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ABSTRACT: Staticand dynamiclight-scattering studies are presented on the temperature-induced associating
behavior of a polystyrene—poly(tert-butylstyrene) block copolymer in a selective solvent N,N-dimethylac-
etamide. On cooling from 65 °C down to room temperature, three temperature regions of unimer, transition,
and micellar particles appeared sequentially. The molecular weight and the hydrodynamic radius of the
polymeric micelles formed at 25 °C were found to be 1 X 107 g mol-! and 50 nm, respectively, whereas those
of unimers examined at 60 °C were 2 X 10° g mol-! and 10 nm, respectively. In both cases, a narrow size
distribution was observed. In the intermediate transition region, dynamic light-scattering measurements
have clearly demonstrated a temperature- and concentration-dependent equilibrium between single polymer
chains and polymer micelles. From the concentration dependence of the critical micelle temperature, the
standard enthalpy of micellization was estimated to be -240 kJ mol-'. A closed association model with the
enthalpy factor as the driving force is discussed. On the basis of the mass action law model of micelle
formation and the time-averaged scattered intensity results or the results of himodal relaxation rate distributions
in the transition region obtained by the CONTIN analysis, we were able, for the present system, to estimate

the critical micelle concentration and related standard thermodynamic functions of micellization.

Introduction

In the past two decades block copolymer solutions have
received considerable attention in the literature.!* One
of the major reasons is that in analogy to the widely used
synthetic surfactants, block copolymers exhibiting am-
phiphilic nature can self-assemble into organized struc-
tures in various selective solvents, thereby creating useful
microenvironments under controlled conditions for a
number of specific purposes, such as controlled drug
release. For some types of block copolymer, for example,
copolymers of ethylene oxide and propylene oxide, the
association into reverse micelles in organic medium as well
as the formation of direct micelles in aqueous solution has
been reported.*® Recently, the micellar solutions of a
triblock copolymer of styrene and hydrogenated butadiene
in a selective solvent either for the end blocks or for the
middle block were studied.!®

Ingeneral, temperature is an important and useful factor
in controlling a variety of physico—chemical processes of
block copolymers in solution. In a previous article® we
reported in detail the temperature-induced micellization
behavior of a triblock copolymer Pluronic F68 (poly-
{oxyethylene)-poly(oxypropylene)—poly(oxyethylene)) in
water. Three temperature regions were found, and they
were unimer, transition, and micelle regions, existing at
ambient, intermediate, and high temperatures, respec-
tively. The mechanism behind can be ascribed to the
considerable modification of the hydrophilic-hydrophobic
characteristics of polymeric surfactant molecules by
changing the temperature. Recent studies!!'? on similar
block copolymers further confirmed that the entropy factor
is essentially responsible for the micellization process. Very
recently, similar thermodynamic studies were reported
on the micelle formation of polystyrene-b-poly(ethylene/
propylene) in various selective solvents, 1314
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We have chosen diblock copolymers of styrene and tert-
butylstyrene as model systems to investigate their re-
versible aggregation behavior in both the solution and the
bulk state. The advantages are (1) unlike the conventional
block copolymers with accompanying composition het-
erogeneity, polystyrene-b-poly(tert-butylstyrene) (PS-b-
P(t-BS)) samples with well-defined composition and
controlled block length are available on a laboratory scale
and are nearly monodisperse, (2) the two polymer com-
ponents are similar to each other in their chemical
structure, and (3) the properties can be modified by
introducing some functional groups to meet the specific
requirements. In this article, we report, as a part of our
fundamental work, some static and dynamic light-scat-
tering results on the temperature-induced associating
behavior of a PS-b-P(t-BS) copolymer (molar ratio 1:1) in
N,N-dimethylacetamide (DMA) which is a good solvent
for the PS block but a nonsolvent at room temperature for
the P(t-BS) part. In contrast to the PEO-PPO-PEOQ/
water system, where an increase in temperature may cause
remarkable micellization, dilute solutions of PS-b-P(t-
BS) in DMA undergo micelle formation upon reducing
the temperature. In the latter case, the enthalpy factor
is the driving force for micellization, while the entropy
contribution is responsible in the former case.

For the present model system the transition region
observed is relatively sharp (only ~4-5deg), and both the
unimer and the micellar particles formed have narrow size
distributions. Thus, on the basis of the knowledge on the
equilibrium concentrations of unimers and of micelles in
solution, which could be obtained by either using the
CONTIN method!® or analyzing the scattered intensity
data, we were able to determine the critical micelle
concentration and to estimate standard thermodynamic
functions of the micelle formation.

