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Abstract The molecular motion and local structure of

methanol-d1 (CH3OD) and ethanol-d1 (C2H5OD) in acti-

vated carbon fiber (ACF) with a slit width of 0.7 and

1.1 nm have been investigated by solid-state 1H and 2H

NMR. 2H NMR spectra for alcohols confined in ACF gave

a so-called Pake doublet below 140 K, which were char-

acterized by the 2H quadrupole coupling constant (QCC) of

185 kHz and the asymmetric parameter of the electric-

field-gradient tensor (g) of 0.1. The QCC value of the

deuteron was indicative of the hydrogen bond formation

with the O���O distance of ca. 0.27 nm, suggesting the

solid-like feature of alcohols in ACFs. The quadrupole

broadening vanished on heating and the single isotropic

resonance line was observed. Alcohol molecules were un-

dergoing a rapid motion like as in the bulk liquid, indi-

cating a transition from solid to liquid in ACFs.

Temperature-dependent 1H NMR spectra were used for

evaluating the Ea value for reorientation in solid-like al-

cohols, whereas the 2H NMR spectra were used for ob-

taining the translation accompanying reorientation in

liquid-like alcohols. Alcohols with a bilayered structure in

ACF with a slit width of 1.1 nm gave similar Ea values,

whereas C2H5OD in ACF with a slit width of 0.7 nm, in

which a monolayered structure is expected, exhibited a

cross-over of two activation processes at 172 K. The var-

iation in Ea was probably caused by the structural relax-

ation concerning with the hydrogen bonding formation

and/or excitation of the large amplitude local motion. The

competition of the directionality of hydrogen bonds and a

freedom of molecular orientation plays an important role to

characterize the intermolecular structure as well as the

physicochemical properties in amphipathic molecules in

confinement.
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1 Introduction

Dimensionality of nanospace evokes noteworthy and pe-

culiar effects on the intermolecular structure and the phy-

sicochemical properties of the confined molecules. In

particular, the two-dimensional system is an ideal model

for examining the effect of the anisotropic intermolecular

interactions on the cooperative phenomenon such as phase

transition. Activated carbon fiber (ACF) consists of amor-

phous carbon but includes micrographites (nanometer-

sized graphenes). The interstices of the micrographites

provide uniform and slit-type micropores (Kaneko et al.

1992; Oshida et al. 1995; Sato et al. 1997), leading to large

micropore volume and super-high specific surface area.

Thus, the nanoslit in ACF is regarded as a pseudo-two-

dimensional and hydrophobic nanospace, and will serve the

unique and anisotropic potential field reflecting the

dimensionality.

Such a quasi-two-dimensional space will give rise to a

specific state of molecular condensation. X-ray diffraction,
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small-angle X-ray scattering, and GCMC simulation stud-

ies have succeeded in clarifying the average local structures

of the confined molecules in ACF micropores (Kaneko

1996; Mowla et al. 2003; Śliwińska-Bartkowiak et al. 2012;

Nguyen and Bhatia 2011). Regarding the physicochemical

properties of the condensed matter confined in ACFs, the

global phase diagram including the specific phases that

appeared in ACF was proposed by Radhakrishnan et al.

(2000, 2002a). Importantly, the melting point elevation of

the condensed phase in ACF is quite interesting, which was

found for several guest compounds such as C6H6 (Watan-

abe et al. 1999), CCl4 (Kaneko et al. 1999; Radhakrishnan

et al. 1999), aniline (Radhakrishnan et al. 2002b), and

methanol (Śliwińska-Bartkowiak et al. 2001). This phe-

nomenon is unique because it lacked a melting point de-

pression observed in mesopores. Furthermore, an

intermediate liquid crystalline phase was known to appear

between solid and liquid phases. This liquid crystal phase is

called ‘‘hexatic phase’’, in which molecules form sixfold

orientational order, but not long-range positional ordering.

Evidence for an intrinsic hexatic phase was observed in

some 2-D systems (Radhakrishnan et al. 2000, 2002a).

Indeed, we recently found the specific behavior of mole-

cules confined in ACF from the viewpoint of molecular

motion; 2D melting of CDCl3 (Ueda et al. 2010a) and the

impurity effect of trace amounts of CHCl3 on 2D melting

for CCl4 (Ueda et al. 2010b).

