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ABSTRACT

We use 2H nuclear magnetic resonance (NMR) to study water (D,O) reorientation and diffusion in the metal-organic framework MFU-41,
which features a regular three-dimensional network of nearly spherical pores with diameters of 1.2 and 1.9 nm. We observe that the rotational
correlation times follow Vogel-Fulcher-Tammann and Arrhenius (E, = 0.48 V) relations above ~225 K and below ~170 K, respectively,
whereas the temperature dependence continuously evolves from one to the other behavior in the broad crossover zone in between. In the
common temperature range, the present NMR results are fully consistent with previous broadband dielectric spectroscopy (BDS) data on
water (H,O) in a very similar framework. Several of our observations, e.g., rotational-translational coupling, indicate that a bulk-like structural
(«) relaxation is observed above the crossover region. When cooling through the crossover zone, a quasi-isotropic reorientation mechanism
is retained, while ?H spin-lattice relaxation evolves from exponential to nonexponential, implying that the water dynamics probed at low
temperatures does no longer fully restore ergodicity on the time scale of this experiment. We discuss that the latter effect may result from
bulk-like and/or confinement-imposed spatially heterogeneous water properties. Comparison with previous NMR and BDS results for water
in other confinements reveals that, for confinement sizes around 2 nm, water reorientation depends more on the pore diameter than on the
pore chemistry, while water diffusion is strongly affected by the connectivity and topology of the pores.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159256
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I. INTRODUCTION

Water, while being the most important liquid on earth, remains
a popular topic of ongoing research because a clear understand-
ing of its interesting properties is still lacking. The origin of water’s
well-known anomalies is supposed to lie in its deeply supercooled
temperature regime, which is, however, largely inaccessible because
of rapid crystallization, leading to a “no man’s land.”’ Nano-
confinement suppresses the crystallization of water so that cooling
the liquid to temperatures below the homogeneous nucleation tem-
perature Ty = 235 K becomes possible.”* Studies on the structure
and dynamics of confined water in a broad temperature range are,
thus, of high interest in regard to the properties of bulk water
and also in itself due to many occurrences of confined water in

nature and technology. Accordingly, the topic has been explored
in many scientific studies using different types of confinements and
methods.””’

Commonly, changes in the temperature dependence of water
dynamics were found in the supercooled regime, but the locations
and interpretations of the observed dynamical crossovers varied
considerably. Most studies reported one or even two dynamical
crossovers in the temperature range of ~160-225 K.”° Several
authors described changes in the temperature dependence as a
fragile-to-strong transition related to a liquid-liquid phase transi-
tion of bulk water.”'' By contrast, others attributed them to an
increasing relevance of finite-size effects upon cooling'” ' or to
a switchover from structural («) relaxation to a secondary (f3)
relaxation.'”"’
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In such studies, it is very important that the entire confined
water remains liquid down to a glassy arrest. For example, par-
tial crystallization in confinement can lead to the situation that
emergence of the frozen fraction further restricts the volume acces-
sible to the liquid fraction, which, as a result, shows a dynamical
crossover from bulk-like to interface-dominated motion.'**’ More-
over, a coexistence and interplay of two water fractions interfere with
rigorous analysis of experimental data. Therefore, it is crucial to use
confinements with well-defined size, which is sufficiently small to
entirely avoid crystallization and, when intending to obtain insights
into bulk behaviors, at the same time, sufficiently large to perturb
water’s properties as little as possible. Often, confinement sizes of
~2 nm were regarded as a good compromise.”

Most of the abovementioned studies on the dynamical
crossovers of confined water exploited the fact that mesoporous sil-
ica, in particular, MCM-41 materials, have narrow and adjustable
pore size distributions. Therefore, it is a pressing question to which
degree the observations depend on the chemistry and shape of these
confinements. Specifically, MCM-41 features silanol groups, which
can be ionized in contact with water, resulting in substantial sur-
face charge, and cylindrical pores with high aspect ratios. A number
of studies have addressed the relevance of confinement chemistry
by confining water to matrices formed by various types of macro-
molecules, e.g., proteins,”’ >’ but these approaches suffer from the
irregular sizes and shapes of these geometrical restrictions. A few
studies used well-defined confinements to systematically investigate
the influence of surface chemistry.% 8 However, the conclusions on
the relevance of this confinement parameter were different.

Several workers have exploited the fact that metal-organic
frameworks (MOFs) exhibit well-defined three-dimensional net-
works of pores with adjustable sizes.""*”*’ Some of us used a MOF,
which is more hydrophobic than MCM-41 and features regularly
arranged and suitably narrow pores. It enables displacements in all
spatial directions but still suppresses crystallization of water com-
pletely.'* Employing broadband dielectric spectroscopy (BDS), they
observed that the rotational correlation times of the embedded water
(H,O) follow the Vogel-Fulcher-Tammann (VFT) relation above
~175 K and the Arrhenius (ARR) relation below. To rationalize their
observations, the authors of the work of Fischer et al. conjectured
that the cooperativity length scale of the « relaxation grows upon
cooling and gives rise to the VFT behavior but reaches the confine-
ment size at ~175 K so that the degree of cooperativity becomes
independent of temperature and a crossover to an ARR behavior
occurs.'

Here, we employ “H nuclear magnetic resonance (NMR) to
investigate D,O dynamics in a MOF very similar to that used in the
BDS study of Fischer et al.'* Explicitly, we perform “H spin-lattice
relaxation (SLR), line-shape analysis (LSA), and stimulated-echo
(STE) studies to determine the correlation times 7 and micro-
scopic mechanisms for water reorientation in a broad tempera-
ture range from ambient conditions down to the glass transition.
Moreover, we use “H static field gradient (SFG) diffusometry to
measure self-diffusion coefficients D. Such a combination of *H
NMR methods proved to be very suitable to study the molecu-
lar dynamics of various liquids in nanoscale confinements.”*”'
Thus, the present NMR approach provides comprehensive insights
into rotational and translational DO dynamics in MOF confine-
ment and, in this way, complements the previous BDS study.'* To
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determine the relevance of the chemistry and shape of confinements
for the behavior of water, we compare the results for the MOF host
with those of our previous “H NMR and BDS studies using MCM-41
pores of comparable sizes.”' "'’

Il. SAMPLES AND METHODS

Preparation and characterization of the used MOF'*’’

and measurement and analysis of *H NMR data for confined
D,0'%'""** have been previously described in some detail. There-
fore, we restrict ourselves to a short overview in the following
text.

