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Abstract

The phase separation of a mixture of water and isobutyric acid (iBA) confined in the pore space of Controlled Pore Glass (CPG)
10-75 has been studied by 'H NMR relaxometry and 'H-pulsed field gradient (PFG) diffusion measurements. For an acid-rich
mixture (mass fraction 54 wt% iBA), evidence of a phase separation process in the pores was obtained, which occurs in a
temperature window between 32 and 39 °C, as indicated in the PFG data by an anomalous temperature dependence of the diffusion
coefficient and in the relaxation data by a bi-exponential magnetization decay. The phase separation temperature of the mixture in
the pore is slightly lower than in the bulk mixture of the same composition (41 °C) and extends over a finite temperature range. A
qualitative model of the phase separation process in the pores is developed, which assumes a temperature-dependent domain-like
structure of the liquid below the phase transition temperature and a breakdown of these domains upon reaching the transition

temperature.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The behavior of fluid molecules in the restricted
geometries of mesoporous silica is a matter of current
interest [1-4]. Since the physico-chemical properties of
the inner surfaces of mesoporous silica can be chemi-
cally modified [5,6] mesoporous silica materials are very
promising candidates for catalytic applications, which
has triggered several recent studies of the dynamics of
guest molecules in mesoporous silica [7-10].

In the restricted geometry of the pore the fluid
molecules interact with the surfaces, for example,
through van der Waals forces of specific interactions
such as hydrogen bond interactions. Hence there is a
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competition between surface-liquid and liquid-liquid
interactions. Owing to this competition between surface
forces and intermolecular forces the pore fluid may
exhibit interesting structures which are often not known
for the bulk fluid. For example, the existence of a glass-
like phase of benzene inside mesoporous SBA-15 was
observed recently [11,12].

For hydrogen bond donor or acceptor molecules,
hydrogen bonding plays a major role in the build-up of
structures inside the pores, owing to the fact that the
silica surface is covered with —SiOH groups, resulting in
structures which are expected to be similar to hydration
shells of proteins [13,14], or water molecules enclosed in
porous solids like zeolites [4] or cements [15]. Recently it
was shown that these structures depend crucially on the
pore diameter and morphology [16,17]. Even more
complex structures than for pure fluids are expected
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for binary fluid mixtures, which already in the bulk
exhibit a complicated phase behavior with temperature-
and concentration-dependent regions of miscibility and
phase separation [18]. When adsorbed by the porous
matrix, the phase separation obviously cannot occur on
the macroscopic scale. The question now arises whether
two coexisting phases will appear, which might form
small domains or a layered coverage of the surface, or
whether the interactions with the surface respectively the
geometric size restrictions prevent a phase separation.

NMR diffusion measurements are convenient probes
for the effects of surface hydrogen bonding and
geometric restrictions of fluids inside pores [19-21],
owing to the extremely large surface to volume ratio of
the mesoporous systems. Since the geometry of the pores
is highly anisotropic a preferred axis exists in the
direction of the pores’ cylinder axis, and diffusion of
guest liquids in the pores is expected to exhibit
deviations from ordinary diffusion [22,23]. In general,
diffusion processes in porous media depend strongly on
the type of the host and of the guest molecules. As a
result of this dependence, different diffusion models for
liquids and fluid guests in porous materials are discussed
in the literature for various systems: ordinary diffusion
[24,25], restricted diffusion [26,27], anisotropic diffusion
[28,29], and diffusion of different phases with individual
diffusion coefficients [30]. Ordinary diffusion is well
known and describes the behavior of isotropic systems
like bulk liquids. Here, the average distribution of mean
square displacements is Gaussian and the spin echo
intensity decays mono-exponentially with respect to the
square of pulsed magnetic field gradient strength.

