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We present a proton fast field-cycling (FFC) NMR relaxometry study of the molecular dynamics in three
different deuterated water-dispersed triblock copolymers of ethylene oxide (EO) and propylene oxide
(PO)ZE030P027E030(F68), EO141P0O44EO141 (FIOS), and E0101P056E0101(F]27). Independently of the phase
and molecular arrangement, bi-exponential decays of the magnetization during the spin-lattice relax-
ation process could be observed for F127, while mono-exponential decays were measured for F68 and
F108. This fact has been attributed to the relative ratio of PEO and PPO protons for each case. In F127, each
component of the magnetization decay could be associated with a particular block of the co-polymer. A

Keywords: . . . ! o .
N]\J//IR Relaxometry direct consequence of this fact is the independent characterization of the molecular dynamics of each
Pluronics block. It was found that the dominant relaxation mechanism can be attributed to the Rouse model, and it

seems to be independent on whether the molecules are incorporated into a micelle, or as individual
unimers in the aqueous solution. The experimental results and the provided explanation are consistent
with entanglement-free self-assembled structures, and a fast exchange of unimers between the micellar
structure and the solvent. This particular feature was also investigated in F68 and F108, although for
these cases a mono-exponential decay of the magnetization was observed. NMR relaxometry results are
complemented with other relaxation experiments in the rotating frame, NMR spectroscopy and atomic-
force microscopy.
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1. Introduction low concentrations and temperatures, the block copolymers

dissolve in water as individual entities (unimers). By increasing

The study here presented is focused on poly(ethylene oxide) -
poly(propylene oxide) - poly(ethylene oxide) (PEO-PPO-PEO),
commercially available from different companies, being also known
in the literature by their trade names (in our case Pluronic from
BASF). The system can be purchased with different molecular
weights and lengths for the PEO/PPO chains. In this work we
measure the 'H spin-lattice relaxation dispersion of the amphi-
philic specimens dispersed in D,0.

In water solution, this copolymer exhibits a noticeable temper-
ature and concentration dependent mesomorphic behavior [1,2]. At
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concentration and/or temperature, critical values trigger a micel-
lization process [3,4] and they are called critical micellization
concentration (CMC) and critical micellization temperature (CMT).
The micellization behavior is also dependent on the polymer
structure and its molecular weight [1]. The micelles architecture
consists of a hydrophobic core (PPO) and a hydrophilic corona
(PEO) with typical hydrodynamic radii of the order of 10 nm,
tending to form clusters with aggregation numbers of the order of
50 units. This number is weakly dependent on the copolymer
concentration, but increases with the temperature [5]. A schematic
representation of the structure of unimers and micelles in an
aqueous solution is shown in Fig. 1. By increasing the concentration,
micelles tend to be arranged in a close-packed array until gelation
occurs due to a weak entanglement (soft gel), or a strong entan-
glement (hard gel) among the corona PEO chains [6]. The gel phase
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Fig. 1. Schematic representation of the structure of unimers and micelles in an
aqueous solution. It shows the coexistence of them when the concentration of the
triblock copolymer is larger than the critical micellization concentration (CMC). The
exchange kinetics of unimers from the bulk into the micelle and vice versa is also
represented by the two black arrows (see text for explanation).

can also be reached by increasing the temperature, due to a
dehydration of the PEO and PPO moieties [7]. Usually unimers,
micelles and micellar aggregates coexist, showing up one dominant
phase according to the concentration and temperature [8].

Dynamical features of the copolymer/micelle occur over a broad
timescale, covering several decades from <10~'2s for fast molec-
ular vibrational and rotational modes of the internal groups con-
forming the unimers and bulklike ultrafast dynamics [9], up to
much slower motions associated to reorientations of clusters and
micelle fusion-fission processes (>1s) [10]. While many experi-
mental techniques have been used for the study of the dynamics in
these systems, most of these are only capable of monitoring a single
aspect of the dynamics on a very limited timescale. Typical exam-
ples are time resolved emission spectroscopy [11], nuclear mag-
netic resonance (NMR) spectroscopy [12,13], NMR diffusion [14,15]
and high-field relaxation [16], temperature jump [17], ultrasonic
absorption [18] and neutron scattering [19]. Experimentally
determined dynamic data acquired over a wide timescale facilitates
the understanding, validation and modeling of the involved dy-
namics. In this context, fast field-cycling nuclear magnetic reso-
nance relaxometry (FFC-NMR), in which the spin lattice relaxation
time (T;) is recorded as a function of magnetic field strength (B,),
and hence 'H Larmor frequency (v, = v7B,/21), has emerged as an
optimal technique with these advantages. FFC-NMR has been suc-
cessfully applied for the study of the molecular dynamics in a large
number of systems, including solid polymers and polymer melts
[20,21]. The dynamic information is obtained from the evolution of
the net proton magnetization of the whole sample. This is strictly
related to the evolution of the nuclear spins and the interactions
between them, which are modulated by the molecular and meso-
scopic dynamics. Several reports can be found in the literature
about the use of FFC-NMR in the study the molecular dynamics in
polymer melts [20,22—24], however, so far this kind of studies were
not yet extended to amphiphilic copolymers in the solution state.
Previous studies in polymers melts demonstrated that the 'H spin-
lattice relaxation is of dipolar nature, and can be explained in terms
of well known established dynamic models for polymers.