A. Sample preparation and characterization

We use a MOF host, which is similar to that employed in
the work of Fischer et al.'* There, MFU-4I-HCOO was utilized,
where the acronym “MFU” means Metal Organic Framework Ulm
University, “I” stands for “large,” and “HCOO” indicates that the
Cl” ligands, which provide charge compensation and point inside
the pores, were substituted for HCOO™ ones. Here, we utilize the
original material with the Cl~ ligands to avoid proton-deuteron
exchange between the framework and water. Details about the
preparation of the host material can be found in previous studies.' "’
We refer to the employed framework as MFU-4/ in the following
text. A schematic representation of water-loaded MFU-4/ is shown
in Fig. 1. MFU-4/ features two types of nearly spherical pores with
diameters of 1.2 and 1.9 nm, which form a regular three-dimensional
network.”” The specific pore volume amounts to 1.3 cm?/g, as deter-
mined from argon adsorption at 77 K.*” Calorimetric measurements
ruled out a crystallization of significant fractions of water inside the
MFU-4L."

To load the MFU-4] powder with D, O, we followed a protocol
previously established in our studies on water in mesoporous silica.”
First, the host material was filled into NMR tubes and dried in high

FIG. 1. Stick model of the used MFU-4/ host material, illustrating the three-
dimensional pore network. The pores are filled with water molecules to depict the
situation in the studied sample.
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vacuum (p < 107> mbar) for at least 24 h. Afterward, a micropipette
was used to add an appropriate amount of D, O as calculated based
on the mass of the dried framework material and the specific pore
volume. The used amount corresponds to a pore filling factor of
90%, which ensures the absence of excess water, as confirmed by
the following *H NMR results. Finally, the NMR tubes were flame-
sealed and stored for several days before starting the measurements
to ensure thermal equilibrium.

B. 2H NMR methodology

In *H SFG studies, a magnetic field with a static gradient g
is applied so that the *H Larmor frequencies wy depend on the
nuclear positions and, hence, their fluctuations provide access to
the self-diffusion coefficient D.”*" We use the STE pulse sequence
to correlate the Larmor frequencies during two evolution times te,
which are separated by a variable mixing time t,. In this case, the
observed STE decays depend on the diffusivity D according to™”*

S(tm) o< exp [—qu(tm + %te)]. @

Here, it is assumed that, unlike the cylindrical MCM-41 pores,™ the
MFU-4[ host does not lead to deviations from three-dimensional
diffusion. Moreover, q = ygt, can be considered as a generalized scat-
tering vector, where y is the gyromagnetic ratio of the deuterons.
The inverse q~' determines the length scale of the diffusion mea-
surement. We exploit that our SFG setup provides access to strong
field gradients g > 100 T/m and use evolution times up to te = 300 ys
to achieve ™' below 1 ym, which is smaller than the MFU-4 par-
ticle size of 3-4 ym.”” Therefore, our 2H SFG STE measurements
probe D, O diffusion within the MFU-4/ framework largely unper-
turbed by grain boundary effects. In the supplementary material,
this is confirmed by the observation that the diffusion coefficients
D are independent of the value of t. and, thus, of the experimental
length scale g~ o< ;! when using sufficiently long evolution times
te > 150 ys.

In a homogeneous magnetic field By, our “H NMR exper-
iments probe the quadrupolar frequencies wq of the deuterons,
which depend on the orientations of the D,O molecules, explicitly,
on the angles 6 between the By field and the O-D bond,

(UQ::Eg(?’COSZB—l) o< P;(cos 0), (2)

where § = 27-161 kHz describes the strength of the quadrupolar
interaction.'® Because the quadrupolar frequencies wq are propor-
tional to the second Legendre polynomial P,(cos 6), their fluctua-
tions provide access to the rotational correlation function F,(¢) of
the D,O molecules.

In *H SLR experiments, we fit the buildup of the
H magnetization M(t) after saturation with a modified
Kohlrausch-Williams-Watts (KWW) function given by

M(t) —M0[1—exp(—(7fl)ﬁm)], 3)

where M, denotes the equilibrium magnetization, T, is the spin-
lattice relaxation time, and f ; is the stretching parameter. T}
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is related to the rotational motion of the D,O molecules by the
Bloembergen-Purcell-Pound (BPP) equation®’

1
T1(wL)

= %52[]2(60L) +4]z(2wL)]. (4)

Here, J,(w) denotes the spectral density associated with the cor-
relation function F,(t). T1(T) exhibits a minimum when water
reorientation obeys wi.7 = 0.616, yielding a correlation time of ~1 ns
at this temperature in our case. To determine correlation times at
other temperatures, knowledge about the shape of J, (w) is required
but not necessarily available in the first place.

