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Abstract

Herein, the reorientation of heavy water (D,0) molecules adsorbed in the slit-type micropores of activated carbon fibers is
investigated using the >H-nuclear magnetic resonance technique. The rotational correlation times (z,) of D,O are evaluated
from the H spin—lattice relaxation time (7). The obtained 7, values are significantly influenced by both the pore-filling ratio
(¢) and temperature, thus suggesting that the adsorption of D,O into activated carbon fibers (ACF) effectively influences
the reorientation of the D,0 molecules within the ACF. The reorientational motion of D,0 is examined by the extended
jump model. According to this model, the nanoconfinement effect, which results from the reduction in free volume around
D,0, is attributed to the transition-state excluded volume effect, whereas the effect of hydrogen bonding between the D,0
and surface functional groups is attributed to the transition-state hydrogen bonding effects. Furthermore, the dependence of
7, on ¢ is explained by the chemical exchange between the pore surface adsorption sites and the central space of the pore.
Thus, the dynamic behavior of adsorbed D,0O molecules reveals the mechanism of D,O adsorption into the ACF micropores.

Keywords Water adsorption - NMR - Spin—lattice relaxation time - Reorientation - Micropore filling - Hydrogen bond

1 Introduction

Water is essential for life, in large part owing to its several
unique properties that are different from those of other lig-
uids. In particular, the density of water reaches the maxi-
mum value at 4 °C. Freezing of water decreases its density,
resulting in the shift of the solid—liquid equilibrium curve
in the phase diagram to lower temperatures with increas-
ing pressure. The phase diagram of water is complex and
comprises multiple structures [1-3], with several phases dis-
covered in the last several years. For example, Yamane et al.
revealed the ice XIX phase using dielectric measurements
and neutron powder diffraction [4], whereas Gasser et al. [5]
identified a new ice polymorph that differs from ice XV and
ice VI and a second hydrogen-ordered polymorph of ice VI
using high-resolution neutron powder diffraction. The ice
VII phase is considered as “superionic conducting ice,” in
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which protons diffuse rapidly through a solid oxygen lattice
at high pressures and temperatures [6]. Following the dis-
covery of ice VII in deep planetary layers, the existence of
this phase was experimentally verified through laser-driven
shock compression. Thus, the structure and properties of
water and ice are not fully understood and require extensive
further research [7, 8].

The unique properties of water are particularly impor-
tant in constrained nanoscale spaces. Nanospaces can be
categorized based on their dimensionality into “1D,” “2D,”
and “3D” spaces. The phase diagrams of water and ice
in 1D and 2D nanospaces have been reported by several
research groups [9, 10]. The arrangement of water molecules
in carbon nanotubes is considerably affected by the pore
size, and a phase diagram representing the relationships
between the water structure and carbon nanotube pore size
was constructed [10]. Water sandwiched by monolayer gra-
phene sheets has been studied using molecular simulations,
and the phase diagram for water in 2D nanospace has been
reported [9]. Monolayer water has diverse phases, with dif-
ferent molecular phases showing pressure-dependent melt-
ing points. Monolayer water is found in a hexatic phase,
which is a unique liquid crystal phase in a 2D space. Addi-
tionally, a superionic conducting phase with high electrical
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conductivity has been predicted. Thus, water and ice exhibit
different behaviors in 1D and 2D nanospaces from that in 3D
bulk space. Therefore, the exploitation of nanoconfinement
effects may be a promising approach for accessing novel and
unique properties of water and ice.

Unique structures and properties, such as negative dielec-
tric constant [11] and fast proton transfer, that differ from
those of bulk water have been found in sub-nanometer-
sized spaces [12]. These unique properties arise from the
strong adsorption potential of the pore walls and the spatial
constraints that affect the water structure. The behavior of
water in carbon-based hydrophobic micropores is of par-
ticular interest because of its importance for filtration and
separation technologies [13]. Activated carbon fibers (ACF)
are important and widely available porous carbon materials,
and their pore structure has been characterized as pseudo-
2D slit-shaped sub-nanometer spaces [14, 15]. Kaneko et al.
conducted numerous pioneering studies on water adsorption
in the hydrophobic nanospace of ACF with a pseudo-2D
structure. Based on a detailed study on water adsorption,
they proposed that the adsorption mechanism of water into
ACEF consists of the formation of water clusters, followed
first by cluster growth and then by their coalescence within
a pore [16-18].

The adsorption of water in the ACF micropores depends
on the temperature as well as the amounts and types of the
surface functional groups. Horikawa et al. [19] determined
the temperature dependence of water cluster growth via
molecular dynamic simulations. Liu et al. [20] conducted
a comprehensive Monte Carlo simulation study on water
adsorption in a functionalized graphitic slit pore for differ-
ent types of surface functional groups (acidic and basic) and
their configurations. Furthermore, Ito et al. [21, 22] studied
the kinetics of the water cluster-mediated micropore filling,
they found that the rate constants depend on the pore size
and the rate-determining steps are associated with the forma-
tion of water molecular assemblies. Recent developments
and studies on water adsorption on carbons were reviewed
by Liu et al. [23].

