindrical cross-section formula of eq 2. 

ters of the fits are given in Table I. The length of the 
cylinder is calculated to be 99 A and the radius of the 
cylinder 27 A and the hydration number 10 per repeating 
unit. Combining this number with eq 4 gives PN = 233. 
As shown in Figure 1, the transverse dimension of the 
backbone of one repeating unit lb = 5.06 A and the degree 
of polymerization P is thus determined to be P = Ll5.06 
= 19.4. This number corresponds to the weight-average 
molecular weight of 7100 which is in excellent agreement 
with the GPC determination of 6660. The aggregation 
number per micelle N is equal to P N I P  = 12. The radius 
of the cylinder R is approximately equal to the tail length 
21.74 A plus the head group length of 5 A. 

For the high concentration series we fixed the cylinder 
length at the same value of 99 A and fitted the data with 
two adjustable parameters R and NDpO: The choice of 
constraint was reasonable, since according to our model 
depicted in Figure 2, the length of the cylinder is deter- 
mined by the degree of polymerization P which is deter- 
mined by synthesis. The only polydispersity allowed by 
this model is to increase the cylinder length by an integer 
number for the end to end stacking of the cylinders. This 
alternative was tried in our analysis but without success. 

The Q range for the high concentration series was chpen 
to be 0.096-0.267 A-' a t  which the structure factor S(Q) 
is assumed to be unity. The choice of the lower limit of 
Q at 0.096 A-' is reasonable because it is twice the inter- 
action peak position at Q, = 0.05 A-'. The results of the 
fit are displayed in Figure 5 and the fitted parameters 
given in Table I. The disagreement between the experi- 
mental and calculated curves for Q > 0.17 A-' is due to the 
molecular weight polydispersity of the copolymer, which 
smears out the oscillatory behavior a t  larger Q. At this 
moment, we do not have a model to account for the po- 
lydispersity of copolymer micelles. However, we believe 
that the inclusion of polydispersity may slightly improve 
the fits but will not change the conclusions on the aggre- 
gation numbers. 

Three striking trends are noted: (1) the transverse ra- 
dius R is now reduced to about 21.0 8, which is about the 
hydrocarbon tail I ,  (Figure l), (2) the hydration number 
increases from 19 to 30, and (3) the aggregation number 
N is reduced to 5 or 6, about half of that of the dilute case. 
We believe our new number of 21.0 A for the hydrocarbon 
tail in the concentrated regime is more accurate compared 
to our previous calculations1° where the linear approxi- 
mation was used in the asymptotic analysis. In Figure 6, 

1101, CM-1, 

4 . 5 -  \ 
1 1  

4.0 + Concentration, w t  % 

3.0 7- 

2'5 7 
2.0 4 

, 
1.5 - 
1.0 -c 

0 10 % 
12 % 

0 15 % 
A 20 % 

0 08 0 12 0 18 0 20 0 24 ?a 

Q, A - 1 .  

Figure 5. Asymptotic fit of SANS data for solutions in the 
concentrated regime to the cylindrical-cross section formula of 
eq 2. 
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'ao F I T T E D  P (3) 
0 4~ 
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Figure 6. P(Q) and the extracted &Q) for the high concentration 
data. 

we display the normalized form factor P(Q) obtained from 
the fit and the angular-averaged structure factor ,S( Q) 
obtained by dividing the meayred intensity by IJ'(Q). 
Notice that the first peak of S(Q) occurs at Q,,, = 0.05 
A-' with the-height of peak at about 1.9. Figure 6 also 
shows that S(Q) is essentially unity for Q > 0.09 A-'. 
Figure 7 is the plot of PN (total number of repeating units 
per micelle) as a function of concentration. 

V. Summary and Discussion 
We have analyzed SANS data of a charged copolymer 

in solutions without invoking the detailed calculation of 
the intermicellar interactions. This is possible by judicious 
choice of Q range where S(Q)  can be safely taken as unity. 
We have unambiguously established the formation of 
micelles of this copolymer in solution. In the dilute con- 
centration regime, the aggregation number is 12, however, 
this number drops precipitously to half of that value, 6-5, 
in the concentrated regime. The physical reason for this 
is unknown at the present time but we speculate that it 
might be due to the fact that for a highly charged polye- 
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Figure 7. Plot of the number of repeating unita per micelle versus 
concentration. 

lectrolyte system like this, the micelles tend to reduce their 
surface charge densities at high concentrations by reducing 
their aggregation number to  minimize the double-layer 
repulsive energies and at the same time increase the en- 
tropy of dispersion. The reason for a reduced R observed 
at high concentration is related to the penetration of water 
molecules deeper into the head-group region. The increase 
of hydration number from 10 at low concentration to 30 
at the highest concentration implies that the contrast 
between the head group and the solvent is gradually lost 
in this process. The cylinder radius thus appears to be 
smaller to neutrons. The intermicellar structure factor 
extracted from the data by dividing it by the micellar form 
factor (Figure 6) shows an interacting peak occurring at 
Q,, = 0.05 A-’ which moves to  larger Q as the concen- 
tration increases. Another unusual feature is a rising 
component above ,unit at the very small Q region. This 
observation is consistent with SANS data for star-branched 
polystyrene in a good s01vent.l~ In the latter case, when 
c > c* ,  an increase in I (Q) is observed at small Q and at  
the same time the maximum at intermediate Q is shifted 

to higher Q as the concentration increases. This feature 
cannot be easily explained without a detailed knowledge 
of the structure factor of cylindrical micelles, for which 
some theoretical progress has been made in recent 
years,16J7 but a practical method for data analysis has not 
been proposed. 
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ABSTRACT Lattice models for the prediction of conformational characteristics and thermodynamic properties 
at bulk polymer/solid and bulk polymer/gas interfaces are critically examined. Existing models are shown 
to fall into two broad categories: bond models, in which the probability of a chain conformation is expressed 
as a product of bond transition probabilities, and site models, in which the probability of a conformation is 
proportional to  a product of probabilities characteristic of the sites occupied by successive chain segments. 
A general mathematical formulation is developed for bond models, which includes Dill and Flory’s model 
of liquid bilayer membranes and Helfand’s model of a pure homopolymer at an interface as special cases. 
The key assumptions, leading to closure of the bond model equations in each of these two cases, are elucidated. 

Introduction 
In this series of papers we discuss some lattice ap- 

proaches for modeling the microscopic structure and 
thermodynamic properties of bulk polymers at interfaces. 
We are mainly concerned with polymer/solid, polymer/ 

gas, and polymer/vacuum interfaces, across which there 
is a relatively abrupt change in polymer segment density. 
Immiscible polymer/polymer interfaces, for which several 
theoretical approaches have been developed,’ will thus not 
be an object of our investigation. Our interest will focus 
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