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Abstract

The effect of pore wall chemistry and pore diameter on the structure of confined wa-
ter was studied by X-ray scattering on water confined in periodic mesoporous organosili-
cas (PMOs). A shift in the first structure factor peak at g ~ 1.8 A" reveals a variation
in the density of the confined water in dependence of hydrophilicity and pore size.
Smaller and more hydrophilic pores induce a lower density in the water. In contrast to
bulk water, the pair distribution functions (PDFs) of confined water show a splitting of
the second-neighbour peak into either two, in the case of smaller and more hydrophilic
pores, or three separate peaks, in larger and more hydrophobic pores. From the running
coordination number we conclude that smaller and more hydrophilic confinement leads
to a stronger developed tetrahedral network in confined water, while confinement in
larger and hydrophobic pores give tetrahedral arrangements that are bulk-like or even

less pronounced than in bulk water.

Introduction

Liquid water is known to show different equilibrium and dynamical properties in spatial con-
finement compared to bulk.!™® One particular example of this is a lower melting temperature
compared to bulk water in dependence of the dimensions of the confining space.'™

When confined in nanometer-sized pores, it has been found that the structure of water
is not homogeneous throughout the pore: At the interface between the water and the sur-
rounding material a layer of a thickness of two to three molecules forms, which has a higher
density than the water in the pore center.!%!3 This interfacial layer is also sometimes called
the non-freezing layer, as it does not form a crystalline structure upon freezing.*® A remark-
able finding by Soper et al.!?>'* has been that, while the interfacial layer in MCM-41 shows
a higher and the core water a lower density than bulk water, the average density throughout
the whole pore cross-section is lower than that of bulk water. This could be explained by a

high negative pressure that the water experiences inside the pore. Soper!4 suggests that this



negative pressure is caused by the formation of a concave meniscus where the liquid water
inside the pore meets the water vapour on the outside.

Table 1: List of porous materials used in the experiment. Shown are the synthesis
precursor, the pore diameter dp (where the uncertainty is given by the half
width at half maximum of the pore size distribution), the pore volume at 90 %
relative pressure Vp(9, the BET surface area Sggr, the organic unit periodicity
dorg and where applicable the capillary condensation onset (p/po)onset; the number
of water molecules per area N,,. and the slope of the water adsorption isotherm
for p/py < 0.5.

Precursor dp V.9 SBET dorg (p/pO)onset N, S<0.5
[nm] | [em®g™"] | [m*g™"] | [nm] [nm~?] | [em’g™|

B | MCM-41 3.9£0.3 0.85 956 - 0.52 3.7 232
+ | BTEVB 3.8£0.7 0.54 762 1.19 0.75 0.96 31
® | BTEVFEFB 49+14 0.83 632 1.20 - - -

» | BTEVFB 4.440.7 1.04 976 1.20 0.88 0.66 24
A | BTEVA 4.3+0.3 0.83 966 1.18 - - -

< | BTEVA 3.84+0.4 0.67 948 1.18 0.67 2.0 104
¢ | BTEVA 3.4+0.4 0.64 929 1.18 - - -

8 | BTEVP 3.5£0.8 0.63 851 1.19 0.56 1.7 90

Studies considering the molecular structuring of water under nanoscale confinement have
also previously been conducted, using methods such as X-ray and neutron scattering,!%!6
as well as Raman spectroscopy.!”!® There are also a number of simulation studies on the
topic. %1214 Authors employing different methods arrive at varying conclusions, in particular
in regards to the effect of confinement on the amount of tetrahedral structuring. Crupi et al.'”
and Malfait et al.,'® for example, found a decrease in strongly hydrogen-bonded, tetrahedral
structures in the confined water, while previous studies using scattering techniques observed
an increase of these structures.®'% Simulation studies, for example by Soper et al.'?1* also
found an increase of tetrahedrally structured water under confinement.