For heterogenecous systems, such as fluids in porous
media, the displacement of the observed molecules
depends on interactions with the porous matrix and
may be restricted by pore walls. Generally, in such
systems, the averaged distribution of mean square
displacements is not a Gaussian and, hence, the spin
echo attenuation deviates from mono-exponential be-
havior. Restricted diffusion models were developed for
disordered porous systems that are believed to exhibit
fractal structure, where the pore walls hinder the guest
molecules from free isotropic diffusion. The time
dependence of this type of diffusion is described by a
power law. Anisotropic diffusion has been studied by
NMR for various systems, as for example, water
between lamellar layers of a liquid crystal [28], salt
water ice [31] or water in MCM-41 [29].

While the behavior of simple liquids inside mesopor-
ous silica are now well characterized and understood,
this is not the case for mixtures of several liquids, in
particular if these liquids themselves show a complicated
phase behavior. Therefore we start to investigate these
behaviors, employing a binary mixture of two fluids as
the most simple of these systems. For this investigation
it is important that the behavior of bulk mixtures is well

characterized. We chose to employ the system isobutyric
acid (iBA)/water for the following reasons. This system
has been used frequently in the literature as a model
system in experimental studies of critical phenomena
and phase separation in binary liquid mixtures. It can be
taken as a representative example of “‘simple” water-
containing systems having a lower miscibility gap (i.e.,
phase separation occurring at low temperatures—in
contrast to systems exhibiting phase separation at
elevated temperatures). A water-containing system was
chosen in view of the ubiquitous presence of water in
nature, but also as a case of a strong preference of the
pore wall for one of the components of the mixture. We
believe that the chosen system is relevant and represen-
tative for a large family of water-containing binary
mixtures, and for their behavior in a hydrophilic porous
matrix. The phase separation curve of the iBA +D,O
system (Fig. 1) was determined for this work and for the
related SANS study (Ref. [41]), where it is shown that
our data are in good agreement with literature data by
Gansen et al. [32]. The data points in Fig. 1 represent the
temperatures at which a mixture of given compositions
(weight fraction of iBA) are separating into two phases
on slowly cooling the mixture from the one-phase
region. A similar coexistence curve for the iBA + H,O
system was determined by several groups in the
literature, including Gansen et al. [32]. It is remarkable
that replacing H,O by D»O causes an upward shift in
the critical temperature 7, by nearly 20 K. The system
was studied mostly at a bulk composition of 54 wt%
iBA. This is a characteristic composition on the iBA-rich
side of the critical composition (w, = 37wt iBA), at
which the component preferred by the walls (i.e. water)
forms the minority component (always relative to the
critical composition). The phase separation of a bulk
mixture of 54-wt% iBA is ca. 40 °C. The composition
range of 50-60wt% iBA is of greatest interest as one
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Fig. 1. Phase diagram of the system isobutyric acid plus deuterated
water (iBA/D,O). The arrow marks the composition studied in this
work as a guest inside the mesoporous silica.
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expects that the microphase separation in the pore will
lead to a radial segregation—i.c. formation of a water-
rich layer at the pore wall and an iBA-rich core, as is
indeed observed. Similar measurements on the water-
rich side of the coexistence curve are less rewarding, as
the water-rich layer at the pore wall is dominating the
behavior and no other features can be seen so clearly.
Such a layered structure might even be of relevance to
applications of these silica materials in the context of
heterogeneous catalysis. In the present work we study
the temperature dependencies of translational diffusion
and spin-spin relaxation in the iBA/water mixture
confined in the mesoporous material Controlled Pore
Glass (CPQG) 10-75.

The rest of the paper is organized as follows. The
materials and techniques used in this study are described
in Section 2. The results of the NMR studies as a
function of temperature and pore filling for the mixture
in CPG 10-75 are presented in Section 3. Finally, in
section 4, a model describing the phase transition of the
binary mixture in pores is proposed.

