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The temperature dependence of the dynamics of water inside microporous activated carbon fibers
(ACF) is investigated by means of incoherent elastic and quasi-elastic neutron scattering techniques.
The aim is to evaluate the effect of increasing pore size on the water dynamics in these primarily
hydrophobic slit-shaped channels. Using two different micropore sizes (~12 and 18 A, denoted
respectively ACF-10 and ACF-20), a clear suppression of the mobility of the water molecules is
observed as the pore gap or temperature decreases. This suppression is accompanied by a systematic
dependence of the average translational diffusion coefficient D, and relaxation time (7o) of the
restricted water on pore size and temperature. The observed D, values are tested against a proposed
scaling law, in which the translational diffusion coefficient D, of water within a porous matrix was
found to depend solely on two single parameters, a temperature independent translational diffusion
coefficient D. associated with the water bound to the pore walls and the ratio € of this strictly
confined water to the total water inside the pore, yielding unique characteristic parameters for
water transport in these carbon channels across the investigated temperature range.

PACS numbers: 66.10.C-, 29.30.Hs, 66.30.jj, 61.43.Gt

I. INTRODUCTION

Due to its polar nature, water is considered to be the
de-facto solvent of choice for many important chemical
and biological processes. In the animal kingdom for ex-
ample, water facilitates key essential functions such as
the regulation of body temperature, the breaking down
of nutrients, and the activities of vital protein and en-
zymes to name a few. These vital roles coupled to the
extraordinary thermo-physical properties of water, such
as the ability to expand rather than contract upon cool-
ing, as well as its known thermodynamics anomalies (heat
capacity, and isothermal compressibility etc.) continue to
drive fundamental research on this complex fluid.

In many common life circumstances, water is often con-
strained to some surfaces, or restricted within tight cav-
ities or very small voids or cracks. This nano-scopically
restricted water undergoes structural perturbations and
exhibits reduced molecular mobility and thermodynam-
ics properties that are very distinct from those of bulk
water [1-7]. The slowing down of water dynamics in
nano-confinement is rather well documented, and has
been observed with neutron spectroscopy in a number of
porous materials, including hydrophilic silica-based sys-
tems such as GelSil [8], Vycor [9], SBA-15 [10], MCM-14
[11-14], and FSM-12 [15], and hydrophobic carbon sys-
tems such as carbide-derived carbon (CDC) [16], CMK-1
[17], single-wall nanotubes (SWNT) [18], and double-wall
nanotubes (DWNT) [18, 19].

The most commonly investigated pore geometry with
neutrons in confined water research is that of the cylindri-
cal type (i.e. silica MCM-41 or carbon SWNT), which is
comparatively easier to model than non-uniform or other
complex shapes. This convenient geometry is readily
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available in various sizes, facilitating systematic studies
and enabling direct comparison with proxy models used
in molecular dynamics simulations [3, 11, 20].

Understanding the effects of other pore shapes and
spacings on the dynamics of water is thus of key scientific
importance. In the present study, we investigate the ef-
fect of pore size on the dynamics of water confined inside
carbon channels that are primarily slit-shaped. Specif-
ically, we study the characteristic diffusive dynamics of
water confined in the micropores of two activated car-
bon fiber samples at various temperatures using neutron
spectroscopy. The observed average characteristic re-
laxations (19) and translational diffusion coefficients D,
(associated with the H-sites of water) indicate a diffu-
sion that is remarkably slower than in the bulk liquid,
with an Arrhenius temperature behavior and character-
istic energy barrier E4 that is, however, similar to the
bulk value. The diffusion properties can be adequately
parametrized using a recently proposed scaling law [21]
for water transport, leading to two unique water trans-
port characteristics in these slit-like carbon pore struc-
tures. These observed parameters can be used to predict
the translational diffusion coefficient of water in these
porous carbon samples at any other temperature where
the law holds, without having to perform additional mea-
surements.

Before discussing the measurements, It is useful
to stress the difference between hydrophobic and hy-
drophilic systems. By convention, flat surfaces are clas-
sified as hydrophobic when a water droplet yields a con-
tact angle larger than 90° with them. Otherwise, they
are labeled as hydrophilic. More generally speaking,
hydrophilic surfaces are those that greatly attract wa-
ter. Identifying and understanding how the molecu-
lar properties of water get affected by various degrees
of hydrophobicity /hydrophilicity have been the focus
of extensive molecular dynamics studies[3, 5, 22-25].
These in-depth simulation studies are proving valuable



in better understanding molecular self-assembly where
hydrophobicity and hydrophilicity are known to com-
pete (membrane and micellar formation) and for advanc-
ing various practical applications (such as designing self-
cleaning surfaces). Complementary experimental studies
of the structure and dynamics of confined water come
exclusively from neutron scattering, and dielectric spec-
troscopy [7, 11, 26, 27].

