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ABSTRACT: The molecular motion in water of the poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) triblock copolymer with the nominal composition EROssEOy; (F127) was investigated with the aid of
pulsed field gradient nuclear magnetic resonance (PFG NMR). The signal decays in the PFG experiments have
been recorded for 1 wt % F127 in the temperature range from 288 to 313 K and in the concentration range
0.1-35 wt % at 298 K. Below the critical micellization temperature (cmt) or the critical micellization concentration
(cmc), the PFG signal decays approximately linearly when the intensities are plotted on a logarithmic scale versus
the experimentally relevant parameter. At the cmt or cmc, the signal decays are curved. The NMR data were
processed using inverse Laplace transformation to obtain the distribution of self-diffusion coeffie{@)tsit

288 K for a 1 wt %solution, a narrow distribution was observed, while a2 30a bimodal distribution was
observed. This observation can be explained by the polydispersity of the polymer. It implies that, at a given
temperature, only the more hydrophobic compound of F127 takes part in the aggregation process, while the more
hydrophilic components diffuse as free nonassociated polymer. Increasing the temperature to 313 K resulted in
a monomodal distribution, suggesting that all the polymers are aggregated. It is suggested that an ideal mixing
model for the Pluronic micelles can explain the self-diffusion data. The NMR self-diffusion raw data were also
analyzed with the COmponent REsolved (CORE; Stilbs, P.; PaulseReK.Sci. Instrum.1996 67, 4380~

4386) algorithm, resulting in spectra for free block copolymer and micellized block copolymer. With an increase
in temperature, the intensity of the peaks for free block copolymer is reduced, whereas the intensity of the peaks
for aggregated block copolymer increases. The ratios between the size of the PEO and PPO blocks (mEO/nPO)
show a marked increase in free polymer compared to the ratio observed in micellized polymer when the temperature
is increased. The effect of added satisatl wt %F127 solution at 303 K was investigated to determine how the
populations of free and micellized surfactant were changed on account of the ions present. Finally, the diffusion
behavior of Pluronic F68 (E£PO.0EO7e) at 35 wt % has been investigated from 298 to 313 K. Both the diffusion
time and the time of the gradient have been varied. The data show that the diffusion is Gaussian in the temperature
range.

I. Introduction the self-assembly of Pluronics, as compared to those of

Nonionic poly(oxyethylene)-poly(oxypropylene)-poly(oxy- conventional nonionic surfactants. Finally, we note that, unless

ethylene) (EQPO,EQ,) triblock copolymers, often called by purlflcatl_on processes are carrle_d out, PIuronl_cs, being s_ynthet|c
their trade name Pluronic, self-assemble into micelles and Polymeric molecules, are polydisperse both in overall size and
lyotropic liquid crystalline phases. Thus, in many respects, they in the ratio of the block sizes.
behave as traditional nonionic ethoxylated surfactanf§( Pulsed field gradient nuclear magnetic resonance (PFG NMR)
concentration (cmc) values are strongly sensitive to temperature iherefore it comes as no surprise that the micellization process
Upon changing the temperature by 20 K, the cmc can change gifferent types of EGPQ,EO, has been investigated by PFG
]E)y 3tk?rders of Tagnltuiéwherﬁas the Cmfﬁzmﬂ foryEtOxt NMR. When micellization of conventional surfactants is studied
or the same temperature change IS s constan by PFG NMR, the following events typically occur. Below the
concentration, the transition from free polymer to almost e L -
completely micellized polymer can be brought about by cmc, the self-diffusion of the surfactant in its nonassociated form
is measured, and, for reasonably low cmc values (ems0

changing the temperature by about 20' Khe micellization e . .
process of Pluronic in water is endothermic and driven by a mM or s0), the self-diffusion is approximately independent of
concentration. At and above the cmc, there is a continuous

decrease in the polarity of the EO and PO segments during the o <.
self-assembl§:#5The process is thus driven by entropy. Second, decrease of the surfactant self-diffusion coefficient upon further
the variation of cmc with the number of PO blocks is rather addition of surfactant because the fraction of micellized sur-
weak. The energy of transfer from water to the micelle core of factantincreases and the micelles diffuse slower since they are
one PO unitis 0.2% 0.05 kT4 while the corresponding quantity ~ larger objects than the individual surfactant. The surfactant is
for a methylene group is 1.2 KiThis significant difference  well described by a single diffusion coefficient on account of
has an impact on the equilibrium and dynamic properties of the fast exchange of surfactants between the non-micellized and
micellized states. In the context of PFG NMR, linear Stejskal
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diffusion time in the PFG NMR experiment, typically 20000 F127, which was due to polydispersity in both mass and