In order to investigate the influence of different parameters on the structure of confined
water, we analyze its structure in materials with varying pore diameter and pore wall chem-
istry. This is achieved by the use of periodic mesoporous organosilicas. These are a class of

material consisting of a SiOy base lattice with periodically arranged organic moieties in the

pore walls, forming a crystal-like wall structure.®2% The organic moieties can furthermore
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host functional components of various kinds, which can alter the interaction between the pore
walls and the confined material.?"?® PMOs provide a high stability due to the inorganic part
and at the same time a wide variety of possible functionalities in the organic bridging unit
and can therefore be tuned to various intended applications, such as catalysis,?*3° drug de-

31,32 or light harvesting. 3 3® Tuning the pore-water interaction and polarity of the pore

livery
wall has an influence on the structure and dynamics of water confined in PMOs. 18:26:28,36,37

For instance, using Raman spectroscopy to investigate the hydrogen bonding behaviour
in water confined in PMOs, a reduction of tetrahedrally H-bonded was found in both MCM-
41 and a more hydrophobic, phenylene-bridged BTEB-PMO with the effect being more
pronounced in the latter.!®

Another study by Jani et al.?® claims that the dynamics of water are slowed down in
the case of PMO confinement. Here, the diffusivity of water molecules close to the PMO
interface is slower in the case of hydrophilic groups in the pore wall compared to hydrophobic
ones.

With the study at hand, we want to expand the insight into the behaviour of water in
these systems by conducting X-ray scattering experiments on a variety of PMO materials,
covering several pore sizes and pore wall functionalizations. This technique grants us direct
access to the structural information of PMO-confined water, while a large selection of PMO
materials allows us to study the impact of varying hydrophilicity over pore diameters between
3.5 and 5nm. By studying the structure factors, pair distribution functions and coordination
numbers of water confined in PMOs, we find indications for a lower density and more strongly
developed tetrahedral network under hydrophilic confinement when compared to bulk. This

effect is strongly material-dependent and is amplified by confinement in smaller pores.

Sample characterisation We used a variety of PMOs, as well as pure mesoporous silica
(MCM-41), in order to cover different variations in pore diameter and pore wall function-

alization. The precursors used for the PMO synthesis are 2,5-bis((£)-2-(triethoxysilyl)-
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Figure 1: Chemical structures of the precursors.



vinyl)fluorobenzene (BTEVFB), 1,4-bis((E)-2-(triethoxysilyl)vinyl)benzene (BTEVB), 2,5-
bis((E)-2-(triethoxysilyl)vinyl)aniline (BTEVA) and 2,5-bis((£)-2-(triethoxysilyl)vinyl)pyri-
dine (BTEVP). The chemical strucure of the precursors is shown in Figure 1 and a list of
the porous materials and their most important properties for this study is given in Table 1.
More details on the material properties are found in the supplementary information. In this
study, the notation of the PMOs will be the precursor followed by the pore diameter in
nanometers written in parentheses. For example, BTEVA(3.4) denotes the PMO prepared
with the BTEVA precursor and with a pore diameter of 3.4 nm.

Details of the PMO synthesis, including a table with the synthesis parameters, are given
in the supplementary information. In short, the synthesis of the BTEVB,?¢:38 BTEVA?26
and BTEVFB?%3 precursors and their reaction to the corresponding PMOs were carried
out according to the synthesis instructions given in literature. The synthesis of the BTEVP
precursor is a modified form of literature synthesis.?® Deviating from the three-step synthesis
in the second step, the preparation of 2,5-diethynylpyridine, was carried out in a modified
way. 3

