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The behavior of water confined near nonpolar surfaces has important implications for a number of biological
phenomena. In this type of confined environment the properties of “hydrophobicity” and “hydrophilicity” are
closely related to the structure of the interfacial water, which in turn can depend on temperature in a very
subtle way. Although the physical-chemical consequences of this fact have been theoretically addressed to a
great extent, the underlying thermodynamic question is still widely discussed. Accordingly we performed
thermogravimetric analysis and variable-temperature powder X-ray diffraction studies on representative
hydrogen bonding organic pores occupied by water. The results indicate that a hydrophilic-to-hydrophobic
transition of the inner surface of the pores occurs upon increasing temperature, which may be attributed to a
strong influence of the dynamics and thermodynamics of local water molecules on the surface affinity of the
pores. The relevance of our findings to the understanding of the phenomenon of water transport in natural

pores is discussed.

Introduction

The transport of water through natural membrane channels
is a phenomenon of considerable biological importance. How-
ever, a detailed understanding of the driving forces for filling
of the predominantly “hydrophobic” natural pores with water
and of the attendant functional thermodynamics remains elu-
sive.! Hydrophobic does not in this context mean “water-
repellent” but rather implies that the attraction at the interface
between water and the inner surface of the pore is less than
that between water molecules. To fully understand this phe-
nomenon it is necessary to know both the equilibrium structures
and the particular behavior of the transient local structures of
the entrapped water on a molecular scale.>™*

The structure of water in natural channels has been studied
by using molecular dynamics simulations;’ biological systems,
however, are characterized by numerous chemical and structural
complexities, which makes it necessary to evaluate model
systems of much greater simplicity. These models are in general
chosen to only address some particular features of the system
under study. Nonetheless, results obtained for different model
systems strongly suggest that there is a considerable degree of
universality with regard to the behavior of entrapped water.>™®
For example, single-walled carbon nanotubes have been dem-
onstrated to be the simplest model system specifically valid for
modeling entrapped water in biological structures, such as in
aquaporin water channels’™!'* and other important nanofluidic
systems.'*!7 An important limitation, however, of the applica-
tion of such nanoporous media to the study of the structure and
dynamics of long-lived aggregates of water molecules is that it
is not always possible to support mechanisms determined in
silico with those derived from specific experiments.'®~> For
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example, one of the most important predictions obtained from
room temperature molecular dynamics simulation studies is that
the structure and dynamics of water are specific to each model
and depend on the inner diameter**~%” and sometimes also on
the hydrophilicity?®* of the pore. Yet, experimental evidence
to support this conclusion is lacking and a rigorous understand-
ing of the mechanisms of water transport and conduction through
pores remains incomplete. A sophisticated understanding of
these processes requires that computational studies be comple-
mented by experimental data.*® Our central concern has been
to establish and utilize models of pores which reflect biologically
relevant chemical principles whereby we could facilitate an
explicit experimental verification of simulated data.’!~%

In this paper we utilize parallel thermogravimetric analysis
(TGA) and variable-temperature powder X-ray diffraction (VT-
PXRD) to show that in our model systems of water pores the
observed freely moving water clusters®® are stable at or below
room temperature but unstable at higher temperatures and reach
a point at which they are able to leave the pore. This result
implies that the inner pore surface switches from hydrophilic
to hydrophobic, which represents an experimental confirmation
that the near coexistence between water-filled and water-empty
states of the pore and the sensitivity to small temperature
perturbations are functionally relevant.’” We will also discuss
the implications of these experimental findings for the function-
ing of natural systems.

