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The influence of molecular exchange in porous polymeric systems on experiments that simultaneously correlate
and determine pore length scales and surface relaxivities is studied. Pore length scales are determined by taking
advantage of the internal field gradients generated by the difference in magnetic susceptibility between the
polymer matrix and the contained water, namely the Decay Due to the Internal Field experiment. Transverse
relaxation is codified in the detection period thus enabling correlation with the pore length. For the hierarchical
very well connected porous polymer system, the considerable molecular exchange of water between different

environments renders signals in the two-dimensional maps that make the determination of the surface relaxivity

a complex problem.

1. Introduction

Nuclear magnetic resonance (NMR) has become a valuable tool over
the last decades for the characterization of porous media. The ability to
determine pore matrix characteristics through the measurement of re-
stricted fluids enables not only the determination of average pore sizes,
but also provides more valuable information such as liquid/surface
interactions which play a fundamental role in applications such as oil
extraction from reservoir rocks [1], catalysis [2] and liquid separation
processes [3] among other examples. The general approach is to de-
termine either relaxation time constants of confined liquids, which
depend on the surface relaxivity and pore dimension, or restricted
diffusion coefficients, which provide information on surface to volume
(S/V) ratios and tortuosity [4]. Additionally, direct determination of
pore sizes may be achieved by using the decay due to the internal field
(DDIF) method, which relies on the decay of magnetization due to
molecular diffusion in internal field gradients, generated by different
magnetic susceptibilities present in a heterogeneous sample exposed to
a magnetic field [5].

In the fast diffusion limit [6], transverse relaxation (T») depends on
the surface to volume ratio, S/V, and the surface relaxivity p,, via the
relation:

1 1 S
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where Ty, is the bulk transverse relaxation time. Transverse relaxation
times are usually recorded using the Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence, where the decay of spin echoes during a train of =
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pulses is acquired [7,8]. For systems with a distribution of pore lengths,
a distribution of decay rates is obtained by numerical inversion. In
order to obtain the pore size distribution (PSD), the surface relaxivity
must be known and pore geometry assumed. On the other hand, if the
PSD is known a priori, p, provides valuable information about the li-
quid/surface interactions. While the PSD can in principle be determined
by a variety of methods [9] such as optical ones, scattering or by
mercury intrusion, often the system may undergo changes between the
dry and swollen state or to be deformed by imposing high pressures. It
is then desirable to perform all experiments in the same experimental
conditions. For instance, Muncaci et al. [10] studied frequency de-
pendent longitudinal surface relaxivity (by Fast Field Cycling NMR) in
porous ceramics with varying degree of paramagnetic impurities, and
determined the pore sizes by using the DDIF sequence at 0.5T.
However, it is preferable to obtain both the S/V ratio and relaxation
times simultaneously, by the use of 2D experiments. Recently Luo et al.
[11] introduced a method in which diffusion and relaxation are si-
multaneously encoded, and the time-dependent diffusion coefficient
[12,13] is used to determine the S/V ratio, thus obtaining the surface
relaxation from a single experiment. Assuming a distribution of sphe-
rical cavities, then the relaxation rates can be associated with the pore
size d by expressing ? = %. Liu et al. [14] combined a DDIF experi-
ment with CPMG detection in order to simultaneously determine pore
sizes and transverse relaxation in rock cores at 2MHz. They conclude
that a single surface relaxivity parameter describes very well the whole
system. The same strategy was applied for the determination of het-
erogeneity in the PSD [15] and also the different diffusion coefficients
of water and oil were exploited as a filter during the DDIF encoding
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period [16].

In this work, we focus on the study of porous polymeric systems
which present a hierarchical PSD [17]. These systems are characterized
by presenting three recognizable different environments. A network of
large pores which is fully interconnected with smaller voids which, in
turn, present a superficial gel phase with a great amount of OH groups
[18,19]. Additionally, these systems are stable both in the dry and
swollen state, with porosities about 80%, which makes them ideal
candidates for liquid separation process. We have previously reported a
combination of 1D DDIF and CPMG results for the characterization of
the surface relaxivities [20]. Remarkably the relaxivities were observed
to change between different cavities. In the present work, we apply the
2D DDIF-CPMG strategy and show that for these systems cross-peaks
due to exchange between different pores appear in the 2D maps.
Therefore the surface relaxivity cannot be characterized by the usual
linear dependence between pore size and relaxation.

