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Abstract The self-diffusion behavior
of a triblock copolymer (PEO-b—
PPO-b-PEO) in an aqueous
solution of 20% (m/m) was investi-
gated during a temperature-induced
phase transition from liquid to gel
state using pulsed field gradient NMR
and static light scattering. The mea-
sured self-diffusivity shows a strong
dependence on the observation time
in the gel phase indicating the
existence of diffusion barriers in the
size range of about 0.6 um.
Additional static light-scattering
measurements show a structure in the

same size range of several hundred
nanometers, which is far above
molecular or micellar sizes and thus,
has to be caused by larger clusters.

The similarity in the space scales
suggests that the restriction of
molecular propagation is correlated
with the grain boundaries between the
domains of the poly-crystalline
structure formed by the arranged
micelles.
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introduction

Due to their amphiphilic character, block-copolymers
containing poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) show many interesting properties. PEO-
PPO-PEO triblock copolymers are widely investigated
using different experimental techniques. Many experi-
ments focus on the micelle formation of these molecules in
aqueous solution [1-3].

The poorly water soluble PPO-block is screened from
the surrounding liquid by the PEO blocks. On increasing
temperature, the molecules organize themselves in micelles
which consist of a core of PPO-segments and a corona of
the water soluble PEO blocks. If the concentration is
larger than a critical value, a clear gel 1s formed. At this
concentration the micelles fill the volume of the solution
completely.

In fluid and fluid containing systems many intrinsic
properties can be investigated by observing the irregular
motion of the individual molecules (the so-called “Brownian
motion”). This motion may be influenced by interfaces
which are formed by both internal and external structures.

Many experimental techniques can be used to study
molecular transport. The methods based on nuclear mag-
netic resonance (NMR) are of special interest, because
these methods are non-invasive and can be used in equilib-
rium [4,5]. NMR allows the observation of individual
molecules without any interference with the processes and
the microdynamics within the sample [6].

In this paper, we present results of our investigations of
the self-diffusivity of the triblock-copolymer F88 in water
below and above the gelling temperature. Whereas many
investigations focus on the micellization and the properties
of micelles and unimers, only very little is known about the
properties of the gel state.
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In the gel state we observed restricted diffusion at
a space scale which is much larger than any size, which can
be correlated to the unimers or micelles. For this reason
static light-scattering experiments were carried out addi-
tionally to elucidate the structure of the gel.

Theory
Fundamentals of PFG NMR

To investigate molecular motion it is necessary to observe
the system at different moments. For this purpose PFG
(pulsed field gradient) NMR is a well-established tech-
nique, allowing the observation of molecular displace-
ments over the space scales from below 100 nm up to
several micrometers. PFG NMR monitors the motion of
the ensemble of the investigated nuclei in the system. The
real species which diffuse have to be known either from the
chemistry of the system or have to be identified from the
behavior of the measured echo attenuation.

Using an appropriate rf-pulse (r/2-pulse) the magnetiz-
ation of spins in a constant magnetic field B turns from its
equilibrium direction parallel to the magnetic field into the
plane perpendicular to B. Since a residual inhomogeneity
of the magnetic field cannot be excluded, the magnetiz-
ation will decay after the z/2-pulse. Application of a n-
pulse after a time interval t refocuses the spins at time 27,
which is known as the “primary spin-echo”. In PFG
NMR, the constant magnetic field is superimposed twice
over the time interval é by the additional inhomogeneous
field

Bysa = gr, (1)

the so-called field gradient pulses. They affect the positions
of the individual spins which are marked by their pre-
cessional phases. If the molecules move in the time interval
t between the two gradient pulses, the refocussing will be
incomplete, because their phases are different. Therefore,
the spin-echo is attenuated and is dependent on the dis-
tance the molecules have moved.

Rigorous treatment of the signal attenuation in the
narrow pulse approximation (§ <t) gives the dependence
of the signal on the applied gradient [7]

¥ = exp [— (ydg)* <_22_>] , (2)

where z is the observed direction of motion which is
identical to the direction of the field gradient.