Nitrogen physisorption measurements were performed to characterize the porosity of
the different materials. At first, the samples were activated at 100 °C for 20 h under re-
duced pressure in a degasser (Quantachrome Masterprep). The No-physisorption measure-
ments were performed at a temperature of 77K (Quantachrome Quadrasorb-SI-MP and
Quadrasorb evo). Using the program QuadraWin 6.0, the pore size distribution accord-
ing to density functional theory (DFT) calculation with the model Ny on silica (cylindr.
pores, non-local DFT (NLDFT) at adsorptions branch and the specific surface area with
the Brunauer-Emmett—Teller (BET) method (p/po range from 0.05 to 0.3) were determined
from the obtained measurement.*% 42 In case of the intersection of the BET region with the
condensation step of the isotherms, the BET range was reduced in order to be in the plateau
region before the condensation (p/py < 0.3). The measured nitrogen physisorption isotherms

and the calculated pore size distribution of all materials are shown in Fig. 2A. A type IV(b)-



N, physisorption isotherm can be observed for all materials except for BTEVFB(4.9), which
has hysteresis caused by cavitation or pore blocking effects and thus shows a type IV(a)
isotherm.*? Some of the porosity data of the different materials determined from the Ny
isotherms are listed in Table 1.

For the investigation of materials with regard to their hydrophilicity, the use of water as
an adsorptive is suitable due to its sensitivity to surface chemistry.26:36:4345 To perform the
water vapor sorption measurements, the samples were first degassed at 100 °C for 20 hours
(Quantachrome MasterPrep Degasser). Water vapor sorption isotherms were recorded at
25 °C (Quantachrome VSTAR™).

Information on hydrophilicity can be obtained from water vapor sorption isotherms using
the onset before the capillary condensation step, as well as the slope of the isotherm in the
region of p/py < 0.5. Since the relative pressure region of the onset is determined not only
by the chemistry of the material surface but also by the pore radius, materials with similar
pore diameters should be compared for the determination of hydrophilicity (see Fig. 2B).
For materials with the same pore diameter, more hydrophilic materials take more water at
lower relative pressures, so capillary condensation occurs at lower relative pressures than for
more hydrophobic materials.?6

In the relative pressure range p/py < 0.5, the pure silica MCM-41(3.9) has the steepest
slope. As can be seen in Table 1, the onset of pore condensation of MCM-41(3.9) has the
smallest value. BTEVB(3.8) has by far the lowest slope and the highest onset position of
the capillary condensation, indicating a comparatively higher hydrophobicity. In addition,
it does not reach a plateau level after condensation, thus the pores are not completely filled
even at higher relative pressures. BTEVA(3.8) and BTEVP(3.5) are found between the
samples mentioned above. While both have a similar slope, BTEVP(3.5) has a lower onset
position with p/py = 0.56 than the BTEVA(3.8) with p/py = 0.67.

The amount of water adsorbed at the onset can be used to calculate the number of water

molecules per surface area (Ny).!?® Comparing the different values for N,, (see Table 1)



A 500

BTEVFB(4.9)|

750
500
250

500

V [cm3g7!]

250
500

BTEVA(4.3)]

: g BTEVA(3.4)]

BTEVA(3.8)

BTEVP(3.5)

d[nm]

Figure 2: A The Ny physisorption isotherms (77 K) of the samples (left), showing adsorp-
tion (filled symbols) and desorption (hollow symbols). On the right the pore size distribution
curves, calculated using DFT. B Water vapor sorption isotherms at 25°C of the adsorption
branches from the materials with a pore diameter of about 3.8 nm. Additionally, the fluori-

0.6 0.8 1.0

p/po

MCM-41(3.941

0
BTEVB(3.8)
10.2

: 0
BTEVFB(4.4Y0

0.5

0.0

10.2

.0 5 10 150'I:l

dv [cm3nm~1g1]

nated BTEVFB sample with a pore diameter of 4.4 nm is shown.



