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Abstract

The intermolecular structure of C,HsOH molecules confined in slit-shaped
graphitic micropore of activated carbon fiber was investigated by in situ X-ray
diffraction (XRD) measurement and reverse Monte Carlo (RMC) analysis.
The pseudo-3-dimensional intermolecular structure of C,HsOH adsorbed in
the micropores was determined by applying the RMC analysis to XRD data,
assuming a simple slit-shaped space composed of double graphene sheets.
The results were consistent with conventional Monte Carlo simulation; e.g.,
bilayer structure formed by hydrogen bonds among C,HsOH adsorbed at low
fractional filling. The RMC method based on experimental XRD data may be
a useful tool to estimate the 3-dimensional structure of adsorbed phase

confined in pores.

1. Introduction

The direct determination method for intermolecular structures of a condensed phase

in limited spaces has been strongly desired from the viewpoint of catalytic, biological,



and adsorption science. Recently, importance of porous materials is increasing in energy
and environmental fields, for example, the safe storage of supercritical gases such as
methane and hydrogen and the removal of toxic substances from emission gases and
tap water. Molecules are caught in micropore by enhanced interaction between surface
and admolecules, which arises from overlapped potential due to both walls [1].
Furthermore, since the molecular number in an adsorption phase is extremely small in
comparison with a bulk phase [2], many unique phenomena may occur in the pore even
at ambient temperature and moderate pressure. Therefore, a direct approach to the
intermolecular structure between molecules adsorbed in micropores is helpful in
understanding adsorption processes and molecular behavior in the limited spaces. The

approach can give an essential information for the design of new porous materials.

The direct method detecting molecular assemblies in pores is very limited, because
the pore is a space surrounded by a solid. As X-rays can penetrate various materials,
one can detect directly the structural information of molecular assemblies in pores. We
used X-ray diffraction (XRD) and small angle X-ray scattering (SAXS) techniques in
order to elucidate the intermolecular and assembly structure in micropores. The radial
distribution function (RDF) of water adsorbed in carbon micropores was determined by in
situ XRD measurements. The analysis showed that the water phase was solid-like even
at room temperature [3, 4]. In the case of CCl in carbon micropores, CCls molecules
lost the long-range order owing to spatial restriction [5,6]. The density fluctuation and
correlation length of water adsorbed on activated carbons estimated from SAXS gave
evidence of the formation of cluster-like assemblies in micropores [2, 7]. Water was
adsorbed in carbon micropores in spite of hydrophobic surfaces, when clusters of more
than 0.4 nm in radius were formed [2]. The cluster size corresponds to an assembly of
about 12 water molecules. It seems that the property of the water should be changed
from hydrophilicity to hydrophobicity by clustering in carbon micropores [8]. Recently, the
precise position analyses of admolecules in porous crystals were carried out by XRD
measurement and Rietvelt analysis [9,10]. The investigation of the local structure around

a metal ion in pores was also carried out with EXAFS [11].

Computer simulation is a suitable method to obtain intermolecular structure of
adsorbates in pores, since the number of molecule in the system is generally small.

Therefore, the method has been frequently used to investigate physical adsorption [12—



16], such as water adsorption on hydrophobic surfaces [17-19].

Two assumptions may be required in order to apply the computer simulation to an
adsorption system. One is the shape of a pore, another is the potentials between
admolecules and between an admolecule and surface. In general, a simplified pore with
periodic boundaries is used as a simulation cell and the potential function between
molecules is used, that is sufficiently verified in a bulk state. The experimental values to
clarify results of the simulation seem to be limited to adsorption amount and heat of

adsorption.

On the other hand, it is possible to obtain RDF from in situ XRD results without any
assumption. However, RDF is 1-dimensional structural information that is averaged over
all molecules in the whole system. We applied reverse Monte Carlo (RMC) method to an
adsorption system in order to obtain the 3-dimensional structure of an adsorbed phase.
There are no application of the RMC method to adsorption phase, although RMC
methods [20] have been used in order to estimate intermolecular structure of disordered
materials such as glasses, amorphous materials [21,22], and liquids [23—-25] from their
experimental structural information. We here tried to determine the structure of

molecules adsorbed in micropores by combination of XRD data and RMC analysis.