ms. composition.
The picture is less clear for the self-assembly ofyEQ,- Finally, addition of inorganic salts, alcohols, and other non-
EQ.. Fleischef® Gille et al.1% and Steinbeck et &f.all report electrolytes is a common method for altering the solvent

fast exchange of the polymers on the NMR time scale during properties and changing the cmc of the nonionic polymer, for
the temperature-induced self-assembly, as evidenced by neaexample, Pluronics. The aggregation properties of Pluronics in
single-exponential PFG NMR decays. aqueous solutions are very sensitive to the addition of such
Steinbeck et al! also studied the gueshost interaction of ~ COSolutes?~?" In general, with different inorganic salts, the
tetra(4-sulfonatophenyl) porphyrin (TPR®iith EC,iPO;0EOx0 micellization and gelation properties follow the same type of
(P123) and found slow exchange between the TPRShe transition as the salt-free system, but all the transition temper-
different sites (complexes of smaller aggregates/monomer andatures are shifted. Malmsten and Lindrffastudied the phase
in the micelles at the palisade layer). Walderhaug and co- diagram of F127 under addition of NaCl and NaSCN and found
workers!2-15 on the other hand, report single-exponential PFG that the cloud points were shifted to lower and higher temper-
NMR decays below the onset of self-assembly and non- atures, respectively. o
exponential decays when the self-assembly has been induced Here, we reporton the temperature and concentration-induced
by a temperature increase for F68 (EPOEO76) and EQg- micellization of Pluronics F127 and F68, with the explicit aim
POEQ,s (P94). They discuss this observation in terms of 0 analyze the .signal attenuation decay.of PFG NMR raw data
anomalous diffusion in the association structures formed in the in detail. We discuss the effect of polydispersity on the signal

gel regime. We note that they also studied F127 {fPOsg decay and present simulated signal decays, which describe the
EQq7) at higher temperature (338 K) and reported single- €Xperimentally observed decays. Included and discussed in this
exponential decays. article is also the effect on the signal decay of Pluronics when

Bryskhe et al® performed PFG NMR measurements on very different inorganic salts have been added to the system. A
dilute aqueous solutions of EPOssEOs (L121) at 283 and 298 pervading theme of the work is an attempt to show the
K. The polymer signal decay was single exponential at 283 K usefulness of PFG NMR in studying self-assembly processes.
(corresponding to the self-diffusion coefficient of nonassembled : :
polymers), while at 298 K the signal decay was bimodal. The I Expe'nmental S.ectlon o
fast component@s), similar in value to the one at 283 K, Materials. Two triblock polymers were used in this study. F127

: P : has a nominal molecular weight of 12 600 g/mol. It was a kind
was assigned to “free” polymer, while the slow component " .
(Dsow) Was assigned to the vesicle. The occurrence of two gift from BASF, Performance Chemicals. The second polymer, F68,

d in th icle ph di din t f sl has a nominal molecular weight of 8350 g/mol and was obtained
ecays in the vesicle phase was discussed in terms of slowg . Fiuka. Buchs SG.

exchange betwe_en the free and vesicl_e states, even on time scales Heavy water, BO (99.8%), was purchased from Dr. Glaser. The
of seconds. This was in turn explained by the fact that the following salts were used: sodium hydroxide, NaOH, 99%: sodium
polymer was polydisperse. Bryskhe at®argued that the two  fluoride, NaF, 99%; sodium chloride, NaCl, 99.5%; sodium
populations were chemically different. In fact, careful investiga- bromide, NaBr, 99.9%; sodium tiocynate, NaSCN, 98.6%; and
tion of the decay of the slow component revealed that the sodium iodine, Nal anhydrous. They were all purchased from
polymer also exchanged slowly between different vesicle sizes. Merck. ) ) )

Flodstran et all” studied the mechanism of the synthesis of t At\"t ssmplgs were prelpar((eﬁ. bhy ;I)\lle@ht., directly tln ?'m)m NMFT ft

o : est tubes. Some samples (high Pluronic concentration) were le

MEesoporous silica of the SBA-15 type, using P12.3 as StrUCtureovernight for equilibration at approximately 277 K. Where ap-
director. They followed the structure evolution by time-resolved o5 iate. the concentration usedswaM for all investigated salts.
TEM and in situlH NMR. With *H NMR, two overlapping

methylene peaks could be resolved: one belonging to thelll. Methods

hexagonal phase and the other to the liquid phase. As the Self-Diffusion. PFG NMR measurements were performed on a

reaction finished, they separated the top liquid phase andgrker DMX-200 MHz spectrometer or on a Varian Unity 360
performed PFG NMR measurements and concluded that themHz spectrometer equipped with field gradient probes. In the
batch used contained a short PO and/or EO-rich polymer fraction experiment!H peaks were observed with a stimulated echo pulse
that was incorporated in the spherical micelles but not in the sequencé?8-3090°-7,-90°-7,-90°-7;-echo. The gradient pulses were
tightly packed aggregates. of durationd and of strengtly. The separation between the leading
Hvidt at al181%investigated the effects of polydispersity on €dges of the gradient pulses was= 7, + 7, and the effective
micellization and sphere-to-rod transition of the Pluronics (P94 d'f‘_}‘hs'on t|mc|a VE’aSt = At —oB. d from 288 to 313 K. and th
and EQ¢POyEO,6 (P85)) using different liquid chromatography € sample tlemperature was varied Irom 0 - and the