2. Experimental section
2.1. Materials and sample preparation

The CPG 10-75 material supplied by Fluka consists of
an interconnected pore network with a narrow pore size
distribution and an average pore diameter of 10.3 nm.
The specific surface area (after Brunauer, Emmett,
Teller characterization, BET) of the given batch of
CPG 10-75 is 182m?/g and the specific pore volume is
0.47cm’/g. Any organic impurities and physisorbed
water in the samples were removed by storing them in
concentrated H,SO,4 for 3 days, followed by Soxhlet
extraction with de-ionized water for 2 days and heating
to 150 °C in vacuum for 24 h. The CPG was filled into a
Smm o.d. NMR tube. The tube was heated under
vacuum to remove any moisture from the tube walls and
the silica and then filled with argon.

For the iBA/D,O (Deutero, 99.9% deuterated)
mixture, we chose a composition of 54wt% iBA/
46 wt% D,0. The bulk phase behavior of this composi-
tion is marked by an arrow in the phase diagram (Fig.
1). The components were initially mixed, then heated to
50 °C and then loaded under an argon atmosphere into
the CPG 10-75 inside the NMR tube by a syringe
tempered at this temperature. To achieve a complete
filling of the pore volume but avoid excess fluid outside
the pores, the exact amount of the fluid mixture was
calculated from the known pore characteristics (21.7 pl).
The sample was kept under an argon atmosphere at
room temperature for several hours to reach a satura-
tion of the pores. Then the sample was frozen in liquid
nitrogen and flame sealed.

In addition, a sample of CPG 10-75 loaded with pure
iBA was prepared for measuring spin—spin relaxation
times as a function of the pore filling by stepwise
pumping of the guest liquid out of the powder. First, the
dried powder sample was weighed and the free pore
volume was evaluated, then iBA was loaded using a
vacuum line in order to prevent water adsorption from
air. Next, the sample was weighed. A pore filling factor
V/Vy (where Vy is the total pore volume and V is the
volume of the confined guest liquid) equal to 0.7 was
found. Then stepwise some amount of the iBA was
removed from the porous sample at 10"®mbar during
several minutes at room temperature for the fully
saturated sample and during several hours at 50 °C for
the partially filled sample. The heating was done in
order to remove the iBA molecules strongly attached to
the surface. After each pumping cycle the sample was
stored for a few hours at room temperature to achieve
thermodynamical equilibrium, accurately weighed and
then NMR measurements were carried out. This
procedure was repeated until the NMR signals became
invisible, which is indicative for the complete desorption
of the iBA from the silica.

2.2. Experimental methods

All measurements are carried out on a BRUKER
MSL 300 and a VARIAN CMX 300 spectrometer
operating at a 'H resonance frequency of 300.1 MHz in
the field of a 7T wide bore magnet. The magnet is
equipped with a vibration damping system, which
prevents systematic errors in the determination of the
self-diffusion coefficient.

The self-diffusion measurements are performed with a
z-shielded gradient probe DSI-747 (Doty Scientific,
USA). The pulsed gradient current is delivered by a
Techron amplifier, Model 7790 specially designed for
gradient NMR. Since the MSL 300 pulse programmer
has no analog output, which can be employed as input
of the gradient amplifier, a home-built electronic circuit
is used, which converts the TTL-pulse from the pulse
programmer into an adjustable input signal for the
Techron amplifier. The sample temperature is regulated
by a Doty temperature controller unit with an absolute
error in temperature of + 1 K. After each diffusion and
relaxation measurement the sample temperature was
restored to room temperature. The self-diffusion is
measured by a stimulated spin—echo pulse sequence
(90°-1;-90°—1,-90°—11—echo). Two rectangular-shaped
gradient pulses of duration § and field strength of
4.00Tm™" are applied after the first and third 90°-RF
pulses. The observation time A (spacing time between
the leading edges of the gradient pulses) was fixed to
12.5ms. The self-diffusion coefficient D is calculated
from the spin—echo intensity attenuation, which is
obtained by varying the length J of the gradient pulse
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from 50 to 1400 us. The raw decay data were corrected
with the temperature-dependent contributions of spin—
lattice and spin—spin relaxation. The value of the self-
diffusion coefficient of water reported by Holz et al. [33]
was used for the calibration of the field gradient. A set of
measurements at several temperatures was performed
and then the averaged value of the gradient coil constant
0f 0.156+0.002 Tm ™" A" was found. All samples were
fully thermally relaxed by choosing recycle delays of 3s.
The 90° transmitter pulses were carefully calibrated for
all samples and temperatures.