Water in ACF with slit-shaped nanopores exhibits unique
behavior that is different from that of bulk water. Futamura
et al. [24] examined water density changes in ACF with a slit
width of 1.36 nm using X-ray diffraction (XRD) measure-
ments at temperatures ranging from 30 K to room tempera-
ture [24, 25]. They found that water has an ice-like structure
below 200 K, whereas its density increases rapidly above
200 K and becomes equivalent to that of a liquid at 280 K.
Essentially, the density changes smoothly from that of ice to
that of water without any evident phase transitions. Recently,
Sugiyama et al. [26] reported that ice-like structures can
be maintained in sub-nanometer spaces with slit widths of
less than 1 nm even at higher temperatures. This behavior is
observed only in spaces smaller than 1 nm. Water also forms
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a 2D ice-like structure in the nanopores of 2D graphene [27].
In addition, pore wall properties, including hydrophobicity,
hydrophilicity, surface functional groups, and pore-filling
ratio, affect the behavior of water in sub-nanometer spaces.

In our previous study, we have examined the molecular
motion of water saturated in ACF nanopores with slit widths
of 1.1 and 0.7 nm [28]. Evidently, tetrahedral jumps of water
molecules similar to those in bulk ice were dominant for the
slit width of 1.1 nm, whereas 180° flipping dominated at
the slit width of 0.7 nm. Spatial constraints in pseudo-2D
structures considerably affect the behavior of water at the
sub-nanometer scale. “H-nuclear magnetic resonance (NMR)
lines typical of liquids were observed above 200 K, indicat-
ing that water in the micropores behaved as a liquid. This
result is consistent with the findings of Futamura et al. [24].
However, to the best of our knowledge, with the exception
of our previous work, experimental studies on the molecular
motion of water adsorbed in the ACF micropores are limited.
Understanding the relationship between water-cluster forma-
tion and molecular motion can reveal unique properties of
water in small hydrophobic spaces. Additionally, studies on
dynamic behavior can reveal the unique structure of water in
sub-nanospaces, as reported by Sugiyama et al. [26].

Recently, Wang et al. [29] characterized the porosity of
nanoporous carbon using water adsorption by monitoring
the amount of adsorbed water via in-situ NMR. Further-
more, Song et al. used in-site NMR to reveal the nucleation
and growth process of water adsorption in the micropores
of activated carbons [30]. They examined the nucleus-
independent chemical shift (NICS) of the water adsorbed
in activated carbon as a function of the relative pressure of
water vapor, reporting direct experimental evidence of the
nucleation and growth processes of water inside activated
carbon micropores.

NMR can detect molecular motion in water molecules
through the signals of the 'H, 2H, and '’O nuclei by selecting
the appropriate probe nucleus [31]. The 7, value of the ’H
nuclei is linked to the rotational correlation time (z,,) of water
molecules. For the 2H nuclei, the T, spin-lattice relaxation
time can elucidate the molecular rotation of heavy water
(D,0) with a correlation time of the order of ps [32]. In this
study, we examined the dependence of the H T, of D,0
adsorbed in the hydrophobic slit-shaped sub-nanometer-
sized spaces of ACF on the pore-filling ratio. First, we meas-
ured water adsorption isotherm on ACF in order to evaluate
the pore-filling ratio of D,0. Subsequently, we observed >H
spin—lattice relaxation time as well as the broad-band spec-
trum for D,O confined in ACF. The correlation time of D,O
reorientation was analyzed using the extended jump model
(EIM) [33, 34]. Furthermore, we examined the intermolecu-
lar interactions involved in the formation of water clusters
by evaluating the activation energy for the reorientation of
D,0 as determined by the temperature dependence of ’H T,
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values. Based on the analysis of molecular motion we dis-
cussed the strong hydrogen bond formation between surface
functional groups and D,O as well as water-cluster forma-
tion in ACF pores.

2 Experimental
2.1 Materials

The ACF used herein was ACF15A, provided by Osaka Gas
Co, Japan. All experiments were carried out using the pow-
dered ACF specimen. Scanning electron microscopy indi-
cated that the ACF powdered specimen had a relatively uni-
form cylindrical shape with a cross-section of approximately
10 pm, retaining the characteristics of the fibrous shape as
illustrated in Fig. 1. The acidic functional groups and the
basic site on the surface of the ACF specimen were deter-
mined using the Boehm method [35]. The acidic functional
groups were found to be carboxylic (0.802 mmol/g), lac-
tone (1.07 mmol/g), and phenolic hydroxyl (1.61 mmol/g),
whereas the basic sites were 2.07 mmol/g. Although the ori-
gin of surface basicity is still under discussion, the pyrone-
type structures on the edges of the polyaromatic layers have
been suggested as one of the possible basic sites [36]. These
surface functional groups could not be detected by solid-
state 13C MAS and CPMAS NMR spectra, as they have less
concentration than the framework sp>-carbons of ACF (see
ESI). The porosity of ACF15A was characterized using a
nitrogen adsorption isotherm obtained at 77 K (see ESI).
The micropore volume, surface area, and average slit width
were determined via the quenched solid density functional
theory (QSDFT) method [37] for the analysis of the nitrogen
adsorption isotherm. The resultant micropore volume and

Fig. 1 Scanning electron
microscopy (SEM) images of
ACF15A powdered specimen.
Magnification is as follows:

ax 500, bx2000, ¢x3000, and
dx 5000

10,0kV.x500

10.0kV x3.00k

surface area were 0.722 cm?/g and 1475 m?/g, respectively.
The pore size distribution is illustrated in Fig. 2; there are
mainly two kinds of micropores, with the average pore width
of 1.0 and 1.5 nm. TG/DTA measurement confirmed that the
virgin samples of ACF include pre-adsorbed species, such
as water, corresponding to approximately 30% of the initial
weight of ACF, and pre-adsorbed species are desorbed in the
temperature range of 25-80 °C (see ESI).