Even the most commonly designated ‘hydrophobic’
materials contain surface sites that are hydrophilic (oxy-
genated groups such as hydroxyls or carboxyls; see Ref.
[28] and references therein). It is still a matter of con-
tinued debate if and how such groups affect the wa-
ter wetting behavior of surfaces (other than the fact
that they facilitate wetting), and what concentrations
or arrangement of these polar sites are required to make
a surface macroscopically hydrophobic rather than hy-
drophilic [29]. This interesting ongoing debate is beyond
the scope of the present article, and we refer the reader
to Refs.[28, 29] for further reading,.

What is certain however is that untreated virgin ACF
type materials, as used here, contain oxygenated groups
that greatly influence their water adsorption capacities.
An elemental analysis study of similar ACF samples (us-
ing X-ray photoelectron spectroscopy) revealed the fol-
lowing contents distribution: 94.1% carbon and 5.4%
oxygen for the homologous small ACFC-10 pores versus
94.2%-carbon and 4.8% oxygen for the large pore ACFC-
20 ([30]. Using thermodynamics measurements, the de-
gree of hydrohilicity can be characterized by a single pa-
rameter, known as the hydrophillicity index (HI) [31].
This index corresponds to the ratio between the water
adsorption capacity of ACF and the adsorption of a wet-
ting fluid such as Ny near its boiling point. Thommes
et al. have reported this index to be around 36% (hy-
drophilic/hydrophobic) for a similar ACF-10 sample, in-
dicating that the latter is not totally hydrophobic, largely
due the presence of oxygenated polar groups. Similarly,
we anticipate ACF-20 to be partially hydrophilic, with a
comparable degree of hydrophobicity. The present stud-
ies report thus the dynamical behavior of water confined
inside partially hydrophobic carbon slit-pores at partial
pore fillings 30 to 70% full).

II. SAMPLE CHARACTERISTICS AND
DETAILS

The Kynol™* activated carbon fiber (ACF) sam-
ples were received from the American Technical Trading
(ATT), NY. These ACF samples were synthesized from
polymeric carbon precursors and contain narrow pore size
distributions and a large pore volume that is set by the
degree of activation during synthesis. We use two differ-
ent ACF samples (ACF-1603-10, and ACF-1603-20) for
our study. The as-received carbon fibers have average
macroscopic dimensions of ~ 3 mm length, and ~ 10
pm diameter. These nominal average dimensions were

checked against transmission electron microscopy results
for consistency (not shown here). Previously reported
scanning tunneling microscopy (STM) of similar ACF
samples [33-35] has revealed a highly sinuous pore net-
work with predominantly uniform nanometer size pore
distribution (with a micropore volume V,pore 0f ~88% of
the total pore volume [Vioiar ~0.4-0.5 cc/g] in ACF-10
[32, 34]). The remainder of the pore volume consists of
random mesopores and some ultra-micropores. The rele-
vant sample characteristics are listed in Table I. Various
other measurements including thermodynamics[33, 36],
small-angle neutron and X-ray scattering [37, 38] of ACF-
10 and ACF-20 have also confirmed that the intercon-
nected pore structure is primarily comprised of elongated
curvy slit-pores. The pores themselves are the voids be-
tween curvy but parallel carbon sheets [39]. The gap be-
tween two non-flat carbon sheets defines the average pore
size. The key point is that the pores in ACF are not cylin-
drically shaped as in other well characterized nanotubes,
but appear to be made of irregular slits pores, as indi-
cated by the above cited STM work. This different pore
structure offers a new platform for investigating fluids in
confined geometries in non-cylindrical pores. For the cur-
rent ACF-10 and ACF-20 samples, the average pore size
is estimated to be respectively (1240.5) and (1840.6)
A, based of previously reported Ny adsorption isotherm
measurements [32, 34] using the Dubnin-Astakhov equa-
tion [40]. Since the average pore sizes are all below 2 nm,
we refer to the samples as microporous materials. The
nominal sample specific surface areas, tabulated in Ta-
ble I, were confirmed at the time of the synthesis by the
manufacturer by iodine number testing, and correlated
well with BET calculations in this range [34]. Iodine is a
common standard adsorbate used in industry to estimate
the adsorption capacity of carbon samples.