: ; . gradient in temperature over the sample volume was aretth8
techniques. They found that the samples contained apprOX|-gK_ P P

mately 10-12 wt % lower size impurities. The critical micel- To minimize effects due to convection during measurements at
lization temperature (cmt) and sphere-to-rod transition temper- higher temperatures, suggestions given in ref 31 were followed.
atures were significantly influenced, depending on the fraction Different diffusion times were used to ascertain that no influence
that was investigated. They also concluded that there was aof convection corrupted the data.
distribution in composition of PO block lengths and that micelles ~ For Gaussian self-diffusion of a single species, the intenkity,
formed at temperatures where both free polymers (low molecular f the NMR signal decay can be written as:
weight species) and micelles (high content of PO) were present. |

Of relevance is also the report that F127 may contain as much | =2 exp(—27,/T, — 7,/T,) exp(~kD) 1)
as 18% low size impurities as measured by size exclusion 2

chromatography? wherek is defined ask = 62/2g%A — 0/3), I is the intensity
Of special interest is the study by Jansson ét éhat used  following a single 90 pulse, T, and T, are the longitudinal

dynamic light scattering and found a broadening in the distribu- and transverse relaxation timéjs the self-diffusion coefficient,

tion of characteristic relaxation times upon micellization of andy is the magnetogyric ratio of the spin bearing nucleus. If the
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Figure 1. *H NMR spectrum of F127 at 1 wt % at 298 K in,O. The
chemical structure of the Pluronics is included, along with the
assignment of the peaks.

times 7; and 7, are kept constant, the first exponent in eq 1 is
constant, and a pldtvs k yields a single-exponential decay. The
representation of log) vs k is often referred to as a Stejskal
Tanner plot, and we shall use this term here.

Macromolecules, Vol. 40, No. 23, 2007

op is a measure of the width of the distribution of self-diffusion
coefficients. BothDy andop can be obtained through a least-
square fitting to the raw PFG NMR data when eq 3 is inserted
into eq 2.

Some of the PFG NMR experimental results were analyzed
with the COmponent REsolved (COREY*° method, intro-
duced by Stilbs. CORE performs a global fit to all significant
data points in the raw PFG NMR data set. As a consequence,
the precision in the obtained parameters improves, since all the
available information in the spectrum is utilized effectively.
Using this approach, we have been able to deconvolute the
spectra, resulting in spectra for free molecularly dispersed and
for micellized Pluronics.

To obtain the distribution function in molecular weights, we
use the scaling relation between the self-diffusion coefficients
and the molecular weigh#:41

D=KM™ (5)

wherea andK are scaling parameters. The value usedfis

The case of overlapping peaks or when there is slow exchangethe value for 1 wt % for poly(ethylene oxide) (PE@)= 0.55,

between the aggregated species and molecularly dispersed speci

will be dealt with in the section “Data Evaluation”.

Relaxation. To be able to compare the areas obtained from the

echo experiments for the different peaks (cf. Figure 1) properly,

&iven in the work of Hakansson et #l.

The mapping of the mass distribution onto elistribution
lacks a firm theoretical ground and therefore should be treated

one needs to establish if they are relaxation weighted and with some care. However, we note that_ the_ scaling relation in
compensate according|y (Cf eq ]_) Therefore, we determined the eq 5 rather aCCUrately pl’edICtS the distribution of masses from

T, (inversion recovery experiment) afid (spin echo experiment)
relaxation times.

IV. Data Evaluation

diffusion data for a dilute polymer mixture with known
molecular weights (see Hakansson et?4Bee also discussion
in refs 42 and 43.