MCM-41 has Ny, = 3.7 water molecules per square nanometer, which is also in agreement
with the literature value.! The divinylaniline and -pyridine materials show similar values
with Ny = 2.0 and N,, = 1.7nm™2, respectively. Among the materials with pores about
3.8 nm in size, the divinylbenzene bridged PMO has the lowest density of water molecules on
the surface with N, = 0.96nm~2. Additionally, a fluorine-containing PMO with a slightly
larger pore diameter of 4.4nm is shown. As with the divinylbenzene bridged PMOs, no
plateau of the condensation step is achieved even at higher relative pressures. Since this
material has the lowest slope and water density on the surface, it can be classified as the
most hydrophobic among the presented materials. From the water vapor sorption analysis,

the following series can be established, in which the hydrophilicity increases from left to right:

BTEVFB < BTEVB < BTEVA < BTEVP < MCM-41

Experiment and analysis The total X-ray scattering measurement was performed at the
P02.1 beamline at DESY*6 with a beam diameter of approximately 1 mm and at an energy of
60 keV. The powder samples were filled into glass capillaries with a diameter of 1.5 mm and a
wall thickness of 10 um (Hilgenberg GmbH ). Scattering patterns were taken at temperatures
between 290 and 245 K with an exposure time of 1s. LaBg was used as a calibration sample
for the measurements. The cooling was controlled by a nitrogen cryostream surrounding the
sample capillary. We estimated the error of the temperature conservatively at 5 K, which is
implied in all temperature data we measured.

The water was adsorbed into the PMOs by means of a humidity chamber where the
humidity was gradually increased, thereby achieving a complete filling of the pores. Both
the water-filled and empty PMOs were investigated. This way, the water signal could be
isolated by subtracting the signal of the empty PMO from the filled one. Because the electron
density of the water molecule is mostly located at the oxygen atom, this is the dominant

contributor to the X-ray scattering signal. As typical for X-ray studies, the quantities we



compute do therefore not contain information about the bonding between the oxygen and
hydrogen atoms but only about the oxygen structure.*” To discuss the structure of the
confined water, we make use of the (total) structure factor S(q), which can be computed as

described by Juhas et al.:*8

(1)

Here, 1. is the coherent scattering intensity and f(gq) the atomic scattering factor. In
order to compute the coherent contribution of the scattering intensity, corrections have to
be applied which are further described by Juhés et al,*® as well as Egami and Billinge.
For the discussion of S(q) we will focus on the region of ¢ between 1.5 to about 4A7" In
this region bulk water typically shows two peaks, the first of which shifts to smaller ¢ upon
cooling. The subsequent spread of the two peaks can be used as a measure of the amount
of tetrahedrally structured water in bulk.?**! However, in confinement other factors must
also be taken into account, such as interface interactions and geometric constraints, as these
also affect the structuring of confined water.!1%415 From the structure factor the pair

disribution functions (PDFs) can be computed as

dmazx

G(r) == / alS(q) — 1] sinqr dg. 2)

dmin

S(q) and the PDF were computed using the PDFGetX3 software.4® Another interesting
quantity is the running coordination number nog.'*5%%3 It is calculated via the r-weighted

integral of the reduced PDF,

noo(r) = /T’g(r') dr’, (3)

with g(r) = G(r) — 1. noo gives the coordination number at a distance r from the origin
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Figure 3: A The structure factor S(gq) of water in BTEVA(3.8)-PMO from 290 K (top) to
240K (bottom) as an example of the typical form of the structure factor. B The structure
factor peaks over different temperatures for water in different PMOs as well as in bulk. The
bulk data was obtained from Sellberg et al.?® C The splitting Ag between the S(q) peaks.
The LDA value was obtained from Mariedahl et al.®?

atom.

Results

Structure factor Figure 3A exemplary shows the structure factor of water confined in
BTEVA(3.8)-PMO at temperatures between 290 and 240 K. During cooling both a spread
and a growth of the two peaks is observed. This is a typical behaviour reported for water.
In bulk water this peak spread is often attributed to a more pronounced formation of a
tetrahedral and hydrogen-bonded structure between the water molecules.?**! However, in
confinement other interactions, like those between the water molecules and the pore wall,

also have a considerable influence on the structuring of the molecules. 107121415
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Figure 3B shows the position of the structure factor peaks for different PMOs, as well as
bulk water. The peak spread occurs in almost all samples with the exception of BTEVP(3.8).
Here the lower-¢g peak (S1) seems to shift to larger ¢ rather than lower ones.