To prepare for the neutron experiments, we outgassed
the as-provided ACF samples for 36 hours at 473 K in
a vacuum oven to remove all of the bulk-like water, and
most of the surface water that was originally present in
the as-received sample. We then exposed respectively
about 2 g of each so-dried sample to a humid atmo-
sphere in a desiccator for several hours. The hydration
level reached in each case after about 24 hours expo-
sure is indicated in Table I. These values were based on
the relative weight change of each sample. These some-
what important hydration levels signal the presence of
hydrophilic groups (such as oxygenated sites for exam-
ple) in otherwise totally hydrophobic samples. Since the
quoted hydration amounts are relative to the ‘drying’
conditions set above, it is important to note that the dif-
fusive dynamics reported in this work are those of all wa-
ter molecules present inside the porous carbon network.
The neutron being primarily sensitive to hydrogen atoms,
the present measurements yield the characteristic relax-
ations of all confined water molecules. The hydrated sam-
ples were subsequently each loaded unto an annular Al
can (with an effective gap of 2 mm) to minimize multiple
scattering. The subsequently indium-sealed containers



TABLE I: Characteristic size and volume of the micropores in ACF, corresponding BET surface area (from Ref. [32]) and
hydration level h (weight%), as measured from the relative weight change of ‘dry’ sample after 24 hours exposure to a humid
atmosphere. Vpore is the open volume of micropores, and Vrota: the total available pore volume in the sample.

Sample p-pore size (A) % (%) Surface Area (m?/g) h (weight%)
ACF-10 11.97 88 785 21
ACF-20 17.69 75 2247 23

were anchored to the copper finger of a close-cycle refrig-
erator (CCR) stick which allowed to control the sample
temperature for the present measurements in the range
50 < T < 300 K, within an accuracy better than 0.1 K. A
small amount of helium was used as an exchange gas to
insure adequate thermal equilibrium between the CCR
wall and the sample.

III. NEUTRON SCATTERING
MEASUREMENTS

In this section, the technical details concerning the
neutron measurements are presented. The neutron data
were all collected on the backscattering spectrometer BA-
SIS at Oak Ridge National Laboratory (ORNL), USA
[41]. This unique indirect geometry neutron spectrom-
eter has an excellent energy resolution I', = 1.75 ueV
(Half-Width-at-Half-Maximum or HWHM) at the elastic
line, and covers a momentum () and energy FE transfer
range, respectively 0.3 < Q < 2 A=! and —120 < E <
120 peV, enabling access to time and length scales in
the range | =3-22 A and ¢ from ~5 up to 1000 ps. To
show the quality of the data collected on BASIS, repre-
sentative S(Q, E) spectra of water adsorbed in ACF-20
at temperature 250 K is shown in Fig. 1.

A. Incoherent Elastic Response

To gain preliminary insights into the molecular dy-
namics of water in ACF and determine the appropriate
temperature range within which the diffusive dynamics
become observable on BASIS, it is useful to investigate
the temperature dependence of the elastic peak. This
is achieved by integrating the peak intensity of rapidly
collected runs (10 mins per point) of S(Q, E) around
E =0 (-T, < E <T,) at each temperature from
say 100 to 300 K, in steps of 5-10 K depending on the
temperature region. Fig. 2 shows the result of such an
analysis for both ACF samples, at a selected @ of 1.3
A. The resulting energy-integrated elastic intensity (1)
is normalized to the lowest temperature data taken at
To = 50 K so that I(T)/I(Ty) equals unity at T = Tp.
The I(T) signal decreases with increasing temperature,
indicating an increase in mobility of the H-sites of wa-
ter, and consequently of water itself. To a first approx-
imation, this behavior can be understood on the basis

of an I(T) that is modulated by a Debye-Waller coeffi-
cient; i.e. proportional to exp [—Q%(u?(T))/3] [42, 43] at
each @, where (u?(T)) is the mean square displacement
(MSD) associated with the hydrogen atoms in water. At
low T, the MSD arises primarily from harmonic vibra-
tions, increasing monotonically with increasing 7. At
high T" where anharmonic vibrations become important,
its accurate determination requires a subtraction of the
harmonic phonon contributions (which can be estimated
from the MSD at low T by extrapolation).