Since C;HsOH is amphiphilic, the intermolecular structure of C,HsOH molecules
interacting with hydrophobic surfaces is quite interesting from the viewpoint of
competitive formation of hydrogen bonds and hydrophobic bonds. Morishige et. al.
concluded by XRD analysis that C;HsOH molecules on graphite surfaces formed a 2-
dimensional crystal structure with zigzag hydrogen bond chains at low temperature [26].
In carbon micropores, the RDF analysis showed that C,HsOH formed an ordered
structure even at ambient temperature [27]. Recently, we reported preliminary results of
the RMC simulation for water adsorbed in micropores of an activated carbon fiber [28].
In this paper, we here propose the RMC simulation for adsorption systems: a pseudo-3-
dimensional structure of C,HsOH adsorbed in graphitic slit-shaped micropores has been

constructed by combination of XRD data and RMC analysis.

2. Experimental Section



A pitch-based activated carbon fiber, ACF (A10; Ad’all Co., Ltd.), was used as an ad-
sorbent. The micropore structure was determined from an N, adsorption isotherm with a
gravimetric method at 77 K after pre-heating at 383 K and 1 mPa for 2 h. Adsorption
isotherms of C,HsOH was determined by a volumetric method at 300 K after pre-

treatment similar to N, adsorption.

The XRD of C;HsOH adsorbed on A10 was measured by a transmission method with
a Rigaku angle-dispersion diffractometer (MultiFlex) in the scattering angle 26 = 5 — 105
(s = 3.6 — 64.6 nm™"). The monochromatic CuKa radiation (A = 0.15418 nm) was
generated from the X-ray tube operated at 40 kV and 20 mA. The sample chamber was
connected to a volumetric adsorption equipment in order to control amount of
adsorption. A10 was ground and packed in a 1Tmm-thick, slit-shaped cell with beryllium

windows.

3. Application of RMC method to adsorption systems

The RMC simulation was carried out so that the difference between an experimental
XRD intensity and a simulated intensity should be minimized, different from conventional
Monte Carlo (MC) simulation which uses intermolecular potential. Thus, the molecular

configuration obtained will be the most consistent with the experimental XRD data.

3.1. X-ray scattering intensity of adsorption systems The adsorption system can
be regarded as a 3-phases mixed system comprising adsorbate, solid, and vacant space
(void). The experimental XRD intensity of an adsorption system (/ops?) consists of many
terms, the self-scattering terms of solid and adsorbed phase and interference terms
between admolecules, solid atoms, and admolecules and solid atoms. In addition, a few
correction terms such as X-ray absorption due to admolecules were taken into account.

The total scattering intensity /.i* may be expressed by the following equation:
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where k and ngq are the coefficient converting the experimental intensity from e.u.



(electron unit) to c.p.s., and the number of atoms in a solid phase in the simulation cell,
respectively. P, G, and A are the correction factors concerning with polarization, X-ray
irradiating volume, and X-ray absorption, respectively. Is.° is the scattering term of solid
phase, Is.? the scattering term of adsorbed phase, I** the interference term between
solid atoms, /® between admolecules, I between admolecule and solid atom, and
lsaxs the small angle scattering term. ko was simulated and compared with the

experimental intensity /ops®.

Isc® and /£ can be obtained from scattering intensity of a porous solid in vacuum,

S-a

when there are no structural changes of solid phase. /?, /i*?, and I can be
determined by the simulated molecular configuration of admolecules in the simulation
cell. In RMC simulations of liquids and amorphous solids, /sc can be determined by
density and molar ratio of the samples. However, in this analysis for adsorption systems,
Isc also was simulated, because /5. and A changed with adsorption amount. We refer to

this method as SF-RMC, indicating that the solid phase was fixed through the analysis.