The spread of the peaks during cooling, i.e. the difference between the two peak positions,
can be observed in Fig. 3C. A strong dependence of the peak spread Ag on the confining
material is found. Bulk water consistently shows the smallest values for Ag, while also giving
rise to the strongest increase of the spread during the cooling process. The hydrophobic
samples, which are shown with green markers in the figures, show a slightly larger spread
and smaller increase for lowering temperature. The hydrophilic PMOs, as well as MCM-
41(3.9), marked in red and black, respectively, show the largest Ag but cause a smaller
change during cooling. BTEVP(3.5) shows the most extreme behaviour compared to bulk
water by staying at almost a constant value for Ag throughout the cooling process.

In the further discussion of the structure factor, we will focus only on the position of
the first peak (S1), as the second peak does not show a strong dependence on the different
confinement, as well as bulk conditions. This reduces the statistical error compared to the

difference between the peak positions.
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Figure 4: A The position of the first structure factor peaks in various materials over tem-
perature. B The slope of the linearly fitted peak shift against the peak position at 290 K of
the same fit. C The slope of the linearly fitted peak shift against the pore size.

12



These S1 positions ¢; are shown in Fig. 4A. A roughly linear behaviour is found in all
samples, with the slopes depending on the type of porous material. At room temperature,
bulk water shows the highest ¢;, which then decreases the most throughout the cooling
process. Next to the bulk water are the rather hydrophobic materials BTEVB and BTEVFB,
the latter of which were measured with two different pore diameters of 4.9 and 4.4 nm.
At lower ¢, we then find more hydrophilic samples including BTEVA with different pore
diameters, as well as MCM-41(3.9). These also show a smaller slope than bulk water and the
more hydrophobic samples. BTEVP(3.5) shows a different behaviour than the other samples
with the lowest ¢; at room temperature, which then increases with lower temperatures. A
shift of S1 to smaller ¢ in water under confinement has consistently been reported in previous
studies as well. 145455

Figure 4A also shows the gj-value for low density amorphous ice (LDA), as measured
by Mariedahl et al.?® It provides a fitting reference when comparing structural features in
this context, as it has a strongly tetrahedral structure without interstitials.?*°® In our study,
all samples seem to approach the value of low density amorphous ice (LDA) when cooling,
including BTEVP(3.5). In this sample, S1 starts in fact at a lower ¢; than LDA and then
rises upon cooling, thereby also approaching the value of LDA. Note also that water under
confinement has a smaller ¢; than bulk water for all observed materials and temperatures.

Fig. 4A suggests a correlation between the slope of the linearly fitted peak shift and
the peak position at room temperature. This relationship is shown in Fig. 4B. Here, a clear
trend with regard to material hydrophilicity is observed. At room temperature, ¢; is at lower
values for hydrophilic samples, while the slopes of their S1 shifts are larger. Hydrophobic
pores lead to larger ¢;-values at room temperature while the slopes are more negative.

Fig. 4C shows the slope of the linearly fitted peak shift against the pore diameter. For
individual samples, a trend of the slope deviating further from bulk water in smaller pores
can be observed. This trend seems to be stronger between the hydrophilic pores than the

more hydrophobic ones. BTEVA(4.3) shows a slope closer to bulk water and the hydrophobic
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samples than to BTEVA(3.8) and BTEVA(3.4). In the hydrophobic samples, no such trend
can be observed. In fact, they seem to show a decrease of the slope for smaller pore diameters,
notably even between BTEVFB(4.9) and BTEVFB(4.4), which only differ in pore size.
However, due to the pore size distributions, fitting errors and the small number of measured
samples, one should be careful when interpreting this data.