For spin-lattice relaxation time measurements a
saturation recovery pulse sequence ([90°],—7—90°-FID)
was applied. The saturation was achieved with a
saturation comb of n =51 pulses. The spin—spin
relaxation times were measured by a CPMG sequence
(90°[-1—180°-1],,), typically using 16 values of .

2.3. Data processing

Due to the fact that spectra of the mixture inside the
pores exhibits only a single broad component, owing to
the larger line width, the echo was integrated in the time
domain by adding the absolute values of the data
(numerical integration). Then the integrated intensities
were fed into a laboratory-written Matlab program
SIMECAT? [9] and fitted with normal and two-phase
diffusion models to obtain the experimental value of the
self-diffusion coefficient.

3. Experimental results
3.1. Self-diffusion measurements

Fig. 2 displays the experimental results of the self-
diffusion measurements of the deuterated water/iBA
mixture inside the pores at temperatures from 15 to
50°C. The stimulated spin—echo attenuation curves at
different temperatures exhibit clear deviations from an
isotropic single-phase diffusion. These deviations are
most clearly visible at a temperature of 39 °C, where the
fastest echo attenuation, i.e. fastest diffusion, is ob-
served. Interestingly, at temperatures above 39 °C the
diffusion gets slower again (see curves at 45 and 50 °C).
In addition to this fast decaying component there is a
second component visible in the curve, which exhibits a
much slower self-diffusion coefficient. According to
these results a two-phase diffusion model is employed
for the quantitative evaluation of the experimental data.
This model assumes the coexistence of two independent
non-exchanging phases with separate self-diffusion
coefficients. The relative amounts of the two phases, p;
and p,, can then be found from the experimental data.
This model gives very good agreement between experi-
mental data and fit at all temperatures.
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Fig. 2. Experimental and calculated stimulated spin—echo attenuation
curves for the system iBA/D,O confined in CPG 10-75 at different
temperatures. The PFG NMR experimental data are indicated by the
symbols shown in the insert, the lines represent the fit of the data by
the model outlined in the text.
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Fig. 3. System iBA/D,O confined in CPG 10-75: Self-diffusion
coefficients D; (acid-rich phase, Fig. 6A) and D, (water-rich phase,
Fig. 6B) as a function of temperature.

The temperature dependence of the resulting diffusion
coefficients D and D, is presented in Fig. 3. It is found
that the phase with the self-diffusion coefficient Dy is
present in great excess. Its relative amount p; increases
with temperature from 94% to 99%. Accordingly, the
relative amount p, of the phase with diffusion coefficient
D, decreases from 6% to 1% in the experimental
temperature range. At room temperature self-diffusion
of the faster phase is found to be reduced by
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approximately one order of magnitude compared to that
of bulk components. The second component diffuses
even slower. The strongly reduced diffusion coefficient
of the mixture components loaded in the pores shows
that there is no measurable amount of bulk liquid and
all mixture is confined inside the pores, as intended by
the sample preparation. The self-diffusion coefficient of
the first component increases as the temperature is
changed from 10 to 32°C. A similar temperature
behavior, which obeys the Stokes—Einstein equation
[34], is observed in bulk ordinary liquids [35,36], bulk
mixtures [37] and fluids confined in porous materials
[29,38,39]. In the temperature range between 32 and
39 °C the spin—echo attenuation curves as well as the D,
dependence show a sudden change in their behavior (see
Fig. 2 and 3A). After an initial strong increase of the
self-diffusion  coefficient  from 1.8x 107" to
33x107'""m?s™" an anomalous behavior of the self-
diffusion coefficient of the acid-rich phase is observed as
the self-diffusion coefficient decreases upon further
increasing the temperature. As will be discussed in more
detail below in the section about the 7, relaxation
measurements, this anomalous slowdown of the transla-
tional mobility at increasing temperatures is an indica-
tion of a microphase separation in the pores of CPG 10-
75.