We obtain information about the shape of the spectral density
from field-cycling relaxometry (FCR), which allows one to measure
T, over a broad range of Larmor frequencies using a rapidly switch-
able electromagnet.” "' In our ?H FCR approach, the T; dispersion
provides straightforward access to the spectral density J, based on
Eq. (4)."" For further analysis, it proved to be useful to multiply the
measured SLR rates 1/T(wr) with the respective Larmor frequen-
cies wy, to move from a spectral density to a dynamical susceptibility
representation,” "

2
TI?ZL) = E52[WL]2(60L) + 4“-’L]2(2(UL)]

2 1 14 "
= ESZ[XZ (wr) + 212 (ZwL)] = ynmr(@L)- (5)

Motivated by our “H FCR results, we assume a Havriliak-Negami
(HN) susceptibility?” in the present “H SLR analysis,

X0 = Yoo
. (6)
[1 + (inHN)aHN ]ﬁHN

XN (@) = Yoo +

It involves the time constant Txx, the shape parameters apn and
Buns and the low-frequency and high-frequency limits, y, and
Xoo» Tespectively. Furthermore, for straightforward comparison with
BDS results, we calculate peak correlation times 7, from the fit
parameters,*

T o_ | ﬂaHN/}HN ﬁ . TTOHN _"‘I-IIN

*H LSA studies provide access to rotational motions in the
microseconds regime. In the limit of slow reorientation (7 > 87'),
the orientation dependence of wq leads to a broad ’H NMR spec-
trum termed Pake spectrum for powder samples. In the limit of
fast reorientation (7 <« 8'), motionally narrowed *H NMR spec-
tra are observed. Their shape depends on the motional mechanism,
e.g., anarrow Lorentzian line results from liquid-like isotropic reori-
entation. The transition from broad low-temperature to narrow
high-temperature line shapes is accompanied by a minimum of the
signal intensity in the solid-echo sequence used to record the spectra.
Specifically, a solid-echo intensity minimum indicates a correlation
time of 7~ 07 ~ 1 s

For slow dynamics with correlation times in the milliseconds
range, *H STE studies in homogenous magnetic fields enable a
direct measurement of rotational correlation functions.”””’ Here,
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we correlate the quadrupolar frequencies wq and, thus, the D,O
orientations before and after the mixing time tr, according to

F5 (tm) o< {(cos [wq(0)te] cos [wq(tm)te]). (8)

Considering that, in addition to D,O reorientation, T; relaxation
contributes to the STE decays, we fit the experimental data with

F(tm) o< [(1 — Foo ) exp [_(?;)ﬁ](] +F0°:|RSLR- &)

In doing so, we describe the decay due to D,O reorientation by a
modified KWW function, which is characterized by the correlation
time 7x and stretching parameter B and includes a residual cor-
relation Foo to account, e.g., for the possibilities of an immobile
water fraction or an anisotropy of water reorientation. Moreover, we
exploit that the SLR damping Rgir can be determined in indepen-
dent SLR measurements and fixed in the STE fits. Peak correlation
times 7, are available from the fit parameters 7x and f8; according

26

to~

T _ 1785 - 0.871pk — 0.0296% + 0.114B%. (10)
K

C. Experimental setups

The *H SLR, LSA, and STE studies were performed using two
homebuilt spectrometers, which operate at a *’H Larmor frequency
of wy, = 2m-46 MHz. Additional SLR measurements were carried
out at wy, = 27-25 MHz. The SLR and LSA approaches employed
solid-echo readout sequences with a solid-echo delay of 20 us. The
STE measurements utilized a four-pulse sequence with appropri-
ate phase cycling to overcome the dead time of the receiver and
to avoid unwanted single and double quantum coherences.”' For
H SFG diffusometry, we employed a custom-made magnet featur-
ing a pair of superconducting coils in anti-Helmholtz arrangement
to produce very strong magnetic field gradients.”” The sample was
placed at a position characterized by a *H Larmor frequency of
wy = 27-25 MHz and a magnetic field gradient of g = 140 T/m.
In all these 2H NMR measurements, the 90° pulse length was
between 2.0 and 2.5 ps, ensuring appropriate excitation of the broad
H frequency dispersions. The FCR setup and methodology was
thoroughly described in previous studies.” " It features an electro-
magnet with a field switching time of ~1 ms, which sets the lower
limit for the accessible T times. In all setups, the temperature accu-
racy was better than +1 K and the temperature stability better than
+0.5 K. Further details about the NMR equipment and methods can
be found elsewhere.”" 7"

Ill. RESULTS
A. Self-diffusion coefficients

First, we use “H SFG NMR to investigate translational dynam-
ics of D,0 in MFU-4l. In the supplementary material, 2H SFG STE
decays S(tm ) for various evolution times t. and temperatures T are
presented together with fits based on Eq. (1). In Fig. 2, we show the
resulting self-diffusion coefficients D, which are limited to T > 255
K due to the interference of *H SLR at lower temperatures. In the
accessible range, the temperature dependence of the self-diffusion

ARTICLE pubs.aip.org/aip/jcp

FIG. 2. Self-diffusion coefficients D from 2H SFG measurements on D, 0 in MFU-4/
together with an Arrhenius fit, which yields an activation energy of E, = 0.37 eV.
Our results are compared with previous "H and 2H SFG data for bulk D, 0,55 which
are described by an activation energy of E, = 0.22 eV, and for H,0 (squares) and
D, 0 (circles) in MCM-41 pores with the indicated diameters.

coefficients can be described by an ARR law with an activation
energy of E, = 0.37 eV, but we anticipate based on the previous
BDS' and following NMR results that non-ARR behavior devel-
ops at sufficiently low temperatures. A comparison with previous
results™ for bulk D,O reveals that the MFU-4/ confinement leads
to a slowdown of the diffusion by a factor of five at 290 K and to an
increase in activation energy by a factor of almost two. Moreover, it
is evident from Fig. 2 that the diffusion coefficients D in the MFU-
4l host do not agree with those in MCM-41 pores with a similar
size of ~2 nm but rather with those in MCM-41 pores with a larger
diameter of 2.8 nm,” where the discrepancies between H,O and
D,O are mild, while the activation energy E, is similar in all these
confinements. The respective analyses in the present and previous®
SEG approaches remove trivial differences arising from the fact that
water diffusion involves a different number of spatial dimensions
in the MFU-4/ framework and MCM-41 pores. Therefore, the find-
ing that, for a given confinement size, diffusion is faster in MFU-4/
than in MCM-41 may result from different water-host interactions
and/or from diverse confinement shapes and connectivities. We will
continue this discussion after our studies of water reorientation.