2. Theoretical background
2.1. Molecular exchange determination

Molecular exchange due to diffusion between different pores is
often carried out by relaxation-relaxation encoding. The T,-T, exchange
NMR is a technique widely used to study fluid dynamics within porous
media [21,22]. In Fig. 1a a scheme of the pulse sequence is presented.
The experiment measures the movement of a fluid between different
environments and is visualized in a T»-T, map generated by inverting
the data solving Fredholm integrals of the first kind in 2D [23]. During
the entire experiment, the fluid molecules can remain in their original
environment or can migrate from one environment to another. In the
former case, the magnetization signal will appear along the diagonal in
the T,-T, map, while in the latter case relaxation time coordinates will
be a combination of different involved environments, and off-diagonal
peaks will be observed.

2.2. DDIF-CPMG experiment
When a fluid is confined in a porous media and placed in an external
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Fig. 1. a) To-T, pulse sequence for the measurement of transverse relaxation exchange. tz
is the echo time, n and m are the numbers of echoes used in the indirect and direct
dimension respectively. b) Stimulated echo sequence. c) Reference DDIF sequence fol-
lowed by a CPMG, t, is the encoding time and ty, is the time for the molecules to diffuse, tg
is the echo time and n the number of echoes in the CPMG.
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magnetic field, internal magnetic field gradients arise due to the sus-
ceptibility contrast between the fluid and the solid matrix. The spatial
distribution of this internal magnetic field will be determined by the
structure of the porous medium. The liquid molecules inside the void
spaces diffuse in the presence of these gradients with a resulting loss of
signal. The idea behind the DDIF method is to establish a spin mag-
netization modulation that senses the spatial variation of the internal
magnetic field within each individual pore [24]. The DDIF sequence
consists of two individual experiments. A stimulated echo is used for
pore size codification (Fig. 1b), where an initial encoding period ¢, al-
lows for a local field gradients mapping, each spin acquires a phase that
is proportional to the local field ®= yB(r)t,, i.e. the internal field
variation within a pore is encoded in the phase of spins. After the en-
coding period, the magnetization is rotated to the z-axis (no transverse
relaxation) and diffusion through the internal field takes place during a
period t,.

The encoding time t, should satisfy the weak encoding limit, that
means that the magnetization modulation has a wavelength compar-
able to the pore size. In that regime, the modulated magnetization from
the DDIF truly reflects the spatial pattern of the internal field and
consequently, the pore shape [24]. The DDIF signal decays with a
characteristic time which, in the case of spherical pores, can be rescaled
to obtain the diameter d by:

d = 7Dt 2

The 2D sequence is achieved by applying a CPMG pulse train for
signal detection. In order to remove the longitudinal relaxation from
the DDIF signal E (t;, NTg), a reference sequence (Fig. 1c) is performed
and the reference signal, R(t4, NTy), recorded. The subtraction of the
reference signal from the echo signal with a correction factor a,
S(tg, NTg) = E(tg, NTg) — aoR(ty, NTg), eliminates relaxation effects on
the stimulated echo attenuation. The factor a, is obtained as the ratio
E/R in the limit of large t4. As in the T>-T, experiment, and after the
rescaling according to Eq. (2), a 2D map can be generated through
numerical inversion.

3. Experimental
3.1. Polymeric network

Polymer beads with hierarchical pore structure of ethylene glycol
dimethacrylate and 2-hydroxyethyl methacrylate [poly(EGDMA-co-
HEMA)] were synthesized as previously reported [17]. The synthesis
was carried out at 85°C in a 250mL round-bottom flask equipped with a
reflux condenser and a magnetic stirrer on a water bath for 2h. To
obtain 10g of dry polymer, a molar ratio of 3.0:1.0:9.3:250 of HEMA
(6.2mL), EGDMA (3.2mL), cyclohexane (17.2mL), and water (77.0mL)
was used in the reaction at a stirring speed of 450rpm. For the sus-
pension polymerization, reaction cyclohexane was used as a porogenic
agent, poly(vinyl pyrrolidone) (PVP) as a suspension stabilizer and
benzoyl peroxide (BPO) was used as a radical initiator. The amount of
cross-linker used was 33mol % giving, as a result, a polymeric network
with a porosity approximately 84%.

