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ABSTRACT
We prepare various amino-acid functionalized silica pores with diameters of ∼6 nm and study the temperature-dependent reorientation
dynamics of water in these confinements. Specifically, we link basic Lys, neutral Ala, and acidic Glu to the inner surfaces and combine 2H
nuclear magnetic resonance spin–lattice relaxation and line shape analyses to disentangle the rotational motions of the surfaces groups and
the crystalline and liquid water fractions coexisting below partial freezing. Unlike the crystalline phase, the liquid phase shows reorientation
dynamics, which strongly depends on the chemistry of the inner surfaces. The water reorientation is slowest for the Lys functionalization,
followed by Ala and Glu and, finally, the native silica pores. In total, the rotational correlation times of water at the different surfaces vary by
about two orders of magnitude, where this span is largely independent of the temperature in the range ∼200–250 K.

© 2021 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/10.1063/5.0044141., s

I. INTRODUCTION

In many natural and technological environments, water exists
in nanoscopic confinements. Therefore, a detailed knowledge about
the dynamics of water under such severe geometrical restraints is
key to understanding biological functions or geological and techno-
logical processes.1,2 Owing to this far-reaching significance, a large
body of scientific studies focused on the dynamical behaviors of con-
fined waters and gathered a wealth of information.3–7 It was reported
that interfaces interrupt the hydrogen-bond network, resulting in
many exotic features, which are not found in the bulk.7 Many
researchers investigated the fast dynamics of confined water at room
temperature.8–11 A generally observed slowdown of interfacial water
was regarded as largely independent of the chemical nature and
overall geometry of the interface10 or as significantly affected by the
type of the surface groups.12 Other scientists used the freezing-point

depression in confinement13,14 to explore the supercooled state of
water,15–23 which is generally assumed to be of fundamental impor-
tance for the anomalies of the liquid.24,25 While the dynamics of
cooled water in various confinements share a number of common
properties, there are also features, which differ in soft and hard envi-
ronments.21–23 Overall, the dependence of water dynamics on the
properties of the confinement is still elusive.

In biological circumstances, hydration shells are intricately
related with macromolecular motions. In particular, the water
motions around proteins are essential for the flexibility and
functions of these biomolecules.26–30 Apart from many studies
under ambient conditions,7,11,31 various experimental methods were
employed to ascertain water dynamics in dependence on the protein
structure and the hydration level in broad temperature and dynamic
ranges, including neutron scattering,32–35 broadband dielectric
spectroscopy (BDS),36–41 and nuclear magnetic resonance (NMR)
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experiments.42–46 Furthermore, molecular dynamics simulations
proved to be a very powerful tool to investigate water–protein
dynamical couplings.3,12,47–50 It was found that the chemical and
geometrical diversity of protein surfaces leads to a strong hetero-
geneity of water dynamics in the hydration shell.12,50 Not least
because of this diversity, the feedback loop between water and
protein motions remains incompletely understood. Since experi-
mental approaches struggle to discriminate between water dynam-
ics at different amino acids, it was recently proposed to reduce the
heterogeneity and resort to homopolypeptide solutions for a basic
understanding.51,52

Other dynamical studies confined water to mesoporous silica
MCM-41 and SBA-15.16,53–55 These materials feature hexagonally
ordered pore arrays with a high surface area and a good thermal
stability, whereat the pores have a defined cylindrical shape with
a tunable pore diameter in the nanometer range. Moreover, their
inner surfaces and, thus, their hydrogen-bonding properties can be
modified by controlled chemical functionalization.56 The available
control over the pore geometry enabled insight into the dependence
of water dynamics on the confinement size.57–64 Likewise, the possi-
bility of surface modification provided information about the role of
guest–host interactions.65–68 In addition, functionalized mesoporous
silica have important applications, e.g., in heterogeneous catalysis69

or for drug delivery.70

The dynamical behaviors of confined waters are particularly
complex when partial crystallization occurs at high hydration levels
or large pore diameters.71 Under such circumstances, non-freezable
water near the macromolecular surfaces or pore walls coexists with
freezable water in the central regions of the confinements. Thus, a
liquid water fraction is sandwiched between the confining matrix
and an ice core below the melting point Tm, which depends on the
confinement size according to the Gibbs–Thomson relation.13,14,66

The liquid water undergoes a glass transition upon further cooling,
while the ice core may show different structures and faster dynamics
as compared to hexagonal bulk ice, which can additionally be present
in studies on porous materials when excess water freezes outside
the pore volumes. Thus, between Tm and the glass transition tem-
perature Tg, three dynamically distinguishable water fractions can
coexist in confinement studies: confined liquid, confined crystal, and
external ice.

Here, we functionalize mesoporous silica with amino acids to
generate well defined biomimetic confinements. In detail, we bind
alanine (Ala), glutamic acid (Glu), or lysine (Lys) to the inner sil-
ica surfaces. In doing so, 3-(aminopropyl)triethoxysilane (APTES)
serves as the linker between the silanol groups and the amino acids.
In this way, we change not only the charge of the inner surfaces but
also the flexibility of the functional groups because Ala has a neu-
tral methyl group as the residue, while Glu and Lys have residues
comprising three or four carbon atoms with an acidic and basic end
group, respectively. For comparison, we also study the water dynam-
ics in silica pores modified by the mere APTES linkers and we com-
pare our findings with the previous results for native SBA-15 silica.62

Despite the different functional groups, all studied host materials
still exhibit similar pore diameters of ∼6 nm. Thus, these materials
are well suited to study changes in water dynamics mediated through
the interaction with specific amino acids.

Moreover, we exploit that 2H NMR proved to be a versatile
tool to characterize the rotational dynamics of D2O confined to

silica18,72,73 or protein74–76 matrices. As a result of chemical
exchange, the deuterons of the present samples are, however, dis-
tributed between not only the liquid and crystalline water fractions
but also the amide and amine groups of the framework. Therefore,
we combine spin–lattice relaxation (SLR) with line shape analysis
(LSA) to disentangle the signals from the respective deuteron species
and to ascertain their dynamics in a broad temperature range.
Furthermore, we compare the obtained rotational correlation times
with those for water in the bulk liquid, in the native pores, and in an
amino-acid solution. In this way, we determine the dependence of
water reorientation on the chemistry of inner surfaces.

II. PREPARATION OF AMINO-ACID FUNCTIONALIZED
MESOPOROUS SILICA

The coupling of amino acids to SBA-15 silica was established
in previous work.77 We use this protocol to prepare mesoporous
silica functionalized with neutral Ala, acidic Glu, or basic Lys. In the
cases of Glu and Lys, there is an excess of carboxyl groups and amino
groups, which are deprotonated and protonated in a basically neutral
aqueous environment, respectively. Therefore, Glu functionalization
results in more negative surface charge than Lys functionalization,
while Ala takes an intermediate position.