Molecular motion under the influence of interfaces

The mean-square displacement in z-direction can be re-
lated to the more common self-diffusion coefficient D by
the well-known Einstein relation

(z(t)> = 2Dt. (3)

Using this relation, the signal attenuation in a PFG
NMR experiment (Eq. (2)) becomes

¥ = exp[— (y69)° Dt]. (4)

Einstein’s relation is strictly fulfilled for the motion of free
molecules within an infinitely extended, homogeneous me-
dium. In the other limiting case of completely restricted
diffusion, molecules are confined within certain regions.
Also in this case, the PFG NMR spin echo attenuation
may be represented in the form of Eq. (4) [7] with the
understanding that now the diffusivity as introduced by
Eg. (3) is but an apparent one. It is thus, found to decrease
with increasing observation time following a relation of
the type

2 -
Dopp=—=c-t ! &)

with {z?> =const.

The resulting value for the quantity ¢ allows the deter-
mination of a characteristic length of the confinement, if
the confining structure is known [7].

In any intermediate case, we measure a time-dependent
apparent self-diffusion coefficient with an exponent be-
tween 0 and —1.

To extend the range of observation times we applied
the stimulated echo pulse sequence [4—6]. Instead of a =n-
pulse, two n/2-pulses are applied at times ¢; and ¢, after the
first one. By using the stimulated echo, the NMR signal is
reduced only by the longitudinal relaxation, which in poly-
mer systems is generally slower than the transverse relax-
ation controlling the primary spin echo experiment.

Light scattering

We used the Rayleigh—Debye approximation [8] to inves-
tigate the size of the scattering particles. In this approxi-
mation the scattering of light of wavelength A, which is
polarized perpendicular to the scattering plane, on iso-
tropic spheres with radius R [8] can be calculated if both
the relative indices of refraction (m =ng.,,/npea) are close
to 1 (m —1 <1) and the optical path length inside and
outside the scattering entity does not differ too much
(2kR(m —1) <1), to

I(%R) R? 3
T, o KR {(qR)S

2
[sin(¢R) — gR COS(qR)]} » (6)
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where k =2nn,,.4// is the wave vector of the incident light
and q =2ksin(9/2) is the scattering wave vector.

The scattering of a particle collection with size distri-
bution v(R) and a scattering function I(3, R) can be cal-
culated for any scattering angle 9; [9]

v(R)

@i IR @

Ij - Iscat(‘gj) = § I('gj’ R)
[¢]

where v(R)dR is the total volume of the particles within
the radius interval between R and R +dR, thus
v(R)/(4n/3)R> is their number.

To get an approximation for the distribution v(R), the
radius range from R,;, to R, is subdivided in n equally
spaced intervals. In each interval the distribution function
is replaced by a constant value v;. Equation (7) then
simplifies to

n Ry

1. with I,= [ —
z Uil j W1 ij ii (47[/3)R3

i=1

I.:

; I(8, R)dR . (8)
The parameters v; describe the total volume of the particles
in the ith size interval.

The solution of this linear inhomogeneous system of
equations yields an approximation for the true particle size
distribution. The index j in Eq. (8), which ranges from 1 to
J, denotes the measured intensity values at fixed scattering
angles 9;; the index i, ranging from 1 to n symbolizes the
size intervals. Because the number of size intervals is small-
er than the number of measured data points, an exact
solution of Eq. (8) is impossible. The optimal fit para-
meters are calculated using the singular-value-decomposi-
tion method, which satisfies the least-squares condition.
For mathematical details of the method see Ref. [10].

Experimental setup
The spectrometer FEGRIS 400

The measurements are performed at the homebuilt PFG
NMR spectrometer FEGRIS (Feldgradientenimpulsspek-
trometer) 400 in the field of a 9.4 T superconducting mag-
net at a resonance frequency of 400 MHz. The maximum
field gradient is 24 T/m. To be sure that the strong gradi-
ent pulses do not affect the sample, it is placed in the probe
head without mechanical contact [11]. The observation
times can be varied from 1 to 640 ms, the duration of the
gradient pulses ranges from 100 us to 2 ms. To get reason-
able attenuation of the spin echo, the gradient pulses in
our experiments had a width of 0.85 ms. For observation
times less than 8 ms the Hahn echo, above 8 ms the stimu-
lated echo was used to determine the apparent diffusivity.