1.1. Dynamics of PEO-PPO-PEO triblock copolymer micelles

While much progress has been done in the elucidation of self-
assembled copolymer structures, the underlying molecular dy-
namics still remains poorly understood. The exchange kinetics of
unimers from the bulk into the micelle and formation/breakdown

of the micelles has been extensively studied over decades
[17,25—34]. These two processes can be associated with different
time scales, although still discrepancies persist depending on the
used experimental techniques and the specimen. However, all
experimental studies confirm that the faster process correspond to
unimers exchange, with a characteristic time usually within a range
froma few microseconds to hundreds of milliseconds [1,17,33—35].
The unimers exchange is a complex process where the hydrophobic
globule of the copolymer uncoils to penetrate into the micelle's
core. At expulsion, once the unimer reaches full contact with the
solvent, the free copolymer tightly coils again in order to prevent
the contact between the solvent and the PPO (hydrophobic block)
core [33]. That is, the exchange of single copolymer molecules with
the assembled micelle includes the folding and unfolding mecha-
nism. The formation/breakdown process of micelles is in principle
much slower, and not always observable with the mentioned
experimental techniques. It is worth to mention that stopped flow
and temperature jump techniques often used to study micellization
kinetics are extremely perturbative: micelles are disrupted and the
relaxation to the equilibrium state is monitored by light scattering
or fluorescence [26,35]. Despite the coexistence of micelles and
dissolved unimers, pulsed field gradient (PFG) NMR diffusion
measurements revealed the existence of a single diffusivity for both
components, attributed to the fact that the exchange rate of
unimers is faster than the diffusion time scale [36].

Neutron scattering studies in undeuteratedF68
(EO141P044EO141)in D20 and F68 with deuterated PEO blocks,
revealed that a slower relaxation corresponds to Rouse modes of
the PPO segments, while a faster relaxation was identified with the
higher mobility of the PEO corona [37]. This faster relaxation time
was found to be consistent with longitudinal diffusive modes of the
PEO blocks, considering their similitude with a brush regime(-
terminally attached chain) [37—39]. The method does not allow
getting information about the colloidal behavior of the micelles, but
reveals details of the polymeric dynamics. In view of this clear
separation of the segmental dynamics between core and corona, it
was suggested that the PEO/PPO interface in the micelle effectively
anchors the chains on the time scale of the experiment, despite the
chain exchange that may occur in the millisecond time scale
[4,17,35]. This picture is also supported from proton NMR spec-
troscopy studies [40,41].

2. Experimental
2.1. Sample preparation

Block copolymers were obtained from BASF Corporation under
the Pluronic registered tradename and used without further puri-
fication. Specifically, these were Pluronic F68 (EOgoPO27EQgg), F108
(E0141P044E014] ), and F127 (EO101P056E0101 ), where the numbers
indicate the monomers composition and, EO and PO stand for
ethylene oxide (C;H40) and propylene oxide (C3HgO) respectively.
Aqueous Pluronic solutions were prepared by dissolving at room
temperature the copolymer in D0 at the corresponding polymer
weight-to-solution volume ratios. That is, the concentration of the
polymer in the sample was expressed as amount of polymer weight
(kg) in volume of solution (m?). The equivalent unit of concentra-
tion in the international system of units (SI) is mol/m>which relates
to kg/m? as follows: mol/m> = (kg/m?) x (1000/molar mass), where
the molar mass is expressed in g/mol and depends on the polymer.
The mixture was stored at4 to 6 °C (the equivalent unit in the SI is
Kelvin K which relates to Celsius degrees as follows:
K = °C + 273.15) for 12—24 h, until a homogeneous transparent
solution was obtained. Then the sample was kept a few hours at the
required temperature to allow (or not) micelles formation,
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according to the corresponding CMT value and polymer concen-
tration. The average sizes of the unimers and/or aggregates were
determined using a Nicomp 380 High Performance Particle Sizer
(HPPS).

2.2. Nuclear magnetic relaxation dispersion experiments

'H spin-lattice relaxation time dispersions in the laboratory
frame (T;) were measured using the FFC-NMR technique [20,42,43]
with a Spinmaster FFC-2000 Fast Field Cycling NMR Relaxometer
(Stelar, Mede, Italy) for aqueous Pluronic solutions. In all cases a
polarization magnetic field of 0.47 T (equivalent to 20 MHz for 'H)
was used, which was switched-on for a period between 1 and 2s to
set-up the equilibrium magnetization (depending on the sample
and the temperature). The value of the acquisition field was 0.392 T
(16.7 MHz). A field slew rate of 12 MHz/ms was used in all cases,
with a switching time of 2.3 ms for the account of the magnetic
field level transitions. The relaxation times were determined from
the magnetization recovery curves by least-squares fiting. The spin
relaxation process was found to be monoexponential, within
experimental error, at all frequencies for some aqueous Pluronic
solutions, and biexponential for others. The sample temperature
was controlled within +1 °C using a Stelar Variable Temperature
Controller. Typically, between 12 and 24 signal scans were accu-
mulated at each delay 7 (12—30 different values) and frequency
(10—24 different values). Relaxation times dispersions were
measured within the frequency range from 5 kHz to 20 MHz, at
different concentrations (10—22.5% w/v) and temperatures (14-
22 °C) for aqueous solutions of Pluronic F68, F108 and F127. These
concentrations and temperatures were chosen based on the phase
diagrams of these three block-copolymers, trying to get mainly
unimers, micellar phase and gel phase when it was possible. Typical
phase diagrams given by plots of temperature versus concentration
for these block-copolymers can be easily found in literature [1,5,44].