B. Spin-lattice relaxation

To characterize the rotational motion of D,O in MFU-4[, we
first analyze H SLR. In Fig. 3, we see from exemplary data that
the magnetization M(¢) builds up in a single step at the studied
temperatures (135-290 K). This implies that any discrepancy in the
dynamical behaviors of deuterons is moderate and, hence, there are
no deuterons other than those of liquid water; particularly, there
is no evidence for ice or framework deuterons. The absence of an
ice fraction shows that water outside the pores, which would freeze,
does not exist and that water inside the pores does not crystallize in
the covered temperature range. The absence of a contribution from
the framework confirms that our approach exclusively probes the
water. Thus, the monomodal ?H SLR of the MFU-4/ sample makes
the interpretation of data simpler than in previous approaches using
silica confinements,'* ***"** where M(t) usually showed a bimodal
buildup at sufficiently low temperatures. Still, *H SLR of D,O in
MFU-4l becomes nonexponential upon cooling and, hence, KWW
fits are required for an appropriate analysis; see Eq. (3).
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FIG. 3. Buildup of normalized magnetization M(t)/ M, for three exemplary tem-
peratures at a 2H Larmor frequency of w, = 27 [46 MHz. The solid lines are fits
with Eq. (3), yielding stretching parameters of B » = 1 at both higher tempera-
tures and gz = 0.76 at 160 K. To illustrate the nonexponentiality of the buildup
at 160 K, an exponential fit (dashed line) is shown for comparison.

Figure 4 shows the SLR times T and stretching parameters f3;
obtained from the KWW fits of M(t) at various temperatures and
for Larmor frequencies wy, of 27-25 and 27 -46 MHz. We observe
a T1 minimum at 221 and 228 K for the lower and higher frequen-
cies, respectively. Such a shift is expected because faster dynamics
at higher temperatures is required to meet the minimum criterion
w7 = 0.616 for higher frequencies wi. The T, values at the min-
ima are larger than expected for a Debye process, indicating that
water reorientation exhibits a distribution of correlation times. For
both Larmor frequencies, “H SLR is exponential (Bgg = 1) down
to 200 K and becomes increasingly nonexponential upon cooling
below this temperature until the stretching parameter levels off at
Bsir ~ 0.8 near 165 K. As was discussed in more detail in previous H

SLR studies on confined D,0,’"” these findings imply that, above
200 K, the water molecules exchange their correlation times on the
milliseconds to seconds scales of the magnetization buildup, e.g., by
exploring different spatial regions within the framework, while this
exchange is too slow to fully average the dynamical heterogeneities
on the T, time scale at lower temperatures. Analogous “H SLR
studies'*”"*>?"*> on D,0 in mesoporous silica and protein matri-
ces reported T and Bg; ; results, which agree with the present ones
qualitatively but not quantitatively. In Fig. 4, exemplary results'® for
an MCM-41 confinement are included, revealing also the bimodal
nature of “H SLR in those samples. Generally, the *H T times are
shorter for confined D,O than for bulk D,O near ambient temper-
atures, indicating that the host materials cause a slowdown of water
reorientation, as will be quantified below.

To determine temperature-dependent correlation times from
T data, knowledge about the frequency dependence of the spec-
tral density J, is required. Previous approaches to confined water
assumed, e.g., Cole-Davidson (CD) or Cole-Cole (CC) shapes,
but unambiguous information was often lacking, resulting in sub-
stantial uncertainties at temperatures well above or below the T
minimum.””” Therefore, we exploit that FCR provides insight into
Jo(wr)." " Very recently, this approach was successfully applied to
determine the shape of the spectral density associated with reorien-
tation dynamics of confined liquids, including water.”"® To avoid
framework contributions, we do not use the more common 'H FCR,
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FIG. 4. 2H SLR time T4 and stretching parameter Bg at Larmor frequencies w.
of 27z [25 and 272 [46 MHz. The dashed horizontal line indicates the minimum
value of T4 calculated for a Debye process, i.e., a Lorentzian spectral density, and
wy =27 [25 MHz. The solid lines are T4 times back calculated for the respec-
tive Larmor frequencies using a HN spectral density characterized by ayy = 0.75,
By = 0.815, and the correlation times tyy(T) from our 2H SLR analyses; see
Fig. 8. For comparison, results for DO in the bulk (see the supplementary material)
and in MCM-41 with a pore diameter of 2.1 nm'® are included (w_ = 27 [46 MHz).
In the MCM-41 confinement, 2H SLR was bimodal below 210 K. At 305 and 320 K,
2H FCR is used to measure T; in a broader frequency range. The observed
frequency dependence T+ (w) is shown in Fig. 5.

but rather apply “H FCR. For D, 0 in MFU-4l, “H FCR is only appli-
cable at sufficiently high frequencies and temperatures because the
method is not capable of probing the short *H T times in the min-
imum region and the nonexponential *H SLR hampers the analysis
at low temperatures. Specifically, we measure *H T) for Larmor fre-
quencies wi between 2.6 x 10° and 2.9 x 10” s™! at 305 and 320 K.
Figure 5 displays the obtained SLR rates 1/T;(wr) and the NMR
susceptibilities yiur (w1 ) calculated therefrom. While T; does not
depend on wy, for bulk D,0 at these temperatures well above the
T1 minima, it shows significant frequency dependence for confined
D5O. Due to the limited frequency and temperature ranges, we do
not observe the y{iur () peak associated with water reorientation
but merely its low-frequency flank. As expected based on the T dis-
persion, we find for D,O in MFU-4/ that the low-frequency flank of
the susceptibility peak does not show the w] behavior of the bulk
liquid, but its frequency dependence is described by a power law
w)"” at both temperatures. Similarly, power-law exponents smaller
than unity were reported in H FCR studies on water and ethylene
glycol in MCM-41."* Thus, the slope of the low-frequency flank
indicates clear deviations from bulk-like CD behavior so that it is
not appropriate to employ the CD spectral density in the present “H
SLR analysis. A CC spectral density would allow for a low-frequency
dispersion, but using our knowledge from the FCR study and setting
its width parameter to 0.75 does not reproduce the observed heights
of the T} minima.