2.2 Water adsorption measurements

Water adsorption and desorption isotherms were meas-
ured at 298 K using an in-house volumetric apparatus. The
ACF powdered sample (25.0 mg) was evacuated at 120 °C
under a pressure of less than 107 Pa for 3 h prior to the
water adsorption measurements.
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Fig.2 Pore size distribution determined using the QSDFT analysis
for the nitrogen adsorption isotherm of ACF15A. There are two peaks
at 1 and 1.5 nm, indicating two kinds of micropores in ACF15A
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2.3 Sample preparation for NMR measurements

ACF was evacuated at 473 K for 3 h prior to the sample
preparation. Two methods, vapor adsorption and D,O drop
methods, were used to prepare the NMR measurement sam-
ples, as follows. (1) For the vapor adsorption method, a 5
mmg NMR sample tube was used to collect the pretreated
ACF specimen. Here, the tube was first vacuum-degassed,
and then D,O vapor was introduced into the sample tube.
Samples with varying adsorption amounts were created
by adjusting the adsorption time and monitoring the D,0O
vapor pressure. Following heavy water adsorption, the tube
was sealed with approximately 150 Torr of He gas. (2) For
the D,0O drop method, appropriate amounts of ACF powder
were collected into the NMR sample tube, and then D,0O
was added to achieve the desired pore-filling ratio using a
microsyringe. The sample tube was connected to a vacuum
line and sealed with approximately 150 Torr of He gas.
The sample was annealed at 298 K until equilibrium was
reached over a time period of 1-2 d. In methods (1) and (2),
the adsorption amounts of D,0 into ACF was measured by
weighing the sample before and after adsorption. For a given
sample, the pore-filling ratio was determined by calculating
the ratio of D,0O adsorbed to the saturated amount of D,0O
evaluated from the water adsorption isotherm, based on the
weight of the ACF used.

2.4 NMR measurements

NMR measurements were conducted using a JEOL
ECA-500 NMR spectrometer (JEOL Ltd., Tokyo, Japan)
(By=11.75T), an Agilent VNS-300 NMR spectrometer
(Agilent Technologies, California, USA) (B;=7.05 T), and
a Bruker AVANCE III spectrometer (Bruker Co., Massachu-
setts, USA) (B;=9.40T).

The *H wide-line NMR spectra were measured using
solid-echo pulse sequence on the Bruker AVANCE III spec-
trometer (v,=61.44 MHz) at 303 K. The n/2-pulse width
was 2.4 ps, and the duration between two nt/2-pulses was 30
ps. The echo signal was recorded by delaying 24 ps after the
second m/2-pulse. The signal accumulation was 24,000 with
0.5 s of repetition. The H chemical shift was referred to as
bulk heavy water (0 ppm).

The spin-lattice relaxation times (7'}) were measured
using the inversion recovery method for the temperature
range of 298-318 K. The pulse widths of the 2H nuclei were
22 ps for the JEOL ECA-500 spectrometer and 2.5 ps for the
Agilent VNS-300 spectrometer. The repetition time was 4 s.
For all examined temperatures, the T, values were evaluated
with an accuracy of 3%. The T, values were measured in
the temperature range of 298-320 K to avoid the effect of
desorption of adsorbed D,0. The temperature of the sample
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was controlled within the accuracy of +0.5 K using the tem-
perature controller equipped with the spectrometers.

3 Results and discussion
3.1 Water adsorption isotherm

Figure 3 illustrates the water adsorption and desorption iso-
therms of ACF15A. The water adsorption isotherm was type
V, essentially exhibiting a noticeable uptake near a relative
pressure of 0.7 and remarkable hysteresis in the desorption
curve [38]. This feature has been typically observed for
microporous materials with hydrophobic or slightly hydro-
philic surfaces. Prior to the rapid increase of the adsorp-
tion branch, the uptake curve was approximately 70 mg g™
(3.9 mmol g!) of H,O at a relative pressure of 0.4. This
uptake of H,O is roughly the same as the total amount of
the surface functional groups (5.53 mmol g!). Essentially,
at the initial stage of the water adsorption in ACF15A, water
molecules adsorbed to the surface functional groups, thus
acting as strong adsorption sites. During the next stage,
water clusters formed at the strong adsorption sites and grow
owing to the strong hydrogen bonding between the water
molecules and adsorption sites. At higher relative pres-
sures, the water clusters coalesced and finally water filled
the ACF micropores. At a relative pressure of 0.985, water
adsorption reached saturation, with the amount of water in
ACF15A of 682.4 mg g”!. Using the bulk densities of H,O
(0.997 g cm™) and D,O (1.107 g cm™), this quantity can be
converted to the saturated amount of D,O of 757.7 mg g\
This value was used for the evaluation of the pore-filling
ratio (¢) of D,O in ACF (Fig. 3).