It is worth mentioning that the polymers were dispersed in D,O
and not in H,O0 to let our experiments focus on the signal coming
from the protons belonging to the polymer. As a consequence, there
might be protons eventually in HDO molecules formed during the
sample preparation. However, the contribution to the relaxation
rate due to free molecules of HDO, as they belong to the bulk water,
is non-dispersive within the measured frequency range(constant
contribution to the total relaxation profile).

Non-averaged local fields due to residual dipolar couplings were
evaluated using the fixed lock-time rotating frame dispersion
experiment [45]. A local field lower than 1 kHz was determined, so
T; dispersions measured from a minimum frequency of 5kHz
should be free of undesirable local field effects.

TH spin-lattice relaxation time dispersions in the rotating frame
(T1p) were measured, using the spin-lock sequence, with a Bruker
Minispec mq-20 (20 MHz). Aqueous solutions at25°Ccomposed of
Pluronic F68 at 10% w/v and F127 at 22.5% w/|v were evaluated
within a lock frequency range from 6 kHz to 22 kHz, with 16 repeat
scans for each frequency. The sample temperature was controlled
within +1°C using the temperature control unit of the Bruker
Minispec instrument.

2.3. Modeling the relaxation time dispersions

For this task we essentially adopted the systematic approach
previously discussed [46]. The methodology resembles a least
squares fitting procedure, but in this case absolute differences be-
tween the model and experimental values are minimized instead.
This practice reduces the computing time, while the final result is
not critically dependent on this choice. In this method we averaged
the absolute value of deviations between the model curve and the

experimental data. We called this quantity SUM. It represents the
percentage error of the model curve. The optimal model fitting to
the data was obtained by automatically finding the best combina-
tion of model parameters that made SUM lower than a pre-defined
value called SUMax (typically 0.07). Parameter uncertainties were
determined by analyzing the sensitivity of the optimal model curve
to variations of each parameter. The error interval associated to
each parameter corresponds to the maximum shift of the model
curve within experimental errors.

2.4. NMR spectroscopy

A NMR spectrum of an aqueous solution of Pluronic F127 in D,0
at 10%w/v, at room temperature, was measured using a Bruker
Avance III spectrometer operating at 300 MHz. The corresponding
results can be found in the supplementary material. The end-group
analysis from this spectrum confirmed the monomer ratios of PEO
and PPO as specified by the manufacturer.

2.5. Atomic force microscopy (AFM)

Samples for AFM imaging were prepared by deposing a drop of
aqueous Pluronic solutions on the sample holder and letting it dry
overnight at room temperature. Samples were composed of Plur-
onic F68 and F127 originally solubilized in MilliQ water at 10%w/v.
The AFM imaging was performed in air at 20°C using a Bruker
Innova® Atomic Force Microscope and analyzed with Nano Drive v8
real-time control and Nano Scope Analysis softwares. The scan sizes
were of 1.5um x 1.5 um for F68 and 2 um x 2 um for F127. The
images can be found in the supplementary material.

3. Results
3.1. Proton spin-lattice relaxation time dispersions

The T; relaxation time dispersion curves measured in aqueous
solutions of Pluronic F127 at 22.5%w/v can be observed in Fig. 2.
This Figure shows the corresponding dispersions of the two
observed components (one relaxing with a short time constant Ty
and other with a longer time constant Tqj) of the magnetization
decay recorded at 14°C and 20°C. The sample is composed of a
mixture of micelles and unimers in a sol phase at 14 °C, while it
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Fig. 2. Long (Ty;) and short (Tys) dispersions of the two relaxation time components of
Pluronic F127: solution at 22.5% w/v, recorded at 14°C (filled symbols) and 22°C
(empty symbols). The sample shows a solution phase and is composed of unimers and
micelles at 14 °C. It presents gel phase and is composed of micelles at 22 °C. No dif-
ference is observed between T; dispersions of solution and gel phases. T;s seems to be
more dispersive in both cases.
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presents a gel phase composed of micelles at 22 °C, in agreement
with the literature [5,47]. The gross phase behavior can be verified
by eye due to the fact that the sample does not flow in the gel phase.
The shorter T; shows-up with a higher dispersion. The typical bi-
exponential decay of the magnetization, which was observed for
all the samples of Pluronic F127, can be seen in Fig. 3 where it is
clear that a mono-exponential fitting does not describe the
experimental curve correctly. It is specifically shown for a solution
of Pluronic F127 at 22.5% w/v recorded at 14 °C and at B, = 2 MHz.
Experimental T; dispersions for aqueous solutions of Pluronic
F68 and F108 at concentration of 22.5% w/v and recorded at 14°C
and 22 °Care shown in Figs. 4—6. For these cases, the discrimination
of two exponential decays was not possible, and the magnetization
decay was treated as monoexponential. According to the phase
diagrams for these copolymers [1,5,48] at both measured temper-
atures the F68 sample corresponds to a solution phase composed of
a mixture of unimers and micelles. In contrast, the F108 solution is
mainly composed of unimers at 14°C and of micelles at 22 °C.
While a weak dispersion is observed at both temperatures in F68, a
higher dispersion shows-up for the micellar solution of F108.