3.2. Models for micropore and admolecule We assumed a pore model for
the micropore of A10 in order to estimate /;°®. The micropore structure was determined
from an N, adsorption isotherm measured with a gravimetric method at 77 K after pre-
heating at 383 K and 1 mPa for 2 h, along with various informations from XRD, magnetic
properties, etc [29]. N, adsorption isotherm of A10 at 77 K was of Type |. The specific
surface area a and the external surface area a®™" were determined by the as plot [30].
The external surface area was negligibly small compared with a . The micropore volume
Wo(N2) was determined by saturation amount of N, adsorption and bulk liquid density
(on2 = 0.808 g/cm?®). The average pore width w, estimated from a and W;, was 0.82 nm.

The structural parameters of A10 are summarized in Table 1.

We assumed the slit-shaped pore of w = 0.82 nm with graphitic walls comprising
double graphene sheets whose interlayer distance A was 0.335 nm (Figure 1). w is the
effective pore width, different from the distance between centers of carbon atoms at the
1st layer of the wall, H (= w +o¢, where oc was the diameter of a carbon atom). The size
of the simulation cell was set 6.15 x 6.40 nm?, and the periodic boundary condition was
employed. Although the boundary condition corresponds to an infinite model, only the

carbons which exist at short distance away from an admolecule contribute to /°®, and



thus the model is practically good for the local carbon structure of ACF around an

adsorbed CoHsOH molecule.

The atomic configuration of a C,HsOH molecule was optimized by the AM1 method
that was performed with MOPAC [33]. The atomic diameter o for C, O atom in C,Hs0H,
and C atom in graphene layer were 0.245, 0.218, and 0.340 nm, respectively.

3.3. Scattering and interference terms for solid phase Is.° and I*° were obtained from

S

the scattering intensity /s~ of a porous solid in vacuum:
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The correction factors and coefficients all are the same as those in eq. 1. The
measurements of /os® and lops Must be carefully carried out so that the quantity and
density of a sample along the X-ray path are kept unchanged. The parasitic scattering

2 and Iobss .

which is mainly attributed to the windows of a sample cell is included in both /yps
Therefore, it was removed simultaneously in subtracting the XRD intensity of solid phase

s
Iobs .

3.4. Normalization coefficient of scattering intensity k is determined by fitting the
theoretical values in the wide-angle region (s > 40 nm™) to /ops™:
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where Smax is the maximum value of s in the measurement region (the scattering
parameter s = 41 sin 6/A, where 20 is the scattering angle and A the wave length of an
X-ray). The literature values [31] were used for the atomic scattering factor f; and the
incoherent scattering intensity is". @ is the ratio of detected intensity to ", that

depends on the experimental condition of monochromatization [32].

3.5. Interference terms The interference terms between admolecules /#? and solid

S-a

atoms and an admolecule /™ are determined by the following equations:
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The summation are carried out over all atom pairs of j; th and j> th admolecules and j th
admolecule and k th solid atom in the simulation cell, respectively, except for atom-pairs
within a molecule. Here, f is the atomic X-ray scattering factor and ry is the
distance between two positions, j and k. In the case of ACF, eq. 5 may be replaced by
eq. 6 after averaged over carbon atoms in graphene walls:
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where / denotes / th graphene layer. p; is the atomic density of graphene, 38.1 atom/nm?,
r, the distance between an atom in admolecule and graphene layer, fc the atomic

scattering factor of carbon.

3.6. Scattering terms The scattering factor of admolecules /. includes the
following contribution of the interference between atom pairs within a molecule which is

not included in eq. 4:
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where f,, and i, are the atomic scattering factor and incoherent scattering intensity of
mth atom in an admolecule (m < N) and nj, is the number of admolecule in the simulation
cell.

Scattering and intra-molecular interference due to an admolecule, i.e., the terms in a

bracket of eq. 7, are fixed in the simulation.