3.2 2H-NMR spectrum

Figure 4a illustrates a solid-state “H-NMR spectrum for
a sample with ¢ of 0.55 at 303 K. An extremely sharp

T T T T
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Fig.3 Water adsorption and desorption isotherms for ACF15A. Both
adsorption (@) and desorption (O) branches are shown. The right-
hand axis represents the pore-filling ratio of H,O in the ACF slit-
typed micropore
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Fig.4 Solid-state.’H-NMR spectrum for ACF with a D,O pore-filling
ratio of 0.55 at 303 K: overall view (a) and enlarged view about a ver-
tical axis (X 1000) (b)

resonance line was observed near 0 Hz. In addition, a very
broad component was observed near the baseline over a
range of +200 kHz (Fig. 4b). This indicates that the ACF/
D,0 sample contains an extremely mobile component
and a solid-like, less mobile component. Integrations of
these peaks indicate that approximately 89% of the *H
nuclei contribute to the highly mobile narrow component
and 11% to the broad component (see ESI). This ratio is
close to the mass ratio between adsorbed D,0O and the

Fig.5 Result of optimization of
the narrow resonance line with
¢ =0.55 using the three com-
ponents of Lorentzian functions
(a). The resultant parameters
are plotted against the D,O
pore-filling ratio: chemical shift
(b), population (c), and line
width (d)

total amount of surface functional groups in the case of
¢ =0.55. The broad component appears to be a line shape
similar to the so-called Pake doublet [39-42], in which a
peak-to-peak split is ~ 150 kHz. In this case, the H quad-
rupole coupling constant (QCC) is estimated to be approx-
imately 200 kHz. This is a reasonable QCC value for a
hydrogen-bonded *H nucleus in the form of a hydroxyl
group and/or carboxylic acid [43]. This suggests that the
broad component originates from the >H nuclei incorpo-
rated into the surface functional group by H/D exchange
with adsorbed D,0.

The resonance line for the narrow component had
the full linewidth at half maximum of approximately
10-13 ppm. This indicates that the correlation time 7,
of the molecular motion of D,0 in ACF is in the region
of extreme narrowing (w,7, < < 1), indicating that D,0
behaves as a fluid phase. However, the resonance line
could not be described by a single Lorentzian function,
suggesting that there are multiple components contribut-
ing to the narrow resonance line. We successfully achieved
satisfactory optimization for the obtained resonance lines
using three Lorentzian functions. The results of the opti-
mization for ¢ of 0.55 are shown in Fig. 5a, and those for
other pore-filling ratios are also given in ESI.

Figure 5b and c illustrate the ¢-dependence of the chemi-
cal shift values and population of each resonance line. Both
the chemical shift values and population of the resonance
lines are nearly independent of ¢. In other words, these
components reflect the differences in the intrinsic environ-
ment of the ACF micropores, and the exchange among D,0
molecules occupying these environments is considered to be
slow compared to the NMR time scale (a few milliseconds).

(b)
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For the assignment of the resonance lines, the nucleus
independent chemical shift (NICS) of the water molecules
in carbon slit-shaped micropores, which has been reported
by Xing et al., provides a useful reference [29, 44]. They
reported that the isotropic NICS, §,,,, averaged over the pore
space is related to the pore diameter (atom center-to-center),
d, as follows:

d= AICXP(_5avg/5I) +AIIeXp(_5avg/5H) +d, €))

where 6; = —0.53ppm, 6; = —-3.7ppm, A; = 16.15nm,
Ay =3.82nm, and dj, = 0.57nm.

The d value represents the pore diameter measured from
the center of the carbon atoms comprising the pore wall.
Thus, to determine the pore diameter W from the N, adsorp-
tion isotherm, the diameter of the carbon atoms (0.34 nm)
should be subtracted from the evaluated d value. The average
values of the chemical shift for each component in Fig. 5b
are —6.57, —3.57, and —11.1 ppm for components 1, 2,
and 3, respectively. Based on Eq. (1), these shift values
can be assigned to the D,0O molecules occupying slit-type
micropores with pore diameters of 0.88, 1.7, and 0.42 nm,
respectively. The pore sizes estimated from the chemical
shifts for components 1 and 2 are in good agreement with
the pore size distributions (1 and 1.5 nm) obtained from
the N, adsorption isotherms, respectively. This suggests
that the resonance line for component 1 comes from the
D,0 molecules occupying the micropores giving a peak at
1 nm in the pore size distribution and that for component
2 from micropores giving a peak at 1.5 nm. Meanwhile,
for component 3, if it is considered to originate from the
micropores, the pore size is small (0.42 nm), suggesting that
the D,0O molecules may be adsorbed in the micropores that
are not detected by N, adsorption (but water molecules are
accessible). The other possibility is that the water molecules
trapped near the pore wall show large negative chemical
shifts, which may be attributed to the surface diffusion of
D,0 within the pore and on the outer pore surface. In any
case, component 3 has a smaller population (< 0.06) than
components 1 and 2 (Fig. 5c¢), and its effect on the 7, discus-
sion is considered small.