Considering these results, we assume a HN spectral density
with a temperature-independent shape for the *H SLR analysis. In
this case, it is possible to exploit the knowledge from our ’H FCR
studies to fix apn = 0.75, ensuring the correct low-frequency slope,
and to determine f3;; from the height of the T1 minimum. The anal-
ysis yields B, = 0.85 at 27+ 25 MHz and B, = 0.78 at 277 - 46 MHz.
Using the thus determined HN spectral densities in Eq. (4), Tan
is obtained from T;. Based on these results for the HN time con-
stants and shape parameters, we calculate the peak correlation times
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FIG. 5. Results from 2H FCR on D, 0 in the bulk and the MFU-4/ confinement: (a)
Dependence of the SLR rate 1/ T4 on the Larmor frequency w; and (b) NMR sus-
ceptibilities yyr (L) obtained therefrom. The lines are interpolations with power

laws | and «?"® for bulk and confined D, 0, respectively.

7p according to Eq. (7). They will be shown below together with
the correlation times from the following LSA and STE studies. For
a consistency check, we use the HN spectral density characterized
by ann = 0.75 and the average f;, = 0.815 of the observed values
together with the obtained time constants 7an(T) to back calculate
the T1(T) curves for the used Larmor frequencies wy, of 277+ 25 and
27 -46 MHz. Reinspection of Fig. 4 confirms that our approach well
describes the temperature and frequency dependence of T.

Altogether, the present “H SLR analysis yields a HN susceptibil-
ity with low-frequency and high-frequency flanks of apax = 0.75 and
—auNPyy = —0.61, respectively. Thus, the HN susceptibility from
our NMR study has a weakly asymmetric shape, which mildly dif-
fers from the symmetric CC susceptibility from the BDS approach.'*
Considering that a crossover from asymmetric to symmetric suscep-
tibility shape occurred when cooling water in silica pores,® this mild
difference may well result from the fact that the shape of the NMR
and BDS susceptibilities was determined at different temperatures.
Specifically, the SLR analysis involved high temperatures above and
near the T; minima, whereas the BDS analysis was affected from an
overlap of other processes in this range and, thus, was mainly based
on low-temperature data. In passing, we note that, unlike in 'H
FCR, a low-frequency broadening does not result from intermolec-
ular relaxation contributions in “H FCR."*® This difference results
from the facts that the dipolar interaction, which involves not only
intramolecular but also intermolecular contributions, dominates for
'H, whereas the quadrupolar interaction, which is of single-particle
nature, governs our 2H results.

C. Line-shape analysis

In Fig. 6, we display the “H NMR spectra of D,O in MFU-
4] at various temperatures. We see a transition from a broad Pake
spectrum to a narrow Lorentzian line between ~190 and 200 K,
indicating that DO reorientation dynamics crosses the microsec-
onds time scale of LSA upon heating. This line-shape transition is
accompanied by a minimum in the solid-echo intensity at 196 K
(see the supplementary material), which reveals a correlation time of
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FIG. 6. 2H NMR spectra of D,0 in MFU-4/ at the indicated temperatures.

~1 ps.”” During the transition, the spectra can roughly be described
as a weighted superposition of Pake and Lorentz components. This
implies a coexistence of D,O molecules, which are slow and fast
with respectto 7 = 67!, and, thus, confirms the heterogeneous nature
of water reorientation. The two-component line shape occurs in
a temperature interval of ~10 K for D,O in MFU-4, indicating
that the distribution of correlation times has a moderate width. For
comparison, this line shape was observed over significantly broader
temperature intervals for D,O in other confinements, explicitly,
between 180 and 210 K in MCM-41 pores'® and even between 170
and 230 K in an elastin matrix,”” whereas the distribution of correla-
tion times is often too narrow to produce two-component spectra for
the « process of bulk supercooled liquids, e.g., glycerol.”® As for the
motional mechanism, the observed Lorentzian line shape indicates
that D, O reorientation is quasi-isotropic down to at least ~200 K in
MFU-4l.

D. Stimulated-echo experiments

Finally, we perform *H STE studies on D,O in MFU-4/ to
investigate slow rotational motion at low temperatures. The result-
ing correlation functions F; (¢m) are shown in Fig. 7. The decays
are nonexponential and shift to longer times upon cooling, reflect-
ing the heterogeneity and slowdown of D,O reorientation, until
they become governed by additional SLR damping near 145 K. For
a quantitative analysis, we fit the STE decays with Eq. (9), which
combines a modified KWW function to describe D,O reorientation
with a predetermined SLR damping function. The peak correla-
tion times 7, calculated from the KWW fit parameters according
to Eq. (10) will be compared with previous BDS results'* in the
following discussion. The obtained stretching parameters amount
to By =~ 0.35, indicating substantial nonexponentiality of the cor-
relation functions. Similar stretching parameters were reported for
D,0 in MCM-41,! while the nonexponentiality was even higher for
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FIG. 7. Correlation function F5°(t) for D20 in MFU-4/ at various temperatures,

as obtained from 2H STE measurements for evolution times of t, = 6 us. The lines
are fits with Eq. (9). The measured STE decays were normalized to F3°(0) =1
based on the fit results. The data for 145 and 180 K are shown as open symbols to
indicate that parts of these correlation decays occur outside the experimental time
window, fe < tm < T4, interfering with a reliable determination of the residual cor-
relation F- and leading to larger uncertainties of the extracted correlation times
at these temperatures.