Light-scattering apparatus

To get information about internal structures in the sam-
ples, differential light-scattering measurements were per-
formed using the light-scattering equipment at the ZAE
laboratory in Wiirzburg [12]. The sample is illuminated
by a He—Ne laser beam at a wavelength of 633 nm, which
is polarized perpendicular to the scattering plane. The
scattered intensity i1s measured as a function of the scatter-
ing angle. The sample can be heated to the desired temper-
ature by air flow.

F88 is a type ABA triblock copolymer consisting of ethy-
lene oxide [EO] CH,—CH,—0O and propylene oxide [PO]
CH,-CH({CH3)-O with the average composition

EOys PO3o-EQyq .

Aqueous solutions of F88 form micelles at temper-
atures of about 30°C, whereas the phase transition
temperature slightly depends on the concentration. If the
concentration is larger than 20% (m/m), the micelles form
a cubic crystal [3]. This leads macroscopically to the
formation of a clear gel. This phenomenon is known as
“inverse melting” [3].

To investigate the diffusion properties of the polymer it
is dissolved in deuterated water, thus the solvent molecules
are “invisible” to the 'H PFG NMR measurement. Be-
cause of the solubility properties of PEO and PPO, cool-
ing of the sample is very helpful to accelerate the solution
process, which can extend to several weeks depending
on the concentration. For the experiments, we have used
F88 from BASF, Parsippany, NJ (USA) without further
purification.

Results and discussion

We investigated the diffusion behavior of the polymer
molecules in the temperature range below and above the
gelation point. We used a 20% (m/m) solution, because
this is nearly the least necessary amount of polymer to get
gelation of the solution [3].

Figure la shows the measured apparent self-diffusion
coefficients D,,, of a 20% (m/m) solution as a function of
temperature. At room temperature the diffusion coefficient
of the solution does not depend on the observation time.
The molecules move freely. On increasing temperature the
motion of the molecules slows down which is typical for
the formation of micelles [1]. This can be observed up to
305 K.
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Fig. 1 Apparent self-diffusion coefficient D,,, of a 20% (m/m) solu-
tion of F88 as a function of temperature for different observation
times (a). Dapp as a function of observation time at 345 K (b)

In this temperature range, the measured self-diffusion
coefficient depends on the observation time only weakly,
and within experimental error, only for A4 larger than
43 ms. This means, that there is a weak influence of diffu-
sion barriers on the motion of the molecules visible even at
temperatures below gelation. Further increase of the tem-
perature then leads to a dramatic change in the self-diffu-
sion behavior of the solution.

At temperatures above 320 K the apparent self-diffu-
sivity depends strongly on the observation time A, whereas
there is only a weak temperature dependence. At short
observation times an increase from 305 to 325K and
a small decrease above that temperature range can be seen.
This decrease may be due to a transition in the shape of the
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Fig. 2 Measured scattered intensity and fit curves according to
Eq. (8) at room temperature (4. —) and at 323 K (0, --)

micelles, which is reported for the micelles of the similar
polymer P85 [13]. At larger observation times the appar-
ent self-diffusivity is constant up to 345 K.

This is the typical behavior for molecules diffusing in
confined space. The dependence of D on 4 is depicted in
Fig. 1b for 345 K. Obviously, the motion of the molecules
is completely restricted (Eq. (5)) for observation times
larger than 10 ms. Using Eq. (3), the apparent self-diffusion
coefficient is found to correspond to a mean-square dis-
placement {z2>%/? of 0.35 um. Under the assumption that
the confining regions are of spherical shape, the corre-
sponding radius a can be calculated [7] via

2 _d
] ©)

to be about 0.55 um. This value is significantly larger than
any molecular or micellar length. Thus, the diffusion bar-
riers have to be the grain boundaries of the polycrystalline
structure, which is formed at the gelation and reported by
neutron scattering experiments [ 14].

To confirm these findings and to get more information
about the diffusion barriers static light scattering experi-
ments were performed.