Figure 5d illustrates the D,0O pore-filling ratio depend-
ence of the half-width at half maximum AJ of the reso-
nance line for each component. The line width decreases
significantly up to ¢ of around 0.4 and maintains an
almost constant value. The linewidth of the Lorentzian
function is related to the effective spin—spin relaxation
time (7,") by A8 = 1/#T}; an increase in T, indicates a
decrease in the correlation time of D,0 molecular motion,
7.. This suggests that the mobility of the D,O molecules
in the micropore increases significantly in the range of
¢ =0.1-0.4. This trend is nearly the same for all three
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components, suggesting no significant differences in the
molecular motion of the D,0 molecules involved in each
component. The three components contributing to the
narrow resonance line have chemical shift values close to
each other, and there is a large overlap between the peaks.
Thus, attempting to force the evaluation of 7| separately
for each peak may lead to large errors in the T, values.
Therefore, in the next section, we will emphasize narrow-
ing the resonance line and discuss the spin-relaxation time
(T)) as a whole, averaged over these three components.

3.3 2H spin-lattice relaxation time (T,)

The magnetization recovery curve had two components
with different T values for the broadband spectrum (see
ESI). We regarded the long T, value as the minor compo-
nent (broad one) because its contribution was less than 1%
of that of the short T}, component. Meanwhile, the mag-
netization recovery curves decayed exponentially with a
single time constant for the narrow resonance lines. This
focuses on only the dominant component with the narrow
resonance line, which is the primary 7| component arising
from the adsorbed D,0 in the pores.

For the spin-lattice relaxation time (7,;) of D,0
adsorbed in ACF micropores, the 2H-?H and H-'H mag-
netic dipole—dipole interactions and those of *H nuclear
quadrupole are responsible for the relaxation mechanism.
The contribution of each interaction to 1/7,, which is
the relaxation strength, is approximately proportional
to the square of the interaction under the conditions of
extreme narrowing (w7, < 1). The nuclear quadrupole
coupling constant ()(Q=21ce2Qq/h), which represents
the magnitude of the ?H nuclear quadrupole interac-
tion, is XQ= 256 kHz in bulk D,O (see below). The mag-
netic dipole interaction is Dpp, = (uy/47) (20 /1r),)
for *H-H and Dpyy = (u/47) (ypyuh®/r},,) for *H-"H.
Assuming that the intramolecular H-H (H-D) distance is
rpp = rpg = 0.158nm, Dp, ~ 4.5kHz and Dp ~ 29kHz
are estimated. Thus, the ratio of the relaxation strength
due to each interaction is 6.6 x 10'* : 2.0 x 107 : 8.6 x 10°.
Since H-D pairs are only produced by the H/D exchange
between D,0O and the ACF surface functional groups, the
relaxation strength due to the H-D dipole interaction is
expected to be further reduced. Therefore, for the D,0O
in the ACF pore, the relaxation process dominated by the
nuclear quadrupole interaction (7;,) becomes the main
relaxation mechanism; subsequently, the observed relaxa-
tion time (7;) can be approximated to be equal to the relax-
ation owing to the nuclear quadrupole interaction (7'q) of
D,0. Thus, the T, value can be converted to the rotational
correlation time (z,) of the D,0 molecules as follows [45].
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1 3, n*

where y, is the nuclear quadrupole coupling constant, and
1 is the asymmetry parameter of the electric field gradient
tensor. The rotational correlation time was determined using
the yq and 7 values for bulk heavy water (yo=256 kHz and
n=0.164) [46].

3.3.1 Dependence of T, on D,0 pore-filling ratio

Figure 6 illustrates the dependence of “H 7| at 303 K on the
pore-filling ratio of D,0. For ¢ below 0.12, T, becomes less
than 100 ms and is approximately constant. Because the ¢
value is greater than 0.18, T increases and reaches a maxi-
mum at ¢ of approximately 0.35. The T, value decreases
again toward ¢ of 0.4 and then reaches approximately
170 ms. Subsequently, it gradually increases after ¢ of 0.43.
This suggests that the mobility of D,O molecules within the
ACF micropores changes with ¢.

The ¢-dependence of 7, is also shown in Fig. 6. In the
regions where ¢ <0.12, 7, has values more than 11 ps.
This value is five times higher than that for bulk water
(r,=2.0 ps). The high value of 7, is attributed to the suppres-
sion of the rotational motion of the D,O molecules, which is
caused by the formation of strong hydrogen bonds between
the D,0 molecules and the surface functional groups that act
as strong hydrogen acceptors or donors. The 7, value is con-
sistent with ¢ of 0.14 necessary for the adsorbed D,0 mole-
cules to interact with all of the surface functional groups (see
ESI). Therefore, the 7, values for ¢ in the range of 0.19-0.44
are considered to reflect the intermolecular structure of the
adsorbed D,0 molecules. Essentially, the growth of the
water clusters is followed by the formation of a continuous
fluid phase in the ACF micropores. This is consistent with
the scheme of the detailed nucleation and growth processes
of water inside activated carbon micropores revealed by the
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Fig.6 Pore-filling ratio (¢)) dependence of the 2H spin—lattice relaxa-
tion time (7)) and the correlation time (z,) of D,O reorientation at
303 K. The error bars are within the data symbols. The T} and 7, val-
ues clearly depend on ¢, suggesting that the local structure of D,0
confined in ACF critically affects the reorientation of D,O molecules

nucleus-independent chemical shift (NICS) of water in a
previous study [30]. In Sect. 3.5, we quantitatively analyze
the dependence of 7, on ¢ based on the chemical exchange
effect.