3.7. Correction factors  The correction factors, P, G, and A, depend on experimental

setup. We describe the factors as to the transmission method with an angle-dispersion



diffractometer with a monochrometer. These factors here are partially different from

those in previous RDF analysis [6,32].

a. Polarization factor The polarization factor P (0) is given by the following equation: [34]

1+ cos? 2a cos® 20

P(8)

1+ CDH? 2ov (8)

where 2a is the scattering angle on the monochrometer.

b. Geometrical factor When the experiment is carried out by a transmission XRD
method using a sample having homogeneous thickness, the geometrical factor G(6),
which normalizes the X-ray irradiating volume, is simplified as the following equation:

1
cos i

G(6) =

(9)

Practically, this equation was modified using the coefficients cgeo and dgeo in order to take

into account non-ideal shape and orientation of sample particles.
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The c4eo and dgeo Were determined by fitting (fs+ @ is ) to los in the whole s region using eq.
3.

c. Absorption factor The X-ray absorption factor A(6, n./nsq) is very important in an
adsorption system, because the factor depends on not only the scattering angle 26 but

also adsorption amount:

A a a . Jr(]. -
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where ny/ngq is the molar ratio of admolecule to solid atom. fans’ and hens® are the X-ray

intensities transmitted at 6 = 0" without and with a sample in vacuum, respectively. Both



lrans’ and ans® Were measured at the same tube voltage and current using an aluminum plate
of 1 mm thickness as an X-ray attenuator. u, and us are the molar X-ray absorption
coefficients of admolecule and solid atom, respectively. u, can be calculated by the following

equation:

N
Ha = Z{[H.-p]i' 51-{?}
1 (12)

where M; is the atomic mass and (w/p); is the mass X-ray absorption coefficient of atom
that is found in literature [31]. The u; and us of CoHsOH and carbon are 280.19 and
50.67, respectively.

d. Small angle scattering Porous carbons show strong X-ray scattering in the small
angle region of s < 10 nm™". /s changes greatly with molecular adsorption [35], since
large scale information about shape and size of pores [36] and adsorbed molecular
assemblies [2,7] are included. Isas is not the sum of Isc and [ , because the correlation
length of the system is larger than the size of molecular assembly and carbon crystallite.

We assumed that /saxs should be the following equation:

fﬁé'l.\'.:& — CXI}[GHH.‘\LH luigi S + b:w'ax:*:] (1 3)

where asaxs and bsaxs are the fitting parameter for the experimental SAXS intensity in the

small angle region.

3.8. Consistency with experimental amount adsorbed The ratio nu/ngg in the
simulation should agree with the experimental adsorption amount. In this analysis, ngqg
was determined by combination of the experimental saturation amount of adsorption and
density of adsorbate in MC simulation. Assuming that admolecules fill completely pores

at the saturation condition,
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where m, and mgy are the mass of adsorbate and porous solid, respectively, and

satu

Ma/Mgid is the experimental saturation amount of adsorption. n™®, is the maximum
( p p



number of admolecule in the MC simulation cell at a sufficiently high pressure. Here the
simulation cell was kept at the same conditions as the RMC simulation. M, and Mgq4 are the

molecular and atomic mass of admolecule and porous solid, respectively.

3.9. Optimization of molecular configuration in micropore The RMC simulation
should be repeated until the experimental diffraction pattern are reproduced exactly
using the equations above. New configuration was generated by a trial that was
randomly chosen from movement (including rotation), insertion, and deletion of a
molecule. In the movement trial, the position of a randomly selected molecule was
randomly displaced by a distance of 0.05 nm, then rotated by an angle of 5.7". The
movement trial affects only /*® and /*®. In the insertion trial, a new admolecule was

generated randomly at a position. In the deletion trial, one of admolecules was randomly

deleted. The insertion and deletion trials affect Is.?, 12, 2, and A.