The synthesis protocol involves SBA-15 silica modified with
APTES linkers as the starting material. The preparation and char-
acterization of this starting material was described in detail in a
previous study.78 It will be denoted as SBA–APT in the follow-
ing.79 Figure 1 illustrates the used synthetic routes to functionalize
SBA–APT with the chosen amino acids. Like in solid-phase peptide

FIG. 1. Synthesis scheme for the different functionalizations of the SBA–APT
starting material. Route (a) shows the coupling of Fmoc-Ala-OH and the cleav-
age of the Fmoc protective group to obtain the desired product SBA–ALA. In
route (b), the approach to synthesize SBA–LYS is shown. It starts with the cou-
pling of Fmoc-Lys(Fmoc)-OH and is terminated by the secession of the Fmoc
protection groups. In route (c), SBA–APT is functionalized with Fmoc-Glu(2-PhiPr)-
OH, and then, first the Fmoc protection group and then the 2-PhiPr protection
group are removed to obtain SBA–GLU. Fmoc = fluorenylmethoxycarbonyl and
2-PhiPr = 2-phenylisopropyl ester.
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synthesis, the general challenge in this endeavor is the protect-
ing group strategy. Specifically, it must be ensured that carboxyl
and amine groups, which are not supposed to react, are protected
so that a defined monolayer of amino acids is formed. Appropri-
ate protective groups withstand the reaction conditions during the
coupling and can readily be cleaved off after the reaction under
conditions, which are as mild as possible to avoid damage of the
pore architecture and the preceding functionalization by the cleav-
age solution. We protect the amine groups of the amino acids by
fluorenylmethoxycarbonyl (Fmoc) groups. These can be cleaved effi-
ciently by a 20 vol. solution of piperidine in dimethylformamide
(DMF) at room temperature without altering the silica material.77

This strategy allows us to implement routes (a) and (b), which enable
Ala and Lys functionalizations, respectively. In route (c), in addi-
tion to the Fmoc group, another protecting group must be used for
the second carboxyl group of Glu. We choose 2-phenylisopropyl
ester (2-PhiPr), which can be detached efficiently utilizing a 2
vol. % trifluoroacetic acid (TFA) in dichloromethane (DCM) solu-
tion at room temperature80–82 while maintaining the pore archi-
tecture. We will refer to the SBA-15 materials thus functionalized
with Ala, Lys, or Glu as SBA–ALA, SBA–LYS, and SBA–GLU,
respectively.

A. Details of the synthesis
1. General

The chemicals were purchased from Carl Roth, Sigma-Aldrich,
and Novabiochem. They were used without purification unless
explicitly mentioned.

2. Starting material
The synthesis of SBA–APT was described in previous work.77

The starting material for the present synthesis was taken from
a batch, which was characterized and used in a recent study on
confined LiCl aqueous solutions.78

3. Amino acid coupling
For the coupling of the amino acids, we dissolved 784.6 mg

(2.06 mmol, 1.97 equiv.) of 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate and
2.1 mmol (2 equiv.) of the respective amino acid in 10 ml DMF.
By adding 729 μl (4.19 mmol, 4 equiv.) of N-ethyl-N-(propan-2-
yl)propan-2-amine to the solution and shaking for 2 min, the car-
boxyl group of the amino acid was activated. 500 mg (1.05 mmol
NH2 linker, 1 equiv.) of dried SBA–APT were added to the yel-
low solution and the suspension was shaken for 18 h at 1200
rpm and room temperature. The resulting solid was filtered off
and washed three times with each DMF and deionized water and
one time with ethanol. The obtained product was predried under
air flow and completely dried under reduced pressure at room
temperature.

4. Deprotection of the Fmoc group
A suspension of the resulting amino acid functionalized

carrier material in 10 ml of a 20 vol. % piperidine in DMF solu-
tion was shaken for 16 h at 1200 rpm and room temperature. The

solid was filtered off and washed three times with each DMF and
deionized water and one time with ethanol. The product was
predried under air flow and completely dried under reduced pres-
sure at room temperature.

5. Deprotection of the 2-PhiPr group
The amino acid functionalized carrier material was shaken at

1200 rpm and room temperature for 16 h in 10 ml of a 2 vol. % TFA
in DCM solution. The solid was filtered off and washed three times
with each DCM and deionized water and one time with ethanol. The
product was predried under air flow and completely dried under
reduced pressure at room temperature. The remaining TFA inside
the pores was washed off by shaking the solid three times for 1 h
in 30 ml of a 50 mM hydrochloric acid solution. The product was
then washed with deionized water until the eluent had a neutral
pH value. The product was dried under reduced pressure at room
temperature.

6. Synthesis of SBA–ALA and SBA–LYS
The synthesis followed the description of the amino acid

coupling with 652.2 mg Fmoc-Ala-OH and 1237.4 mg Fmoc-
Lys(Fmoc)-OH, resulting in SBA–NH–Ala-Fmoc and SBA–NH–
Lys(Fmoc)-Fmoc. It was completed by the removal of the Fmoc
protective group, yielding 385.9 mg of SBA-ALA and 295.7 mg of
SBA–LYS.

7. Synthesis of SBA–GLU
For the amino acid coupling, 1021.4 mg Fmoc-Glu(2-PhiPr)-

OH were utilized. The Fmoc group was cleaved first followed by the
secession of the 2-PhiPr group, as described above. This led to a yield
of 330.0 mg of SBA–GLU.

B. Characterization of the functionalized
silica materials

For the characterization of the obtained functionalized silica
materials, we employ the cross polarization (CP) and magic angle
spinning (MAS) techniques to measure 13C solid-state NMR spec-
tra. In Fig. 2(a), we see that the 13C CP MAS spectrum of SBA–APT
exhibits resonances at 9, 21, and 42 ppm, which can be assigned to
the carbons of the APTES linker. Furthermore, the weak signals at
18 and 59 ppm can be attributed to noncondensed ethoxy groups
of APTES or tetraethyl orthosilicate (TEOS). These signals are pre-
served, albeit with altered intensities, in the spectra of the amino-
acid functionalized materials, indicating that such groups are still
attached to the surface after the coupling protocol. However, using
the CP technique hampers quantitative statements. In Fig. 2(b), the
13C CP MAS spectrum of SBA–ALA shows further signals at 27, 52,
and 174 ppm, which can be attributed to the carbon atoms of Ala.
In particular, the resonance at 174 ppm indicates the formation of
an amide bond and, hence, the successful coupling of the amino
acid to the silica surface. The remaining two signals are attributed
to the carbon skeleton of Ala. The spectrum SBA–LYS is displayed
in Fig. 2(c). In addition to the signals from the starting material,
we detect resonances with chemical shifts of 27, 34, 44, 54, and 176
ppm. These signals can be attributed to Lys. The signal of the miss-
ing sixth carbon overlaps with that of the linker around 23 ppm.
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FIG. 2. 13C CP MAS spectra (black lines) of the starting material and the prepared
amino-acid functionalized silica materials: (a) SBA–APT, (b) SBA–ALA, (c) SBA–
LYS, and (d) SBA–GLU. The blue signals result from the carbons of the APTES
linker, and the yellow, red, and green resonances are attributed to Ala, Lys, and
Glu, respectively. The pink signals are caused by residual ethoxy groups of non-
condensed APTES or TEOS. The spinning rates are 6 kHz for SBA–APT and
10 kHz for the other samples.