3.2. Ty, profiles

Ty, dispersions in the rotating frame were measured for aqueous
solutions of Pluronic F68 at 10% w/v and F127 at 22.5% w/v, both
cases recorded at25 °C. These profiles are shown in Fig. 7. Consid-
ering the CMT values for these polymers [1,5], the sample solution
corresponds to a mixture of unimers and micelles for F68 and a
micellar gel phase for F127. Ty, exhibits only one component for
F68, but two components are evidenced, as in the case of Ty, for
F127 (T1ps and Typ1). No dispersion is observed within the measured
frequency range for none of them. In these figures vy stands for the
lock-frequency in the rotating frame.

4. Analysis and discussion
4.1. Pluronic F127

A bi-exponential evolution of the longitudinal magnetization
M,(t) was considered for both the PP (pre-polarized) and NP (non-
polarized) sequences of the magnetic field-cycling experiment [42].
Both components of T; show a weak dispersion, but the shorterTy;
is clearly more dispersive (see Fig. 2). The bi-exponential nature of

1r 14°C

- - - - Monoexponential fitting
—— Bi-exponential fitting

F127 22.5 % wiv at 2 MHz
0’1 1 1 1 1 1

0,0 0,5 1,0 15 2,0 2,5

t(s)

Fig. 3. Bi-exponential decay of the magnetization for a solution of Pluronic F127 at
22.5% wiv, recorded at 14°C and at B,=2MHz. It can be observed that a mono-
exponential fitting does not describe the experimental curve correctly.
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Fig. 4. T; dispersions of Pluronic F68 solution at 22.5% w/v, recorded at 14°C and
22 °C. At both temperatures the sample corresponds to a solution phase composed of a
mixture of unimers and micelles. A weak T; dispersion is observed. Model (solid black
lines) corresponding to equation (6) is used to describe the experimental curves (see
text for explanation).
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Fig. 5. T; dispersion of Pluronic F108 solution at 22.5% w/v, recorded at 14°C. An
unimer-dominant solution gives-up at this temperature. Model (solid black line) cor-
responding to equation (6) is used to describe the experimental curve (see text for
explanation).

F108 22.5% wiv
10" 1 1 1 1

7

10° 10° 10
v, (MHz)

Fig. 6. Tidispersion of Pluronic F108 solution at 22.5% w/v, recorded at 22°C. A
micelle-dominant solution gives-up at this temperature. Model (solid black line) cor-
responding to equation (6) is used to describe the experimental curve (see text for
explanation).

Tiwasalso observed for a 10%w/v solution of F127 at 18 °C and pure
Pluronic F127 in the solid phase (compacted powder without dis-
solving in D,0) at 27 °C(at a proton Larmor frequency of20 MHz,
using the standard inversion recovery sequence 7-m/2). Moreover,
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Fig. 7. Ty, dispersion of Pluronic F68 solution at 10% w/v (mixture of unimers and
micelles) and F127 solution at 22.5% w/v (micellar gel phase), recorded at 25°C. No
dispersion is observed in Ty,within the measured frequency range.

Typconsistently showed two relaxation components in the rotating
frame experiments (see Fig. 7). Analyzing the amplitude ratio A;
(j=s,, long and short relaxation components amplitudes)for both
the polymer in the solid phase and in solution(D,0) at different
concentrations, temperatures and frequencies, and considering
that F127 contains 808 protons in the PEO block and 336 protons in
the PPO block, we get:

NeprotonsPPO

Rr127 = oo A
F127 = NeprotonsPEO

=0416 =: |:—:|
AI theoretical

(1)

That is, the short component can be associated to the PPO block.
A good agreement between the theoretical and measured ratios is
observed (see Fig. 8). We can observe that the best agreement is
given at lower Larmor frequencies, where the two relaxation
components are better resolved.

Each component (I and s) of the Ty dispersion profiles for F127
can be attributed to the different groups of protons belonging to the
PEO and PPO blocks. This result essentially means that the exper-
iment is independently sensitive to the dynamics of the PEO and
PPO blocks and their environment (being the modulation of the
dipolar interactions between the protons of each unit the probing
parameter).

1,0 T T T T
® T, Solution 22.5% wiv 25 °C
09t P 1
A T, Solution 10% wiv 28 °C
0,8 O T4 Solution 22.5% wiv 14 °C ]
0,7 ® T, Solution 22.5% wiv 17 °C
A T4 Solid 27 °C
S 06f ! .
|
& 05t 1

0,4 +§g§ ﬁ ————————— 0416 ... g ———————————————— é

0,1 1 1 1 1

Fig. 8. Amplitudes ratio of the long and short magnetization recovery forT; and Ty, for
F127 at different concentrations, temperatures and frequencies, in the solid and so-
lution phase. A good agreement between the theoretical and measured ratios is
observed.