In contrast to D, the diffusion constant D, exhibits a
continuous decrease with temperature from 107'' to
107"?m?s™". The relative amount of the two phases
does not change significantly over the whole studied
temperature range.

3.2. Relaxation measurements

"H spin-lattice T}, and 'H spin—spin T, relaxation
times in the confined mixture were measured as a
function of temperature. The spin—lattice relaxation
curves (not shown) are mono-exponential at all tem-
peratures and only a single common spin-lattice
relaxation time for all protons is observed. This
common spin-lattice relaxation time exhibits only a
slight, non-systematic deviation from its average value
of 0.6s. In contrast, the 'H spin-spin relaxation 75,
shown in Fig. 3, exhibits strong deviations from the
mono-exponentiality at temperatures above 39°C,
revealing the presence of two components with different
spin—spin relaxation times. While the 7, decay time of
the slower component is temperature dependent, the fast
component is nearly temperature independent with a
value of ca. 1 ms. This shows that the fast component is
an apparent 75, due to the presence of strong dipolar
interactions and not a pure relaxation process. This fact
and the presence of slower reorientation rates at the
pore surface as well as the ability of water protons or
acid carboxyl protons to form hydrogen-bonding to the
surface can be used to assign the second component to

the surface phase occurring at high temperatures
(Fig. 4).

The temperature dependence of the 7, component
with the slower spin—spin relaxation is continuous across
the transition point. The semi-logarithmic representa-
tion of these values (not shown) indicates a linear
increase with reciprocal temperature. These observa-
tions lead us to conclude that the spin—spin relaxation
times of the first phase results from a single reorienta-
tional process with an activation energy of 23 kJmol™".
Since the other component is attributed to the surface
phase, we attribute this slow component to an inner
bulk phase.

In order to reveal the nature of the second phase,
which occurs at high temperatures in the 7, dependence,
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Fig. 4. Temperature dependence of the spin—spin relaxation time 75 in
the confined mixture iBA/D,O. The squares show the second
component of spin—spin relaxation appearing at high temperatures.
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the spin—spin relaxation times of iBA molecules confined
into the same CPG 10-75 material were measured at
different pore saturation degrees. A deconvolution of
the NMR signal into contributions from different
molecular groups was performed and the 7T, values for
each of them were determined. The resulting 7> data are
presented in Fig. 5. A pronounced difference between
relaxation times in filled pores (filling factor is from 0.4
to 0.7) and in almost empty pores (filling factor is less
then 0.1, which corresponds to a one monolayer surface
coverage) is obviously seen. In full pores spin—spin
relaxation times are equal to 8ms for CH; and CH
groups and ca. 1ms for both surface and core OH-
groups. At low fillings, however, when the molecules are
mostly adsorbed on the surface, CH; protons are
characterized by 7, relaxation times of 0.4—1ms and
the T, values for OH protons are even shorter.

4. Discussion

From the NMR data shown above it is evident that
the diffusion rates depend strongly on the temperature.
Moreover, above 39°C the temperature dependence
becomes anomalous and a decrease of the diffusion
coefficient with increasing temperature is observed.