In the nanospace with the hydrophobic characters, dis-

persion forces and hydrogen bonding are remarkable and

dominate intermolecular interactions, which control both

the intermolecular structure and the physicochemical

properties. The former is important for hydrophobic

molecules such as CHCl3 (Ueda et al. 2010a), CCl4 (Ueda

et al. 2010b), and adamantane (Omichi et al. 2008), and

affect the confined molecules mainly through the guest–

wall interactions. The latter is significant for hydrophilic

molecules such as H(D)2O in ACF (Omichi et al. 2007;

Ohba et al. 2004a, b, 2005), and will affect the confined

molecules through guest–guest interactions by hydrogen

bonding. Thus, from the viewpoints of intermolecular in-

teractions, the amphipathic molecules such as alcohols are

very curious, because it is expected that a competition

between the hydrophobic and hydrophilic interactions will

trigger the specific physicochemical properties of alcohols.

Methanol (CH3OH) and ethanol (C2H5OH) are well-

known, the most ubiquitous, and the simplest amphipathic

molecules. In bulk methanol, there are two crystal poly-

morphism, both of which have orthorhombic structure

(P212121 for a phase and Cmcm for b phase), and the

melting point of the b phase is 175.4 K (Torrie et al. 2002).

On the other hand, bulk ethanol shows the further complex

polymorphism (Ramos et al. 2006); four crystalline phases

(a, b, c, d) and two disordered phases [ordinary glass

(amorphous) and orientationally-disordered crystal (glassy

crystal)]. The melting point is 159 K. These phases appear

depending on the thermal histry (rasing or cooling rate,

annealing temperature and so on). The confinement effect

on the crystal polymorphism for alcohols is also interest-

ing. For example, freezing behaviour of methanol confined

in ACF (w = 1.8 nm) was studied by dielectric spec-

troscopy (Śliwińska-Bartkowiak et al. 2001), and three

thermal anomalies was found; 157 K for a–b transition

similar to that in the bulk crystal, 218 K for crystal-hexatic

transition which is specified in 2D system, and 256 K for

hexatic-liquid transition. X-ray diffraction study revealed

that ethanol confined in mesoporous silicon (10 nm of di-

ameter and 50 lm of length) showed the similar poly-

morphism to bulk one at higher filling factor (f[ 0.71),

whereas the adsorbed film corresponding to three mono-

layer thick (f\ 0.41) remains in an amorphous state from

80 to 150 K (Henschel et al. 2010).

In fact, the structures of methanol and ethanol in ACF

have also been investigated by diffraction methods

(Ohkubo et al. 1999a, b, 2000, 2001; Iiyama et al. 2009).

Alcohol molecules confined in the hydrophobic nanospace

form a solid-like structure with a position-order of mole-

cules even at 303 K. In particular, ethanol molecules also

have an orientational order, which brings about the oriented

molecular arrangement of ethanol parallel to the pore

walls. Recently, a calorimetric study was conducted for the

alcohol adsorption onto ACF (Nobusawa et al. 2013), and

has pointed to the important role of the surface carbonyl

groups on the differential heat as well as isotherms for

alcohol adsorption. However, the dynamic aspects of the

confined molecules have not yet been clarified in ACF. The

dynamic features of guest molecules will make it possible

to examine the properties of condensed phases in the ACF

nanospace based on the guest–wall and guest–guest

interactions.

NMR spectroscopy is a useful tool to detect microscopic

information around the probe nuclei, and yields informa-

tion about the dynamic and local structures of molecules

containing the probe nuclei. Deuterized alcohols (CH3OD

and C2H5OD) enable us to investigate molecular motion

through alkyl and hydroxyl groups, respectively. In this

work, solid-state 1H and 2H NMR spectra were measured

on CH3OD and C2H5OD confined in ACFs. Herein, we

discuss the local structure as well as the dynamic aspects of

alcohols in ACFs.

2 Experimental

Pitch-based ACFs with different pore widths were supplied

by Osaka Gas Co. Ltd., which are denoted as ACF10A and

ACF20A, respectively. The characterization of the ACF
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micropores was carried out in our previous work by the N2

adsorption isotherm, and the results were presented else-

where (Ueda et al. 2006). The slit width of ACFs was

0.7 nm for 10A and 1.1 nm for 20A.