The signals with the chemical shifts of 23, 27, 34, 44, and 54 ppm
result from the carbon chain, whereas that at 176 ppm is charac-
teristic for the carbon in the amide bond. Figure 2(d) presents the
spectrum of SBA–GLU. While the signals at 27, 32, and 58 ppm can
be assigned to the carbon chain between the amide bond and the
carboxyl functionality, the latter groups cause the resonances at 175
and 181 ppm, respectively. The signal at 58 ppm overlaps with that of
noncondensed ethoxy groups. Thus, the 13C CP MAS spectra indi-
cate successful binding of the amino acids to the surface of the SBA
material.

To further analyze the synthesized materials, we use elemen-
tal and thermogravimetric analyses and nitrogen gas adsorption.
Details of these characterizations can be found in the supplementary
material. The results are compiled in Table I. The thermal analy-
ses reveal that the starting material SBA–APT features 2.1 mmol/g

APTES linkers and that 22% (SBA–ALA), 19% (SBA–LYS), and 17%
(SBA–GLU) of the linkers are occupied by amino acids in the func-
tionalized materials. Nitrogen gas adsorption yielded information
about the pore geometries. As expected, the pore volume and the
pore diameter are reduced by the coupling of the amino acids. How-
ever, all studied host materials still have similar pore diameters of ∼6
nm. Because the Barrett–Joyner–Halenda (BJH)83 and nonlocal den-
sity functional theory (NLDFT)84 methods yield somewhat different
pore diameters (see the supplementary material), we follow previous
works62,63 and give the average values in Table I. Furthermore, we
find that the amino-acid functionalization leads to a decrease in the
specific surface area. Combining all the information, it is possible to
calculate the surface density of the functional groups. For SBA–APT,
we obtain an APTES linker density of 2.3 nm−2. For the amino-
acid functionalized materials, the achieved linker occupancies of
∼20% correspond to Ala, Lys, or Gly surface densities in the range
0.4–0.5 nm−2.

III. NMR BACKGROUND
In 2H NMR studies, the quadrupolar frequencies of the

deuterons are given by85

ωQ(θ,ϕ) = ±δ
2
[3 cos2 θ − 1 − η sin2 θ cos(2ϕ)]. (1)

Here, the ± signs correspond to two allowed transitions between the
Zeeman levels of these I = 1 nuclei. Furthermore, δ and η denote the
anisotropy and asymmetry parameters of the quadrupolar interac-
tion tensor of the deuterons, while the angles θ and ϕ characterize the
orientation of this tensor in relation to the applied magnetic field B0.
In the studied samples, chemical exchange distributes the deuterons
among the O–D bonds of the water molecules and the N–D bonds
of the surface groups, for which the quadrupolar interaction ten-
sors are nearly axially symmetric, i.e., η ≈ 0. Thus, the quadrupolar
frequencies can be written as

ωQ(θn) ≈ ±
δn
2
(3 cos2 θn − 1), (2)

where the index n distinguishes the different deuteron species.

TABLE I. Results from elemental and thermogravimetric analyses and from nitrogen gas adsorption of the functionalized silica materials (see the supplementary material for
details). The loading with the functional groups and the fraction of the occupied linkers from the thermal analyses and the pore geometries from the gas adsorption are given.
The surface area and pore volume were obtained from the BJH and Gurvich methods, respectively. The pore diameters are specified as the average values from the BJH and
the NLDFT methods.62,63 The surface density gives the number of functional surface groups per nm2.

Loading by N Occupied Specific surface Pore volume Pore diameter Surface density
Sample content in mmol g−1 linkers in % area in m2g−1 in cm3g−1 in nm in nm−2

SBA–APT 2.10a ⋯ 545 0.74 6.8 2.3a

SBA–ALA 0.46b 22 410 0.57 5.9 0.5b

SBA–LYS 0.40b 19 389 0.55 5.8 0.4b

SBA–GLU 0.35b 17 339 0.52 5.6 0.4b

aLinker.
bAmino acid.
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A. 2H spin–lattice relaxometry
In the 2H SLR experiments, we probe the recovery of the 2H

magnetization after saturation. Because the magnetization buildup
may involve dynamically distinguishable deuteron species n, we
fit the observed buildup M(td) to a sum of stretched exponential
functions,

M(td) =M∞ −∑
n
mn exp[−( td

T1,n
)
β1,n

]. (3)

Here, M∞ is the equilibrium magnetization and the contributions
from the deuteron species are characterized by their magnetization
shares mn, relaxation times T1,n, and stretching parameters β1,n. To
account for the possibly nonexponential 2H SLR of the deuteron
species (β1,n < 1), we utilize the Γ function to calculate the mean 2H
SLR times ⟨T1,n⟩ = (T1,n/β1,n)Γ(1/β1,n) from the fit parameters.

2H SLR analysis provides access to the spectral densities of rota-
tional motions. Specifically, for exponential buildup steps, the 2H
SLR time T1 at a Larmor frequency ωL amounts to

1
T1(ωL)

= 2
15

δ2 [J2(ωL) + 4J2(2ωL)], (4)

where the spectral density J2(ω) is related to the correlation func-
tion of the second-order Legendre polynomial, F2(t), by Fourier
transformation.86,87 In temperature-dependent measurements, a
T1(T) minimum is found when the corresponding correlation time
obeys τ ≈ 0.6/ωL, largely independent of the shape of the spectral
density. Hence, dynamics in the nanoseconds regime is observed for
typical field strengths B0 and, thus, Larmor frequencies ωL.

The determination of temperature-dependent correlation times
from T1(T) data relies on the information about the functional
form of J2(ω). For the water reorientation in mesoporous silica,
dynamical heterogeneities lead to nonexponential correlation func-
tions. Motivated by BDS findings,20,36,61 we describe the correspond-
ing non-Lorentzian spectral densities based on the Cole–Cole (CC)
function,

Jcc
2 (ω) =

ω−1 sin( π2 βcc)(ωτcc)βcc

1 + 2 cos( π2 βcc)(ωτcc)βcc + (ωτcc)2βcc
. (5)

Here, τcc and βcc are the time constant and the width parameter,
respectively. The former can be identified with the peak position τp
of the underlying symmetric CC distribution of correlation times
Gcc(log τ), and the latter can be determined from the height of the
T1(T) minimum.88

B. 2H line shape analysis and solid-echo intensities
2H NMR spectra depend on the rate and geometry of

molecular reorientation so that 2H LSA yields valuable insight into
both aspects.89 For isotropic reorientation related to the structural
relaxation of liquids, broad Pake spectra and narrow Lorentzian lines
are observed for correlation times τ≫ 1/δ and τ≪ 1/δ, respectively.
On the other hand, uniaxial rotation of side groups causes only
partial averaging of the quadrupolar interaction, leading to a

crossover between broad and narrow Pake spectra when τ crosses
the experimental time scale 1/δ ≈ 1 μs upon heating. Thus, we expect
different high-temperature line shapes for water and framework
deuterons, which will be used for a discrimination of the respective
signal contributions.