Synthetic polymers are almost always polydisperse in mo- V. Results and Discussion

lecular weight. This fact complicates the interpretation of NMR
diffusion data from polymer systen?:34 Normally, one cannot

Introduction. The PFG NMR signal decays from Pluronics
in aqueous solutions are often curved when plotted in a

separate the different components on the basis of their differentStejskat-Tanner representatidd. The curved decays could

chemical shifts and relaxation times, because these parameterslearly by caused by several factors and mechanisms. One
tend to be identical. On the other hand, it is possible to separateobvious reason is that the polymer is polydisperse in both
the components using self-diffusion, because diffusion dependscomposition and molecular weight, although we note that only
on size. The signal decay for a polydisperse system is given polymers having relatively high polydispersity indices give rise

by:

1K) = Iy [ P(D) exp(~kD) dD =

K

1- KD+ > M- ... (2)

where P(D) is the probability density distribution of self-
diffusion coefficients, and the first moment is defined as the
average self-diffusion coefficiefD[ In general, the functional
form of P(D) is not known, but it can be obtained from an
inverse Laplace transformation (ILT) dfk). The ILT was
performed using the Contin algorith#r,3” where we use an
in-house written Matlab routine based on the work by Whittall
and MacKay?®

If the functional form ofP(D) is known (or a functional form

can be assumed), there is no reason to use the ILT. In man

cases, one assumes tiRD) takes the functional form of a
log—normal distribution as in eq 3.

_ 2
[In(D) — In(Dy)] ) .

P(D) = 3

1
ex
DOD\/ZT F{

2
Op
D= DO ex;(7)

20,

(4)

to curved StejskatTanner plots, as discussed by FleiscHer.

In general, our feeling is that scientists in the field do not
always appreciate that Pluronics are polydisperse and misin-
terpretations can be found in the literature. Our aim is to discuss,
highlight, and explain the appearance of Pluronic signal decays
in detail, and to achieve this we use accurate data from two
Pluronics: F68 and F127. For the former, we present PFG NMR
signal decays at four temperatures and for the latter at six
temperatures, where at each temperature we have used four
different diffusion times. For F127, we also investigate the
concentration dependence at 298 K. Finally, we show the effect
of some different inorganic salts on the PFG NMR signal decays.

For reference, we show the proton spectrum of 1 wt % F127
at 298 K in Figure 1, with the assignment of the different peaks
included.

Temperature-Induced Micellization of F127 at 1 wt %.

All results and data analysis in this article are based on the

Yintensities of the EO peak, except when otherwise stated. In

Figure 2A, we display signal decays fnoa 1 wt % F127
aqueous solution at six temperatures. The lines in Figure 2A
(except the dotted line) are predictions from the ILT process.
The normalized signal decay at 288 K is to a good approxima-
tion single exponential (as given by the dotted line in the figure),
although it does deviate slightly at highvalues (see further
below). At the other investigated temperatures, the signal decays
are curved, more so for the intermediate temperatures. In
thetemperature interval investigated, the polymers go from being
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(B) Figure 3. l/Imaxversusk for 1 wt % F127 at 302 K using four different

313K / \ diffusion times: 20, 73.7, 271, and 1000 ms.

5 304K populations of polymers with different diffusion coefficients in

2 302K the range where micellization occurs. The lack of dependence

z 300K — /_\ on the diﬁusﬁon time indipates th.at there ifs no exchange between
298K the populations occurring during the investigated range of
P /fv diffusion times.

The next step is to explain the appearance of the signal
decays. We start by referring to the fact noted earlier that the
signal decay at 288 K, where the polymer is almost exclusively
Figure 2. (A) Wine versusk for F127 at 1 wt % at various in the free form (no micelles are formed at this temperature),

. max (1] . .. . B
temperatures. The solid lines are the results of ILT processing. The does show a minor deviation from single-exponential decay

dotted line is an exponential fit to the data set at 288 K. QP(D), (Figures 2A a}nd. 4A_)- We have .ana.lyzed thi§ _by assuming a
from the ILT versusD. log—normal distribution of self-diffusion coefficients, using a

nonlinear least-square fit to the data, using eq 2 with eq 3
dominantly molecularly dispersed as free polymer (288 K) to inserted.
being associated into aggregates. At 313 K, a majority of the  The obtained average self-diffusion coefficientl¥= 4.31
polymer is micellized, which explains why the signal decay x 10~ m?s ! obtained from eq 40y =4.19x 1011 m2s1
again approaches that of a straight line at this temperature. andop = 0.24). The result of the different fitting approaches