All the measured dispersions for F127 look similar, although it
can be clearly observed that the longer T; components show a
lower dispersion. From Fig. 1 we learn that the experiment is
insensitive to the different temperatures (14 °C and 22 °C) at22.5%
w/v. Although the experimental conditions of the experiments are
very close to the CMC-CMT boundary, a sol phase composed of
unimers and micelles corresponds to 14°C, while a soft gel
composed of micelles is obtained at 22 °C. Interestingly, the Ti-
dispersions are completely insensitive to these two situations. That
is, the observed dynamics is independent of the aggregation state
of the copolymers.

In the dilute regime, copolymers behave as independent entities
dissolved in the aqueous environment. However, from previous
studies it was inferred that the unimers tend to form a PPO hy-
drophobic core surrounded by the hydrophilic PEO blocks, that is,
monomolecular micelles [49]. This is the main reason why the
unimer to micelle transition spans over a concentration or tem-
perature decade [5], and a pre-micelle state forms close to the CMT
or CMC boundary [50]. It was also suggested that in a broad tem-
perature range above the CMT, spherical micelles coexist in solution
with unimers [5]. Moreover, the lifetime of the copolymer in the
micelle may be less than 3 ms, that is, a fast-exchange process oc-
curs between the unimers and the micelles [51]. All these facts
support the insensitiveness of the measured dispersions to the
state of aggregation of the copolymer, and allow us to assume that,
at least for F127, the observed dynamics corresponds to the triblock
copolymer itself, independently of the aggregation state.

Independently of the aggregation state corresponding to the
different selected temperatures, for the concentration of 22.5% w/v,
our results suggest that the involved dynamics does not change
drastically within the explored temperature interval. The reader
should be advised that in this technique we do not have spectral
resolution, and keep present that the detected signal originates in
the average contribution of all the protons, as detected in a low-
resolution limit. However, protons belonging to the PEO and PPO
units of the copolymer can be discriminated from its relaxation
behavior. The weak temperature dependence of T; for PEO-PPO-
PEO block copolymers within the measured temperature range of
our work was also observed at high-resolution NMR [40]. Both, the
methylene protons in the PEO block and the methyl protons of the
PPO block show a weak temperature-dependence.

In order to explain the observed dispersions, we refer to the
established models obtained for homopolymers in solution and
melts, respectively. The theory for the dynamics of linear homo-
polymers predicts two different NMR regimes depending on chain
length and concentration. Below a critical molecular weight, the
frequency dependence of the longitudinal relaxation time in melts
is characterized by Rouse dynamics, i.e. [23]:

Ty (w) o — 75 In(wrs) for TR < <w< <7571 (2)

T; () ec7sln (N) for < < 7R71 (3)

where 75 and 7y are the segmental relaxation time and the Rouse
time, respectively, i.e. the relaxation time of the longest Rouse
mode of the chain consisting of N Kuhn segments, with Tg_ 7 N2
Above the critical molecular weight W, entanglements set in and
the T; dispersion changes towards power-laws with different ex-
ponents in different frequency regimes [20]. The value of W, has
been estimated as 5800 g/mol for PEO [52] and 7000 g/mol for PPO
[53], respectively. Apart from polymer melts with short chains for
which W< W,, Rouse behaviour is also observed in polymer solu-
tions with concentrations below the onset of physical entangle-
ments(very diluted solution). Although the total molecular weights
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of all three Pluronic samples are above the critical weight for both
homopolymers (about 12200 g/mol for F127, 8700 g/mol for F68
and 15000 g/mol for F108), these polymers are studied in solutions
at concentrations where entanglements do not play a role in the
polymer dynamics and therefore it is expected they feature Rouse
behaviour. In particular, the solvated state of the copolymer may
favour this behaviour.

For ® diluted solutions, where the polymeric chains are
considered as ideal chains, the Zimm model applies [54]. While the
essential assumption of the Rouse model is that the dynamics is
governed by the interactions localized along the chain, for the
Zimm model, the interactions along the segments are not localized
[55]. Strictly speaking, a ® dilution cannot be associated neither to
the hydrophilic PEO block nor to the hydrophobic PPO block.
However, when copolymers are arranged in micelles, and assuming
that entanglement is prevented by the presence of hydration within
the core of the micelle, the Rouse model can be used to explain the
observed dispersion. A similar approach holds for the
entanglement-free monomolecular structure.

Indeed, the frequency dependence of the short component of
T;(PPO) in F127can be fitted by the Rouse equation(equation (2))
[23]:

Tys(v) = [CRSTSS In ( L )r e 4)

2TV Tss

where Cgs is a constant that depends on the proton magnetogyric
ratio y and on the mean interproton distance; Cs is an offset con-
stant, and the 7 corresponds to the segmental relaxation time
associated to the short T; component. From this result, it turns out
that the Rouse dynamics can fully explain the observed dispersions
for the PPO block of F127 at both concentrations and temperatures
as shown in Figs. 9—11. Moreover, within the measured frequency
range, the Rouse dynamics is dominant over the fast internal mo-
tions of the chain. It can be argued that for both micelles and
unimers, the local cooperative segmental dynamics is purely gov-
erned by the PPO chain properties, in full agreement with previous
studies using high-resolution proton NMR [40]. A segmental cor-
relation time of the order of10~%s was obtained for all the three
cases as it is presented in Table 1, in agreement with the frequency
limits established in equations (2) and (3).