Such 2H NMR line shape transitions are accompanied by a
reduced solid-echo intensity (SEI).89,90 This effect is based on the
fact that ωQ fluctuations owing to molecular reorientation during
the dephasing and rephasing periods of the applied solid-echo pulse
sequence interfere with successful echo formation. Thus, an atten-
uation of 2H solid-echo signals is indicative of rotational motion in
the microseconds regime.89,90

C. Details of the 2H NMR experiments
The 2H NMR measurements were performed on two home-

built spectrometers working at similar 2H Larmor frequencies of
2π ⋅ 46.1 and 2π ⋅ 46.7 MHz, respectively. The length of the 90○ pulses
amounted to ∼2.5 μs in all experiments. The 2H NMR spectra were
recorded with the solid-echo sequence 90○x − Δe − 90○y , utilizing an
echo delay of Δe = 20 μs. For the 2H SLR studies, we employed the
saturation-recovery sequence in combination with solid-echo detec-
tion. All measurements were performed from low to high tempera-
tures. The temperature was controlled by flow cryostats for gaseous
nitrogen and stabilized to ±0.1 K with an absolute accuracy of
±1 K. Further details of the 2H NMR setups can be found in previous
works.72,75

For the preparation of the NMR samples, the functionalized
mesoporous silica was first carefully dried in vacuum.91 Afterward,
we added D2O (Sigma-Aldrich) in appropriate amounts to achieve
filling levels between 80% and 100% of the pore volumes, as calcu-
lated based on the mass of the dry silica materials and the specific
pore volumes (see Table I). Directly after the addition of water, the
filled mesoporous silica was sealed in NMR tubes. To ensure an equi-
librium distribution of the water in the samples, we observed shelf
times of several days prior to the measurements.

While the SBA–ALA and SBA–LYS samples had no freezable
water outside the silica particles, the 2H NMR signals revealed that
minor amounts of excess water caused some external ice when cool-
ing the SBA–GLU and SBA–APT samples. However, previous stud-
ies on water in silica pores showed that the existence of ice outside
the pores does not interfere with the analysis of the dynamics of
water inside the pores because the exchange between both water
species is negligible and the signal of the external and internal water
fractions can be readily discriminated based on largely different T1
times.62,72 Therefore, we do not address aspects related to minor
amounts of external ice in the following.

IV. RESULTS
Prior to presenting our 2H NMR results, it is useful to provide

further information about the deuteron distributions in the studied
samples. As aforementioned, chemical exchange leads to an ongo-
ing redistribution of the deuterons between the water molecules and
the framework groups. The equilibrium fractions of the different
deuteron species can be calculated based on the water content of the
studied samples and the surface density of the functional groups (see
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Table I). Assuming that there are no extreme acidic or basic condi-
tions inside the pores, we estimate that roughly 90% of the deuterons
belong to the O–D bonds of the water molecules and the remainder
to the N–D bonds of the surface groups. Expecting that the amide,
amino, and carboxyl groups are ionized and depending on the type
of the functionalization, we expect about 1% amide deuterons in the
peptide bonds between the linker units and the amino acids and
∼8%–13% of the deuterons in the largely protonated amine groups
(ND+

3 ) of the residues.

A. 2H NMR solid-echo spectra
To investigate the dynamical behaviors of the different

deuteron species, we first perform 2H LSA. Exemplarily, Fig. 3
shows the 2H solid-echo spectra of D2O in SBA–ALA at various
temperatures. Based on the Gibbs–Thomson relation, we anticipate
that partial crystallization occurs near 260 K and results in coex-
isting liquid and crystalline water phases inside the pores before
the liquid turns into a glass at low temperatures. Moreover, we
expect that the amide deuterons of the peptide bonds are hardly
mobile, while the deuterons in the (protonated) amine groups are
subject to uniaxial rotations of these groups around the associ-
ated C–N bonds.92,93 Accordingly, the 2H NMR spectra of D2O in
SBA–ALA comprise several line shape patterns, depending on the
temperature.

At 130–150 K, we observe superpositions of broad and nar-
row Pake spectra. The broad Pake component reveals deuterons in
static chemical environments. It can be described by an anisotropy
parameter of δ = 2π ⋅ 161 kHz and an asymmetry parameter of
η = 0.10, typical of the O–D bonds in water.18 Thus, the broad
Pake spectrum results from the glassy—or at least highly viscous—
and crystalline fractions of confined water at low temperatures. In
addition, it may receive contributions from static N–D bonds of the
framework, which remain, however, unresolved because the amide
deuterons constitute only 1% of the deuterons and exhibit similar

FIG. 3. 2H NMR solid-echo spectra of D2O in SBA–ALA at temperatures between
130 and 260 K. All spectra are scaled to show the same maximum spectral
intensity.

anisotropy and asymmetry parameters of δ = 2π ⋅ 147 kHz and
η = 0.17.52 The narrow Pake spectrum exhibits an anisotropy param-
eter of δ ≈ 2π ⋅ 40 kHz and indicates fast uniaxial reorientation.
Therefore, we assign it to the ND2/ND+

3 groups, which show rapid
rotation around the associated C–N bonds.52,65

When the temperature is increased, the broad Pake spectrum
of the water deuterons is gradually replaced by a Lorentzian line,
indicating that the correlation times of molecular reorientation in
both confined water phases cross the time scale of the experiment,
τ = 1/δ ≈ 1 μs. In harmony with the findings in Fig. 3, previous 2H
NMR studies revealed that the glassy slowdown of liquid water in
silica pores is characterized by correlation times of τ ≈ 1 μs near
200 K.62,72,94 However, the water molecules of the confined crys-
tal also show substantial reorientation dynamics. Specifically, they
would contribute a broad Pake spectrum up to the melting point
near 260 K if they were static on the experimental time scale. Instead,
we observe that the broad Pake gradually loses intensity upon heat-
ing until it vanishes near 240 K, indicating that the confined crystal
does not show reorientation dynamics slower than microseconds at
this temperature either.