To further analyze the data, we turn to the ILT approach, exponential fitting (eq 1), lognormal distribution (eq 3 inserted
which, when applied to the signal attenuation PFG NMR raw into eq 2), and Contirris displayed in Figure 4A. In Figure
data, offers the possibility to extract the probability density 4B, DP(D), from the log-normal and ILT procedures is shown.
distribution in self-diffusion coefficients. In Figure 2B, the DP(D) obtained from the two approaches overlaps smoothly.
results of such a procedure are plotted. At low temperatures The obtained®(D) can be used to calculate the distribution
(288 K), the obtained distribution is relatively narrow, but upon in molecular weight,P(M), using appropriate scaling rela-
increasing the temperature, the distribution becomes wider, until tions323441Here, we use the one given in eq 5, with values of
at 300 K a second peak emerges. We will later suggest thatthe scaling parameters. (= 0.55) taken from PFG NMR data
these two peaks originate from free and micellized polymer, for 1 wt % PEO at 298 K The resulting molecular weight
respectively. Increasing the temperature further, the peakdistribution, P(M), as converted froni’(D) using procedures
corresponding to the slow polymer component (the aggregateddescribed in ref 34, is given in Figure 5 together with the result
polymer) is growing at the expense of the peak for the fast of a non-linear least-square fit of a legormal distribution in
polymer component (free polymer). At 302 and 304 K, the peaks molecular weight (egs 3 and 4 with replaced byM). The
are approximately equal in area, indicating that roughly half of obtained average molecular weight iM((= 11 x 10° g/mol,
the polymer is aggregated here. At 313 K, the peak correspond-Mo = 10 x 10° g/mol, oy = 0.43). A value ofoy = 0.43
ing to the aggregate dominates (please note that the third peakndicates that the polymer is rather polydisperse with a poly-
to the right is an artifact caused by the ILT procedure). The dispersity index of 1.2. We stress that the effects on the signal
approach used here is similar to the one normally used whendecay is rather moderate; this corroborates the conclusion of
interpreting dynamic light scattering data (see ref 21 for a light Fleischer? that rather large polydispersity is needed to induce
scattering study of the same system under the same conditions)sizable deviations from single-exponential decays.

Figure 3 shows a plot of the normalized signal attenuation  Thus, we have shown that the F127 sample is considerably
versusk for different diffusion times for 1 wt % F127 at 302  polydisperse in molecular weight. Matters are further compli-
K. The condensation of the data onto one master curve indicatescated by the fact that a Pluronic can be polydisperse in properties
that there is no molecular exchange occurring with time constant at constant molecular weight through a variation in the ratio of
in the window from 20 to 1000 ms. The slight scatter in the the block sizes.
data points at higlk values is due to poor signal-to-noise at We proceed to model the signal intensity decays of the
these highk values. aqueous solution of F127 polymer with a multicomponent ideal

We summarize the findings thus fah 1 wt % aqueous mixture model that is based on the phase separation Model.
solution of our batch of F127 undergoes a temperature-inducedThe model consists of the following steps. We use the
micellization process over a range of roughly 20 K. During this distribution of molecular weights presented in Figure 5 and
process, the PFG NMR decays are nonlinear in a Stejskal assume that the individual cmc value for each polymer
Tanner plot. The ILT procedure indicates that there are two component depends logarithmically on the molecular weight

D/m?s™!
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Figure 4. (A) l/lmax versusk for F127 at 1 wt % at 288 K. Included
are also predictions of an exponential fit, a tagormal distribution
fit, and a Contin treatment. (B) Obtain®@P(D) from the ILT approach

and from the fit of a log-normal probability density distribution
versusD.

1.0 o P(M) converted from P(D)

—— Fitted lognormal distribution

Figure 5. P(M) from the transformation dP(D) (Figure 4) versu$/.
Also included is a fit to a log-normal P(M).

in analogy with the case of EO; surfactants where cmc values
decrease logarithmically with the number of carbons in the tail
of the surfactant. This allows us to calculate a distribution of
cmc values as well as the effective cmc value for the mixture
using results from ref 45. Finally, we generate the fraction-free

and micellized of each polymer component, again using results

from ref 45.

We then assume that all the polymer components of the

polydisperse mixture exchange rapidly on the NMR time scale
but the fraction-free polymerRse, varies depending on the

assigned cmc value. For each polymer component, we write a

Macromolecules, Vol. 40, No. 23, 2007
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Figure 6. (A) Generated signal attenuatidilmax versusk. Noise has
been added to the data set. ValuesDgg, andDs,s are 1x 101t and
8 x 1071 m? s7%, respectively. (BDP(D) from the ILT performed on

the generated signal attenuation verBus

10

approximation on account of the polydisperse nature of the
polymer, but it is probably a reasonable approximation, since
the signal decays are to a good approximation single exponential
below and above the cmt (Figure 2A). Finally, signal decay is
synthesized by summing signal decays from each polymer
component with suitable weighing factors. The result is
presented in Figure 6A, and the ILT of the model decay is given
in Figure 6B. Clearly, the model accounts for the experimentally
obtained decays reasonably well.