In any case, the total elastic area I(T) integrated over
the instrument resolution window would effectively in-
crease as T is reduced, converging to some constant value
when the diffusive dynamics become resolution limited,
which is observed here to be around 150-180 K. Similarly,
when the dynamics become too broad to be observed at
the high temperatures (above ~ 290 K here), I(T) flat-
ten to background levels. These levels are dominated
by higher energy dynamical processes that fall outside
the instrument dynamics range. The intermediate re-
gion between these two limits where the intensity drops
relatively quickly is associated with the relevant molec-
ular diffusion. Water crystallization on the other hand,
if present, would manifest itself along the I(T) curve as
a sharp drop (similar to a step-like first order transi-
tion), which is not observed here at any @ (i.e. at any
length scale probed). The scattering from solid ice is
purely elastic. Our present observation suggests that wa-
ter molecules in the microporous ACF remain mobile well
below bulk water freezing temperature.

To get a preliminary estimate of the energies associated
with the thermally activated water dynamics responsible
for the drop in I(T) at various length scales, the diffu-
sive component of S(Q, F) can be modeled with a single
Lorentzian function Ly (E) = & E2F+TF2T to a first approxi-
mation. Assuming an Arrhenius temperature dependent
I'y =T exp(—E4/RT)), the energy-integrated I(T') for
E < T, (i.e. neglecting resolution effects) can be explic-
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FIG. 1: (Color online) Observed quasi-elastic neutron scattering intensity I(Q, E) on the BASIS instrument, as a function of
energy transfer F for water in ACF-20 (average slit size d ~ 18A) at selected momentum transfer () and temperature 7' = 250
K. Although the actual energy window investigated is symmetric in energy (£120 peV), only the neutron energy gain side is
shown for display purposes. The relative errorbars are smaller than the symbols.

itly evaluated at each @ as follows, [44, 45],
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where T',. is the HWHM of the instrument energy reso-
lution (~1.75 peV), T's that of Ly(E) when T — oo,
and Ay a fraction of the observable molecules that do
not participate to the diffusive process. Eq. 1 has thus
three adjustable parameters: Ag, I'o, and E4. The solid

lines in Fig. 4 represent the fits obtained at Q =1.3 A~!
using Eq. 1. These fits yield average E4 values between
13 and 16 kJ/mol for ACF-10 and 16 and 21 kJ/mol for
ACF-20 for the Q-range probed (0.5 < Q < 1.3 A~1).
At the higher Q@ (> 1.5 A~1), the data analysis is com-
plicated by the coupling between translational and ro-
tational modes. These @) values are thus not included
in the present analysis. Estimate of the energy barriers
E 4 associated with the long range translational diffusion
can be best inferred from the lowest Q = 0.5 A~1 data
(spatial scale up to 27/Q ~ 13 A). Similarly, E4 associ-
ated with localized dynamics (sphere of radius ~5 A) is
provided by the largest investigated Q of 1.3 A=1. The
observed F 4 within this small @) interval increases with
increasing (), as indicated in the inset of Fig. 2. There is
a somewhat broad distribution of E 4 values, character-
izing various length scales. The observable limits of F4
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FIG. 2: (Color online) Temperature and pore size de-
pendence of the energy-integrated elastic intensity I(T) =

fflfT dE Sr(Q,E) of water confined in carbon fibers, at a

selected momentum transfer Q of 1.3 A, where T', is the in-
strument energy resolution width (HWHM=1.75ueV). The
onset of observable diffusive dynamics on BASIS is marked
by the departure from a monotonically varying slope in I(T')
at low temperatures to a more rapidly changing slope at the
higher temperatures. The solid lines are model fits to data,
corresponding to an activation energy of E4 =16 and 21
kJ/mol, for ACF-10 and ACF-20 respectively. The errorbars
are smaller than the symbols.

TABLE II: Estimate of the activation energy E4 (in units of
kJ/mol) of water in ACF, as obtained from fits of Eq. 1 to
the integrated elastic intensity I(T").

QA ACF-10 ACF-20
0.5 13.6 16.3
1.3 16.2 21.2

are more less set by the lowest and highest accessible @
on the neutron spectrometer. This distribution of E4, as
summarized in Table I, suggests that a single Lorentzian
alone cannot fully describe the entire quasi-elastic neu-
tron (QENS) spectra. To map-out the entire observable
E 4 values, I(T') should be analyzed at each accessible @
value. Eq. 1 provides only a rough estimate of E4 at the
corresponding length scale probed. We find the param-
eter Ag in Eq. 1 to decrease with increasing @, varying
for example from 0.46 at Q = 0.5 A~ to 0.27 at Q= 1.3
A-'in ACF-10.

To determine a single average characteristic F4 value
for the observed diffusive process, a detailed investigation
of the temperature dependence of either the translational
diffusion coefficient or the relaxation time is necessary.
These parameters can be obtained from fitting an appro-
priately chosen model to the observed QENS spectra at
each wavevector independently (in either the energy or
time domains). We return to this approach later below.