The inspection of Fig. 3 further suggests that the narrow Pake
spectrum also disappears when the temperature is increased through
240 K. In the supplementary material, a closer analysis reveals that
this is true for the other studied modifications, whereas the first
impression is misleading for SBA–ALA, which shows a narrow Pake
component even at room temperature. A further narrowing of this
line shape component results when, superimposed on the fast uni-
axial rotation, the rotation axes themselves, i.e., the C–N bonds,
become mobile on the microseconds time scale. These observa-
tions are consistent with the expectation that Glu and Lys with
larger residues show higher mobility than Ala with a methyl group
residue. Alternatively, the narrow Pake pattern disappears when
the time scale of the deuteron exchange between the residues and
water reaches that of the line shape experiment upon heating. How-
ever, we do not expect strongly diverse deuteron exchange rates
for the studied amino acids, which would explain the observed dif-
ference. Conversely, at T < 240 K, clearly distinguishable residue
and water signals show that the deuteron exchange is slow, which
will allow us to disentangle these contributions in the 2H SLR
analysis in Sec. IV B. Finally, we see in Fig. 3 that the narrow
Pake spectrum has a reduced intensity at 130 K, suggesting that
the uniaxial rotation starts to freeze on the microseconds time
scale.

In Fig. 4, we display the 2H NMR spectra of D2O in all stud-
ied pores at 180 and 220 K. At the lower temperature, the spectra
comprise a broad Pake spectrum from the viscous and crystalline
D2O fractions and a narrow Pake spectrum from the ND2/ND+

3
groups, largely independent of the type of the modification. An
integration of the respective spectral intensities shows that the
narrow Pake spectrum contributes about 3%–5% to the total inten-
sity. This contribution is a little less than expected based on the
above estimates for the proportions of the different deuteron species.
Unlike in the other confinements, a small and narrow Lorentzian
line exists in SBA–ALA down to 170 K (see also Fig. 3). It indicates
a minor deuteron fraction with high mobility, but we cannot
make an unambiguous assignment at present. A comparison of the
spectra at 220 K suggests that the observed line shape transition
associated with the confined water dynamics occurs at the highest
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FIG. 4. 2H NMR solid-echo spectra of D2O in modified silica pores at (a) 180 K
and (b) 220 K. Results for SBA–APT, SBA–GLU, SBA–ALA, and SBA–LYS are
compared. All spectra are scaled to show the same maximum spectral intensity.

temperature in SBA–LYS and at the lowest temperature in
SBA–APT, while Ala and Glu functionalizations lead to intermediate
behaviors.

Because the line shape contributions of the liquid and crys-
talline water fractions overlap in the conventional 2H NMR spectra
recorded after full relaxation of the magnetization, we exploit that
the buildup of the magnetization occurs much faster for the liquid
water than for the crystalline water (see Sec. IV B) to disentan-
gle their signals in saturation-recovery experiments under partial
relaxation conditions. Specifically, we use a delay td between the
destruction of the magnetization and the acquisition of the signal
for which the contributions of the liquid and crystalline fractions
have recovered to major and minor extents, respectively. Therefore,
we expect that such partially relaxed 2H NMR spectra unveil the line
shape of the liquid water, supplemented by possible contributions
from the deuterons of the surface groups, while ice signals are sup-
pressed. In Fig. 5, we compare the partially relaxed spectra of D2O
in various confinements measured at 210 K for a recovery delay td of
30 ms. The liquid water fraction gives rise to a broad Pake spectrum
in SBA–LYS and to a narrow Lorentzian line in the SBA–APT, indi-
cating correlation times of τ≫ 1 μs and τ≪ 1 μs, respectively, while
the line shapes for the Ala and Glu confinements are intermediate
between these limiting cases. These findings show that the time scale
of water reorientation in the liquid phase noticeably depends on the
type of the functionalization.

B. 2H spin–lattice relaxation
To gain further insight into the reorientation dynamics of the

various deuteron species, we perform 2H SLR experiments. Figure 6
shows the buildup of the magnetization for D2O in SBA–GLU at
exemplary temperatures. Evaluating the total signal intensity, we
find that the magnetization buildup is single exponential at 270 K. By
contrast, it occurs in two steps at 185 K, indicating the coexistence
of liquid (T1,l) and crystalline (T1,c) water phases inside the pores at

FIG. 5. Partially relaxed 2H NMR solid-echo spectra of D2O in modified silica pores
at 210 K. Results for SBA–APT, SBA–GLU, SBA–ALA, and SBA–LYS are com-
pared. All spectra are measured with a relaxation delay of T1,l < td = 0.03 s < T1,c
between the saturation of the magnetization and the acquisition of the signal and
scaled to show the same maximum spectral intensity.

lower temperatures. Further relaxation steps from the deuterons of
the surface groups are not resolved in the analysis of the total signal
intensity, even though we observed their signal contributions in the
spectra.

FIG. 6. Buildup of normalized 2H magnetization M(td) for D2O in SBA–GLU at 185
and 270 K. In addition to the buildup of the total signal intensity (solid symbols),
results from a spectrally resolved analysis are shown for the lower temperature
(open symbols). In detail, the buildup curves associated with the horns of the nar-
row and broad Pake spectra with δ = 2π ⋅ 40 and δ = 2π ⋅ 161 kHz, respectively,
are displayed. To illustrate the different spectral intensities of these line shape
components, both curves are scaled to their respective contribution to the whole
spectrum. The inset shows a zoomed-in view, which focuses on the buildup of the
narrow Pake intensity. The solid lines are fits to Eq. (3).
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Therefore, we perform a spectrally resolved SLR analysis at
lower temperatures where the line shape contributions of the dif-
ferent deuteron species can be clearly distinguished. Specifically, we
determine the buildup curves associated with the horn intensities
of the narrow and broad Pake spectra with δ = 2π ⋅ 40 kHz and
δ = 2π ⋅ 161 kHz, respectively. This spectrally resolved analysis
reveals a third buildup step associated with the narrow spectrum
of the Glu deuterons, which has a small amplitude and occurs at
short times (see the inset of Fig. 6), whereas the results for the broad
spectrum from the water deuterons highly resembles those from the
total signal intensity, confirming that the bimodal nature reflects the
coexisting liquid and frozen water fractions.

For a quantitative analysis, we fit the low-temperature buildup
curves M(td) to Eq. (3). We find that the fit results for the buildup
of the broad Pake intensity agree with those for the total spec-
tral intensity within the error margins. Therefore, it is sufficient to
extract the T1,l and T1,c values from the total intensity in the fol-
lowing analysis. The SLR times associated with the narrow Pake
spectrum are very similar for all functional groups and much
shorter thanT1,l andT1,c at sufficiently low temperatures. Exemplary
data from the different analyses and samples are provided in the
supplementary material. The observation that the various deuteron
species have different T1,n times implies that the chemical exchange
between them is slow on the time scale of the magnetization buildup
at these temperatures, which means that a SLR analysis informs
about the respective dynamics. This will be discussed in more detail
at the end of this section. In passing, we note that the magne-
tization associated with the narrow Pake pattern builds up in a
stretched exponential manner, indicating that a distribution of cor-
relation times G(log τ) governs the uniaxial rotation of the side
groups.