The powdered ACF 10A and 20A samples were

evacuated at room temperature for 1 day under reduced

pressure (10-2 Torr), and then at 437 K for 2 h. The pre-

treated ACF powders were explored under CH3OD vapour

at room temperature for 2 days using a vacuum line for

loading guest molecules, whereas the appropriate amount

of C2H5OD (90 % of a pore volume) was added to the pre-

treated ACF powders by micro syringe under N2 atmo-

sphere. Anhydrous CH3OD and C2H5OD (D 99 at.%) were

purchased from Wako Pure Chemical Industries, Ltd. and

were handled under a N2 atmosphere. The prepared spe-

cimens were sealed into glass ampoules (5 mm /) with He

gas (ca. 200 Torr).

All NMR measurements were conducted using a spec-

trometer (DSX-200; Bruker Analytik GmbH) equipped

with superconducting magnet (4.7 T), which is operating at

the Larmor frequency of 200.13 MHz for 1H and

30.7 MHz for 2H nuclei. The free induction decay (FID)

signals were recorded using the appropriate pulse se-

quences: a single pulse rf excitation was used for 1H

spectra (4–5 ls length of p/2-pulse), whereas the single

pulse as well as the solid-echo pulse sequence (p/2–s–p/2–
s–acqu.) was used for 2H spectra (3–3.5 ls length of p/2-
pulse and a 20 ls pulse interval). Temperature control was

achieved by flowing N2 gas, which was regulated within

the experimental error of ±1 K using a temperature con-

troller (VT-3000; Bruker Analytik GmbH). The tem-

perature of samples was monitored with a Cupper–

Constantan thermocouple (T-type) thermometer.

3 Results and discussion

At first, we examined 2H NMR for alcohols confined in

ACFs. Both alcohols gave rise to the broad and structural

line shapes with the quadrupole broadening below 140 K.

Figure 1 shows the typical examples of the line shape,

which are so-called Pake doublet powder patterns charac-

terized by the 2H quadrupole coupling constant (QCC;

e2qQ/h) of 185 kHz and the asymmetric parameter of the

electric-field-gradient tensor (g) of 0.1 for both CH3OD

and C2H5OD. In fact, it is well known that the QCC value

for the deuteron in O–D���O type hydrogen bonds is in good

correlation with reported O���O distances (Olympia and

Fung 1969; Berglund and Vaughan 1980). The evaluated

QCC value (185 kHz) gives the O���O distance of ca.

0.27 nm, which agrees with the O���O distance (0.2716 and

0.2730 nm) for crystal phase I in the bulk ethanol crystal

(Jönsson 1976). This strongly suggests that each of CH3OD

and C2H5OD is a solid and forms intermolecular hydrogen

bonds in ACFs.

The powder spectrum collapsed by activation of the

local motion of the OD-group on heating, and the quad-

rupole broadening vanished above the following tem-

peratures: 158 K in 10A and 138 K in 20A for CH3OD,

and 180 K in 10A and 156 K in 20A for C2H5OD. On

further heating, an isotropic resonance line was observed

above the following temperatures: 160 K in 10A and

140 K in 20A for CH3OD, and 200 K in 10A and 170 K

in 20A for C2H5OD. In the temperature region where no

signal was observed, the 2H NMR spectrum reaches the

maximum broadening where the frequency of the mole-

cular motion becomes same order to the quadrupole in-

teraction. Figure 2 shows the temperature dependence of

the isotropic resonance lines. The complete averaging of

the 2H quadrupole interaction strongly suggests the rapid

isotropic reorientation and translation of alcohols as in the

bulk liquid, implying a transition from solid to liquid in

ACFs. Figure 3 depicted the temperature dependence of

the line width (FWHM) for the isotropic peak. Narrowing

of the line width on heating indicates that the rate of

molecular motion is in the extreme narrowing region.