The physics underlying the behavior is that only a minute
fraction of the polymer components have cmc values around
the effective cmc (and thus would have a diffusion coefficient
intermediate betweebfe. and Dpic), while others are almost
completely bound or free. The hydrophilic polymer components
remain in solution and take little part in the association process,
while the more hydrophobic polymers are to a large extent
micellized at the given temperature and concentration.

The fact that we can write the observed signal decays in terms
of two diffusion coefficients is important for it allows us to
calculate some important characteristics of the association
process.

First, we determine the hydrodynamic rad®, of the free
polymer and of the micelles as a function of temperature. A

global fitting procedure (using eq 1 for 288 K and eq 2 for the

other temperatures) involving four diffusion times and a total

' of 256 data points was used to obtdfee and Dyic at each
temperature. The Stokeg&instein relation is used to calculate

two-site exchange equation for the observed diffusion coef- "

ficient.

Dobs: Dfree(Pfree) + Dmic(1 - Pfree) (6)

where Dysee and D¢ are the diffusion coefficient of the free
polymer and of the micelle, respectively. Please note that we

ks T

°~emR, )

wherekg is the Boltzmann constany, is the viscosity of the
solvent (O), andT the absolute temperature.

In Figure 7, the hydrodynamic radii have been plotted for

assume only two diffusion coefficients (eq 6); this is an the free and micellized polymers. The size of the micelles
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Figure 7. Ry versusT, for micellized and free polymers for 1 wt %
F127 polymer solution. The lines are guides for the eyes.

(A) l — Original spectrum
A .

— free polymer

Figure 9. Ratio between the numbers of EO units (m) to PO units (n)
versusT. The cases of free, micellized, and overall are shown (see text
for details).

control) as calculated from the deconvoluted spectra produced
by the CORE approach is presented in Figure 9. This gives us
further quantitative valuable insight into the temperature-induced
association process of F127. Focusing on the ratio for the
micellized F127, we find that the ratio increases mildly as a

function of temperature, indicating that at low temperature the

more hydrophobic polymer components of F127 take part in

the association, while the polymer components with larger ratios
of EO to PO do not take part in the association.

Turning to the ratio between EO to PO for the free polymer,
we find that the ratio also increases, but the increase is
considerably more pronounced. At the highest temperature
investigated, the remaining free polymer component is very rich
in EO units.

In summary, the curved Stejskalanner plots obtained while
passing though the micellization at 1 wt % of F127 are due to
the polydispersity of the polymer. A multicomponent ideal
mixture model can explain the appearance of the curves, and
there is no need to invoke slow exchange of polymers or
anomalous diffusion. In fact, one of the strengths of the PFG
MR technique is that it enables one to judge whether a
diffusion process is Gaussian or not. This will be the topic of

(B)
&

— micellized polymer

©

L A

4 4 3 2 1
H chemical shift/ppm

Figure 8. CORE approact®“°has been applied to separate overlap-
ping peaks for F127 at 1 wt % at 302 K.

6 5 0

increases from approximately 40 A to 120 A. This is in line
with results from other techniques: small-angle neutron scat-
tering46 dynamic light scattering! and fluorescence quench-
ing.#” Mean field lattice calculatiort&*® also indicate that the
aggregation number increases with increasing temperature.
There is a small but significant decrease in size for the free
polymers as the temperature is increased. Two reasons accou
for this. First, and probably foremost, it is polymer components

with smaller molecular weights that remain free as the temper-
ature is increased. Second, as the temperature is increase
dehydration of the EO parts occurs, leading to an effectively
smaller size of the diffusing species.

he next section.

" Temperature-Induced Micellization of F68 at 35 wt %.

In this section, we consider the temperature-induced micelli-
zation of F68 at 35 wt %. A similar study was previously

The second characteristics that can be obtained from the datapresented by Walderhaug and Nysiré* who discuss their
are the evolution of the ratio of the block sizes, quantified as resuits in terms of anomalous diffusion where the mean squared
the ratio of number of EO units to number of PO units. To gisplacement scales with time with a scaling parameter less than
obtain this quantity, we will use the CORE approach to 1 (Z?0=t" ; r < 1). Here, we show how PEG NMR can be
deconvolute the spectra on the basis of the difference in diffusion ;sed to determine whether the diffusion is Gaussian or not.
coefficients. Phase diagrams of F68 have been determined by Wanka et