It is reasonable to assume that the Rouse dynamics is also
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Fig. 9. Long (Ty;) and short (Tys) dispersions of the two relaxation time components of
Pluronic F127 solution at 10% w/v, recorded at 18 °C. Tys shows up a higher dispersion.
The sample is composed of unimers and micelles. Models (solid lines) corresponding to
equation (4) (black line) and (5) (light grey line) are used to describe the experimental
curves (see text for explanation).
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Fig. 10. Long (Ty;y and short (Tys) dispersions of the two relaxation time components of
Pluronic F127solution at 22.5% w/v, recorded at 14 °C. The sample shows a solution
phase and is composed of unimers and micelles. Models (solid lines) corresponding to
equation (4) (black line) and (5) (light grey line) are used to describe the experimental
curves (see text for explanation).
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Fig. 11. Long (Ty;y and short (Ty) dispersions of the two relaxation time components of
Pluronic F127solution at 22.5% w/v, recorded at 22°C. Models (solid lines) corre-
sponding to equation (4) (black line) and (5) (light grey line) are used to describe the
experimental curves (see text for explanation).

present in the PEO blocks. Comparing the involved physical pa-
rameters, the segmental correlation time of both blocks is expected
to be of the same order. However, PEO blocks may show trans-de-
fects in the chains that tend to stabilize into gauche conformers as
the temperature is increased, show in general a higher degree of
hydration, and a higher disordered state [56]. The picture of trans-
gauche fluctuations, a higher interaction with the surrounding
water and a more disordered state, plays in favour of a higher
mobility of the PEO blocks. In addition, we may consider longitu-
dinal diffusive processes that may be effective in a brush regime
[39]. This fact is consistent with the lower dispersion observed in
the long component of T; (see Figs. 2 and 9). On these grounds, we
explain the observed dispersions by considering a Rouse term plus
a Lorentzian term for the account of these extra-processes affecting
the PEO blocks, not observed in the short component of T;. In spite
of the fact that a Rouse term alone can also describe the dispersion
in this case, an inconsistency related to the values of the segmental
times as a function of the polymer molecular weight is obtained.
More details about this will be given later in the manuscript.
Therefore, the long component of the spin-lattice relaxation time
can be described by:



250 C.C. Fraenza et al. / Polymer 150 (2018) 244—253

TL 471 1
T (v) = |C + +Cr 7y In (7)
1) [L<1+(27rVTL)2 l+(47rv7L)2> RETst 2Ty Ty

where 7 is correlation time of the Lorentzian term which repre-
sents a temperature dependent characteristic time (it depends on
the temperature according to an Arrhenius law) associated with the
extra-processes affecting the PEO blocks, C; the corresponding
amplitude and (; is again an offset constant.

The resulting curves are presented in Figs. 9—11, and the cor-
responding parameters in Table 1. A good agreement between the
model of equation (5) and the experimental curves is observed.

A segmental correlation time of the order of 10~'% was obtained
for the long component of Ty for the three analyzed cases, as it is
presented in Table 1. It can be observed that 7 is larger than 7 for
all samples and both of them tend to decrease slightly when the
temperature increases at 22.5%w/v concentration, in agreement
with literature [57,58].

On the other hand, 7; does not show significant variations with
temperature change but it becomes shorter with increasing poly-
mer concentration (see Table 1). Correlation times of the order of
0.27ns were attributed to chain backbone rearrangements in
polystyrene in CgDg from '°F and '>*CNMR spectroscopy [59,60]. The
dynamics of deuterated PEO-d4 in aqueous solution at different
concentrations was studied using standard magnetic field-

TL 41 1 1
T:(v) = |A C + +Cr 7 In (7> +A (C Tss In (7>>
1) { PEO( L(l @) 1+(47TVTL)2> RTst I > ppo ( Crs 7ss In {5

dependent ?H relaxation experiments [61]. In concentrated solu-
tions, results were interpreted in terms of three Lorentzian spectral
densities, for the account of “slow”, “medium” and “fast” motions. A
high internal mobility of the PEO chains turns consistent with the
interpretation of our data, even at high concentrations where cross-
linking is feasible, as revealed by the flat dispersions of the relax-
ation time. Correlations times in the range 1.4—4.8ns were found
for the account of “medium” processes, tentatively attributed to
partially hindered reorientations of a dynamic unit (considered to
be of the order of a Kuhn segment). At low concentrations, the
observed dynamics becomes independent of W, indicating local
length scale reorientations. In this limit, correlation times of the
order of 1.3—1.6ns were interpreted in terms of isotropic overall
rotations of the Kuhn segment.