Experimental

Materials. For our investigations we used the polystyrene-
b-poly(tert-butylstyrene) sample which has a molecular weight
of1.85x 10°gmol-! andapolydispersityindexof1.10. PS-b-P(¢-BS)
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contains ~700 repeat units for each of the component blocks.
The N,N-dimethylacetamide solvent was of HPLC grade, pur-
chased from Aldrich Co., and was used without further treatment.

Copolymer solutions were prepared from dilutions of the same
stock solution. The stock solution (C ~ 4 mg mL-') was obtained
by dissolving a known amount of copolymer in DMA under gentle
agitation and then heating it at 60 °C for 6 h to ensure complete
dissolution. At room temperature the stock solution was then
centrifuged at 10000 rpm (=12000g) for 1 h. To prepare
solutions with the desired concentration, clarified stock solution
and solvent were filtered separately in appropriate amounts
through Millipore fluoropore membrane filters (0.2-um pore size)
into 17-mm-o.d. light-scattering cells. The solution cells were
flame-sealed under vacuum and stored.

Light Scattering Measurements. We used a standard,
laboratory-built light-scattering spectrometer® capable of both
time-averaged scattered intensity and photon correlation mea-
surements at different scattering angles. A Spectra-Physics
Model 165 argon ion laser operated at 488 nm was used as the
light source. A high-quality beam splitter was installed on the
main beam path to function as an attenuator, thus making
measurements of greatly differing scattering signals (e.g. by a
factor of 10%) feasible and rather convenient. In our case, an
additional advantage was to provide the same light source for a
second light-scattering setup. The sample cell was held in a brass
thermostat block filled with refractive index matching fluid
(silicone oil), and the temperature was controlled to within £0.02
°C. In the present study the temperature range covered was
25-65°C. Static light-scattering measurements were performed
at angles between 25 and 140°. Photon correlation measurements
were carried out in the self-beating mode by using Brookhaven
BI 2030AT digital correlators consisting of 64 or 128 channels.
The cumulants’® and CONTIN methods were used for data
analysis to extract information on the average hydrodynamic
size or the distribution of characteristic relaxation rates, respec-
tively. Inmost cases, dynamiclight-scattering experiments were
made at scattering angle 6 = 45°.

Results and Discussion

1. Critical Micelle Temperature and Three Tem-
perature Regions. The intensity of scattered light is
largely dependent on the volume of the scatterer. There-
forelight scattering is a powerful technique for the purpose
of detecting the onset of micellization in polymeric micellar
solutions. Ingeneral, the micelle formation can be initiated
either by an increase in concentration via the critical
micelle concentration (cmc) or by changing the temper-
ature via the critical micelle temperature (cmt). Exper-
imentally, the micellization process can be studied by
defining the cmt through the temperature dependence of
either the integrated scattered light intensity or the
hydrodynamic size of the particles, provided that the
transition is reasonably sharp. Similarly, an examination
of the concentration dependence gives the cmc value.
Figure 1 shows the scattered intensity results measured
at a scattering angle of 45° for the copolymer solution at
four differing concentrations of 0.51, 1.02, 1.94, and 3.77
mg mL-1, respectively. As seen from Figure 1, below a
certain temperature value which is characteristic of the
solution concentration concerned, a distinct increase in
intensity occurred over a relatively narrow temperature
interval. This transition point which can be defined as
the critical micelle temperature exists on all the intensity—
temperature curves. The meaning is that above the cmt,
essentially constant but very low scattered intensities were
detected. In this region the weight-average molecular
weight determined by extrapolating the intensity data to
infinite dilution, as will be discussed later, is 2.0 X 105 g
mol-}, in good agreement with the molecular weight value
of 1.85 X 105 g mol! for single copolymer chains.
Obviously, only unimers are practically present above the
critical micelle temperature. When the temperature
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Figure 1. Plots of the excess scattered intensity (measured at
6 = 45°, in arbitrary units) versus temperature for the PS-b-
P(t-BS) copolymer in N,N-dimethylacetamide: (open circles) C
= 0.51 mg mL-; (filled circles) 1.02 mg mL-'; (open triangles)
1.94 mg mL-Y; (filled squares) 3.77 mg mL-!. The intersections
of two straight lines define the critical micelle temperatures.
They are 47.9, 50.4, 52.4, and 55.3 °C, respectively.