In Fig. 7, we show the mean 2H SLR times for the water
deuterons in the modified silica pores together with those for a
native SBA-15 pore with a similar diameter of 5.4 nm.62 We note
that the properties of the native SBA-15 material were determined
in previous work,63 revealing a pore diameter of 5.4 nm, which
differs from the value of 6.0 nm provided by the supplier and
given in earlier work.62 Except for SBA–ALA, we observe expo-
nential SLR characterized by a single T1 time above 260 K, while
the ⟨T1,l⟩ and ⟨T1,c⟩ times of the liquid and crystalline water
fractions, respectively, can be clearly distinguished at sufficiently
low temperatures. First, we focus on the results for ⟨T1,l⟩. For all
samples, we observe ⟨T1,l⟩ minima in the range 225–250 K, indi-
cating correlation times of τp = 0.6/ωL ≈ 2 ns. The SLR results for
SBA–APT are in reasonable agreement with those for the native
pore over the whole temperature range. A minor difference is that
the ⟨T1,l⟩ minimum occurs at a slightly lower temperature for
SBA–APT, indicating a mild speedup of water reorientation relative
to native SBA-15. By contrast, the ⟨T1,l⟩minima are shifted to higher
temperatures in the amino-acid functionalized pores (see Table II),
and hence, water reorientation slows down. Altogether, we observe
the largest shift and strongest slowdown for the Lys followed by the
Ala and Glu functionalizations, while there is a minor speedup for
SBA–APT. These SLR findings are consistent with the above LSA
results.

Moving on to the results for the crystalline water fraction inside
the pores, we see that the ⟨T1,c⟩ times are essentially independent of
the type of functionalization. They agree with those reported for the

FIG. 7. Temperature-dependent mean 2H SLR times ⟨T1⟩ for D2O in silica pores
with the indicated modifications. Solid symbols mark the ⟨T1,l⟩ times of the liq-
uid D2O fractions, while open symbols depict the ⟨T1,c⟩ times of the crystalline
D2O fractions in the pores. The striped symbols are used to indicate a different
SLR component for the Ala confinement at the higher temperatures of the stud-
ied range. For comparison, the 2H SLR times of D2O in a native silica pore with
a diameter of 5.4 nm are included.62 The arrows mark the positions of the ⟨T1,l⟩
minima, which are given in Table II. The horizontal black dotted line illustrates the
height of the T1 minimum for ωL = 2π ⋅ 46.1 MHz and δ = 2π ⋅ 161 kHz in the case
of a Lorentzian spectral density J2(ω). The vertical blue dashed line marks the
melting point Tm = 258 K of the internal ice in the native confinement.62

internal ice in the native pore, whereas they are much shorter than
those reported for external ice, which amount to about 1000 s at
200 K,62 and also much shorter than those of hexagonal and cubic
ices in the bulk.95,96 These discrepancies mean that the internal ice
can be clearly distinguished from external and bulk ice phases in
the 2H SLR analyses. Moreover, it implies that water reorientation is
faster for the confined ice than for hexagonal or cubic bulk ices, pos-
sibly as a consequence of a perturbed ice structure under nanoscale
geometrical restriction. Relating to the temperature dependence of
⟨T1,c⟩, we find that a steeper slope is replaced by a flatter one upon
cooling through ∼200 K. On first glance, this suggests a change
in some property of the internal ice. However, a reason for such
a change is not obvious. An alternative interpretation is based on

TABLE II. Temperatures Tmin of the ⟨T1,l⟩ minima, width parameters βcc of the CC
spectral densities, and Arrhenius fit parameters τ0 and Ea from the interpolations
of the 2H NMR correlation times in Fig. 9 for the liquid D2O fraction in silica pores
with the indicated modifications. The data for D2O in the native SBA-15 pores were
obtained in previous work.62

Tmin in K βcc τ0 in 10−30 s Ea in eV

Native SBA 228 0.37 9.8 0.92
SBA–APT 225 0.38 81 0.86
SBA–GLU 236 0.30 0.024 1.07
SBA–ALA 244 0.28 1.6 1.02
SBA–LYS 248 0.25 40 0.98
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the fact that the 2H NMR line shape transition occurs near 200 K.
Thus, an exchange of magnetization between the liquid and crys-
talline water fractions inside the pores can occur below this temper-
ature as a consequence of spin diffusion mediated by non-averaged
dipolar interactions between the nuclear spins. If the latter situa-
tion applies, the ⟨T1,l⟩ and ⟨T1,c⟩ times do no longer inform about
the true SLR behaviors and, thus, about the water dynamics of the
respective phases below 200 K.

In Fig. 7, we also see that the onset of bimodal SLR occurs near
Tm = 258 K, the melting point of ice inside the native pores,62 in
accordance with our ascription to partial crystallization. Two further
observations related to this phenomenon are notable. First, ⟨T1,l⟩ of
the liquid fraction shows a mild jump at this temperature. While
the water molecules explore the whole pore volume above Tm, the
liquid water is sandwiched between the pore walls and the ice core
below. Hence, one may expect that this reduction of the accessible
pore volume to a narrow interfacial layer results in some decline
in the average water mobility and, on the high-temperature flank
of the minimum, in a decrease in ⟨T1,l⟩, rationalizing the observed
weak drop. Second, except for SBA–GLU, the ⟨T1,c⟩ step of the crys-
talline fractions does not set in exactly at Tm but at a somewhat lower
temperature.

Before we discuss the reason for the latter effect, we come
back to the additional slow SLR step in SBA–ALA, which occurs at
ambient temperatures and indicates an exceptionally fast deuteron
species. In the supplementary material, a buildup curve shows that
the slow step amounts to about 5% of the signal. Moreover, a spec-
tral analysis reveals that the additional contribution has a Lorentzian
shape. Thus, it stands to reason that the slow SLR step at high tem-
peratures and the narrow Lorentzian line observed down to 170 K
(see Fig. 3) have the same origin. While this does not clarify the
nature of the fast deuteron species, effects on the analysis of the water
dynamics are minor because of the small contribution to the total
signal.

Finally, we ascertain the contributions of the liquid and crys-
talline water fractions to the signal intensity in the SLR mea-
surements, whereby the minor contributions from the framework
deuterons are neglected. Because the signals are obtained from the
solid-echo pulse sequence, they depend not only on the amount but
also on the dynamics of the deuteron species. Specifically, the nom-
inal signal contribution of a deuteron species is attenuated when
it is involved in rotational motion, which occurs during the echo
experiment, i.e., in the microseconds regime (see Sec. III B).

Figure 8 shows the solid-echo signal contributions from the
liquid and crystalline D2O fractions for all but the Ala functional-
ization. Here, we leave out the results for SBA–ALA because the
additional SLR contribution of this sample spoils the analysis of
the step heights. We see a discontinuity of the temperature depen-
dence near Tm, which marks the segmentation into liquid and crys-
talline water species during partial crystallization. When cooling at
T < Tm, the solid-echo intensity of the liquid fraction first rapidly
decreases before it mildly recovers, resulting in a broad minimum
near 200 K, which is indicative of microsecond dynamics. Closer
inspection reveals that the minimum occurs at a somewhat higher
temperature for SBA–LYS than for SBA–GLU and SBA–APT. This
implies that water dynamics is slower in the former than in the latter
confinements and confirms the above findings for the narrowing of
the NMR spectra and the temperatures of the T1,l minima.