4.2. F68 and F108

Our analysis of the proton spin-lattice relaxation time disper-
sions for F127 reveals the existence of independent dynamical
processes for PPO and PEO blocks. However, this result cannot be
directly translated to F68 and F108 since the bi-exponential decay is
not observed in these cases. The mono-exponential decay can be
explained by the proton ratio R between the PPO and PEO units for
the copolymers F68 and F108 using equation (1). They are
Rrsg = 0.253 and Rrypg = 0.234, which are considerably smaller than
Rr127=0.416. This means that the amount of protons in the PPO and

+Clv (5)

PEO blocks are more similar to each other for F127 in comparison to
F68 and F108. In other words, the bi-exponential relaxation in F68
and F108 is most probably partially masked by the relative quantity
of protons of each block that contributes to the NMR signal, and
may also happen that the short and long components get closer.
However, it turns out that against this experimental indecisiveness,
one can assume at a low risk that the main relaxation mechanisms
that are effective in F127 are essentially the same for F68 and F108.
That is, despite the fact that the used technique cannot distinguish
the two relaxation components corresponding to each block, we
may assume that the same dynamical model applies in all cases.
Then, we check for the consistency with the measured dispersions.

A unique Rouse function for the whole polymer may be ques-
tionable, since there is a density modulation along the chain that
may violate the theoretical conditions of the model. Therefore, we
propose to preserve the previous model (equation (4) and (5)), now
considering the fact that the contribution of all the protons is
included in the measured dispersion. That is, we consider the su-
perposition of a Rouse term for the account of the PPO dynamics,
and a Rouse plus a Lorentzian term for the account of the PEO
dynamics. These contributions are to be weighted by the corre-
sponding relative proton density of each block:

-1
+C (6)

where the amplitudes Apgp and Appp represent the relative contri-
bution of each block to the total population of protons. Considering
that their sum is equal to unity and that

(@) :0,253@’&) —0.234 (7)
PEO/ F68 PEO/ F108

we obtained for F68 that Apgg = 0.798 and Appp = 0.202, and for F108
Apeo = 0.810 and Appo = 0.190.

It is worth mentioning that equation (6) considers two distinct
values of the time 7 for the PEO and PPO blocks, namely 74 and 7
respectively. In order to estimate their values, we use a model
proposed by other authors for segmental relaxation time (o-
relaxation in dielectric relaxation experiments) as a function of
polymer molecular weight W [62]:

Ts(0)

= Wi W2

(8)

The value corresponding to the ideal chain of infinite length
Ts(o0), is obtained already for molecular masses above Wiy, a
limiting molecular weight for the dependence of 7 on W (usually
around 10.000). The a-relaxation time has been discussed in other
works [62,63] where the authors attribute a similarity between
segmental o-relaxation in dielectric relaxation experiments, and
the Rouse segmental relaxation. The main reason for this
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Parameters obtained from the fittings using models given by equations (4) and (5) for the measured spin-lattice relaxation time profiles of Pluronic F127, at different con-
centrations and temperatures.

Parameters Sample
F127 10%w/v(18 + 1)°C F127 22.5%w/v(14 + 1)°C F127 22.5%w/v (22 +1)°C

Tis s [s] x10710 17+3 15+3 12+2
PO segment Crs [s72] x10° 1.8+03 3.7+03 52+0.3

G [s] 0.008 + 0.006 0.001 +0.001 0.0003 + 0.0003
Ty 74 [s] x10710 2.8+06 7.4+09 5.7+0.7

Cri [ s72] x10° 16+03 0.47 +0.06 0.71 +0.09
PEO segments 7. [s] x107° 8+3 48+04 45+03

Ci[s~2] x108 0.5+0.2 1.3+0.1 20+02

G [s] 0.12+0.02 0.040 + 0.007 0.10 +0.05

Table 2

Parameters obtained from the fittings using models given by equation (6) for experimental spin-lattice relaxation time profiles of Pluronic F68 and F108 at 22.5%w/v and
different temperatures.

Parameters

Sample

F68 22.5%w/v (14 +1)°C

F68, 22.5%w/v(22 + 1)°C

F108, 22.5%w/v(14 + 1)°C

F108, 22.5%w/v (22 + 1)°C

PPO segment T5sx10719[s] 3.0+06 24+05 8+2 6+1
Crsx10%[s72] 1.0+0.1 5.1+06 15+0.2 0.7+0.1
PEO segments Tgx10719[s] 6+1 42108 14+3 11+2
Crix107[ s72] 91 8+1 1.7+03 0.38 +0.07
Tx1079[s] 1.8+04 0.37 £0.07 1.6+03 0.26 +0.08
AL x108[57?] 2416 23+6 15+3 25+8
Cls] 0.16 +0.03 0.22 +0.06 0.12+0.03 0.005 + 0.002
T T T T
14 °C 22 °C
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b
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Fig.12. The values of 7 and g as a function of molecular weight of the block at different temperatures are described by the model of equation (8). a) PPO 14°C, b) PPO 22 °C, ¢) PEO

14°C and d) PEO 22°

C.
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Table 3

Parameters for the curves given by equation (8) that describe the segmental times as a function of polymer molecular weight, at different temperatures.
Parameters PPO at 14°C PPO at 22°C PEO at 14°C PEO at 22°C
Ts(co)[s] (9+1) x10°8 (8+1)x1078 (7.5 £0.8)x107° (3.7 £0.6)x107°
Wiim [g/mol] 28000 + 3000 27000 + 2000 13000 + 1000 10000 + 1000

comparability is the fact that they are found in the same order of
magnitude, which has been established for a wide range of poly-
mers and it is 1071°-10~%s in a temperature range around 17-27 °C
[57,58]. In addition, it is worth to mention that equation (8) a
molecular weight W dependence of 75 that is consistent with the
Rouse model [64].