To understand the results for the confined mixture in
the pores, the diffusion coefficients D; and D, have to be
assigned to different protons. Three different assign-
ments were taken into consideration: (i) aliphatic and
carboxylic protons of the acid; (ii) water- and acid-rich
domains of the confined mixture; (iii) presence of a
surface phase and a core phase in the pores. While the
first possibility can be ruled out owing to the stoichio-
metry of the sample, the other two options are feasible.
In principle, domain formation and microphase separa-
tion in cylindrical pores may lead to two geometries,
namely compartmentation in the direction of the pore
axis or a radial layer structure. In the former case a
strongly restricted diffusion coefficient in the direction
of the pore axis is expected. Since this is not observed we
conclude that the domains exhibit a network- or layer-
like structure. Owing to the hydrophilic nature of the
surface silanol groups, a water-rich layer is expected to
form at the pore walls so that the acid-enriched liquid is
displaced to the core region of the pore space.
Accordingly, in the phase-separated state at low
temperatures there will be an inner cylinder formed by
the acid-rich phase and a cylindrical tube formed by the
water-rich phase. Both phases permit free diffusion in
the direction of the pore axis. Hence we assume a
combination of the second and third options mentioned
above by assigning the self-diffusion coefficient D; to
the acid-enriched liquid (or acid-rich phase) in the core,
and D, to an adsorbed water-rich layer (or water-rich
phase) in contact with the pore walls.

From the NMR experiment one can estimate the
mean square displacement of particles diffusing in the
direction of the applied gradient during the observation
time A from Einstein’s relation:

(ZX(4)) = 2D. 4, (1)

where D. is the measured self-diffusion coefficient,
assuming that the PFG is applied along the z-axis of
the laboratory frame of reference. In three dimensions
the total mean square displacement (r?(4)) has to be
considered and Einstein’s relation leads to the following
expression:

(r’(4)) = 6D(N)A. 2)

From this equation the mean square displacements of
molecules at 12.5ms observation time are estimated to
be on the order of a micrometer in the acid-rich phase
and of few tenths part of a micrometer in the water-rich
phase. The latter value is close to the typical pore length
inside the CPG-material, which suggests that the
diffusion of the water-rich phase occurs on the surface
of the pores. This interpretation is consistent with our
qualitative model of the diffusion at higher temperatures
(see below), where the strong corrugation of the fluid/
fluid interface causes the decrease of the value of the
diffusion coefficient and thus the mean square displace-
ment.

As seen in Fig. 3, the acid-rich inner phase exhibits a
regular (Stokes—Einstein type) temperature dependence
at low temperatures, i.e., the diffusion coefficient D,
increases with temperature in this regime. The water-
rich outer phase with diffusion coefficient D, exhibits an
inverse temperature dependence, i.e. a slow-down of the
diffusion upon increase of temperature. In principle,
there are several possible explanations for this anom-
alous behavior, such as (i) strong exchange of iBA
molecules between inner and outer phases across the
phase boundary; (ii) an increase of the volume of the
diffusing particle with temperature due to the formation
of iBA dimers or larger complexes; and (iii) a reduction
of the diffusion length, owing to distortions of the
structure of the water-rich phase.

The first possibility, which has some similarity with
the kinetic model of gas viscosity, can be ruled out
because diffusion in the water-rich phase is slower than
in the iBA-rich phase. Accordingly, an exchange of iBA
molecules with the acid-rich phase would cause an
increase and not a decrease of the diffusion coefficient of
the water-rich phase in the pores. The second possibility,
a slow-down of diffusion due to the formation of iBA
dimers or clusters, invokes the concept of hydrophobic
aggregation which is entropically driven (AS>0) and
thus may cause an enhancement of aggregation with
increasing temperature. In the case of iBA such a
hydrophobic aggregation is expected to be rather weak,
as indicated by the fact that the system iBA/water
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(a)

(c)

(b)

(d)

Fig. 6. Sketch of the transition from the phase-separated state (a) to an inhomogeneous one-phase state of the pore liquid (d) as the temperature is
increased. In the one-phase region the pore liquid is characterized by a composition gradient from the surface to the center of the pore, due to the

preferential adsorption of water at the polar surface.

exhibits not an upper but a lower miscibility gap which
is a signature of energy-controlled phase separation. For
this reason we believe that hydrophobic aggregation of
iBA is not the primary reason for the observed
anomalous temperature dependence of the diffusion
coefficient D.