In bulk water, a lower-g position of S1 is often attributed to a larger amount of tetrahe-
drally structured water.5%5" While this may also contribute to this effect, this cannot fully
be transferred to confined water, as interface and geometric effects become non-negligible in
this case. A particularly interesting quantity that is altered in confinement conditions is the
density of water. It has been agreed upon that layers with different densities form in water
when confined in hydrophilic nanoporous material. 1912145859 Nore molecules adsorb to the
pore wall in this case, leading to a higher number density close to the interface and a lower
density in the core of the pore. As discussed above, the average density of water throughout
the whole pore cross section under confinement in MCM-41 is also considerably lower than
that of bulk water. 1458

This effect could explain the material-dependent shift of the S1, as it is most prominent
in rather hydrophilic pores, with a strong wall-water interaction. As water confined in
hydrophobic pores has a larger contact angle with the pore wall, they do not show this
decreased density as strongly in comparison to bulk water and therefore we do not observe
the S1 shift as strongly as in hydrophilic pores. Furthermore, due to geometric reasons,
the negative pressure could scale with smaller pore diameters. This might lead to the effect
being more pronounced in smaller pores than in larger ones, which is also reflected in the S1
shift we observed. The interplay of pore size and hydrophilicity seems to induce a very low
density in BTEVP(3.5), which would be even lower than that of LDA. It is surprising, that
confinement in BTEVP(3.5) seems to lead to a density in liquid water that is even lower than
that of LDA and especially low at room temperature. Note that while the density cannot

completely be identified via the structure factor, a smaller density would certainly lead to
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smaller values of ¢;'* and is therefore in agreement with the data presented here, as well as

previous studies. 145455

Pair Distribution Function For completion, Figure 5A shows the structure factors at the
highest and lowest studied temperatures. In Figure 5B the computed pair distribution func-
tions (PDFs) for water in the various PMO materials are plotted once at the highest studied
temperature Ty,., and once at the lowest Ty, Tmax and Ty, for each sample are noted in
the individual plots in Figure 5C. For bulk water, Tha — 295.1 K and Thi, — 254.1K.50

Figure 5B reveals qualitative differences in the structure of confined water compared to
bulk that are present in all PMO materials. The most striking one is the splitting of the
broad second neighbour peak of bulk water into several seperate ones. In MCM-41(3.9),
BTEVA(3.8), BTEVA(3.4) and BTEVP(3.5), two peaks are present in this region, while the
rest of the samples cause three peaks.

The appearance of several peaks emerging in the region from 3.5 to 5 A can be attributed
to a more pronounced, albeit distorted, tetrahedrally bonded network, which has also been
observed in previous studies for (hydrophilically) confined water. 41658 While the broad peak
in bulk water suggests a broad distribution of second-neighbour distances, the two peaks
present in the previously mentioned samples would hint at two more discrete distances. The
emergence of a third peak may indicate a more bulk-like behaviour in these materials, such
that the number of possible second-neighbour bonding lengths is increased in comparison
to the samples giving only two peaks. The results presented in Fig. 5B are consistent with

14-16,58

literature, as two peaks are predominantly present in smaller and more hydrophilic

pores and three peaks in larger, as well as more hydrophobic pores.

Running Coordination Number The analysis of the pair distribution functions gave
a first hint towards the presence of tetrahedral structuring in the confined water. To gain
more insight into this, we take a look into account the interstitial molecules between the first

and second neighbour peaks. These can be visualized by integrating the radial distribution

15



W MCM-41(3.9)

AN N

& ETEVE(3.8)

P BTEVFB(4.4)

s(a)

RN - P

A BTEVA(4.3)

& D

4 BTEVA(3.8)
0+ @ BTEVA(3.4)

-

$ETEVP(3.5)

W N

2 3 4

q[A-1]

Figure 5: A Structure factor of water in the observed samples at the highest as well as the
lowest used temperature. The data for bulk water was measured by Pathak et al.?® The
curves are set 1 unit apart of each other. B The pair distribution functions at the same
temperatures. goo(r < 2.2 A) were set to zero, as signal in this range comes from artifacts
of the correlation. Bulk data is from Skinner et al.®® The curves are set 1.7 units apart of