FIG. 8. Temperature dependence of the solid-echo intensity (SEI) contributions
for D2O in SBA–APT, SBA–GLU, and SBA–LYS. All values are normalized to
their respective high temperature plateau and corrected for the Curie factor.
The contributions from the liquid (solid symbols) and crystalline (open symbols)
water fractions were disentangled by fitting the buildup of the total signal intensity
with two-step relaxation [see Eq. (3)]. The dashed line marks the melting point
Tm = 258 K of D2O in the native SBA-15 sample.62

The solid-echo intensity of the crystalline fraction is very small
near Tm and continuously increases upon cooling. On first glance,
this observation implies that the crystalline fraction grows when the
temperature is decreased. However, such growth is not detected by
other experimental methods. Alternatively, the findings can be ratio-
nalized when we assume that the rotational motion occurs on the
microseconds scale near Tm and decelerates upon cooling so that
it interferes less and less with the solid-echo formation. The latter
scenario should also manifest itself in line shape changes. Consis-
tently, we show in the supplementary material that the broad Pake
spectrum of the crystalline water fraction exhibits very sharp Pake
horns up to about 220 K, which, however, become rounded and
flattened at 240–250 K, suggesting that the reorientation dynamics
enters the time window. Furthermore, this argument is consistent
with the time scales of water reorientation in distorted ice phases
observed in BDS studies.37,94 Whatever the reason of the low signal
of the crystalline fraction near Tm, it impedes its disclosure in the
buildup curves, providing a rationale for the above observation that
this contribution is resolved only somewhat below Tm in most of the
studied samples (see Fig. 7).

C. Determination of correlation times
Equation (4) enables a determination of rotational correla-

tion times for single exponential steps in magnetization buildup
curves. In the supplementary material, we show that β1,l ≈ 1 indi-
cates a single exponential buildup and, hence, T1,l ≡ ⟨T1,l⟩ for the
liquid fraction down to ∼200 K, whereas β1,c < 1 is found for the
crystalline fraction in the whole temperature range. Therefore, we
restrict a quantitative SLR analysis to liquid water at temperatures
near the T1,l minimum, where single exponential behavior is obeyed.
Reinspecting Fig. 7, we see that the minimum values of T1,l ≡ ⟨T1,l⟩
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do not conform to a Lorentzian shape of the spectral density J2(ω).
Therefore, we use the CC spectral density to account for the dynam-
ical heterogeneity and determine the CC width parameter βcc from
the height of the T1,l minimum. In Table II, we see that the βcc val-
ues are small between 0.25 for SBA–LYS and 0.38 for SBA–APT,
indicating that the reorientation dynamics of the confined waters are
strongly heterogeneous.

Using the thus obtained spectral densities Jcc
2 (ω) in Eq. (4), we

determine the peak correlation times τp = τcc from the T1,l data.
However, it is necessary to consider possible changes in the shape
of the spectral density at Tm so that the accessible dynamic range
is limited not only by nonexponential behavior at low temperatures
but also by partial crystallization at high temperatures. In Fig. 9, the
available peak correlation times τp are compared with those from
an analogous approach to the liquid water fraction in native SBA-
15 pores. We see that the APTES modification results in a mild
speedup of water reorientation relative to the native pore, while the
amino-acid functionalizations lead to rotation dynamics that are up
to two orders of magnitude slower. Explicitly, the slowdown is most
pronounced for basic Lys, followed by neutral Ala and acidic Glu.
These findings are in accordance with the above observations for
the narrowing of the NMR spectra and the temperatures of the T1,l
minima.

In the relatively narrow dynamic range of the present SLR
analysis, the temperature dependence can be approximated by an
Arrhenius law,

τp(T) = τ0 exp( Ea

kBT
). (6)

FIG. 9. Peak correlation times τp for the reorientation dynamics of liquid D2O frac-
tions in silica pores with the indicated modifications, as obtained from 2H SLR
analysis. Furthermore, data from analogous approaches to D2O in native SBA-
15 pores with a diameter of 5.4 nm62 and in a mixture with ε-L-polylysine are
included.52 The dashed lines are Arrhenius fits. For comparison, 2H NMR results
for bulk D2O are shown.97 Moreover, the solid lines depict rotational correlation
times from BDS studies on (blue) H2O in native MCM-41 silica pores with a diam-
eter of 2.1 nm21 and (red) a 40 wt. % aqueous solution of the amino acid L-lysine,
more precisely, of a BDS process attributed to the structural relaxation of H2O in
this mixture.98

However, the resulting fit parameters imply deviations from an
Arrhenius behavior in a broader temperature range (see Table II).
Specifically, the fits yield Ea values of ∼1 eV, which are much
higher than the characteristic activation energies for hydrogen-
bond breaking, and the pre-exponential factors τ0 are much
smaller than the inverse attempt frequencies of thermally activated
processes. Such unusual values are known to result for molec-
ular glass-forming liquids showing super-Arrhenius temperature
dependence.

To further assess the outcome of the SLR analysis, we include
literature data for water reorientation in Fig. 9. The rotational
motions of the liquid D2O fractions in native SBA-15 and SBA-APT
resemble those from a BDS study on unfreezable H2O in very nar-
row silica pores with a diameter of 2.1 nm.21 Furthermore, they are
in agreement with 2H NMR rotational correlation times for D2O as a
bulk liquid.97 On the other hand, the correlation times of D2O reori-
entation in SBA–LYS are similar to those of a BDS process, which
was reported for an aqueous solution of the amino acid L-lysine and
attributed to the structural relaxation of water in the mixture.98 In
both cases, LYS forms some kind of soft confinement for the water
motion: The amino acid is linked to the silica walls in the present
approach and its structural relaxation is much slower than that of
water in the BDS study.98 Accordingly, our findings for SBA–LYS
also resemble those obtained from an analogous 2H SLR approach
to D2O in a dynamically asymmetric mixture with ε-L-polylysine,52

although it was argued that the latter are affected by water and pep-
tide dynamics because of the fast deuteron exchange between both
constituents.