Since the narrowing in the case of 2H nuclei is caused by

the orientational fluctuation of the principal axis compo-

nent of the quadrupole coupling tensor, the translation

accompanying the change in the molecular orientation

will also achieve the effective narrowing of the resonance

line, in addition to the isotropic reorientation. The line

width obeys the Arrhenius’ law in the low temperature

region, indicating that the thermal motions such as

translation and isotropic reorientation take place. How-

ever, the slope changes around 210–220 K. This will be

mainly dominated by the inhomogeneity of the external

field as well as the bulk susceptibility of the ACF pow-

dered samples.

Fig. 1 2H NMR spectra for alcohol confined in ACF20A; CH3OD

and C2H5OD
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In the case of 1H spectra, the 1H–1H magnetic dipolar

interaction mainly contributes to the line width of alcohols.

The translation as well as the isotropic reorientation of

alcohols plays an important role in narrowing the line

width, because the dipolar interaction is presented as a

function of both the internuclear distance and orientation of
1H–1H vector with respect to the external magnetic field.

Therefore, it is expected that the temperature dependence

of the 1H line width provides the dynamic aspect of alco-

hols concerning translational diffusion and isotropic

reorientation.

Figure 4 shows the temperature dependence of the 1H

spectra. Both alcohols gave an isotropic resonance line in

the temperature range from 130 K to room temperature,

and the line width strongly depended on the temperature. In

C2H5OD, the full width at half maximum (FWHM) at room

temperature is ca. 800 Hz (4 ppm), which is much greater

than the chemical shift separation of ca. 1 ppm between

methyl and methylene protons as well as the line width in

bulk liquid (See Supplementary Information). The line

width broadens to be 15 kHz in ACF10A and 12 kHz in

ACF20A at 130 K. The temperature dependence suggests

vigorous molecular motion (translation and/or isotropic

reorientation) just like the liquid state for C2H5OD in ACF,

but the rate of the motion is slower than those in bulk

liquid. The observed spectra for CH3OD in ACF also be-

have in the same manner as those for C2H5OD, although

the line width was somewhat narrow. The 1H spectra for

alcohols in ACF are quite different from the bulk one,

which is provided in Supplementary Information.

Figure 5 depicts the temperature dependence of the line

width (FWHM) for the 1H resonance line. In the tem-

perature range above 180 K for CH3OD and above 210 K

for C2H5OD, the line width depends less on temperature,

which will mainly be dominated by the inhomogeneity of

the external field as well as the bulk susceptibility of the

ACF powdered samples. In the spectra for bulk alcohols,

inhomogeneity of the external field is estimated to be less

than 250 Hz (See Supplementary Information). Therefore,

the temperature-independent intrinsic line width is caused

by the bulk susceptibility of the ACF powdered samples. In

contrast, below these temperatures, the line width increases

according to Arrhenius’ law, where the thermally activated

molecular motion substantially affects the resonance line.

The observed broadening upon cooling indicates a slowing

down of molecular motion. According to Garg and

Davidson, a FWHM of 21 kHz was reported for the 1H

wide-line NMR spectrum in bulk CH3OD crystal between

Fig. 2 2H NMR spectra for alcohol confined in ACF; CH3OD in ACF

10A (a) and 20A (b) and C2H5OD in ACF 10A (c) and 20A (d)

Fig. 3 Arrhenius plot of the line width of 2H NMR of alcohols

confined in ACF 10A (open circle) and 20A (filled circle); CH3OD

(a) and C2H5OD (b)
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4.2 and 160 K (Garg and Davidson 1973). The second

moment of 1H spectrum for CH3OD with rotating CH3

groups was also evaluated to be 5.56 G2 as the in-

tramolecular contribution (Garg and Davidson 1973),

which corresponds to FWHM of 23 kHz for a Gaussian

line shape. Furthermore, Eguchi et al. also reported the

second moment of 1H NMR spectra for solid ethanol to be

14 G2 at the melting point (159.0 K) of the stable and

ordered phase with monoclinic lattice (crystal I) (Eguchi

et al. 1980). This second moment value corresponds to the

FWHM of 35 kHz for the Gaussian line shape.