D0 in an elastin matrix (S ~ 0.27)*’ and somewhat lower for bulk
supercooled liquids (3 =~ 0.4-0.5).” Furthermore, the fits yield
small residual correlations, which decrease from Foo = 0.15 to Feo
= 0.03 when decreasing the temperature in the studied range. This
means that D,O dynamics causes a nearly complete loss of orien-
tational correlation and, hence, the motion remains quasi-isotropic
even at temperatures as low as ~150 K. We note that molecular
dynamics during the evolution times t. of the experiment usually
leads to an artificial enhancement of the residual correlation Foo in
F5¢(tm) measurements.” *” We expect that this experimental arti-
fact causes the higher residual correlations Feo = 0.15 observed at
higher temperatures of the studied range, where the correlation loss
partly occurs at ty < 10 ps and, thus, water dynamics during the
used evolution times f. ~ 6 ys is no longer negligible. Therefore,
the true values should amount to Feo < 0.1 in the whole tempera-
ture range, further corroborating the quasi-isotropic nature of D,O
reorientation dynamics in MFU-4/.

IV. DISCUSSION

Combining the information from our 2H SFG, SLR, LSA, and
STE analyses, we are able to follow D,O dynamics in MFU-4] con-
finement over a broad temperature range. In Fig. 8, we compare the
correlation times from our studies with results for bulk and confined
water from previous approaches. All data indicate a highly nontrivial
temperature dependence of water dynamics.

First, we focus on the high-temperature range of our SFG, SLR,
and LSA approaches to D,O in MFU-4l. It can be seen in Fig. 8
that the SLR peak correlation times 7, obtained for different Lar-
mor frequencies coincide. Furthermore, they are in harmony with
the LSA result at a slightly lower temperature. At ambient condi-
tions, MFU-4I confinement causes a slowdown of D, O reorientation
by a factor of 2-3, depending on temperature, as can be seen by com-
parison with correlation times from an additional “H SLR analysis
for a D,O bulk sample (see the supplementary material). At ~225K,
the temperature dependence of 7, shows a mild crossover. Above
the crossover, it can be described by the VFT relation, 7p = Teo

FIG. 8. Correlation times of D,0 (dark blue) and H,O (light blue) in MFU-4/: Peak
correlation times 7, of D,O and H,O from the present 2H SLR, LSA, and STE
studies and previous BDS work, '* respectively, together with “diffusion correlation
times” 7p from 2H SFG diffusometry. The SLR results involve Larmor frequencies
w, of 2 [25 and 27 [46 MHz. The 7p data were calculated from the diffusion
coefficients D using the SED relation and a hydrodynamics radius of Ry = 1.2
%o The solid lines are (extrapolated) VFT fits of the SLR data above 225 K (7o
=21 M0~™s, B= 753K, Ty = 163 K) and of the BDS data above 175 K (oo
=6.2 M0~ s, B=1379K, Ty = 122K)." The dashed lines are ARR laws with
an activation energy of E; = 0.48 eV. For comparison, previous SLR and BDS
results for D,0 in MCM-41 pores with a diameter of 2.1 nm (red symbols)® and
for bulk H2O (light green line) and bulk D,O (dark green lines) are included. The
high-temperature bulk results were determined in our additional 2H SLR studies
on bulk D0 and correspond to mean rather than peak correlation times, but one
expects that both values differ only mildly (see the supplementary material). The
low-temperature bulk data were obtained in BDS work from heating low-density
(LDA) and equilibrated high-density (HDA) amorphous ices through their glass
transitions.5

exp[B/(T - Ty)], with B=753 K and To =163 K. Below the
crossover, the SLR results agree with previous BDS data for H,O in
a similar MFU-4/ host, which followed a VFT relation with B = 1379
K and Ty = 122 K. In the supplementary material, we show that
a description of the SLR results with a single VFT function is not
adequate.

A comparison with SLR and BDS findings® for D,O in MCM-
41 reveals minor differences. Explicitly, in MCM-41, the dynamical
crossover occurred at a somewhat lower temperature of ~215 K
and it was more prominent. Differences regarding the position and
degree of the crossover result from the fact that the curvature of the
temperature-dependent 1, values in the Arrhenius plot is weaker in
MFU-4] than in MCM-41 above the crossover, whereas the tem-
perature dependence is similar in both confinements not too far
below. For H,O in MCM-41, a quasi-elastic neutron scattering study
reported a mild crossover at 225 K for a pressure of 1 bar, which
shifted to 219 K when increasing the pressure to 4 kbar.®’ Thus, the
exact position and degree of this crossover at ~225 K depend on
the confinement conditions. Below, we will return to the question
whether a bulk or a confinement effect is the expected underlying
reason for the existence of this phenomenon.

In the narrow temperature range of our “H SFG study,
255-290 K, it is possible to compare the translational and rota-
tional motions of D,O in MFU-4l. For this purpose, we use the
Stokes—Einstein-Debye (SED) relation given by

2
Dtp = §R%, (11)
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to calculate “diffusion correlation times” 7p from the measured self-
diffusion coefficients D. In doing so, the hydrodynamics radius is set
to Ry = 1.2 A, which allows for best possible overlap with the peak
correlation times 7p. In Fig. 8, we observe that translational and rota-
tional D,O dynamics have a very similar temperature dependence
in the range available for this comparison. This agreement together
with the VFT temperature dependence, which is clearly seen only
at lower temperatures, imply that our “H NMR approaches probe
the « relaxation of D,O in MFU-4 at least down to the dynamical
crossover at ~225 K.