B. Quasi-Elastic Neutron Scattering (QENS)

Having determined a suitable temperature range for
investigating the diffusion of water confined in the hy-
drated ACF samples on the spectrometer, high statistical
quality quasi-elastic neutron (QENS) data were collected
at three temperatures: 280, 250, and 230 K. The relevant
momentum transfer range for this comparative QENS
study is limited to 0.5 < Q <1.3 A=', AQ = 0.2 A1,
to avoid the undesirable influence of the coherent contri-
butions of carbon at low and high @Q’s, and of the faster
rotational motions of water that complicate the interpre-
tation of the data. As indicated above, Fig. 1 shows rep-
resentative spectra as a function of @ for water in ACF-20
at 250 K. The figure also depicts the resolution function
at @ = 1.3 A~! taken with the same sample cooled down
to 50 K (dashed black line). Each QENS spectra was
normalized against the same vanadium run to correct for
detector efficiency, and subsequently Fourier transformed
to a self-intermediate scattering function I(Q,t) using,

1 fhm
I(Q,t)~—/ dE exp(iEt/h) S(Q,E)  (2)

27T —Epn

where F,, is ~120 peV. The instrument contributions
were removed by dividing the resulting I(Q,t) at each
temperature by that obtained at 50 K data. The intrin-
sic I;n (Q,t) were then all fitted in the time domain over
a limited but reliable ¢ range, 30-750 ps. In principle, the
accessible times on BASIS is a low as 5 ps and can extend
up to 1000 ps, limits that are respectively set by the dy-
namics range and the energy resolution of the instrument.
The purposely chosen narrow time range for the data
analysis is one for which (1) the translational dynam-
ics of water are conveniently relevant on BASIS, and (2)
where known systematic errors associated with complex
Fourier transform of the data are marginal. Further de-
tails regarding the Fourier transform methods used here
can be found in Ref. [46].

IV. DATA ANALYSIS

Fig. 3 compares the resolution deconvoluted intrin-
sic I;n(Q,t) for @ = 0.9 A=' at two selected tempera-
tures. These resolution independent I;,(Q,t) could be
adequately described by a Kohlrausch-Williams-Watts
(KWW) stretched exponential model [47] plus a time-
independent elastic component,

t

B
1 (@.8) = Ao+ (1 = Ao exp [— (2) ] Q

where Ay denotes the fraction of immobile water
molecules (most notoriously known as elastic incoherent
structure factor or EISF), 7 is the relaxation time, and
08 the stretching exponent. Our Ay parameter is offset
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FIG. 3: (Color online) Intrinsic Intermediate scattering func-
tion Iin(Q,t) of water confined in activated carbon fibers,
as obtained from Fourier transforming the observed S(Q, E)
data, and removing resolution contributions at a selected @
of 0.9 A, as explained in the text. The top panel compares
the results derived for water in ACF-10 (open circles) and
ACF-20 (closed circles) at temperature 7' = 280 K. The bot-
tom panel makes a similar comparison of the data collected at
230 K. The solid black lines are model fit using the stretched
exponential model, described in the text. The errorbars asso-
ciated with I;»(Q,t) are less than 1% within the time range
shown.

from the true EISF because ‘dry’ sample contribution
has not been subtracted here. In our recent investigation
of water in ACF-10 [48], we found its dynamics to be
more reliably captured by the KWW model, rather than
the two exponential model. This KWW model is sug-
gestive of and consistent with a heterogeneous diffusive
dynamics. Typical KWW fits can be seen as black solid
lines in Fig. 3. As can be appreciated, the fits clearly
capture the experimental data quite reliably over a wide
time range, from about 30 ps to about 750 ps. From these
fits, the temperature and wavevector dependence of the
three adjustable parameters Ay, 7 and 5 are determined.
By analyzing the Q-dependence of these parameters at
each temperature, the diffusion coeflicient, and average
relaxation time (rg) for the confined water can be de-
termined. Assuming a distribution of relaxation times
at temperature T, the mean value of (75) at that tem-

perature is thus the area [ dt e—t/D" = (7/B)T(1/P),
where I'(x) is the gamma function.
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FIG. 4: (Color online) Temperature and momentum trans-
fer dependence of the observed Ag (offset elastic incoherent
structure factor) for ACF-10 (open circles) and ACF-20 (solid
squares).