When the distance between an atom in j; molecule and an atom in j» molecule was
less than 0.49 (o;1 +0j2 ), the trial was rejected automatically. Other trials were treated

according to the usual RMC criteria:
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When the weighed least square difference Ax? between simulated and experimental
data was negative, the trial was accepted. When Ax? was positive, the trial was accepted
with a probability of exp(-Ax?). The adopted weighing coefficient w value was 20 (c.p.s.
nm™"), because further decrease in w led to no improvement in fitting. Any parameter
chosen randomly from asaxs, bsaxs, and lyans” Was changed within 1 % at each trial. The
trial was accepted or rejected according to the criteria eqs. 15 and 16. The random

number was generated by the Mersenne Twister algorithm [37].



4. Results and Discussion

4.1. Cy;HsOH adsorption  The adsorption isotherm of C;HsOH on A10 at 300 K is
shown in Figure 2. The isotherm is of type |, showing that CoHsOH molecules are
adsorbed by the micropore filling mechanism. The micropore volume Wy(C2,HsOH) was
determined by saturation amount of C,HsOH adsorbed and its bulk liquid density
(0cznson = 0.787 g/lem?®), as given in Table 1. W,(C2HsOH) was much less than Wy(N2),
i.e., Wh(CaHs0OH)MH(N2) = 0.73, suggesting serious restriction in packing C,HsOH

molecules into the micropore.

4.2. XRD profiles of CoHsOH adsorbed on ACF Figure 3 shows the experimental
XRD profiles of A10 in vacuum (lobs’) and A10 having C,HsOH adsorbed at different
fractional filling ¢ and 300 K (lops?).  lobs® Showed the broad (002) peak at s = 16.9 nm™".
The XRD profile changed with adsorption of C,HsOH, and a peak around s = 15.8 nm™
appeared at ¢ = 0.83. The difference between the /,ps® and /ops® values is assigned to the
interferences both between adsorbed C,HsOH molecules and between C,HsOH and

carbon walls.  The sharp peaks at s = 31.7 and 36.2 nm™"

are peaks of the beryllium
windows. The intensity of these peaks decreased with increasing amount of C,Hs0H
adsorbed because of X-ray absorption due to CoHsOH. The intensity of small-angle X-
ray scattering (s < 10 nm™") also decreased with C,HsOH adsorption because the
density fluctuation of the system decreased with pore filling. Figure 4 shows the
corrected XRD profiles of A10 and A10 adsorbing CoHsOH, I and lops™*" and their

difference lops™?:
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lobs"™® includes the interferences between adsorbed C,HsOH molecules and between

C,HsOH and carbon walls, i.e.,

130 = — {L+ L7+ I7*)
Ns1d (18)

lpss™®  was Fourier-transformed into the differential radial distribution functions (RDF) fygr =

4mr(o(r) - po)). The RDFs of C,HsOH adsorbed in micropore and bulk liquid are shown in



Figure 5. The adsorbed C,HsOH had greater amplitudes than bulk liquid. The first peak
at r = 0.5 nm shifted to a shorter distance compared with that of bulk liquid.

Such behavior may arise from immobilization of adsorbed C;HsOH except for
contribution of /? to the amplitudes. The structural information of the RDF was

transformed to the 3-dimensional structure by the RMC method.

4.3. RMC fits to experimental XRD intensity The RMC simulation was carried out to
reproduce the experimental XRD data of C,HsOH adsorbed on A10. The calculation was
done over 4 million steps, because more calculation did not improve y°. Figure 6 shows the
experimental scattering intensity (/obs’) at ¢ = 0.83, the RMC simulation curve ("), and

the difference (Al;) between lops® and fot. The hy” fits well the experimental curve.