We move on to the low-temperature range of the STE stud-
ies. In Fig. 8, we see that the peak correlation times from our
STE approach to D,O and from previous BDS work'* on H,O
are described by ARR laws with the same activation energy of E,
=0.48 eV, but the former are a factor of ~3 longer than the lat-
ter. Similar activation energies were reported for water in various
types of confinements,””*" including MCM-41,""* and when heat-
ing high-density amorphous (HDA) or low-density amorphous
(LDA) ice phases above their glass transition temperatures T.*
Despite the common activation energy, the exact values of cor-
relation times differ between various samples. The discrepancies,
including the observed difference between the STE data for D,O
and the BDS data for H,O in MFU-4/, result in large parts from iso-
tope effects. For example, the low-temperature dynamics of H,O and
D, 0 also differed by a factor of ~3 in MCM-41, irrespective of the
used method.'”” Interestingly, larger isotope effects were observed
for bulk samples below the no man’s land.”**” Specifically, the cor-
relation times are a factor of ~30 longer for amorphous D,O bulk ice
phases than for their H,O counterparts (see Fig. 8). To avoid isotope
effects, we focus on samples containing D,O for further compar-
isons. We find that the rotational dynamics of D, O is about an order
of magnitude slower in MFU-4[ than in MCM-41 at low tempera-
tures. By contrast, we observed faster translational diffusion for DO
in the former than the latter confinement at high temperatures (see
Fig. 2). Compared to bulk data, the peak correlation times of D,0O in
MFU-4l lie roughly midway between those of heated HDA and LDA
DO phases.

When considering the peak correlation times in the whole tem-
perature range, a crossover between VFT and ARR behaviors is
clearly evident. However, it is difficult to pinpoint an exact crossover
temperature. Rather, the changes extend from ~225 K, where devi-
ations from the high-temperature VFT relation set in, to ~170 K,
where evolution toward the low-temperature ARR law is complete,
as is best seen from the previous BDS data.'* Moreover, the exact
temperatures depend on the confinement conditions, as was dis-
cussed above, and the hydration level, as observed in previous
work.”® Despite these minor quantitative differences, the crossover
zone is consistently observed in NMR and BDS, for H,O and D,O0,
and in MFU-4/ and MCM-41. Together with the reasonable agree-
ment between confined and bulk water dynamics both above and
below the no man’s land, these findings imply that the crossover
is an intrinsic property of water. Notwithstanding, the exact val-
ues and the temperature dependence of the correlation times and,
thus, the degree and width of the crossover are affected by spe-
cific liquid-matrix interactions and finite-size effects imposed by the
respective confinements.

Near the lower end of the crossover zone, 2H SLR becomes
nonexponential upon cooling (see Fig. 4). As aforementioned, this
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finding means that an exchange between regions with different
correlation times becomes too slow to average the dynamical hetero-
geneity on the time scale of the H magnetization buildup. In bulk
supercooled liquids, this effect usually occurs when the structural
renewal associated with the « relaxation becomes slow with respect
to T slightly above T,.”” Here, the nonexponentiality of *H SLR
sets in near 195 K (see Fig. 4), where 7, amounts to ~107% s and,
hence, the correlation times are much shorter than T; ~ 1072 s, even
if we allow for some distribution of the former. On the other hand,
an extrapolation of the high-temperature VFT behavior suggests a
correlation time of ~107 s at 195 K, which is on the order of T;.
Therefore, we may not exclude that, although unobserved otherwise,
the high-temperature VFT/a process continues to lower tempera-
tures at least for a water fraction. Taken together, these findings
suggest that, despite its quasi-isotropic mechanism, the relaxation
process observed in the NMR and BDS studies during and below
the crossover region does not fully restore ergodicity and, hence,
it differs in this respect from the « process of bulk liquids. Con-
sidering that the correlation times of this motion resemble those
of heated HDA and LDA ices, one may wonder whether the latter
phases exhibit typical bulk-like & dynamics. This leaves the possi-
bilities that the present low-temperature NMR and BDS process is
a confinement-specific « relaxation, which does not incorporate all
confinement regions alike because of strong internal mobility gradi-
ents, or that it is an unusual and water-specific secondary relaxation,
which involves quasi-isotropic rotational dynamics and possibly to
some extent translational motion but still does not result in an exten-
sive exploration of the MFU-4[ framework. In such situations, the
high-temperature VFT/a process could survive and restore ergod-
icity at lower temperatures for at least a water fraction but would
remain unobserved because this water fraction is small or the orien-
tational correlation is largely destroyed by the faster quasi-isotropic
secondary relaxation.

The above analyses showed that water dynamics in MFU-4/
and MCM-41 confinements are overall similar. Nonetheless, some
differences pertaining to the values of the correlation times and
diffusion coefficients provide information about the relevance of
various confinement effects. Explicitly, the rotational correlation
times were slightly and noticeably longer in MFU-4/ than in MCM-
41 above and below the crossover region, respectively (see Fig. 8).
These results provide evidence against a dominant role of the chem-
ical nature of the pore walls in these cases because the interactions
of water with the matrix are weaker and, thus, the dynamics of
water should be faster in the less hydrophilic MFU-4! than the
more hydrophilic MCM-41 if this was the decisive factor. Rather,
the slower water reorientation in MFU-4/ than MCM-41 implies
that the confinement size has a noticeable effect because the for-
mer host features narrower pores (1.2/1.9 nm)? than the latter
(2.1 nm).** Stronger confinement can lead to an acceleration or
slowdown of molecular dynamics, depending on the pore sizes, host
materials, and interaction of the confined molecules with the pore
walls.”*” An acceleration is usually ascribed to a reduced coopera-
tivity length scale of the molecular motions in confinement.”””' On
the other hand, simulation studies’> ’* revealed that, even if favor-
able guest-host interactions are absent, liquid dynamics is often
strongly retarded near a solid interface so that the observed slower
water dynamics in the narrower pores of MFU-4/ may well be due
to the reduced average distance of the molecules to the pore walls as
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compared to the situation in MCM-41. In a previous BDS study,'*
slower water dynamics in MFU-4] than in MCM-41 was reported.
There, it was speculated to be due to effectively stronger water con-
finement in MCM-41, which, despite the nominally larger pore size,
could arise from partial water crystallization and/or a layer of immo-
bile molecules close to the pore walls. Thus, the exact reason for
the somewhat different water relaxation times in both confinements,
revealed by Fig. 8, is not finally clarified yet.