The resulting system consists of hierarchically distributed pore sizes.
These systems present high stability, maintaining the pore structure
even in the dry state. Because of the hydrophilic characteristic of these
materials, polar solvents can swell the network, which modifies its pore
structure. To reach the full swelling of the network, small samples of
polymer beads were immersed in a vial containing distilled water at
room temperature for 24h. After that 75mg of sample were extracted
from the vial and gently placed in a 5mm outer diameter NMR sample
tube.

The pore size distribution was previously reported for both the dry
and swollen state using mercury intrusion [17] and the DDIF sequence
[20] respectively. Both results are in a good agreement taking into
account the effect of swelling. Three different pore populations in the
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range of 10-100um were distinguished.
3.2. NMR measurements

The experiments were carried out at 25°C using a Magritek Kea2
spectrometer operating at 60MHz for 'H. A 1.4T permanent magnet
(Varian EM360) was used. For the T»-T, map, the echo time tz was set
to 0.5ms and 8000 echoes in the direct dimension while 32 logarith-
mically spaced point, from 1 to 8000 echoes, were acquired in the in-
direct dimension, the storage time was set to 500ms and 64 scans were
added. CPMG echo times were varied from 0.3ms to 1ms without ap-
preciable influence due to diffusion.

In the DDIF sequence, the encoding time t,=0.5ms was chosen to
guarantee that the weak encoding limit is reached (a linear behaviour
was observed up to 2ms) and the characteristic decay times can be
related to the pore size by Eq. (2) [24]. The diffusion time ty was varied
from 0.5ms to 4s in 32 logarithmically increased steps and the echo
time for the CPMG was set to tg=0.5ms, 16 scans were added both in
DDIF as in the reference sequence due to the phase cycling needed for
the latter one. A diffusion coefficient D= 2.3 x 10~ °m?/s for bulk water
at 25°C was used [25].

4. Results and discussion
4.1. T,-T, experiments

In Fig. 2a the T,-T, exchange map for a storage time tgorage = 500ms
is shown. Numerical inversion was performed by using the adaptive
truncation of matrix decompositions introduced by Teal and Eccles
[26]. Three diagonal peaks are clearly identified at values T,= 260, 40
and 4ms. The diagonal peaks are attributed to each of the three dif-
ferent porous populations previously described for this hierarchical
porous system [18]. The high connectivity of the pore network is evi-
denced by the presence of off-diagonal peaks that correlate all of the
diagonal ones. A complete analysis of molecular migration as a function
of the storage time is out of the scope of this work and will be presented
elsewhere. For the purpose of this work, it suffices to note that 500ms of
storage time is in of the same order as the diffusion times used for the
DDIF encoding and that the system is completely correlated in this
period.

4.2. DDIF-CPMG experiment

According to the procedure depicted in the theoretical section, the
DDIF sequence was applied in the 2D fashion and the signals E (t;, NT)
and R(ty, NT) recorded during a CPMG acquisition. Upon rescaling, the
signal S(ty, NTg) is obtained, and the corresponding d-T, map is shown
in Fig. 2b. Three regions of pore sizes are assigned to the system; pore 1
(P1) corresponds to a distribution of pore sizes between 85um and
125um, pore 2 (P,) ranges between 20um and 40um and pore 3 (P3)
between 10um and 20pm. The projections in both directions are in
agreement with the 1D data shown in a previous work [20], i.e. three
clearly distinct pore sizes and the corresponding T, values. Two distinct
features are present, indicated by arrows in Fig. 2b, which are not
commonly observed in most d-T» maps reported in the literature. These
peaks could be accounted for if there were two pores of the same
characteristic length, but with very different liquid/surface interac-
tions, however these would contradict previous results of water eva-
poration [18,19]. Therefore, these cross-peaks could be attributed to
molecular exchange between the cavities P, and P,, occurring within
the diffusion time, as observed in the T,-T, experiment.