3.3.2 Temperature dependence of °H T,

The intermolecular interactions between a D,0 molecule
and the adsorption sites in the ACF micropore can also be
examined through the evaluation of the Arrhenius activa-
tion energy (E,), which is determined from the temperature
dependence of 7. Figure 7 shows the Arrhenius plot of 7.
All of the specimens follow Arrhenius’s law, thus suggesting
that the temperature-dependent behavior of 7, is controlled
by the thermal activation process (7, =7,exp[E/RT]). The
obtained activation energies are listed in Table 1.

At the low pore-filling ratio (¢ < 0.12), the reorientation
of D,0 molecules is suppressed by the strong hydrogen
bonding to the surface functional groups. According to the
EJM (see below) that explains the microscopic process of
D,0 molecular reorientation, the energy barrier is domi-
nated primarily by two factors [34], namely framework fluc-
tuations that cause the hydrogen-bonded D,0 pairs to flip

S}

In(z, / ps)

31 32 33 34
7107 K

Fig.7 Arrhenius plot of the correlation times for the D,O reorienta-
tion

Table 1 Activation parameters determined from the Arrhenius plots
of 7,

p) E, (kI mol™") 7 (3)

0.06 8.8 (+0.1) (3.7+0.1)x10™"
0.25 12 (1) 4.7+0.1)x10™"
0.35 27(+4) Q2+1)x107®
0.44 14 (1) 2.0£0.1)x10™
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together, and the proximity of a second D,0O molecule to
the hydrogen bond site. However, because the functional
groups attached to the micropore surface cannot flip together
with a D,0O molecule, the effect of the framework fluctua-
tions on the activation energy is believed to be minimal. In
the vicinity of the pore surface, the strong potential field of
the micropores effectively interacts with the adsorbed mol-
ecules. This is expected to reduce the thermal fluctuations
through a pseudo-low-temperature effect. Therefore, the
area surrounding the D,0O molecules that are trapped by the
surface functional groups can be accessed by overcoming a
relatively low energy barrier (8.8 kJ/mol).

As the pore-filling ratio increases and the number of the
D,0 molecules in the micropore exceeds that of the surface
functional groups (¢ =0.14) (see ESI), D,O molecules that
exhibit significantly weaker interactions with the surface
functional groups appear. These molecules can move within
the micropore while exchanging hydrogen bonds with the
D,0 clusters formed around the surface functional groups.
These D,0 molecules also act as hydrogen acceptors during
the hydrogen bond exchange reaction. These D,0O molecules
require energy to break the hydrogen bonds with the D,O
cluster and move around in the micropore, thus contribut-
ing to the activation energy for the reorientation motion and
leading to an activation energy of 12 kJ/mol. Furthermore,
when the ¢ value exceeds 0.3, the D,0 molecules moving
in the pores also form hydrogen bonds, thus leading to the
growth of the water clusters, resulting in the formation of a
hydrogen-bond network and increasing the number of hydro-
gen bonds per D,0 molecule. Consequently, this increases
the activation energy to 26 kJ/mol. However, when the ¢
value reaches 0.44, the density of the D,O molecules in the
micropore approaches that of bulk D,0O. At this point, the
hydrogen-bond network becomes almost complete, resulting
in a reduction in the contribution of translational motion.
The local structural fluctuations of the D,0O molecules allow
for hydrogen bond exchange and associated reorientation.
Consequently, the activation energy is almost the same as
that of bulk D,0, which is 14.6 kJ/mol [34].

3.4 Delay effect of reorientation motion

The EJM has been used to describe the reorientation of
water molecules [33, 34]. This model treats the local fluctua-
tions of hydrogen-bonded water molecules and considers the
contributions of both the changes in the direction of water
molecules by jumping (jump process) and the collective
flipping of a pair of water molecules linked by a hydrogen
bond (framework flipping process). The reorientation rate (1/
Teor ™) of the water molecule is given by the sum of both
the rate of the jump process (Tj,y,) and the rate of the frame-
work flipping process (Ty,.), according to 1/(t,., 2 =1/

reor

Treor + 1/Tirame- Molecular dynamics simulations using the
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SPC/E molecular force field for water yield t,.,*™=2.2 ps,
Treor = 3.6 ps, and T4, =5.6 ps at 300 K [34]. Thus, the
reorientation of water molecules is dominated by the faster
jump process.

When applying this model to the D,O confined in the
ACEF slit-shaped micropores, two contributions are consid-
ered to affect the jump time of the D,0 molecules [47]: 1)
the nanoconfinement effect (reduction of free volume around
D,0) and 2) the effect of the surface functional groups
(capture of D,0O molecules through hydrogen bonding).
For the hydrogen-bond exchange reaction, these effects can
be accounted for by the transition-state excluded volume
(TSEV), and the transition-state hydrogen bonding (TSHB)
factor.