9oolr)

7.51

i~
BMCM-41(3.9)
’
5.01

0.04

—-2.54

| 2

4 Bulk

JBTEVE(3.8)

BTEVFB(4.4)

£

\
_NS@
4 BTEVA(3.4)
-

_5.0"
[\ ®BTEVP(3.5)
\ AN
;’ WAYADY
| \ [/ \_/
{
—7.5
2 4 6
r[A]

Noo

[=2]

I

| W MCM-41(3.9) | 4 BTEVB(3.8)
- T=290K == T=275K
— T=240K — T=240K
Bulk Bulk
i’
| @ BTEVFB(4.9) | BTEVFB(4.4)
—— T=290K —— T=290K
— T=245K — T=245K
Bulk Bulk

== T=280K
— T=245K
Bulk

| A BTEVA(4.3)

== T=290K
— T=240K
Bulk

| BTEVA(3.8)

—— T=290K
— T=240K
Bulk

o L@ BTEVA(3.4)

—— T=290K
— T=245K
Bulk

_' BTEVP(3.5)

2.5

3.0
r Al

35

25

each other. C The running coordination number of water in the samples.

16

3.0
rIA]

35




function. The subsequent quantity is called the running coordination number nog. 4535 The
resulting curves for noo versus the distance from an initial oxygen atom are shown in Fig. 5C,
again at the highest and lowest temperatures for each sample. The curve for bulk water is also
shown in blue for comparison. More or less pronounced plateaus are observed around 3.5 A in
all samples, as well as in bulk water. A more strongly pronounced plateau can be attributed
to more tetrahedral structuring, as it indicates less or no interstitial oxygen atoms between
the first and second neighbour shells.? From this we can derive another qualitative statement
about the presence of tetrahedrally structured water in the various confining materials. The
curves of BTEVA(3.8), BTEVA(3.4) and especially BTEVP(3.5) and MCM-41(3.9) show a
strongly pronounced plateau, indicating a larger ratio of tetrahedral water when compared
to bulk water. Water confined in the remaining materials shows a more bulk-like plateau,
indicating a more disordered water structure in these materials. These results are again in
agreement with the previously discussed findings that (hydrophilic) confinement supports

the formation of a tetrahedrally structured hydrogen bond network.416:58

Discussion

We observed that the structural behaviour of water under confinement in PMOs is strongly
influenced by the properties of the confining material. In particular, the shift of the first
structure factor peak of water during cooling differs more strongly from bulk water in hy-
drophilic pores than in more hydrophobic pores. This effect can be attributed to a lower
density of the confined water compared to bulk. We could also show that by lowering the
pore diameter, this effect can be further amplified.

In the PDFs of water in the PMOs, a distinction can be observed between materials
which lead to either two and three peaks in the region of 3.5 to 5.5A, i.e. the region
of the second neighbour peak in the PDF of bulk water. While smaller pores give two

distinct peaks, confinement in larger pores leads to three peaks or no clear peak structure

17



at all. The presence of two peaks is attributed to the development of a distorted tetrahedral

14,1558 while the presence of a third peak could hint at the restoration

bonding structure,
of more bulk-like conditions. Looking at the minimum between the first and second PDF
peak, as well as the running coordination number, we could furthermore observe a higher
amount of tetrahedral structuring in smaller and more hydrophilic pores. In constrast, larger
and more hydrophobic pores show a weaker development of tetrahedral structures. This is
in agreement with conclusions from previous studies, which also observe that hydrophilic
confinement supports tetrahedral structuring. 416

We can conclude that by confinement in PMOs with varying pore diameters and pore
wall chemistry, it is possible to tune fundamental properties of water, such as density and

amount of tetrahedral structuring. Further experimental and simulation studies would be

beneficial to acquire a more in-depth understanding of these effects.
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