The question that arises is how to obtain the information on the
surface relaxivity parameter from this data set. Liu et al. [14] have
estimated the surface relaxivity p, from the d-T, experiment by calcu-
lating the mean value of T, for each pore length in the 2D map. As a
result, they obtained monotonic relationships between pore length and
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Fig. 2. a) 2D T»-T, exchange map. Main diagonal peaks correspond to non-migrant fluid
in the network, while the off-diagonal contributions represent the water molecules mi-
grating among different T, environments. The storage time is 500ms.b) d-T, correlation
map. The arrows indicate exchange peaks and the rectangles the projection area used to
construct Fig. 3.

T, values in the pore regions. From the slope of the d(T,) curve the
effective surface relaxivities of rock samples were extracted, according
to Eq. (1), where the S/V = 6/d ratio for spherical cavities was as-
sumed. In Fig. 3a the same analysis was performed in our data, where
the different environments are represented with different symbols for
the sake of clarity. It is clear that this data cannot be interpreted as
linearly related to the surface relaxivity over the whole system.
Therefore, each pore environment was analysed separately by in-
tegration over the ranges represented by rectangles in Fig. 2b and the
results are plotted in Fig. 3b—d. For each pore population, the pair (d,T»)
for the maximum value was used to calculate p, = GiTZ, and the linear
function d = 6p,T; is plotted as a dotted red line. This linear relation-
ship represents the behaviour of confined water in the fast diffusion
regime, for a single relaxivity parameter. By excluding the exchange
peak from the analysis, the curves for the smaller and larger cavity size
ranges present a monotonic behaviour, as expected. However, the
central pore size distribution (Fig. 3c), especially for sizes over 30um
cannot be correctly analysed. It should be noticed that this region is the
more affected by the presence of the exchange peaks, evidencing that
the non-monotonic dependence of d with T, shown in Fig. 3a arises
from this contribution. It must be mentioned that different data inver-
sion software were tested, a systematic variation of the regularization
parameters carried out and integration over different regions of the 2D
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maps carried out, always with similar results. While in most inorganic Acknowledgments

porous media, a unique surface relaxivity parameter is found for each
pore size [11,14]. For the reported cavity sizes the fast diffusion regime
should be reached, thus in the studied polymeric systems p, changes not
only from pore to pore, but also within the same cavity. In a recent
study [20] we probed the liquid surface interaction for each pore size as
a function of the polymer network cross-linker content, by combination
of 1D experiments. For these systems, an increase in cross-linker con-
tent renders a decrease in OH groups. We observed an increase of su-
perficial OH groups only in the smaller cavity sizes for low cross-linker
content. However, a prediction of the distribution of the HEMA
monomers cannot be carried out a priori. The experiments presented
here extend our previous knowledge by recognizing a heterogeneous
distribution of OH groups within each cavity, leading to a hetero-
geneous surface relaxivity in each pore.

5. Conclusions

The molecular exchange between different environments in a
porous system with a hierarchical distribution of pore sizes was shown
by means of a T»-T, experiment, and the system is very well connected
for a storage time of 500ms. This time is representative of the diffusion
time used in a 2D d-T, experiment, where exchange peaks were ob-
served for the first time. Even though this system is an ideal candidate
for probing such phenomenon, extreme care must be taken in the
analysis of simpler systems, where in principle this behaviour was not
expected. We have shown that the data analysis is complex, and a re-
gion where the validity of d(T,) must be defined a priori in order to
infer information on the surface relaxivity. Remarkably, the 2D ex-
periment reveals that the behaviour of the surface relaxivity in organic
porous systems is extremely dependent on the structural formation and
the information obtained from the pore length-relaxation correlation
could aid in the exploration of different synthetic routes in order to tune
desired material properties.
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