The TSEV effect slows the delay of the molecular motion
of D,0. The delay factor of the molecular motion due to
TSEV is denoted as py, and is given by the ratio of the jump
time of the water molecules in the slit-shaped micropores to
that of bulk water [47, 48]:

pore ; bulk __ f
/Tjump - 1-f €)]

A= Ty
where “f” is the fraction of the space that is unavailable for
the transition state of the hydrogen-bonding exchange reac-
tions. This corresponds to the fraction of the circular ring
surrounding the O—H...O hydrogen bond that is geometri-
cally overlapped by the pore walls and surface functional
groups. For bulk water, this fraction is determined by the
intermolecular distance between the hydrogen-bonded water
molecules and the angle of the jump of the hydrogen atom.
For spatially extended hydrophobic surfaces, the f value of
approximately 1/2 (py,=1.8) has been reported [49]. For ¢ of
0.35, the py, value is estimated to be 2.2 (i.e., 4.4 ps/2.0 ps) at
303 K, which is in good agreement with the reported value.
Thus, the confinement in the ACF nanopores delays the
reorientational motion of the D,O molecules at ¢ of 0.35
through the TSEV effect in the hydrogen-bond exchange
reaction. As the ¢ value increases to approximately 0.44,
the t, and py, values reach 6.3 ps and 3.2, respectively. This
suggests that the filling of D,O into the ACF micropores
increases the TSEV effect owing to the restricted space
between the D,0O molecules.

The TSHB factor accounts for the asymmetry in the
strength of the hydrogen bonding between the water mole-
cules and other hydrogen bonding acceptors. The TSHB fac-
tor is the difference between the transition Gibbs energies of
hydrogen bonding at the non-water hydrogen-bond acceptor
sites (AG*,) and hydrogen bonding for bulk water (AG*, ;)
and is denoted by AAG*. This factor specifies whether the
hydrogen bond exchange reaction is accelerated or retarded
compared to that in bulk water. Thus, the TSHB factor pyp
is expressed as pHBzexp(AAGi/kT) [47, 48]. When both
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the effects of steric hindrance and hydrogen bonding in the
nanospace are considered, the jump time of a water mol-
ecule is given by Ty, = pv-pHB-rjumprIk [47]. For relatively
strong hydrogen bonding acceptors, such as carboxyl and
amino groups, pyg is known to have values between 2 and
4 [50], thus indicating a significant delayed effect on the
jump time of water molecules. The ACF micropore walls
also contain strong hydrogen bonding acceptor sites, such
as carboxyl and lactone groups, and basic sites. These are
expected to form strong hydrogen bonds with the adsorbed
D,0 molecules and suppress their reorientation. At ¢ of
0.06, 7,=11.0 ps at 303 K; then, the py value is estimated
as 2.5 by assuming *cjumpb““‘=2.0 ps and py=2.2. These
results are consistent with the previously reported values
[50]. Therefore, the rotational motion of D,O at ¢ below
0.12 is delayed primarily by the formation of strong hydro-
gen bonds with surface functional groups.

Furthermore, the activation energy (E,) provides insight
into the hydrogen bonding of the D,O molecules in the
ACFI15A micropores. For bulk D,0, reportedly, the E, value
is 11.7 kJ/mol per hydrogen bond [51]. Assuming that the
hydrogen bonds between the D,0O molecules in the ACF15A
micropore have a similar bond energy to the molecules in the
bulk, the E, value of 26 kJ/mol at a ¢ of 0.35 is equivalent
to the energy required to break 2.3 hydrogen bonds dur-
ing the rotational motion of D,0 molecules. Essentially, the
number of hydrogen bonds formed by a D,0 molecule in
the ACF15A micropore is approximately 60% of that in hex-
agonal ice (4), and 70% of that in bulk H,O (3.4 on average)
[52]. Thus, the adsorbed D,O in the ACF15A micropores
has a much sparser hydrogen bonding network.

3.5 Effects of the chemical exchange of D,0
molecules

The D,0 molecules adsorbed in the ACF micropores are
found at the adsorption sites near the pore surface (S) con-
taining surface functional groups and in the spaces away
from the pore surface (W). Although the W site also has a
strong adsorption potential field enhanced by the micropo-
res, the S site can adsorb D,0 molecules more strongly than
the W sites because of the strong hydrogen-bonding interac-
tions with the surface functional groups and the formation
of the image-potential states in graphene. The D,0O mol-
ecules adsorbed in the ACF micropores exchange dynami-
cally between both sites, as denoted by S = W. Applying
the EJM to the D,0 molecules in the micropores, the aver-
age reorientation time <TEJM> can be represented using the

reor
reorientation times 7,..,> and 7, and the site populations

reor
pSand p% of the two sites [53, 54] as p>7,,,, > +pV 7,00, The
reorientation time at the W site, 7., is given by the aver-
age of the correlation time for the reorientation involving

deuteron transfer from the W site to the S site, 7,.,,"°, and

time 7, " for the reorientation involving deuteron transfer

between W sites, as follows.

1 N 1 _pS—>W pS—>W

W WS TWW )
reor reor reor
S—W -

where p is the probability of the D,O molecule that ini-
tially occupies the S site to jump to the W site. By express-
ing (M) as a function of the pore-filling ratio, we can
qualitatively analyze the pore-filling ratio dependence of
7,. First, we approximate 7., > and 7,,,," " based on the 7,
values obtained at the low pore-filling ratio (¢ <0.12) and
high pore-filling ratio (¢ > 0.55), respectively. The 7,.,, ">
is shorter than 7,5 and 7,.,," " because the D,0 molecule
re-orients rapidly when fast deuteron transfer to the strong
hydrogen bond acceptor sites occurs. Next, the Tremws value
is approximated to be similar to or shorter than 7, for bulk
D,0. Furthermore, the water adsorption process in 2D
hydrophobic space is characterized by forming water clus-
ters, followed by their growth and coalescence, resulting in
effective water adsorption. This process also increases the
probability of migration of the D,O molecules (or D atoms),
as described by the 2D percolation theory. Essentially, p5—~W
can be approximated by the following sigmoidal function

[55].