becomes lower than the cmt, micelle formation becomes
increasingly important. Correspondingly, the light-scat-
tering intensity increases appreciably. For block copol-
ymer solutions, as we discussed elsewhere,® usually a
certain transition region rather than a sharp inflection on
the temperature curve can be expected. Nevertheless,
from the intersection of two straight-line portions, as shown
in Figure 1, we could estimate the cmt value. We thus
obtained cmt values of 47.9, 50.4, 52.4, and 55.3 °C for the
above four concentrations in ascending order. Alterna-
tively, we can consider, to a first approximation, the
concentration which is related to each experimental curve
in Figure 1 as the critical micelle concentration at the
corresponding cmt. Accordingly, for the PS-5-P(¢t-BS)/
DMA system studied, the cmt shifts to a higher value with
increasing concentration and the cmc shifts to a lower
concentration with decreasing temperature. In essence,
the micellization reflects the tendency of keeping apart
from the medium and self-assembling into ordered struc-
tures. In this connection, the above temperature-depen-
dent association behavior can be understood on the basis
of the observation that at room temperature the poly-
(tert-butylstyrene) homopolymer itself (M = 2,07 X 10°
g mol-1) does not dissolve in DMA but becomes soluble at
elevated temperatures (e.g. 60 °C).

The above conclusion about the cmt is further supported
by the dynamic light-scattering results. Two curves of
Ryn(apparent) vs temperature, obtained for the 0.51 and
3.04 mg mL-! solutions by using the cumulants method
for data analysis, are shown in Figure 2. Figure 2 clearly
demonstrates the existence of three temperature regions,
namely unimer, transition, and micelle regions. They
appeared in sequence with decreasing temperature. First-
ly, in the high-temperature region (above cmt) relatively
small (R, ~ 10 nm), but constant size (independent of
temperature) and nearly monodisperse (variance uo/I'?
<0.02), particles were detected, which convincingly sup-
ports the concept that only single polymer chains are
present above the critical micelle temperature. Secondly,
inthe transition region consisting of a temperature interval
of about 5 deg below the emt, two distinct features were
observed: an abrupt increase of the average particle size
and a marked increase in the variance, both indicating
that mixtures of unimer and micelle in equilibrium were
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Figure 2. Plots of the apparent hydrodynamic radius (obtained
at § = 45°) as a function of temperature for the PS-5-P(¢-BS)
copolymer in DMA. Open circles denote C = 0.51 mg mL-!, and
filled circles denote C = 3.04 mg mL-!. The intersections of two
straight lines define the critical micelle temperatures. They are
49.8 and 55.3 °C.

present in this region. On the basis of the relaxation rate
distributions derived from the CONTIN analysis, a more
detailed discussion on the equilibrium will be given later.
As shown in Figure 2, from the dynamic light-scattering
data the cmt values were found to be 49.8 and 55.3 °C for
the 0.51 and 3.04 mg mL-! polymer solutions, respectively.
These values are 1-2 deg higher than those obtained from
the intensity measurements (Figure 1). Such variation
can be understood if we consider the difference in the
sensitivity to the onset of micellization between different
methods. Finally, when temperature was further de-
creased, the micelle region was reached where only large
particles (R, ~ 40-50 nm) with small variance (ug/T'? ~
0.02) were found. This is consistent with the weight-
average micellar molecular weight value of ~1 X 107 g
mol-! at 25 °C, as will be given later. The intermicellar
interactions may account for the variation of the apparent
Ry, value for the two concentrations given in Figure 2.

2. Thermodynamic Functions of Micellization. For
a closed association mechanism with relatively large
association number and narrow distribution, the standard
free energy and standard enthalpy of micelle formation
(AG® and AH®, per mole of the solute in the micelle) are
related to the critical micelle concentration and its
temperature dependence in the form!?