Background and Objectives

We designed suitable solid state porous organic assemblies
formed by monomers 1 and 2 (Figure 1) as chemical models to
elucidate specific mechanisms of water transport. The non-
uniform van der Waals diameter exhibits a range from 5.9 to
94 A in pores formed by monomers of chemical structure 1
and from 4.2 t0 6.5 A in pores formed by monomers of chemical
structure 2 (see Figure 1, inset)* depending on the size of the
side chains of the organic molecules used to construct the pore.
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1,R=CH,CH,
2, R = CH,CH=CH,
Figure 1. A side view of the open pore formed by (£)2+2H,0.%” The
organic molecule is in capped-stick representation, water molecules
are represented by spheres: structural water, blue; cluster, red. Inset:
Chemical structures for monomers 1 and 2, the hydroxyl/acids that form
hydrated pores by crystallization from wet carbon tetrachloride.’!3

In both model systems the proportion of water in the pores is
the same and water molecules can be taken up and released
over a wide range of temperatures without impairing the
structure of hydrogen-bonded networks. Furthermore, these
pores should be just wide enough at their narrowest region for
water molecules to pass through, which in turn provides size
selectivity while imposing single-file water diffusion.

Experimental evidence of water occupancy of nonpolar
cavities in thermodynamic equilibrium has previously been
reported.*®*® In our models, we find two apparently different
types of water molecules: on the one side, water located at the
surface of the pore remains mainly in the H-bonding pattern
from which the structure is built up, and on the other hand,
water molecules in clusters distributed along the pore (similar
in topology to liquid and gas-phase flickering cluster models
detected by spectroscopy*®~*7), which produce a wetting path
that explains the observed permeability*® (Figure 1). The
dynamics of pores occupied by water molecules can be described
on the basis of the hydrophobic effect,*® which is known to be
temperature dependent.*® Our previous work demonstrated that
water could fluctuate between being vapor-like in the empty
state of the pore and liquid-like in the filled state (Figure 2) at
saturated vapor pressure and at temperatures of 25 °C and
below.*

Our objective is to describe the effect of temperature on the
nature of the inner surface (hydrophobic or hydrophilic) of our
pores on the basis of our experiments, and this way understand
better how this affects the thermodynamic function in natural
pores and the influence of water in the stability of the assemblies.
This type of evidence for such an effect has proven difficult to
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Figure 2. Two-state-like behavior of our models of water pores at T
= 25 °C and below.*

obtain,® but one possible approach is to determine if the
different structures formed by water molecules moving inside
the pore possess distinct dependencies on temperature. Our pores
are especially suitable for this type of investigation, as they both
contain the same amount of water confined to varying extents
depending on the pore diameter. This makes it possible to
compare the respective stability (upon changing temperature)
of the structures formed by the inner water in each system,
without having to consider additional variables.

Experimental Methods

Compounds (+)1:2H,0 and (4)2+2H,0 were synthesized
following the synthetic sequence reported for other members
of this family of compounds.’! Suitable crystals of both
compounds were grown at room temperature from a damp
mixture of carbon tetrachloride/2,2,4-trimethylpentane (4:1).

Thermogravimetric analysis was performed with a Mettler
TGA/sDTA851e analyzer, under a mixture of dry air and
nitrogen. The amount of material used in the TGA studies ranged
from approximately 4.6 mg to 7.5 mg. The temperature was
typically increased at a heating rate of 1 deg/min. Additionally,
we ran experiments where the samples were heated, held at
certain temperatures for some time and then heated again. DSC
experiments were previously reported for both samples.*®

A Bruker D8 with an Anton Parr high-temperature platinum
stage was used for the variable-temperature X-ray diffraction
(VT-PXRD) experiments. Two series of experiments were
performed. In the first one, each sample was continuously heated
from 30 to 180 °C at a heating rate of 1 deg/min, with XRD
patterns recorded every 5 °C. A 26 range of 5° to 70° was used,
with steps of 0.025° and 28.8 s per step as acquisition time.
The second series involved holding the samples at certain
temperatures and recording successive diffraction patterns to
monitor eventual changes. The total temperature range for both
samples was 30 to 150 °C, at a heating rate of 1 deg/min. The
following parameters were used for acquisition of the diffraction
data: a 26 range from 5° to 50°, steps of 0.025° or 0.028°, and
28.8 s per step. Both series were run under air. Approximately
10 mg of material was typically used for each measurement.
The organic sample was dispersed with acetone to make a slurry,
which was then pasted on the sample stage. The measurements
were carried out after the mixture was dry. Because of the small
sample size the data collection was carried out in short steps
with long acquisition times.
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Figure 3. VT-PXRD diffraction patterns for (+)1-2H,O (up) and
(£)2+-2H,0 (down) obtained by increasing the temperature from 30
°C tol150 at 1 deg/min.