V. RESULTS AND DISCUSSION

The @-dependence of the A, parameter (from Eq. 3)
associated with each ACF sample is displayed in Fig. 4
for the three investigated temperatures. This parame-
ter introduced above is a measure of the fraction of H
atoms that do not contribute to the diffusion process
within a cage of certain dimension (~ 27/Q). With this
in mind, it is evident (based on Fig. 4) that (1) the
fraction of mobile water molecules is largely temperature
independent (except perhaps in ACF-10), and (2) that at
short distances (high @), approximately 20% more water
molecules will be contributing to the observed dynamics
in the large pores of ACF-20 than in the narrow ACF-10
pores, in agreement with Fig. 2. To estimate the size a;
(where ¢ =10, 20 for ACF-10, and ACF-20 respectively)
of the confining cage from Ag, a model fit is necessary.
Using the following generic expression EISF for spheri-
cally confined motion, [49],
351(Qai) \?
2 (90)) 0

Q;

where j; is the spherical Bessel function, the parameter
a; and the actual fraction f; of immobile water molecules
outside the cage are extracted at each temperature, as
summarized in Table III for both samples (i = ACF-
10, ACF-20). These values confirm the larger fraction of
immobile water molecules in ACF-10 inferred from Fig.
4, and reveal an average confining cage radius for water in
ACF-20 of about 4.5 A that is unaffected by temperature
(less than 2% change on cooling from 280 K to 230 K). In
contrast, the corresponding cage size in ACF-10 shrinks
by as much as 16 % for the same temperature change.

Eq. 3 yields a stretching exponent 3, as well as a relax-
ation time 7 that are both temperature and wavevector

Ao—fi+(1—fz')<
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FIG. 5: (Color online) Best fit stretching exponent parameter
B as a function of @ at T' = 250K for ACF-10 (open circles)
and ACF-20 (solid squares), determined within 0.5% preci-
sion. The solid and dashed lines represent the Q-averaged (3)
values for ACF-10 (0.68) and ACF-20 (0.71), respectively. In
the present work, 3 for each Q and T were used instead of
(B), as is often the case.

dependent. While the influence of these variables on
is rather marginal compared to that on 7 and generally
kept fixed to some average value in KWW fits, we here
chose to let it vary with 7, and Ag. We subsequently
computed the average relaxation time (73). The varia-
tion of 8 with @ for water confined in the ACF samples
at 250 K is illustrated in Fig. 5. Within the temperature
and @-range investigated, the observed S values fall in
the range of 0.6 < 8 < 0.8, in excellent agreement with
previous findings.[8, 12, 13]

From the @Q-dependence of (73), it is possible to de-
termine the nature of the diffusion process, whether for
example it is translational (quadratic in @) or rotational
(@ invariant) in character. The computed values for all
the three investigated temperatures are displayed in the
form of 1/(r5) versus Q? in Fig. 6. The resulting Q-
dependence suggests a translational jump diffusion, with
a quadratic behavior at low @’s, and a saturation to a
fixed value at high enough @. This model is given by,

1 D
)~ 1+ D@2 () (5)

TABLE III: Confining cage size a;, and fraction f; of immobile
of hydrogen atoms, obtained from fits of Eq. 4 to the elastic
incoherent structure factor shown in Fig. 4.

T (K) a0 (A) azo (A) fio (%) f20 (%)
280 4.8(2) 4.7(1) 47 29
250 14(1) 14(3) 13 %5
230 10(1) 16(1) 2 2%
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FIG. 6: (Color online) Inverse of the average relaxation time
as a function of Q% and temperature. The solid squares are
the characteristic values obtained for ACF-20 and the open
circles those for ACF-10. The Colored lines are the best rep-
resentative fits using the jump diffusion model discussed in
the text. The associated errorbars are between 2-9%.

where D, corresponds to the average translational diffu-
sion coefficient of water inside the pores (associated with
the H-sites). The lines in Fig. 6 represent the best fits
of Eq. 5 to the experimental data, from which the tem-
perature dependence of (7p) and D, are extracted and
examined below.

Fig. 7 compares the temperature dependence of ()
for water in ACF-10 and ACF-20 with that of bulk water,
plotted on a logarithmic scale. Within the instrumen-
tal precision, our observed relaxation time of water (79)
changes by a factor of ~6 between 230 K and 280 K in
ACF-10, compared to only 4 in ACF-20, as indicated by
the different slopes of the lines in Fig. 7. Since shorter
times are associated with faster dynamics, one can im-
mediately conclude that while the dynamics of water be-
comes progressively slower as the confining pore size is
reduced, the corresponding (7o) values between jump-
sites, are consistently larger in the smaller pores at all
temperatures.