4.4. Structure of C,Hs0H assembly in micropore Figure 7 depicts the top- and side-
views of the snapshots of molecular configurations of adsorbed C,HsOH at ¢ = 0.34 and
0.83. The snapshots contain 98 and 250 C,HsOH molecules, respectively. Figure 8
shows the molecular configuration around the upper (z > 0) and lower walls (z < 0). In
low fractional filling (¢ = 0.34), CoHsOH molecules covered partially the carbon wall and
seemed to form bilayer even at such low coverage, as seen in Figure 9 which shows the
weighted average density profiles of carbon and oxygen atoms in C;HsOH along the
direction perpendicular to the wall surface. It indicates that hydrogen bonds between
C2HsOH molecules are formed in not only an intra-layer but also inter-layers. In the high
fractional filling of ¢ = 0.83, C,HsOH also formed bilayer structure in the micropore, and
almost uniformly were distributed on the whole surface but not in a closest packing
structure (Figure 8). Figure 8 suggest molecular chain structure formed through
hydrogen bonds, although the hydrogen bond formation unfortunately was not confirmed
by the RMC simulation because no X-ray scattering distinguish clearly oxygen atoms

from carbon atoms.

4.5. Comparison with MC simulation The structures of C;HsOH adsorbed on A10
were estimated using the canonical Monte Carlo (MC) simulation for comparison. The
intermolecular interaction between C;HsOH molecules was calculated by the model
which was proposed by Stewart et. al., who assumed Lennard-Jones and Coulombic
interaction [38] Steele’s 10-4-3 potential function [39] was used for the interaction of a

CoH50H molecule with a carbon wall. The number of CoHsOH adsorbed was set at the



same number as the RMC simulation.

Figure 10 depicts the top- and side-views of the snapshots of the molecular
configuration of C,HsOH adsorbed at ¢ = 0.34 and 0.83. The red, blue, and green bonds
denote the hydrogen bonded oxygen pairs (r < 0.32 nm) in an upper layer (z > 0), a
lower layer (z < 0), and between inter-layers. The density profiles of oxygen and carbon
atoms obtained from the MC simulation, along with their averaged density, are also
shown in Figure 11. The density profiles of RMC configuration is also shown for

comparison. The density profiles of RMC configuration agreed well with MC simulation.

Figure 10A shows that C,HsOH molecules cover partially the carbon wall at ¢ = 0.34
and form small bilayer structure like the RMC simulation. The number of total hydrogen
bond was 103, which corresponded to 2.10 bonds per molecule. The number of inter-
layer hydrogen bond (green) was 33, which was 32% of total bond number. Such high
fraction of inter-layer hydrogen bond indicates that the hydrogen bond greatly
contributes to the bilayer formation of C,HsOH adsorbed in this micropore. In Figure
10B, C2Hs0OH molecules form bilayer structure with sparse packing at ¢ = 0.83. The
number of total hydrogen bond was 222, which corresponded to 1.78 bonds per
molecule. The number of inter-layer hydrogen bond was 80 (36% of total bond number).
Since the fraction of inter-layer hydrogen bond was almost equal to the ¢ = 0.34 case,

the local structure of CoHsOH adsorbed was similar in both cases.

5. Conclusion

The RMC method for structural investigation of an adsorbed phase in micropores
was proposed. The method was examined by applying to the wide-angle XRD data of
the ACF— C,HsOH adsorption system. The RMC simulation fitted the XRD data very
well. The simulated results showed that C,HsOH molecules form a bilayer structure in
the wide region of ¢ in the micropores (w = 0.82 nm). Such molecular configuration
agreed well with the result of MC simulation, which also suggests that hydrogen bonds
greatly contributes to the bilayer formation in micropores. Thus, the proposed method
gave pseudo-3-dimensional structural information of adsorbed phase in micropores. The
RMC method would be applied to a model-less adsorbed phase in various adsorption

systems, when pore structure such as shape and size is known.
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Appendix

Nomenclature
lobs™(S) experimental total XRD intensity of adsorbed system (c.p.s.)
lobs™(S) experimental XRD intensity of porous solid in vacuum (c.p.s.)

s transmitting XRD intensity of sample in vacuum (c.p.s.)

Itrans

[— transmitting XRD intensity of no sample (c.p.s.)

lot™(S) total XRD intensity of adsorbed system by RMC simulation (c.p.s.)

Is°(S) self-scattering term of solid phase (per unit cell, e.u.)

Is(S) self-scattering term of adsorbed phase (per unit cell, e.u.)

1£75(S) interference term between solid atoms (per unit cell, e.u.)