Results and Discussion

Parallel thermogravimetric analysis (TGA) as well as variable-
temperature powder X-ray diffraction measurements (VT-
PXRD) were performed on crystalline samples of (£)1-2H,0
(which forms the wider pores) and (£)2+2H,0 (which forms
narrower pores) in order to monitor both dehydration events
and structural phase transitions upon increasing temperature of
the porous structures.

In the first series of VT-XRD experiments, the temperature
was increased at 1 deg/min from 30 to 150 °C and diffraction
patterns were recorded every 5 min. The results clearly indicate
that the solids remain crystalline up to about 100 °C (Figure
3). Under these conditions a phase transition was observed as
the temperature of the hydrated form of (£)1:2H,0 reached
about 65 —70 °C. This phase remained stable up to a
temperature of approximately 120 °C, after which the sample
decomposes. VT-PXRD analysis of the observed peak positions
of the sample of (£)2+2H,0, which has a smaller inner diameter,
showed that an analogous phase transition occurs at lower
temperature, namely between 50 and 55 °C. In this case the
resulting structure is stable until approximately 90 °C. This
phase transition in both systems most likely corresponds to a
reorganization of the organic molecules forming the supra-
molecular structure, which induces irreversible changes in size
and shape.

The dehydration for these two structures was also studied in
parallel by thermogravimetric analysis (TGA) at a scan rate of
1 deg/min (Figure 4).

The loss of water from (4)1-2H,0 occurred in two well-
defined events: first, between approximately 28 and 48 °C and
immediately afterward between approximately 50 and 85 °C.
The weight losses associated with each event were 4.3% and
8.0%, respectively, in agreement with the theoretical value of
12.9% weight which corresponds to the total water content in
the sample.

The TGA results for (£)1+2H,0 in conjunction with the VT-
PXRD data described above lead to the following assertions:
The starting porous self-assembly clearly is stable even after a
certain degree of dehydration. After the phase transition
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Figure 4. TGA curves for (+)1+2H,0 (black line) and (£)2:2H,0
(red line) obtained with a heating rate of 1 deg/min.

observed by VT-PXRD, the sample does also persist in losing
water, which in turn points to the formation of an anhydrous
phase.

Analysis of the TGA results for (£)2+2H,0 also reveals an
initial dehydration step between approximately 28 and 54 °C,
which accounts for a weight loss of 6.9%. Subsequently water
is gradually lost in a second, much smoother event, which did
not reach a real plateau as the sample started to decompose in
the same range of temperatures. A weight loss of 4.4% was
measured between 55 °C and approximately 125 °C. The sum
of both values agrees well with the theoretical water content of
11.9%. Consideration of these TGA analyses along with the
VT-PXRD data leads to a similar description of the events in
this system. As for the previous case the initial hydrated structure
remains stable after some degree of dehydration. In this sample,
however, it is not clear that the phase transition results in a
completely anhydrous structure as it appears to collapse at
around 90 °C, before water is totally removed.

These initial results prompted us to redesign our experiment
in a way to answer the following questions: Is it possible to
keep the initial porous structure intact after partial or even total
dehydration despite the fact that this structure is the result of
the incorporation of water in the self-assembling process? Do
both samples release water with the same ease? Is it possible
to release a certain amount of water and rehydrate the samples
after a proper treatment? Since the first phase transition and
final decomposition of these samples was observed upon heating
of the samples at a uniform rate, our following TGA and VT-
PXRD measurements were performed on both samples by
keeping the temperatures fixed at specific points a certain time
rather than steadily increasing the temperature.