Figure 2 shows the measured light scattering distribu-
tion and the fit curves below and above gelation temper-
ature. Both curves are strongly forward-peaked indicating
the existence of large scattering centers. However, the
scattering distribution of the liquid at angles larger than
40° is more isotropic than in the gel state. This reveals that
smaller particles which exist at lower temperatures, dis-
appear when the gel is formed.
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Fig. 3 Relative volume v(R) of scattering particles with radius R of
the liquid state of the solution corresponding to the fit curve of Fig. 2
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Fig. 4 Relative volume v(R) of scattering particles with radius R
of the gel state of the solution corresponding to the fit curve of
Fig. 2

As in the NMR experiments, above gelation, no
change in the angular distribution of the scattered light
could be observed at further temperature increase in the
gel state.

As a first approximation to get information about the
size of the scattering domains we used the Rayleigh—De-
bye approximation for spheres, which may be justified by
the observations that the formed gel is clear, indicating,
that there are no big differences in the index of refraction
and by the size range, which results from the NMR
measurements. Particle sizing was done using the histo-
gram fit method described in Light Scattering Section.

It should be emphasized at this point that the entities
which cause the light scattering cannot be the unimers or

the micelles. If they would cause the light scattering, the
distribution of the scattered light has to be isotropic be-
cause of the small size of those entities.

Taking the results of the NMR measurements
into account, we subdivided the size range from 0.1 yum
up to 1.35 ym into 5 equally sized intervals. A fit accord-
ing to Eq. (8) was performed yielding the lines shown
in Fig 2.

Figures 3 and 4 represent the size distributions of the
liquid and the gel state of the solution resulting from the fit
procedure. Both results show a maximum at about 0.7 um.
This may be due to the fact that also at room temperature
there exists a prearrangement of the micelles to clusters
already in the liquid state. These prearranged clusters then
form the domains which are formed during gelation and
may be the reason for the weak diffusion restriction which
was measured at temperatures near but below the gelation
point. In the gel state, however, the smaller particles or
domains disappear, whereas the size distribution becomes
peaked at about 0.8 um.

Because of the mathematical method, the total number
of intervals is limited. For too many (and hence for too
small) intervals the fitting procedure also leads to negative
values for the parameters, which are physically senseless.
The border values for the fit procedure have been deter-
mined by test calculations where the y?-criterium was
taken into account.

The similarity of the obtained characteristic length
scales suggests that both the PFG NMR and the light-
scattering measurements reveal the same structure. This
structure is significantly larger than the micellar indicat-
ing the formation of a hyperstructure in the form of a
polycrystalline micellar crystal. Such a polycrystalline
structure in the gel state of aqueous solutions of
PEO-PPO-PEO triblock copolymer was found by Mor-
tensen [15] from smali-angle neutron scattering experi-
ments. We assume that the diffusion restriction is caused
by the “grains” of individual crystalline domains. Such
a transport barrier was also observed in lamellar-ordered
polystyrene/polyisoprene diblock copolymers by field
gradient NMR [16].

At the grain boundaries the local concentration of
polymer is smaller than in the core, which causes the light
scattering. Also the composition may be different, what
may as well lead to a difference in the refractive index. The
deviation in the absolute values of the results of NMR and
LS may result from different reasons. Most probably the
assumption of spherical domains is a crude approxima-
tion. Moreover, the heating rate during the measurements,
the geometry of the sample and its history, which cannot
be identical in these two different types of measurement,
are most likely to affect the formation of the crystal-
line domains. It has also to be noted, that PFG NMR



H. Scheller et al.

735

Restricted self-diffusion of PEO-PPO-PEO triblock copolymer

experiments and light scattering have a very different
averaging behavior with respect to the size distribution of
the measured “particles”.

Conclusion and outlook

The existence of mesoscopic structures in the gel phase of
aqueous solutions of triblock-copolymer F88 is revealed
by the joint application of PFG NMR and static light
scattering. The mesoscopic structures are explained by the

formation of crystalline domains which act as both trans-
port barriers and light-scattering centers.

More detailed studies of the influence of concentration,
temperature and heating rate on the formation of the
mesoscopic structures are in progress.
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