AG° = RT In(cmc) (1)
AH® = R[d In(cmc)/d(1/T)] 2)

where the cmc is in molar concentration; the two standard
states are the polymer molecules and micelles in ideally
dilute solution at unity molarity. Equation 2 can be
integrated to yield

In(cme) ~ AH®°/RT + constant 3

provided that AH® is approximately a constant in the
temperature interval involved. Inour case, as noted above,
the values of cmt and C can be used instead of 7" and cmc.
On the basis of eq 3, a plot of the data obtained from static
light-scattering measurements is shown in Figure 3 (the
bottom line). From the slope the standard enthalpy of
micellization at temperatures between 48 and 55 °C was
found to be -240 £ 10 kJ mol-l. The other standard
thermodynamic quantities at 50 °C were AG® = ~-33 kJ
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Figure 3. Plots of the logarithmic critical micelle concentration
against the reciprocal of the absolute temperature. For the
bottom line, open circles denote the data obtained from Figure
1; filled circles are from Figure 2. For the top line, filled squares
denote the results obtained from the CONTIN analysis; open
triangles are by the intensity analysis. Theleastsquaresfit yields
AH? values of -240 % 10 and -270 + 10 kJ mol-!, respectively.

mol-! and TAS® = -207 kdJ mol-1. These values clearly
indicate that the micellization of the copolymer concerned
isan enthalpy-driven process. The large negative standard
enthalpy of micellization, arising from the extensive
attractive interactions between the insoluble block seg-
ments, outweighs the opposing entropic factors which tend
to disperse the polymer chains randomly throughout the
solution. For polystyrene-b-polyisoprene copolymers in
n-hexadecane, Price et al.!® reported that AG® and AH®
values became more negative when the length of the core-
forming block was increased. Very interestingly, the
enthalpy results for block copolymers in organic selective
solvents are in strong contrast with those obtained for
aqueous solutions of water-soluble copolymers. For ex-
ample, a strongly positive AH® value of about 200~400 kJ
mol-! was obtained for an aqueous solution of poly-
{oxyethylene)-poly(oxypropylene)-poly(oxyethylene) co-
polymers,'1!12 whereas AG° remained ~20 kJ mol-1. Itis
likely that, in this case, hydrophobic interactions of entropy
origin, although considerably weaker than in the case of
low molecular weight surfactants in water, are mainly
responsible for micelle formation, implying that the
micellization process is entropy driven due to the structural
change in water on removal of the hydrocarbon-like units.

3. Static and Dynamic Propertiesin Three Regions.
Static and dynamic properties of the copolymer solution
were examined in detail at three temperatures: 25, 45,
and 60 °C. For micellar solutions the Debye equation is
applicable in the dilute solution regime,

K(C-cmc)/R, = 1/M_+ 2A,(C - cmc) 4)

where K (=4wn%n¢?(dn/dC)%/NaX¢?) is an optical constant
with Ny, no, and Ao being Avogadro’s number, the refractive
index of the solvent, and the wavelength of light in vacuo.
R4 is the excess Rayleigh ratio at a scattering angle
with vertically polarized incident and scattered beams, C
is the total concentration in grams per milliliter, and A.
is the second virial coefficient. For all the solutions
examined at 60 °C, the forward scattering and the
backward scattering were the same, whereas at 25 and 45
°C aremarkable angular dependence of scattered intensity
was observed. In the latter case, the R,y values extrap-
olated to zero scattering angle were used in putting eq 4
to use (Figure 4b and the bottom line in Figure 4a). Also,
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Figure 4. (a) Plots of KC/R,, . versus concentration for the PS-
b-P(¢t-BS) copolymer in DMA at 25 and 60 °C. (b) Plot of K(C
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Table I
Refractive Index Increment of Block Copolymer in DMA=#
temp (dn/dC)ps? (dn/dC)p..8s)" dn/dC¢
(°C) (cm?® g-1) (cm® g-1) (cm? g 1)
25.0 0.166 0.124 0.141
45.0 0.168 0.127 0.143
60.0 0.170 . 0.129 0.145

@ The dn/dC value of the homopolymer in DMA was calculated
by using the Gladstone and Dale formula.?2 * At 25°C nps = 1.61 and
dps = 1.05 g mL-! were taken. < At 25 °C np,..gs, = 1.563 and dp,..ps)
= 1.026 g mL-! were taken. ¢ Calculated by eq 5 in the text.

additional information on the radius of gyration ((Rg?)., app,
apparent z-averaged squared radius of gyration for the
block copolymer) can be obtained from the limiting slope
of the [K(C - cme)/Ryy]c=0 versus g2 plot with g (=(4x/)\)
sin(6/2)) being the scattering vector.

The refractive index increment of the copolymer solution
can be calculated using the relation

dn/dC = w,(dn/dC), + wg(dn/dC)y (5)
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Figure5. Plots of the reduced diffusion coefficient Dn/ T versus
concentration for the PS-b-P(t-BS) copolymer in DMA at
different temperatures.

where w is the weight fraction and the subscripts A and
B denote the component blocks, PS and P(t-BS), respec-
tively. All the dn/dC values estimated for the copolymer
and the two homopolymers aregivenin Table I. For block
copolymers which are usually heterogeneous in chemical
composition, eq 4 yields an apparent molecular weight
(M, app) rather than a true weight-average molecular weight
(My). A correction can be made by using the relation?!?