TGA measurements on (+)1+2H,0 were performed with a
uniform heating rate of 1 deg/min except that the temperature
was kept constant at 40 °C and again at 65 °C 30 min each.
We used the same heating rate for (+)2+2H,0O and in this case
the temperature was kept fixed at 35 and 45 °C for 30 min each
(Figure 5). In both samples, the first temperature that was held
constant for 30 min corresponds to the initial porous structure,
and under these conditions it is observed that approximately
half of the water present in (£)1+2H,0 and approximately two-
thirds of the water present in (%)2:2H,O could readily be
evacuated at this constant temperature.

The dehydration in (4)1+2H,0 corresponds to the VT-PXRD
pattern shown in Figure 3 (top), where the two consecutive steps
occurred at slightly lower temperatures. In contrast, the weight
loss in (£)2+2H,0 does not occur in discrete steps but rather
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Figure 5. TGA curves obtained for 4.66 mg of (+)1+2H,0 (top) and
7.41 mg of (+)2+2H,0 (bottom) showing the release of water when
the temperature is maintained fixed at certain values. The upper part
of the x-axis represents the temperature, and the bottom part represents
the time. The water loss is indicated by the step function above the
curve. The theoretical values for a 100% of water loss is 12.95% of
mass in the case of compound (+)1+2H,0 and 11.92% of mass in the
case of compound (£)2+2H,0. For the particular masses employed in
this experiment, these values correspond with a “dry weight” of 4.06
mg in the case of compound (4)1+2H,0 and 6.53 mg in the case of
compound (£)2+2H,0.

in a gradual way such that the largest loss takes place between
25 and 35 °C, but then the system needs to reach a temperature
greater than 90 °C for complete dehydration. These results again
point to the fact that the initial porous structure is maintained
even after the majority of the water molecules are released from
1t.

To check the observation that compound (£)2+2H,0 released
a large percentage of water close to room temperature, a
following TGA experiment for this sample was carried out with
the temperature kept constant at 30 °C for 2 h before raising it
at a rate of 1 deg/min (Figure 6).

Under these very smooth conditions, the (£)2+2H,0 sample
releases more than 80% of its water content. Complete dehydra-
tion, however, again is not achieved until the temperature
reaches nearly 100 °C. In the case of (+)1+2H,0, on the other
hand, complete dehydration took place at about 65 °C (Figure
5), which coincides with the temperature of the phase transition
determined by VT-PXRD (Figure 3). The difference in the
dehydration temperature (AT = 30 °C) of the two types of pores
can clearly be attributable to the stronger interactions between
the pore surface and the adsorbed water for the pore with the
smaller diameter (i.e., the one formed by the monomer 2).

The TGA experiments just described do not, however, match
the heating profiles of the first set of VT-XRD experiments.
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Figure 6. TGA curve obtained for 4.90 mg of (4)2+2H,0 showing
the smooth release of water (~80% of the total content) when the
temperature was maintained at 30 °C for 2 h. The upper part of the
x-axis represents the temperature, and the bottom part represents
the time. The water loss is indicated by the step function above the
curve. The theoretical values for a 100% of water loss is 11.92% of
mass in the case of compound (4)2+2H,O. This value corresponds
with a “dry weight” of 4.32 mg in this sample.
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Figure 7. VT-PXRD diffraction patterns for (£)1:2H,O (up) and
(£)2+2H,0 (down) obtained by increasing the temperature from 30 to
150 °C: black, initial and final scans at 30 and 150 °C, respectively;
blue, scans obtained in 5 deg intervals with increasing temperature
(heating rate = 1 deg/min); red, data obtained at constant temperatures
of 40 and 65 °C (a) and 30 °C (b).

We therefore carried out a second set of VT-PXRD measure-
ments so that we could verify the expected crystal structures at
each temperature and at the same time study the possible
influence of the gradual dehydration on the phase transitions.
This was accomplished by keeping the sample temperature
constant at certain points for a given time on both (£)1-2H,0
and (£)2+2H,0 (Figure 7). The same conditions as in the TGA
experiments where chosen: in the case of (£)1+2H,0, temper-
ature was kept constant at 40 and 65 °C and increased at 1
deg/min for the rest of the scan (comparable to Figure 5a) and
in the case of (£)2+2H,0 the temperature was kept constant at
30 °C for 2 h (comparable to Figure 6) and increased at 1 deg/
min for the rest of the scan.