In Figure 8, an example of the CORE approach of 1 wt % al# and Wu et ak” On increasing the concentration of F68 at
F127 at 302 K is shown. The three spectra in the figure are the 298 K, we find that the phase diagram shows an isotropic phase
original spectrum (A), the spectrum of the free polymer up to approximately 47 wt % (the cmc is around 35 wt %), and
corresponding t®rst (B), and finally, the spectrum of the slow  then there is a narrow two-phase area with micellar and cubic
component corresponding @y, (Micellized polymer) (C). The  phase in equilibrium. The cubic phase consists of discrete packed
results from the CORE analysis have been further analyzed by micelles46.50
integrating the peaks in the spectrum (see Figure 1 for the proton A sample at 35 wt % was investigated with PFG NMR in
spectrum and labeling of peaks). Before integrating the peaks,the temperature range from 298 to 313 K. According to the
one needs to make suitable corrections for relaxation weighting phase diagram, in this range micelles are formed. In Figure 10,
so the areas given in the spectrum can be compared properlythe PFG NMR signal decays for four different diffusion times
Recall that we are using spin echo experiment to generate the(50, 100, 200, and 400 ms) at four different temperatures (298,
NMR spectra (eq 1)T, and T relaxation measurements were 303, 309, and 313 K) versiksare shown. Each graph contains
performed, and the relaxation-dependent terms (cf. eq 1) were12 different data sets: for each of the four different diffusion
calculated and used in the data treatment. We note that thesaimes, three different gradient pulse lengths have been used (3,
terms in all cases were close to unity. 10, and 20 ms). The gradient amplitude is then adjusted so that

The ratio between the number of the EO units and PO units the same window ok values is covered in each curve. The
for the free, micellized, and total (the latter is included as a main conclusion drawn from Figure 10 is that the 12 curves
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Figure 10. I/l max versusk, for Pluronic F68 at 35 wt % at different  Figure 11. I/lmax versusk for F127 at different concentrations (6:1
temperatures. For each temperature, four different diffusion titnes 35 Wt %) at 298 K. These data were obtained using a Hahn echo
= 50, 100, 200, and 400 ms and three differént 3, 10, and 20 ms sequence.

were used. The inset shows measurements at 313 K with different

settingsA = 60, 120, 180, and 420 ms add= 4, 10, and 20 ms. of micelles increases (at the much higher volume fractions in
the latter case) on account of obstruction effééfs.

At 25 and 35 wt % (Figure 11D) in the cubic phase, the
for each temperature fall onto a common master curve, implying curvature is still very pronounced but the general appearance
that the diffusion is Gaussié#. of the curves are different from the one for 15 wt %. The

To appreciate this, we have to digress slightly and discuss diffusion process in the cubic phase is different from that in
the theory underlying eq 1. Equation 1 (and consequently eq 2) the micellar phasg®54In the former, the micelles are stationary
is only valid for Gaussian diffusion. This can be seen in the and the diffusion takes place through random walk of polymers
following way. When introducing the quantitk, we are between micelles in the cubic lattice. This “walk” is mediated
effectively stating that it is only the area (i.e., the prodd@) through the bulk solution. Again, it is the fractionation of the
under the gradient pulse that determines the signal decay.polymer into the micelles on the basis of its hydrophobicity
However, for non-Gaussian diffusion, this is no longer true, and that gives rise to the variation in the mean square displacements
the echo decay will in fact depend on the valuedofor the underlying the curved signal decays. Finally, we note that there
same value ok. Now, curvature in StejskalTanner plots can may be a complication in the cubic phase because of the
be caused by many reasons. Non-Gaussian or anomalougomplicated relaxation in such phases.
diffusion is one reason; a distribution of diffusion coefficients Effects of Salts on the Micellization.To further show the
as described by eq 3 is another. But it is only for the latter case ysefulness of PEFG NMR in the study of self-assembly of
that the echo decays are independent of the value of the gradienP|uronics, or indeed of any self-assembling system, we have
pulse length. As is evident from Figure 10, this is in fact the investigated the effect of different inorganic salts on the
case of the decays from F68. Thus, the curvature in the associationn a 1 wt %F127 solution at 298 K. The influence
Stejskat-Tanner plots is caused by polydispersity in the of simple salts on colloidal aggregates is a central topic in
material, and there is no reason to invoke anomalous diffusion colloidal science. lons are commonly ordered with respect to
to rationalize the curvature. their effects in Hofmeister series, originally introduced to