M, p(dn/dC)? = M, (dn/dC),(dn/dC)y +
[(dn/dC)?, ~ (dn/dC) ,(dn/dC)glw, MA +
[(dn/dC)%s - (dn/dC) ,(dn/dC)glwpMB (6)

where MQ and ME are the weight-average molecular
weights of the components. Inour case, as shown in Table
I, the correction by eq 6 led to a maximum variation of
~3%.

Figure 4 shows the Debye plots in the concentration
range 0.51-3.04 mg mL-!. It should be noted that at 60
°C only unimers are present; therefore the total concen-
tration can simply be used. At 25 °C the cmc term can
be neglected because of its very small value (likely, ~5 X
104 mg mL!). Incontrast, at 45 °C the cmc term (~0.23
mg mL-1) must beincluded (Figure 4b). Thus, the weight-
average molecular weight My, the aggregation number ny,
and the second virial coefficient A;, together with the
(Rg?)1/2, opp data, are listed in Table II. Importantly, the
M, values of 2.0 X 10% g mol-! at 60 °C (n, = 1) and 1.0
X 107 g mol-! at 25 °C (ny = 54) provide experimental
proof that when the temperature is varied, the unimer
and micelle exist at the two extreme regions, respectively.
Althoughthere are some uncertainties associated with the
estimated dn/dC values in Table I, it does not prevent us
from drawing this conclusion.

We have also examined the dynamic properties for the
copolymer solution. It should be noted that for the data
analysis of the present micellar system, the internal motion
contributions, if any, can be neglected since gR,<1. The
corresponding concentration dependence plots based on
the cumulants analysis are given in Figure 5, where the

Table II
Static and Dynamic Properties of PS-b-P(¢-BS) in DMA

temp (°C) M app (8 mol-Y) M,, (g mol-!) A, (cm® mol g-2) Ny Dy (cm2 sl Ry (nm) {R%)V/?; 4pp (nm)
25.0 1.03 X 107 9.96 X 10° 2.0 X 10-° 54 471X 10" 50.0 31.5
45.0 5.99 X 108 5.76 X 108 ~1.9x10¢ 31 7.97x10% 40.5 26.8
60.0 2.03 X 10° 2.05 x 10° 3.7 x 10" 1 401107 10.0
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reduced diffusion coefficient (=Dy/T) is employed to allow
for the effects of temperature and viscosity in the Einstein-
Stokes equation,

D = kT/(6mnR,) )

Insodoing, the reciprocal intercept in Figure 5 is a measure
of the particlesize of interest. The D, (diffusion coefficient
at infinite dilution) and R}, values derived are listed in
Table II. Asseen from Figure 5, there is a large difference
in Ry, between, on the one side, 25 and 45 °C, and on the
other side, 60 °C, which is entirely in accordance with the
molecular weight data.

The solution behavior at 45 °C is of interest. For the
most dilute solution used in this work (C = 0.51 mg mL-1),
as analyzed below, an appreciable amount of unimers
coexisting with micelles was found, the scattered intensity
ratio of unimer to micellar particle being ~1:40 and the
corresponding weight ratio ~0.78:1. However, at higher
concentrations the micelles became the predominant form
in the system and the KC/R,., values (extrapolated to zero
scattering angle and corrected for the cmc) were nearly
constant, as shown in Figure 4b. Thus, a linear extrap-
olation in Figure 4b yields a M,, value of 5.75 X 10%g mol-!
for the micelle species at 45 °C.

Assuming that the micellar particles formed at 25 and
45 °C are spherical in shape, we would have the relation
M = R3, Suchascaling behavior is approximately observed
when we compare the M,, and R}, data at 25 and 45 °C (see
Table I). Furthermore, it is known that theratio of radius
of gyration to hydrodynamic radius for a given system
serves to distinguish between different structures.20 For
example, a value of 0.77 is predicted for the hard-sphere
model and the ratio is equal to or larger than unity for
other structures. The R, and R}, data listed in Table II
give a value of 0.63—-0.68 for their ratio. Based on the
above arguments and keeping in mind that the Ry measured
for the block copolymer is an apparent value, it is
acceptable that the copolymer micelles studied can be
viewed as spheres consisting of a compact P(t-BS) core
surrounded by a swollen PS shell.