12723(s) interference term between admolecules (per unit cell, e.u.)

1£78(s) interference term between admolecule-solid atom (per unit cell, e.u.)

lsaxs(S) small angle scattering (per unit cell, e.u.)

Ny number of admolecule in the unit cell

nm%, maximum number of admolecule in the unit cell

Nsig number of solid atoms corresponded with unit cell

k intensity converting coefficient from e.u. to c.p.s.

f(s) atomic/molecular scattering factor (per atom/molecule, e.u.)
u molar X-ray absorption coefficient

(wp) mass X-ray absorption coefficient (cm?/g)

i"°(s) incoherent scattering (per atom, e.u.)

asaxs, bsaxs  correcting coefficients for the small angle scattering
Cgeos dgeo correcting coefficients for the X-ray irradiating volume

¢ fractional filling of adsorbate in the pore



S scattering parameter (s = 417 sin /A, nm™")

w effective pore width (nm)

hj2 atomic distance between admolecules (nm)

I atomic distance between admolecule and carbon atom (nm)
Mnim2 atomic distance of intramolecule (nm)

Iy atomic distance from the graphene layer (nm)

(o atomic diameter (nm)

AX? weighed least square difference between the lops® and lot
w weighing coefficient in the simulation

(e.u. = electron unit, c.p.s. = count per second
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TABLE 1: Characteristics of A10. Micropore volume, Wp; total surface area, a;

ext .
external surface area, a  ; average pore width, w.

Wo(Nz)/mI-g_1 W()(Cng;OH)/mI-g_1 a /m2-g_1 2™ /mz-g_1 w/nm

A10 0.66 0.48 1510 25 0.82




TABLE 2: Parameters of CoHsOH adsorbed in a micropore (0.82 nm) of an

activated carbon fiber A10 at 300 K, which were used in RMC simulation

parameters final values
k 91
n
sid 3818
C
geo 0.282
u
geo 0.604

u
|09(/transS Mrans ) -0.76




Figure Captions

Figure 1. Schematic illustration of the simulation cell, whose wall is comprised a double

graphene sheet.

Figure 2.  Adsorption isotherm of CoH50H on A10 at 300 K.

Figure 3. X-ray scattering intensities of A10 adsorbing CoH50H at 300 K. Broken line,
A10 in vacuum (Iops"); thin solid line, CoHsOH adsorbed on A10 (lops., ¢ = 0.34); bold
solid line, CoHsOH adsorbed on A10 (¢ = 0.83).

Figure 4. Corrected X-ray scattering intensities of A10 adsorbing C2HsOH at 300 K. Bro-
ken line, A10 itself; thin solid line, CoH50H adsorbed on A10 (¢ = 0.83). bold solid line,
adsorbed CoH50H.

Figure 5. Dfferential radial distribution functions of adsorbed CoHsOH in a micropore
(0.82 nm) of A10 at 300 K. Broken line, bulk liquid CoHs50H; thin solid line, adsorbed
C2oH50H (¢ = 0.34); bold solid line, adsorbed CoH50H (¢ = 0.83).

Figure 6. A. Experimental XRD intensities of A10 adsorbing CoHs0OH (Iobsa) and RMC
simulation of A10 adsorbing CoH50H (Itota). Broken line, Iobsa; solid line, Itota. B. The

difference between the experimental and RMC curves, Iobsa - Itota.

Figure 7. Snapshots of layer structure of CoHsOH adsorbed in a micropore (0.82 nm) of
A10 at 300 K by RMC simulation. A. ¢ = 0.34; B. ¢ = 0.83.



Figure 8. Snapshots of layer structure of CoHs0OH adsorbed in a micropore (0.82 nm) of
A10 at 300 K by RMC simulation. A and B, ¢ = 0.34; C and D, at ¢ = 0.83. A and C,
upper layer (z > 0); B and D, lower layer (z < 0).

Figure 9. Density profiles of adsorbed Co2H50H along the direction perpendicular to the

surface (along z-axis) by RMC simulation. Thin solid line, ¢ = 0.34; bold solid line, ¢ =
0.83.