The phase transitions in both samples occurred in the same
temperature ranges as before, although the ultimate collapse of
the crystal structure occurred at slightly lower temperatures.
These results unambiguously lead to two important conclusions:
the phase transitions are largely independent of the amount of
water present in the pore at any particular time and independent
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Figure 8. Three superimposed TGA experiments on the pore formed
by (£)1+2H,0: (A) “continuous” experiment (same plot as in Figure
4); (B) “partial dehydration” experiment; and (C) “rehydration”
experiment, after the sample used for part B was kept 24 h under a
humid atmosphere. Water loss percentages in each step are also
depicted.

of the temperature ramp used, and as a consequence of this,
the initial structure is stable even up to the point of nearly
complete dehydration. This can be seen particularly clearly in
the case of (+)2+2H,0 in the last series of experiments. Single-
crystal X-ray diffraction results of a crystal of this compound,
which was previously heated to 40 °C for several hours, showed
that the initial crystalline phase indeed remains intact.

A crucial finding from these experiments is that the intrinsic
structure of both crystals with different pores was retained during
the partial dehydration process. This result implies that the
internal characteristics of the pore surfaces remain unaltered so
that it is possible to study the temperature-induced effect on
the hydration—dehydration phenomenon independently. While
approximately about one-half of the water molecules present
in the pore with the larger diameter, (£)1:2H,0, could be
evacuated when the temperature was kept fixed at 40 °C during
40 min (see Figure 8, plot B), rehydration unexpectedly did
not occur when the partially dehydrated sample was maintained
at room temperature under a humid atmosphere for 24 h before
increasing the temperature to 80 °C in a new TGA experiment
(Figure 8, plot C).

This observation indicates that the cooperative behavior of
confined water molecules is central to the hydration process,
and their absence renders the system essentially hydrophobic.
These findings not only highlight the differing roles played by
the two types of water molecules present in the pore, but also
point to the need for a presence of freely moving water
molecules inside the pore to sustain its permeability by water.
Finally, our results open the door to a comprehensive experi-
mental exploration of model systems where the qualitative
physical-chemical principles that make water so special in the
function of biological processes®! can be systematically studied
and de novo design models benchmarked.

Conclusions

There has been an increasing amount of experimental
evidence to support the idea that water molecules can continu-
ously occupy permanently nonpolar pores. In this work we show
that hydrophobicity as opposed to hydrophilicity cannot be taken
to be an absolute property of a porous surface without taking
the structure of the water moving within the pore into account.>?
Under certain conditions, the pore can be dried, which means,
in terms of classical thermodynamics, that water does not wet
the inner surface of the pore.
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The ability to wet the pore surface was found to correlate
with the size of the cavity and the strength of the interaction
between water molecules and the walls of the cavity,”® which
in turn can be modulated by changes in temperature. The
differences in the temperature dependence of dehydration and
the phase transitions exhibited by the porous structures,
(£)1-2H,0 and (4)2:2H,0, leads to the conclusion that the
variations of the behavior of water inside the pore depends
strongly on the details of the interatomic interactions between
water molecules and with the interior surface of the pore. The
switch in the fluctuating surface wetting ability observed in both
model systems suggests that the structure and dynamics of local
water are significantly affected by temperature. The hydration—
dehydration phenomenon in structurally intact pores appears to
result from a sensitive balance between surface water and
water—water interaction energies in terms of the enthalpy/
entropy compensation principle.™*

The presence of water near hydrophobic surfaces is common
in biological systems and plays a crucial role in various
important biophysical phenomena, such as the functional
dynamics and thermodynamics of natural pores and the folding
and function of proteins. Our results on the fundamental
chemical principles of the interactions between water molecules
and hydrophobic pores should advance the molecular-level
understanding of many of these biological processes. Related
research is currently being carried out with the aim to obtain a
more detailed understanding of local density fluctuations of
water by means of inducing subtle modulations in pore diameter
and flexibility.
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