Veryrecently, Phoon et al.?! studied the dilute solutions
of PS-b-P(¢-BS) in dimethylformamide (DMF) at 20 °C
and reported that the micelles formed have a molecular
weight of 5.3 X 107 g mol-! and a Ry, of 66 nm. Although
there is some difference between DMA and DMF, we could
expect that in either DMA or DMF, in the micelle region
the copolymer micelles become increasingly large with
decreasing temperature until the phase separation tem-
perature is reached.

4. Equilibrium between Unimers and Micelles in
the Transition Region. Parts a and b of Figure 6 show
the logarithmic unnormalized first-order electric field
correlation function 81/2¢!'() as a function of delay time
r at different temperatures for the 0.51 and 3.04 mg mL-!
solutions, respectively. Here 8is a constant depending on
the scattering geometry and is usually determined by a fit
to the experimental data. In order to directly compare
the relaxation behavior at different temperatures, the
physical quantity reduced delay time (=7T/n) is used. For
the 0.51 mg mL-! solution, as clearly seen from Figure 6a,
the top curve (25 °C) as well as the two bottom curves (55
and 60 °C, essentially identical) exhibits a single-expo-
nential decay character but with largely differing relaxation
rates. Correspondingly, from the slope, monodisperse
particle radius values of 50.3 (25 °C) and 9.8 nm (55 and
60 °C) are obtained. As far as the intermediate temper-
ature region (45-50 °C) is concerned, all the correlation
function curves consistently reveal a multiexponential
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Figure 6. Plots of the logarithmic electric field correlation
function against reduced delay time. (a) C =0.51 mg mL-!. From
top to bottom the temperatures are 25, 45, 48, 49, 50, 55 (crosses),
and 60 °C (diamonds) respectively. (b) C = 3.04 mgmL-!. From
top to bottom the temperatures are 25, 45, 53, 54, 55, 60 (crosses),
and 65 °C (diamonds), respectively.

nature, the curve location and shape being strongly
temperature-dependent. Regarding the relaxation rate,
all the intermediate curves are constrained within the
frame defined by the top and bottom curves. Obviously,
in this region a dynamic equilibrium, which shifts toward
micelles with decreasing temperature, is established
between single copolymer chains and polymolecular mi-
celles. Asshown in Figure 6b, the relaxation behavior at
higher concentration (C = 3.04 mg mL!) is very similar
to that displayed in Figure 6a. The difference is that the
temperature scale is now shifted toward higher temper-
ature. For instance, on the low-temperature side, the
single-exponential decay associated with the formation of
nearly monodisperse micelles has been extended to 45 °C.
Similarly, on the high-temperature side, the fast single-
exponential decay first appeared at 55 °C instead of 50
°C. This means that the equilibrium is not only tem-
perature-dependent but also concentration-dependent.

Asmentioned above, for the unimer and micelle species
the characteristic relaxation rates are well separated (a
factor of 4-5), and both species are narrow in their size
distribution. Therefore it seems possible, by the use of
the CONTIN analysis, to obtain some quantitative insights
into the equilibrium between unimers and micelles in the
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Figure 7. Relaxation rate distributions at the indicated tem-
peratures obtained by the CONTIN analysis of the field
correlation function of the 0.51 mg mL-! copolymer solution.
The reduced diffusion coefficient (D9/T) was used to compare
directly the peak locations at different temperatures. The peak
area represents the scattered intensity contribution.

transition region. For a polydisperse system,

¢V = [ G(T) exp(-T'r) dT ®)

or

gV = fo‘”rG(r) exp(-Tr)dInT ©)

with T' = Dq? where G(T') is the characteristic linewidth
(or relaxation rate) distribution function with T being the
linewidth or relaxation rate. The mean characteristic

linewidth T, the second moment us, and the variance are
defined by

= fGmdr
= fG@) (T -T)2dr

Var = u,/ I

The CONTIN method, as a constrained regularization
technique developed by Provencher,!® nowadays becomes
a routine approach to extract G(I') from the measured
g1(7). Note that because of the ill-posed nature of the
Laplaceinversion of eq 8, CONTIN gives the most probable
solution among a number of fitted solutions.