A subsequent investigation of the translational diffu-
sion coefficient D, shown in Fig. 8 confirms the slowing
down of the dynamics as the confining pore dimension
is reduced. The behavior of D, indicates a progressively
decreasing mobility of water molecules as the confining
space becomes tighter. At 280 K for example, D,. is re-
spectively 40 and 30% lower in ACF-10 and ACF-20 than
in the bulk liquid at the same temperature. As the tem-
perature drops, D, departs significantly from its bulk
value, decreasing by as much as 77% in ACF-10 and 70%
in ACF-20 at 230 K.

Both D,.(T) and (79)(T") can be fit to an Arrhenius
exponential decay ~ Aexp(£FE4/RT), yielding the char-
acteristic activation energy E 4 associated with each. The
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FIG. 7: (Color online) Mean relaxation time (79) of water
confined in ACF-10 (open circles) and ACF-20 (solid circles)
plotted as a function of 1000/7". Data for bulk water [1, 50],
observed at comparable temperatures are also shown. Dashed
lines are fits to an Arrhenius temperature dependence.

resulting fits are indicated by the dashed lines in Figs. 7
and 8, with F4 values that are summarized in Table IV.
The E4 values inferred from D, (T) are approximately
21-22 kJ/mol, comparing well with previously reported
values in porous media [13, 51]. This agreement is likely
due to the partial hydrophilic nature of our untreated
ACF samples. It is also consistent with the observation
of Swenson and Cerveny ([7], that E 4 of supercooled wa-
ter in different kind of hard hydrophilic confinement is
universally the same at high pore fillings.

Contrary to the E4 deduced from (79)(7T'), those de-
rived from D, (T') appear to be more uniform across the
two samples, and comparable to those of bulk water
[1, 50]. Although this estimated bulk water E4 (~22.4
kJ/mol) is significantly larger than that reported in Ref.
[1] for strictly rotational relaxations (E4 =7.7 kJ/mol),
we find it to agree rather well with recent findings in
which the corresponding molecular motions were not con-
sidered to be strictly rotational, with E4 =22-24 kJ/mol
[51]. Compelling arguments of why the localized water
dynamics cannot be considered to be purely rotational in
character can be found in Ref. [51].

TABLE IV: Activation energy E4, (kJ/mol) inferred from
various parameters associated with water diffusion, where
1 =10, 20 for water in ACF-10 and ACF-20 respectively. Cor-
responding bulk water Ea = Ea4,,,, value derived from the
data in Refs [1, 50] is shown for comparison.

Since the E 4 derived from the temperature dependence
of (1p) in Fig. 7 does not exhibit a clear systematic pore
size dependence, we focus our attention instead to the
E, that dictates the temperature dependence of D,.(T)
(see Table IV). The results suggest that while the overall
diffusive dynamics of the water molecules slow down as
the pores size or the temperature is decreased, the acti-
vation energy for H-bond breaking in water confined in
porous ACF remains globally unchanged from its bulk
value.

In a recent molecular dynamics simulation (MD) work,
Chiavazzo et al. [21] reported a ‘universal’ scaling law
that can be used to interpret water transport in confined
geometries. This scaling depends primarily on a single
parameter, § which is the ratio between the strictly con-
fined water (or water influenced by the pore walls) to
that of the total water in the confining pore. Obviously
the larger the pore, the smaller this parameter is. They
tested and validated their predictive model against some
60 cases, ranging from water in nanoporous silica to hy-
dration layers in proteins. Based on this proposed scaling
model, the translational diffusion coefficient D, of con-
fined water can be written at any temperature as,

DT(T) =0D. + (1 — 0)Dpuix (T) (6)

where Dyyi (T') is the bulk water translational diffusion
at temperature T', and D, and 6 the temperature insen-
sitive parameters, respectively the translational diffusion
coefficient associated with the strictly confined water (i.e.
the water that is most strictly affected by confinement),
and 0 the ratio between this water and the total water
in the confining media. In practice, Dy, (T") can be ob-
tained from the literature, but D, and 6 would be sample
specific and geometry dependent.

Using Eq. 6, it is thus possible to determine the char-
acteristic transport parameters D, and 6 for water in the
present ACF samples. Fig. 9 shows the observed D, (T)
values in ACF versus known bulk water data (Dyy.(T)).
The dashed lines are fits of Eq. 6 to the experimentally
observed values. From the slopes and intercepts of these
lines, € and D, can be extracted. The observed values for
each sample are listed in Table V. Fig. 9 also shows the
limiting situations by the strictly confined water (6 = 1)
and pure bulk water (¢ = 0). The grey shaded area is
inaccessible and corresponds to the unphysical condition
D, (T) > Dpuir(T).