Therefore, we need to scrutinize to what extent chemical
exchange distorts the present SLR analysis. In the limit of fast
exchange between various species n with magnetization shares mn
and SLR times T1,n, one finds single exponential SLR characterized
by the common rate,

1
T1
= 1
M∞
∑
n

mn

T1,n
. (7)

Hence, the observed T1 value of a species will be affected signifi-
cantly if it is in rapid exchange with another species, which has a
higher abundance and a significantly different SLR rate. In our sam-
ples, the deuterons of the liquid water exchange particularly with
that of the surface groups. Accordingly, these deuteron species do
not show distinguishable T1 times above ∼250 K. However, unlike
in a previous study on an aqueous ε-L-polylysine solution,52 the
deuterons of the liquid outnumber those of the matrix and the SLR
rates of these species hardly differ near the T1 minimum. Therefore,
we expect that the deuteron exchange weakly affects the T1,l val-
ues near the minimum. In particular, the temperatures of the T1,l
minima should still reflect the time scale of water dynamics. On
the other hand, the height of the T1,l minima may be altered by
admixed contributions from the matrix deuterons. This will affect
the CC width parameters βcc extracted therefrom and, thus, lead
to a somewhat erroneous temperature dependence of the correla-
tion times τcc. Moreover, the fact that, in general, the observed T1
values differ from the true values of the species near the onset of
the bimodality,99 i.e., when the limit of slow exchange does not
yet fully apply, adds to the inaccuracy at temperatures not too far
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below 250 K. Altogether, we conclude that our findings for the
dependence on the water mobility on the surface chemistry are
robust, while the obtained variation with temperature should be
interpreted with caution. Yet, we showed that our results are in rea-
sonable agreement with correlation times from dielectric measure-
ments on similar systems,21,52 indicating that the deficiencies are still
tolerable.

V. CONCLUSION
We exploited the possibility to functionalize silica surfaces with

amino acids to design biomimetic environments for water. Specifi-
cally, we synthesized porous confinements, which feature acidic Glu,
neutral Ala, or basic Lys functional groups and have similar diame-
ters of 5.6–5.9 nm. For the characterization of these host materials,
we combined 13C CP MAS NMR, elemental and thermogravimetric
analyses, and nitrogen gas adsorption measurements. We found that
the surface density of the APTES linkers amounted to 2.3 nm−2 in
the starting material and that ∼20% of the linkers were occupied by
amino acids in the functionalized samples.

Our main goal was to characterize the water dynamics in these
confinements in dependence on the functionalization and temper-
ature. For this purpose, we performed 2H LSA and SLR studies.
While these approaches provided straightforward access to the rates
and mechanisms of D2O reorientation in native silica pores,18,62,72

the analyses were more involved for the present functionalized con-
finements, which feature multiple deuteron species. Explicitly, par-
tial crystallization resulted in a coexistence of liquid and crystalline
D2O fractions inside the pores and chemical exchange spread the
deuterons not only over these water species but also over the amide
and amine groups on the inner surfaces. Therefore, it was necessary
to disentangle the 2H NMR signals of the various deuteron species
based on their diverse spin relaxations and spectral line shapes. In
particular, we used the facts that the liquid and crystalline water
fractions have very different T1 times and that many of the N–D
bonds are involved in fast uniaxial reorientation and, hence, produce
Pake spectra with a reduced spectral width, which can be discrimi-
nated from the broad Pake spectra and the narrow Lorentzian lines
from the O–D bonds of water. Moreover, we critically discussed
to what extent chemical exchange between the deuteron species
interferes with the possibility to separately study their dynamical
behaviors.

Despite these difficulties, our 2H LSA and SLR approaches
yielded valuable insight into the reorientation dynamics of the liq-
uid and crystalline water fractions coexisting inside the amino-acid
functionalized confinements at reduced temperatures. The transi-
tions of the line shape and the minima of the spin–lattice relaxation
time and of the solid-echo signal intensity provided a consistent
picture for the dependence of water dynamics on the surface chem-
istry. Specifically, the reorientation of the liquid water fraction is
slowest near the Lys surface followed by the Ala and Glu confine-
ments and, finally, the native pores. In total, this variation of the
water mobility extends over about two orders of magnitude, essen-
tially independent of temperature. Thus, our findings differ from
those for fast room-temperature water dynamics at soft surfaces of
micelles, which were largely independent of the chemical nature
of the interface.10 On the other hand, the motion of liquid water

in the starting material merely modified by APTES linkers hardly
differs from that in the native counterparts. As for the crystalline
water fractions, we found that the dynamics are very similar in all
studied confinements but much faster than those of hexagonal or
cubic ice in the bulk, implying distorted ice structures in nanoscale
confinements.

The finding that Ala with the smallest residue takes an inter-
mediate position between Lys and Glu implies that the flexibility
of the surface groups is not the decisive parameter for the reorien-
tation rates of neighboring water molecules. Rather, the observed
order suggests that the rotational motion of water is slower near
amino acids with basic residues than those with acidic residues.
These trends relating to the surface chemistry should be further
scrutinized in future work. Previous studies on amino acid solu-
tions reported that the degree of hydrogen bonding differs for water
near hydrophilic and hydrophobic residues100 and for hydrogen-
bond donor and acceptor groups.101 However, simulation studies,101

including amino-acid resolved water dynamics at protein surfaces,12

reported that positively charged Lys slows down water dynamics
less than negatively charged Glu, different from the present find-
ings for amino-acid functionalized silica pores. Our result that the
APTES modification hardly affects the water reorientation is con-
sistent with the outcome of an analogous study on alike modified
pores with a smaller diameter of ∼2 nm in the common temper-
ature range.65 For APTES, it was reported that the amino groups
bind to other polar surface entities, e.g., the silanol groups,102

precluding steric hindrance for water motion and rendering the
pore walls less hydrophilic and, hence, reducing water–matrix
interactions.

Unlike the chemistry of the inner surfaces, the diameter of
silica pores had no significant effects on the rotational motion of
confined water in broad ranges of the size (2–11 nm) and tem-
perature (140–320 K).18,62 Partly, this independence of the confine-
ment size can be attributed to the fact that the thickness of the
nonfreezable water layer at the pore wall is largely independent
of the nominal pore diameter.13,14 At the same time, the reori-
entation dynamics of the interfacial water at silica surfaces was
found to agree with that of bulk water97,103 at both very weak and
very strong supercooling,21,62 where such comparison is not ham-
pered by crystallization. Nonetheless, the translational diffusion of
water in silica pores is often substantially slower than in the bulk
liquid.63,104

Altogether, our 2H NMR analyses revealed that the reorienta-
tion dynamics of supercooled confined water are strongly affected
by the chemistry of the confining walls, whereas previous studies
reported that they weakly depend on the size of the geometrical
restriction. Both findings are plausible when we consider that partial
crystallization occurs in sufficiently wide confinements, including
the present ones. As a result, the liquid water is sandwiched between
the pore walls and the ice core and, hence, the water molecules are
in immediate contact with the surface groups, while the thickness of
this interfacial layer is largely independent of the nominal pore size.
We observed that the water reorientation is slowest for basic Lys,
followed by neutral Ala and acidic Glu functional groups, suggest-
ing that the surface charge and the pH value inside the interfacial
layer may be relevant parameters. To test the latter speculation, we
intend to measure and vary the pH value near inner pore surfaces in
future work.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the characterization of
the amino-acid functionalized silica pores using elemental analysis,
thermogravimetric analysis, and nitrogen gas adsorption, additional
2H NMR spectra of D2O in the modified silica pores, the 2H magne-
tization buildup of D2O in SBA–ALA at 300 K, 2H SLR times from
spectrally resolved analyses, and the temperature-dependent stretch-
ing parameters β1 of the liquid and crystalline water fractions in the
modified silica pores.
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