Figures 7 and 8 show the results obtained by the
CONTIN method forthe 0.51 and 3.04 mg mL-! copolymer
solutions, respectively. The relaxation rate distributions
in terms of the reduced diffusion coefficient D;.q(=Dn/T,
note that I' « D,.q) are conveniently given in the semi-
logarithmic form, i.e., DG (D;eq) versus log D;.q. The
advantages of such plot are (1) peak locations can be
compared directly for different temperatures, (2) the area
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Figure 8. Relaxation rate distributions at the indicated tem-
peratures for the 3.04 mg mL-! copolymer solution.

is adirect measure of the scattering intensity contribution,
and (3) there is no assumption made about the geometrical
shape of single copolymer chains. D;oqG(D;¢q) is expressed
in arbitrary units but normalized to the highest value at
each temperature to facilitate comparisons.

As shown in Figure 7, the relaxation rate distributions
at the two extreme temperatures studied reveal a narrow
peak in each case, as predicted: a fast unimer peak at 60
°C and a slow micelle peak at 25 °C. Upon cooling down
from 60 °C, the distribution function first becomes broader
at 50 °C but still keeps the unimodal nature, meaning that
only a small amount of micelles is formed. Correspond-
ingly, an increase of ~21% in the scattered intensity as
compared to that at 60 °C is seen in Figure 1. A bimodal
distribution has been initiated at 49 °C with an intensity
ratio of micelle tounimer (I,/1,) of 0.83/1. A furthersmall
reduction in temperature (only a few centigrade degrees)
leads to a remarkably increasing contribution of micelles
to the scattered intensity (/n/I, are 2.3/1 and 9.4/1 at 48
and 46.4 °C, respectively). As can be seen from Figure 7,
at 45 °C the micelle contributes a major part of the
scattered intensity, the I,,/I, ratio being about 40/1. A
unimodal relaxation rate distribution associated with the
micelle species appears upon a further decrease in tem-
perature. Therefore, the CONTIN analysis of the mea-
sured autocorrelation function as a function of temperature
gives, in a more or less quantitative manner, a clear picture
about the temperature-dependent dynamic equilibrium
between single polymer chains and associated structures.
Figure 8 illustrates the similar properties in the relaxation
rate distribution for the 3.04 mg mL-! solution. A com-
parison between Figures 7 and 8 has led to an important
conclusion that the upper and lower boundaries of the
temperature region where the bimodal distribution exists
shift to higher temperature with increasing concentration.

We may go further in using the CONTIN resuits.
According to the mass action law model of micelle
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Table 111
Critical Micelle Concentration and Standard Thermodynamic Functions of Micellization
cme (mg/mL) AG® (kd/mol) AH° (kJ/mol)
temp (°C) IF method® CONTIN IF method CONTIN IF method CONTIN
45.0 0.23 0.25 -36 -36
46.4 0.34 0.46 -35 ~34
480 0.53 0.58 -34 34 -240 (48-55 °C) -270 (45-54 °C)
49.0 0.70 0.63 -33 -33
50.0 0.83 1.8 -33 -31
53.0 2.1 2.9 -31 -30
54.0 2.8 3.6 =30 -29

@ Based on the scattered intensity inflection as shown in Figure 1.

formation we may assume that a single micellar species
with an aggregation number n is in equilibrium with the
unimers:

nd, =4, (10)
Therefore!’
K., =[AVIA]D (11)
and
eme ~ K, 7O (12)

where [4;] and [A,] are the molar concentrations of
unimer and micelle (n-mer), respectively. As described
above, the relative intensity contributions made by unimers
and micelles in the mixture can be obtained using the
CONTIN analysis. Assuming that the solution is ther-
modynamically ideal and the refractive index increment
is approximately the same for both unimer and micelle
species, the ratio I,/I, can be further related to the
concentration and molecular weight of each species by the
expression

/1, ~ (C,M,)/(C.M,) (13)

where Cy, and C, are in grams per milliliter. Asshown in
Figure 7, I,/I, values of 40/1,9.4/1, 2.3/1, and 0.83/1 were
obtained for the 0.51 mg mL-! solution at 45, 46.4, 48, and
49 °C, respectively. By combination of eqs 11 and 12 with
eq 13, an attempt has been made by us to calculate the
cmc value through K., derived from the CONTIN results.