PV = %[1 +tanh<¢_L¢°>] 5)

where ¢, is the critical pore-filling ratio, which is 1/2 in 2D
bond percolation and 0.592746 in 2D site percolation [55].
The value of “L” is a variable parameter and depends on
the size of the system. For ¢ <0.14, the populations of the
S and W sites are ps= 1 and pw=0, whereas, for ¢ >0.15,
the population of each site depends on the site stability and
can be represented by the Boltzmann-like distribution, as
follows.

pS = pexp|—b(¢ — ¢y)] (6)

pV=1-p @)

where b is a constant determining the shape of the distri-
bution. Using these relationships, we were able to quali-
tatively reproduce the dependence of 7. on ¢, as shown in
Fig. 8, thereby obtaining the following parameters; ¢, =0.3,
Troor 0 =0.5 PS, Tpo " " =5.5 PS, Tyeoro = 11.5 ps, ¢y =0.15,
b=2, and L=0.05. The b value obtained at 303 K corre-
sponds to the energy difference of approximately 78 meV
between the S site and the W site. Thus, the dependence of
the D,0 rotational motion in the ACF micropores on ¢ can
be explained by the effect of the chemical exchange between
the adsorption sites near the pore surface (S) and the D,O
molecules in the space away from the pore surface (W). In
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Fig.8 Pore-filling ratio dependence of 7z, at 303 K. The exchange
model reproduces well the experimental data described by the solid
curve (black line). The populations of the S and W sites are shown by
dashed lines (light-green for p® and pink for p%). The reorientation
time (7, blue solid line) of D,O occupying the W site suddenly
increases at ¢p of approximately 0.35 owing to the site-percolation
linkages of the water clusters (Color figure online)

particular, we can conclude that the minimal rotational cor-
relation time observed at a ¢ of 0.3 is caused by the crosso-
ver between the D,O molecules moving freely within the
micropore and the development of a hydrogen bonding net-
work due to the growth of the water clusters as well as the
site-percolation linkages of the water clusters.

4 Conclusion

The reorientational motion of the D,0 molecules adsorbed
in ACF was investigated using H-NMR. The H-NMR spec-
trum at the ambient temperature showed an extremely sharp
resonance line that was well-described by the three kinds of
Lorentzian-type functions, with a full-width at the half max-
imum of approximately 3-9 ppm. This indicates that D,O
in ACF behaves as a fluid phase. According to the nucleus
independent chemical shift (NICS) of the water molecules
in carbon slit-shaped micropores, these three components
were assigned to the D,O molecules confined in the ACF
micropores with different pore sizes (1, 1.5, and <0.42 nm).

The pore-filling ratio and temperature dependence of
the 2H spin—lattice relaxation time (T,) were further exam-
ined based on the measurements of the water adsorption
isotherm of ACEF, revealing the dynamics of the D,0 mol-
ecules in the D,0 adsorption mechanism. The observed T
values were converted to the rotational correlation times
(7.) of the D,O molecules. The obtained 7, values showed
a remarkable dependence on ¢ and temperature, indicat-
ing that the reorientation of the D,O molecule in ACF is
significantly affected by the adsorption of D,O into ACF
that consists of hydrogen bonding with the surface func-
tional group, water cluster formation, and growth of the
hydrogen bonding network. For ¢ below 0.12, the slow
reorientation of D,O was dominated by the formation of
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strong hydrogen bonds between the D,0O molecules and
the surface functional groups acting as strong hydrogen
acceptors or donors. For ¢ ranging from 0.19 to 0.44, the
7, values reflected the structural change from water clus-
ters to the continuous fluid phase in the ACF micropores.

The EJM can explain the reorientational correlation
time of the D,0 molecules confined in the slit-shaped
micropores of ACF as arising predominantly from two
contributions: the TSEV effect and the TSHB factor. These
effects delayed the reorientational motion of D,O mol-
ecules through the reduction of the free volume around
D,0 due to nanoconfinement and the effect of the hydro-
gen bonding of D,0 with the surface functional groups.

The ¢-dependence of 7, was explained by the effect
of the chemical exchange between the adsorption sites
near the pore surface and the central space of the pore
away from the pore surface. The minimum of 7, at a ¢ of
approximately 0.3 was considered to be due to the crosso-
ver between the D,0O molecules moving freely within the
micropore and the development of a hydrogen-bonding
network through the growth of water clusters as well as
their site-percolation linkages.

Thus, this study examined the molecular motion of D,O
confined in ACF using *H T}, characterized the dynamics
of the adsorbed D,0 molecules, and revealed the adsorp-
tion mechanism of D,0 into the ACF micropores from the
viewpoint of the D,O molecular motion. We believe that
these findings open a new avenue for the development of
a molecular theory of water adsorption in hydrophobic
sub-nanoscale spaces. For example, the NMR technique
used in this study, which monitors the molecular motion of
water as a molecular probe, may make it possible to exam-
ine the specific adsorption behavior of water observed in
graphene and graphene oxide, which has recently attracted
significant attention.
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