Figure 10. MC simulated snapshots of CoHs50H adsorbed in a micropore (0.82 nm) of
A10 at 300 K. Black, red, and blue spheres are carbon atom, oxygen atom at upper layer
(z > 0), and oxygen atom at lower layer (z < 0), respectively. Bonds denote the hydrogen
bonded oxygen pairs (r < 0.32 nm): Red, blue, and green bonds are upper intra-layer,
lower intra-layer, and inter-layers, respectively. A. ¢ = 0.34; B. ¢ = 0.83.

Figure 11. Density profiles of adsorbed CoH50H along the direction perpendicular to the
surface (along z-axis). Thin solid black line, from RMC simulation (¢ = 0.34); thin broken
red line, from MC simulation (weighted average of oxygen and carbon, ¢ = 0.34); bold
solid black line, RMC (¢ = 0.83); bold broken red line, MC (¢ = 0.83).
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Figure 1. Schematic illustration of the simulation cell, whose wall is comprised a double

graphene sheet.
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Figure 2. Adsorption isotherm of CoHsOH on A10 at 300 K.
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Figure 3. X-ray scattering intensities of A10 adsorbing CoH50H at 300 K. Broken line,
A10 in vacuum (Iops"); thin solid line, CoHsOH adsorbed on A10 (lops, ¢ = 0.34); bold
solid line, CoHsOH adsorbed on A10 (¢ = 0.83).
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Figure 4. Corrected X-ray scattering intensities of A10 adsorbing CoHs0OH at 300 K.
Broken line, A10 itself; thin solid line, CoHsOH adsorbed on A10 (¢ = 0.83). bold solid
line, adsorbed CoH50H.
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Figure 5. Differential radial distribution functions of adsorbed CoHs0OH in a micropore
(0.82 nm) of A10 at 300 K. Broken line, bulk liquid C2Hs0H; thin solid line, adsorbed
CoH50H (¢ = 0.34); bold solid line, adsorbed CoHs0H (¢ = 0.83).
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Figure 6. A. Experimental XRD intensities of A10 adsorbing CoH50H (Iobsa) and RMC
simulation of A10 adsorbing CoH50H (hot"). Broken line, lops ; solid line, kot - B. The

difference between the experimental and RMC curves, lops. — hot -
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Figure 7. Snapshots of layer structure of CoHsOH adsorbed in a micropore (0.82 nm) of
A10 at 300 K by RMC simulation. A. ¢ = 0.34; B. ¢ = 0.83.



Figure 8. Snapshots of layer structure of CoHs0H adsorbed in a micropore (0.82 nm) of

0.83. A and C,

A10 at 300 K by RMC simulation. A and B, ¢ = 0.34; C and D, at ¢
upper layer (z > 0); B and D, lower layer (z < 0).
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Figure 9. Density profiles of adsorbed Co2H50H along the direction perpendicular to the

surface (along z-axis) by RMC simulation. Thin solid line, ¢ = 0.34; bold solid line, ¢ =
0.83.
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Figure 10. MC simulated snapshots of CoH50H adsorbed in a micropore (0.82 nm) of

A10 at 300 K. Black, red, and blue spheres are carbon atom, oxygen atom at upper layer
(z > 0), and oxygen atom at lower layer (z < 0), respectively. Bonds denote the hydrogen
bonded oxygen pairs (r < 0.32 nm): Red, blue, and green bonds are upper intra-layer,
lower intra-layer, and inter-layers, respectively. A. ¢ = 0.34; B. ¢ = 0.83.
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Figure 11. Density profiles of adsorbed C2H50H along the direction perpendicular to the
surface (along z-axis). Thin solid black line, from RMC simulation (¢ = 0.34); thin broken
red line, from MC simulation (weighted average of oxygen and carbon, ¢ = 0.34); bold
solid black line, RMC (¢ = 0.83); bold broken red line, MC (¢ = 0.83).