The values of 7¢ and 74 for F68 and F108 were estimated using
the following procedure:

(i) Calculate 74(0) and Wjby considering that 7¢ and 75 ob-
tained through equations (4) and (5)for F127 (see Table 1)
follow the model of equation (8).

(ii) Estimate the potential ranges for 7 and 75 for F68 and F108
by introducing the parameters already calculated in the
previous step and their corresponding molecular weights for
PPO and PEO blocks into equation (8).

(iii) Use equation (6) to fit the T; profiles of F68 and F108, where
7¢s and 7g values are within the ranges determined in step

(ii).

The optimal model curves are presented in Fig. 4 for F68 and in
Figs. 5 and 6 for F108. The corresponding parameters are presented
in Table 2. A good agreement between the model of equation (6)
and the experimental curves is observed. Both segmental times
tend to decrease when temperature increases in agreement with
literature [57,58]. On the other hand, T shows a significant decrease
with growing temperature (see Table 2).

As shown in Fig. 12, the values of 75 and 74 as a function of the
polymer molecular weight are described by the model of equation
(8) very well. The corresponding parameters are shown in Table 3. It
can be observed that 75 and 75 depend strongly on the molecular
weight of PPO and PEO respectively. The segmental dynamics be-
comes slower with increasing molecular weight in agreement with
literature [62,65]. It is interesting to note that both 74(c) and Wy,
depend on temperature and specimen as shown in Table 3.

As previously mentioned, Ty dispersion of F127 can be

2,5x10" . . T .
14°C
2x10" | g
©
|_
1,5x10" F 22X3: .
F1082 22.5% wiv

0 1

10" 10
vy (MHz)

-2

10 10

Fig. 13. T, dispersion of Pluronic F108 solution at 22.5% w/v, recorded at 14 °C. Model
(solid line) corresponding to equation (6) without the Lorentzian term is used to
describe the experimental curve (see text for explanation). It can be clearly seen that
the experimental curve cannot be correctly described by the model curve if the Lor-
entzian term is not considered (compare with Fig. 5).

described by using only a Rouse model. However, the relaxation
profiles of F68 and F108 cannot be fitted precisely without
considering the Lorentzian term. This is shown exemplary in Fig. 13
for F108 solution at 22.5%w/v recorded at 14 °C. On the other hand,
if these imprecise fittings are considered, the values of the
segmental time do not fulfill the expected tendency as a function of
molecular weight given by equation (8). For these two reasons we
considered that is mathematically and physically correct to
consider the models given by equations (4)—(6) to describe the
relaxation profiles for the three block-copolymers.

A common observation that can be made based on the discussed
data is the fact that the presence of micelles does not affect the
polymer motion in a qualitative manner, an assumption which is
supported by the notion that molecules are not fixed in micelles but
are in permanent exchange with their environment. Micelles thus
do not significantly restrict the molecular mobility, and their dy-
namics is qualitatively equivalent to the unimer case, where iso-
lated molecules are moving in a solvent environment. Nevertheless,
the central PPO blocks appear to be less mobile than the outlying
PEO blocks. Since even the total length of the molecules is just
barely above the critical molecular weight for melts, the diluting
effect of only a small amount of solvent — as it is present in the
micelles where its concentration is lower than outside the micelles
— appears sufficient to prevent entanglements to happen. This
concept can be tested by comparison with Pluronic of even longer
chain lengths where eventually a crossover to reptation-like dy-
namics, correlated with power-law relations of T1(v), is expected.

5. Conclusions

In this manuscript we have shown for the first time that proton
NMR relaxometry can be considered as a potential experimental
technique for the study and characterization of the molecular dy-
namics in block copolymers for the example of the commercial
product Pluronics. In particular, when the proton density of the PEO
and PPO blocks are not too dissimilar, the technique allows a
discrimination of the associated dynamics of each block.

This fact opens up the possibility to analyze a more complex
situation where the polymeric micelles become aditivated with
specific drugs, through a localized sensitivity on the dynamical
effects caused independently on the PEO and PPO blocks. A further
research with this motivation turns essential: how can the system
be stable as a drug carrier in the presence of a fast exchange of
monomers entering and exiting the micelle?

Measured dispersions could be successfully explained using the
Rouse model. This requires some conditions that are in a limiting
situation according to the molecular weight of the analyzed spec-
imens. However, the solvent dilution seems to be an efficient
mechanism to prevent entanglement. It should be interesting to
analyze the case of Pluronics of higher molecular weights: is there a
limit where entanglement would be observable using NMR relax-
ometry through a typical power law?

A further study with Pluronics of higher molecular weights and
including additivation should be considered for a better under-
standing of the potentialities of field-cycling NMR relaxometry for
the characterization of block copolymers in solutions.
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