While the local reorientation of water is slower in MFU-4/ than
in MCM-41, the translational diffusion is faster in the former than
the latter host, at least when comparing results for similar con-
finement sizes near ambient temperatures. This discrepancy means
that the short-range dynamics and, hence, the chemistry and size of
the individual pores, do not fully control the long-range dynamics,
but the connectivity and topology of the pores play an impor-
tant role for the transport. Specifically, we propose that the open
three-dimensional MFU-4] framework imposes weaker obstacles
to water diffusion than the separate cylindrical, i.e., quasi-one-
dimensional MCM-41 pores, where host imperfections may lead to
pore restrictions, which act as diffusion barriers.

V. CONCLUSION

We performed NMR experiments to investigate water dynam-
ics in MFU-4/ confinement. While a previous BDS study'* on a
similar sample enabled a more complete analysis of longer corre-
lation times at lower temperatures, showing, e.g., a change in the
temperature dependence at ~165-175 K, our NMR approach signif-
icantly extended the accessible ranges to faster dynamics and higher
temperatures and, in this way, revealed another change in water
dynamics near 225 K. Furthermore, 2H NMR unraveled informa-
tion about motional mechanisms, which is not available from BDS.
Therefore, the present NMR and previous BDS studies nicely com-
plement each other. In the temperature range 195-225 K, our *H
NMR findings for D,O agree with the previous BDS results'* for
H,O, indicating that isotope effects are negligible for the observed
motion. At lower temperatures, D,O reorients somewhat slower
than H,O, but the isotope effects are substantially smaller than those
reported for amorphous bulk water samples.®*

All >H NMR results show that D,O in MFU-4! exhibits notably
heterogeneous dynamics, but no bimodal dynamics, which could
result from a significantly less mobile interfacial layer or the bimodal
pore size distribution of the framework.”” In a high-temperature
region above ~225 K, we observed a coupling of rotational and trans-
lational dynamics, a VFT temperature dependence, and exponential
2H SLR. Based on these findings, we conclude that the « relaxation
of the confined liquid is probed in this range. In a low-temperature
region below roughly 170 K, NMR and BDS'* showed that water
reorientation follows an ARR law with an activation energy of E, =
0.48 eV, which is in harmony with previous findings for water in
a large variety of confinements.” ” In this range, D,O reorientation
is still quasi-isotropic but “H SLR is nonexponential, implying that
the probed dynamical process does no longer fully restore ergodicity
and, hence, deviates in an important aspect from the « relaxation of
supercooled bulk liquids. In the broad crossover zone between 170
and 225 K, the temperature dependence of water dynamics contin-
uously evolves from the high-temperature to the low-temperature
limits.
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Comparisons with literature results"’”*’ showed that water
dynamics in less hydrophilic MFU-4] and more hydrophilic MCM-
41 confinements are similar but not identical. While the overall sim-
ilarity suggested that the observed temperature dependence reflects
at least to some extent intrinsic water behavior, some quantitative
differences provided valuable information about the relevance of
various confinement effects. Specifically, a discussion of water’s cor-
relation times and diffusion coefficients against the backdrop of the
MEFU-4] and MCM-41 characteristics implied that, in the studied
range of confinement parameters, water reorientation depends less
on the pore chemistry than on the pore size. Furthermore, our results
revealed that diffusive water dynamics are not fully determined by
local water dynamics and, hence, by the properties of the individual
pores, but are significantly affected by the connectivity and topology
of the pores. Altogether, as compared to the situation in MCM-41,
the narrower MFU-4[ pores are more restrictive for water reorien-
tation, but their three-dimensional arrangement is more favorable
for water diffusion. Therefore, we conclude that water dynamics
on different length and time scales are governed by different host
parameters.

The hypothesis that our findings for confined water reflect
intrinsic properties of bulk water is supported by the reasonable
agreement of confined and bulk water dynamics above and below the
no man’s land. However, several observations imply that the dynam-
ical behavior is very complex. Several scientists,” " including some
of us, proposed that a dynamical crossover results when the grow-
ing cooperativity length of the « relaxation reaches the confinement
size. Although we found evidence for a relevance of geometrical
restrictions on water dynamics, the existence of two changes in the
temperature dependence and a broad crossover zone together with
the observation of a limited capacity of the probed low-temperature
motion to restore ergodicity imply that further effects are relevant. In
particular, prominent structural and dynamical heterogeneities may
be important. If existent, it is unclear whether an inhomogeneous
scenario is imposed by confinements or inherent to water. In con-
finements, heterogeneities can result from different behaviors near
the pore walls and in the pore centers. However, even in the bulk,
regions with HDL-like and LDL-like structural motifs may form
when approaching the proposed second critical point or nanoscopic
domains with crystalline order but high concentrations of defects
may emerge within the viscous liquid. When such confinement-
imposed or bulk-like structural and dynamical heterogeneities exist,
the slower component would constitute an intrinsic confinement for
the faster one, resembling the situation in dynamically asymmetric
mixtures and leading to an altered temperature dependence. Thus,
in addition to more common explanations, like altered « relaxation
or emerging f3 relaxation, more subtle phenomena may cause the
complex dynamical scenario of cooled water specimen and clever
experimental strategies are required to distinguish between these
possibilities more accurately in future work.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional ’H NMR diffu-
sion studies, the temperature dependence of the solid-echo intensity,
a spin-lattice relaxation analysis for bulk D,0, and an alternative fit
of temperature-dependent NMR correlation times.
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