In the current study, the translational diffusion coef-
ficient for bulk water at 230 K shown in Fig. 9 (low-

TABLE V: Observed temperature independent characteristic
parameters of water confined in activated carbons; the frac-
tion 0 of water molecules closest to the pore walls (]I\@t"oﬁ‘l’l ),
and its corresponding diffusion coefficient D.

Source (10) D, (1075cm?/s)
Ea,, (kJ/mol) 15.5 21.3 Parameters 0= % D, (107 %cm?/s)
Fay, (kJ/mol) 241 22.2 ACF-10 0.41 0.35
Ea,,,. (kJ/mol) - 224 ACF-20 0.28 0.14
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FIG. 8: (Color online) Net translational diffusion coefficient
as a function of 1000/T" for ACF-10 (open circles) and ACF-
20 (solid squares), as compared to that of bulk water (solid
diamonds). Dashed lines are fits to an Arrhenius behavior
~ Dge~Fa/RT,

est value where D, for ACF-10 and ACF-20 appears
to overlap) was estimated by extrapolating the reported
Dy (T) ([1]) down to 230 K, assuming an Arrhenius
behavior in the range 230 < T < 280 K for convenience.
Such an approximation is off course by no means exact
since D, of water is known to be rather super-Arrhenius
[1] at the high temperatures, but it is one that yields a
reasonable estimate of Dy, i (T') across this rather small
temperature interval. We have verified that within the
limited T range (250 to 280 K), the Dy (T) observed
by Teixeira et al. [1] can be confidently fitted with ei-
ther an exponentially decaying Arrhenius function or a
super-Arrhenius Vogel-Fulcher-Tammann (VFT) expres-
sion, with modest improvement in the fits. We cau-
tion however that such an approach can not be easily
justified when testing the predictive scaling law over a
wider temperature range, particularly if higher T are in-
cluded. In this event, the true super-Arrhenius character
of Dpuir(T) has to be accounted for. The observed lin-
earity in Fig. 9 suggests that two temperature points
would be sufficient for predicting the overall tempera-
ture behavior, and the characteristic parameters D, and
6. This observation may well be totally fortuitous, and its
validation warrants further investigation. In the present
case, we have verified that removing the data at 230 K in
Fig. 9 for example does not alter the observed linearity
in any meaningful way. However, including its estimated
value based on a VFT law shows a clear departure from
linearity, indicating a breaking down of the scaling law.
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FIG. 9: (Color online) Translational diffusion coefficient (D)
of water restricted within the pores of activated carbons at
the three temperatures investigated plotted against the cor-
responding values for bulk water (Dpyix). The lowest Dpyyik
value (230 K) is based on an extrapolation of the Arrhenius
behavior of Dpyir shown in Fig.8. The dashed lines repre-
sents the scaling behavior D,(T) = 0D. + (1 — ) Dywir(T)
proposed in Ref. [21], where D, is a temperature indepen-
dent diffusion coefficient associated with the strictly confined
water (i.e. most influenced by the pore walls), and 0 the ra-
tio between this water and the total water inside the pores.
The grey shaded area is not physically accessible since D, (T")
cannot exceed the bulk value. The characteristic § and D.
parameters for water diffusing in ACF-10 and ACF-20 are
summarized in Table V.

VI. CONCLUSIONS

In the present study, the molecular dynamics of wa-
ter adsorbed in microporous activated carbon fibers have
been investigated for two different pore sizes, and com-
pared with bulk water dynamics. The quasi-elastic neu-
tron scattering data of ACF-10 (~12 A) and ACF-20 (~
18 A) reveal a retardation of the water dynamics when
either the pore dimension or the temperature is reduced.
The observed translational diffusion coefficients can be
adequately described by a recently proposed scaling law
for water diffusion in nano-confined geometries, yielding
intrinsic characteristic parameters capable of predicting
water mobility in each of these two specific porous car-
bon materials at any temperature over a wide tempera-
ture range where the law remains valid. The significance
of this scaling law to neutron experimenters, who far too
often struggle to complete a series of temperature scans
within a limited beamtime allocated by the neutron fa-
cilities, cannot be underestimated. The present findings



suggest that for a given nanoporous media, knowledge
of the water dynamics at 2 temperatures (3 to confirm
accuracy, as done here) is all that is required for predict-
ing its diffusion at other temperatures. To further test
the universality of this law, additional work is needed.
Future research could involve other well studied porous

media for which the dynamical properties of water are
well known (MCM-41 for example).
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