Concentration-Induced Micellization. The F127 self-dif- describe the propensity of ions to precipitate proteins from
fusion was also studied as a function of concentration at constantaqueous solutions. Recently, there has been a renewed interest
temperature, covering the range in concentrations from belowin these series, and some progress has been made toward
the cmc to above the cmc. The F127 PFG NMR signal decays explaining in a general sense the origin of the effects. Often,
will again be in focus. We start by reviewing the phase diagtam. the effects are ascribed to the influence the ions have on the
At 298 K, the phase diagram has an isotropic phase up to water structure (terms such as “structure-breaking” or “structure-
approximately 18 wt %, and then there is a narrow two-phase making” ions are often used), but a better alternative is to
area with micellar and cubic phases in equilibrium. Finally, at describe the effects of salts in terms of their affinities (or lack
approximately 85 wt %, crystals of F127 start to form. The cubic of) to surfaces.
phase consists of discrete micelles, packed on a cubic lattice. Effects of various ionic additives on Pluronic systems have
Before going into the results, it should be mentioned that been the subject of many studi@g+26.56-58 Salt addition to
Malmsten and Lindmaf have performed related but less F127 system has been studied by Su etéaby Fourier
detailed studies with self-diffusion NMR on F127, and they transformation infrared spectroscopy. They found that the cmt
report that the exchange process of Pluronics between the freds significantly modified, and they argued that this was caused
and micellized states was slow (on the order of hours). by the salt changing the solubility of the PO part.

At 0.1 wt % F127, the signal decay is approximately single  In Figure 12A, the normalized signal decay is plotted versus
exponential, whereas at 1 wt % the signal decay is slightly k for F127 solutions with six different salts, at a concentration
curved (Figure 11A). The cmc at 298 K is approximately 0.7 of 1 M at 303 K. As areference, the curve for the salt-free case
wt % (0.555 mMY in line with this observation. At 5, 10 (Figure s also given. As can be seen, the curves from the samples with
11B), and 15 wt % (Figure 11C), the F127 signal decays are the so-called “salting-in” salts (Nal and NaSCN) decay faster
highly curved, but the curvature and in particular the crossover than the decay of the reference F127, giving indication of a
from a large to low slope are different. With reference to the faster self-diffusion coefficient, which is caused by an increased
earlier discussion, this signals a change in the fraction of free fraction of free polymer, induced by the addition of the salts.
polymer as the concentration is increased. A difference to the On the other hand, the “salting-out” salts (NaF, NaOH) give
temperature-induced micellization is that the diffusion of the rise to slower decays then the reference, indicating that a larger
micelles becomes progressively slower as the volume fraction fraction is in the micellized state in comparison to F127 alone.
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Figure 12. (A) l/lmax versusk, for 1 wt % F127 at 303 K for six
different sodium salts at a concentration of 1 M. Included is the decay
of a salt-free F127 solution. (BPP(D) versusD from the data in
part A.

A clearer view of the salts’ effect on the micellization is given
in Figure 12B, where ILT of the signal decays in Figure 12A
are presented. Figure 12B clearly shows that the “salting-out”
salts favor micellization, while the “salting-in” salts destabilize
the micelles. The trends in Figure 12B follow the typical
Hofmeister series.

The effect of the different “salting-in” ions on the signal decay

can be explained by the fact that the ions are relative large and
polarizable, and hence have some affinity to the polymer surface

relative to the bulk, making the polymer partially charged, which
increases the solubility of the polymers and also the cloud
point23

The “salting-out” salts have on the other hand no affinity for

the polymer surface and instead show depletion around the

polymer. The “salting-out” salts increase the polarity of the
solvent and thereby decrease the solubility and cloud point of
the polymer. The effect affects the signal decay, which decays
slower due to the salt-induced aggregate formation.

VI. Conclusions

In the present work, we investigate the micellization of
Pluronic F127 as a function of temperature, concentration, and
inorganic salt addition byH self-diffusion NMR.

The distribution of self-diffusion coefficients of an aqueous
solution of 1 wt % F127 changes significantly upon changing
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fast exchange on the NMR time scale. We have quantified the
self-assembly of Pluronics molecularly by determining the EO/

PO balance in the micelles and free polymers. With increasing
temperature, the ratio for the free polymer increases, meaning
that the polymers that remain in solution tend to be more and
more hydrophilic. On the other hand, the ratio for the polymers

in the micelle increases slightly.

We have modeled the curved NMR signal decays using a
model based on ideal solution theory.

The concentration-induced micellization displays curved
signal decays at intermediate and high concentrations which are
also due to the polymer polydispersity.

On addition & 1 M inorganic salt® a 1 wt %solution of
F127 at 303 K, a substantial influence on the signal decays was
observed in comparison to a solution of F127 alone. The
“salting-in” salts (Nal and NaSCN) decay faster than the decay
of the reference F127. The “salting-out” salts (NaF and NaOH)
favor micellization, giving a slower decay in comparison to the
reference F127. By using different salts, one can tune the
distributions of self-diffusion coefficients, as is also possible
by varying the temperature or concentration.

We analyze the temperature-induced micellization of Pluronic
F68 at 35 wt 9%* The signal decay is highly curved, which we
argued is because F68 is polydisperse.

Finally, we stress that it is important to always consider
polydispersity when interpreting any data concerned with the
self-assembly of polymer material, in particular in the context
of exchange rates between aggregated and nonaggregated states.
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