The main assumption of the third model, sketched in
Fig. 6, is that in the phase-separated state of the pore
liquid at low temperatures, an increase of temperature
causes a reduction of the mean free diffusion pathway in
the water-rich phase. It is conjectured that this reduction
results from a corrugation of the interface between the
water-rich and iBA-rich phases in the pore: whereas at
low temperatures the interface between the inner
cylinder with the acid-rich phase and a surface layer is
rather smooth (Fig. 6a), it becomes corrugated as the
temperature is increased (Fig. 6b). For the acid-rich
mixture studied in this work the thickness of the water-
rich outer layer is rather small and thus a corrugation of
the interface will mainly cause a reduction of the
diffusion pathway of the molecules in the outer water-
rich phase, while the mobility of the acid molecules in
the core phase is not strongly affected by this effect.
Finally, at temperatures between 32 and 39°C a
transition from the two-phase region to an inhomoge-
neous one-phase region (characterized by a concentra-
tion gradient from the pore wall to the center of the pore
(see Fig. 6¢) occurs. In the one-phase region the
exchange between the water-rich outer and acid-rich
inner region starts to dominate. Hence the iBA
molecules can easily reach the surface and form

hydrogen bonds with the surface silanol groups, which
will drastically slow down the diffusion of these bonded
iBA molecules. Assuming that the number of hydrogen
bonded iBA molecules increases with temperature, this
slow-down of the diffusion increases with temperature.
This interpretation is supported by the appearance of
the second 7, component at high temperatures, which is
attributed to the molecules with low mobility. In other
words, this short relaxation time stems from the
molecules hydrogen bonded to the surface, which no
longer can average out the homonuclear 'H dipolar
interaction and thus no longer behave like a liquid but
like a solid.

On the basis of this model the total diffusion
coefficient above 39 °C is, to a first approximation, the
weighted sum of the coefficients from core molecules
and molecules bound to the surface, i.e.,

Dy = Xcore Deore + Xsurt Dsurt (3)

where D¢y, and Dg,.¢ are the values of the self-diffusion
coefficient in the core region and at the surface, and X
and xg,r are the relative amounts of the two species.
Because of fast exchange at high temperatures on the
NMR time scale only the averaged diffusion constant D,
is observed.

5. Summary and conclusions

In the present work evidence for a microphase
separation in the system isobutyric acid (iBA) plus
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water confined in the mesopores of Controlled Pore
Glass (CPG) 10-75 was found by NMR spectroscopy.
The 'H NMR 7, relaxation time and PFG self-
diffusion measurements reveal a transition from the
one- to a two-phase region in the pores, which occurs in
the temperature range between 32 and 39 °C for the
acid-rich mixture (54 wt% iBA) studied in this work.
The phase separation in the pore is thus shifted to a
lower temperature compared to the phase transition
temperature in the bulk mixture of the same composi-
tion, which occurs at 41 °C. The combination of the two
NMR methods yields the following model of the phase
behavior of the confined mixture. At temperatures
below the phase transition the pore liquid is separated
in microdomains. The molecular mobility in the acid-
rich domain which is located in the core region of the
pores significantly exceeds the mobility in water-rich
domain which forms layer at the pore wall. Upon
increasing the temperature the interface between the two
phases becomes corrugated. As the phase transition
temperature is approached the domains become smaller
and the interfaces between them are broadened until the
domains transform to concentration fluctuations. At
concentration fluctuations on the order of a pore size,
the acid molecules in the core phase show the largest
mobility. When the temperature is increased above the
transition temperature, the number of iBA molecules
which can interact with the surface is strongly increased,
causing a slow-down of molecular mobility in both
phases. The structural model proposed in this work is
consistent with a recent study of the local structure of
the same system using small-angle neutron scattering
[40].
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