Knowing M,, at 45 °C (see Table II) and M, (=1.85 X
105 g mol!) and assuming that in the transition region the
M,, value is approximately constant over a relatively
narrow temperature range, we obtained weight fraction
values of 0.56, 0.23, 0.069, and 0.026 for micelles (in
equilibrium with unimers) from the above CONTIN
results. The calculated cmc values together with those
obtained on the basis of the data given in Figure 3 (the
bottom line), are listed in Table III. As shown in Figure
8, the I,/ I, values for the 3.04 mg mL-! solution are 27/1,
7.1/1, and 1.2/1 at 50, 53, and 54 °C, respectively. Then,
the cmc value could also be estimated by the same
procedure for these three temperatures. Moreover, stan-
dard free energy and standard enthalpy of micellization
were calculated and are listed in Table III. As seen from
Table III, in general, the agreement between the two sets
of results, obtained by two different approaches, seems
quite good, if we consider that several assumptions to
simplify the treatment have been made. In particular,
the real unimers and micelles have never been strictly
monodisperse and the uncertainties associated with the
CONTIN analysis for a broadly polydisperse system are
not trivial. Importantly, for the dilute solution (C = 0.51
mg mL-!) the cmc values calculated from the CONTIN
results are very close to those experimentally determined
by using the inflection point on the scattered intensity

curve, the difference in most cases being only 10%. At
higher concentration (C = 3.04 mg mL-)) relatively large
differences of about 30-100% in the cmc values were
observed as expected, since in this case the assumption on
the ideality of solution may not be valid. This nonideality
behavior for the micelles is implicated in Figure 2 where
the two Ry, lines cross for the micelles at two different
concentrations., For the standard thermodynamic func-
tions, the agreement between the two methods is satis-
factory in all cases.

The intensity data given in Figure 1 can also be used
to estimate the weight fraction of unimers and micelles in
the transition region and therefore to determine the
equilibrium constant or the cmc value. For a mixture in
equilibrium the measured scattered intensity is the sum
of the contributions made by unimers and micelles,

I=1'c, +I°C, (14)

where I° and I° are the scattered intensity of the unimer
and micelle species in ideally dilute solution at unit weight

concentration, respectively. In our case, the Iﬂ value is
known from the intensity data in the unimer region and
I?, can be estimated by the relation I = I°M,,/M,, since
both My, (at 45 °C) and M, are known. Here we have
again implicitly assumed that the M, value is approxi-
mately constant in the transition region. Thus, when the
total scattered intensity of the solution at a given con-
centration is known, the weight concentration of each
component can be calculated. When this approach was
followed, for example, weight fraction values of 0.55, 0.25,
6.2 X 10-2, and 2.7 X 10-2 were obtained for micelles in the
0.51 mg mL-! solution at 45, 46.4, 48, and 49 °C,
respectively, which are in good agreement with those
derived from the CONTIN results. Furthermore, on the
basis of the mass action law the cmc values were also
calculated. All the results together with those obtained
by the CONTIN approach are summarized in Figure 3
(the top line). A least squares fit yields a AH value of
-270 % 10 kJ mol-!, which agrees with that obtained by
monitoring the temperature dependence of scattered
intensity.

In summary, the internal consistency between the results
of two different approaches, i.e., the time-averaged scat-
tered intensity measurement and the intensity fluctuation
measurement, is of importance, indicating that although
some assumptions are made to reduce the data analysis,
aquantitative (or semiquantitative) understanding of the
association behavior for the present system can be achieved
by using the light-scattering technique.

Conclusions

In contrast to the PEO-PPO-PEQ/water system for
which an increase in temperature leads to remarkable
micelle formation (an entropy-driven process), the mi-
cellization of PS-4-P(¢-BS) in a polar solvent, N,N-



Macromolecules, Vol. 26, No. 8, 1993

dimethylacetamide, takes place by decreasing the tem-
perature (an enthalpy-driven process). Both of them
exhibit three temperature regions (unimer, transition, and
micelle regions) by changing the temperature, but in
oppositedirections. Forthe presentsystem, the transition
region where micelles are in equilibrium with single
polymer chains is reasonably sharp because of (1) the
narrow size polydispersity of both the unimers and the
micellar particles formed, (2) the better composition
homogeneity of the block copolymer studied as compared
to the commercial poloxamer copolymer used in a previous
study,® and (3) the strong temperature dependence of the
solvent quality of DMA with respect to the P(¢-BS) block.
These features enable us to use the CONTIN analysis as
well as the intensity analysis to extract valuable quanti-
tative information on the temperature-dependent equi-
librium between unimers and associated structures, in-
cluding the estimation of the critical micelle concentration
and related thermodynamic properties.
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