The observed line widths of both CH3OD and C2H5OD in

ACF are much narrower than those in bulk solid, strongly

suggesting that alcohols are undergoing the rapid isotropic

molecular motion in ACFs. For CH3OD in both 10A and

20A, the thermal anomalies, which have been reported by

dielectric study (Śliwińska-Bartkowiak et al. 2001), were not

observed in the temperature dependence of the 1H and 2H

line widths. This may be concerned with the difference in the

pore width: The pore width in our study (w = 0.7 and

1.1 nm) is narrower than that in the previous study

(w = 1.8 nm). In the case of 1H spectra, there are some

motional modes to reduce the dipolar interactions including

the overall molecular reorientation, translational diffusion,

local motion of alkyl-groups, and so on. Since the methyl

rotation has already done the reduction of the dipole–dipole

interaction below 130 K (Garg and Davidson 1973), the

residual dipolar interaction would be averaged out by the

overall molecular reorientation, translational diffusion and

the large amplitude local motion such as kink, twisting, and

reorientation of alkyl-group, except for methyl rotation.

Such motions will mainly average the dipolar interaction for

methylene protons. However, the 2H NMR experiments

support solid-like alcohols in ACFs below 158 K in 10A and

138 K in 20A for CH3OD, and below 180 K in 10A and

156 K in 20A for C2H5OD, as described above. The re-

markable narrowing of the 1H NMR spectrum was observed

even below these temperatures, where translation of the al-

coholmolecule is frozen. Therefore, it is valid that the 1H line

widths aremainlymodulated by the isotropic reorientation of

alcohols as well as the large amplitude local motion of alkyl-

group except for methyl rotation.

Thus, our solid-state NMR study reveals a dynamically

disordered structure of alcohol molecules with high mobility

like a liquid state at ambient temperature. This dynamic

structural feature of alcohol molecules seems to be incon-

sistent with a positional and orientational ordered structure

of alcohol molecules (Ohkubo et al. 1999a, b, 2000, 2001;

Iiyama et al. 2009). However, the difference in these struc-

tural features will be explained by the observation time-

scale. That is, alcohol molecules are dynamically disordered

in the NMR time scale, but form the positional and/or ori-

entational ordered structure as a time and ensemble average.

The analyses of the temperature-dependent line width

give rise to the activation energy of molecular motion,

which includes the knowledge of the intermolecular
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interactions. The line width of the isotropic peak can be

represented by assuming superposition between the tem-

perature-independent (m0
1=2
) and the temperature-dependent

[m1/2(T)] components. The former is the intrinsic line width

stemming from the inhomogeneity of the magnetic field,

and the latter corresponds to the motional narrowing part

which is proportional to the spin–spin relaxation rate (1/

T2) in the extreme narrowing region (Abragam 1961).

Furthermore, 1/T2 is proportional to the square of the nu-

clear spin interaction (Ci, i = Q and D for quadrupole and

dipole interactions, respectively) and the correlation time

(sc), of which temperature dependence follows the Ar-

rhenius’ law:

mobs ¼ m01=2 þ m1=2ðTÞ ð1Þ

m1=2ðTÞ ¼ 1=pT2 ¼ C2
i � sc; ð2Þ

sc ¼ s0 exp Ea=RTð Þ; ð3Þ

where CQ ¼
ffiffiffiffiffiffiffiffi

3=8
p

ð2pÞðe2qQ=hÞ and CD ¼
ffiffiffiffiffiffiffiffi

3=2
p

ð2pÞ
ðc2h=r3Þ. Using the QCC (185 kHz) and the typical dipolar

interaction (for example, 21 kHz for methylene protons

with rH–H = 1.79 Å), the resultant sc value from 1H reso-

nance line is 20 times longer than that from 2H resonance

line, when 1H and 2H spectra have same linewidth. That is,

the molecular motion detectable for 1H resonance line is

slower than that for 2H resonance line. According to these

relations, the line widths of 2H resonance line in Fig. 3

correspond to the correlation time from 2.5 9 10-9 to

1.2 9 10-7 s, whereas those of 1H resonance line in Fig. 5

correspond to the correlation time from 6.0 9 10-8 to

2.4 9 10-6 s.

The slope provides the apparent activation energy (Ea)

for the molecular motion of alcohols. The 1H NMR spectra

yield the Ea values for isotropic reorientation in the solid-

like alcohol in ACFs, whereas the 2H NMR spectra are

concerned with the average Ea values for translation ac-

companying the orientational change as well as the

isotropic overall reorientation in the liquid-like alcohol.

The resultant Ea values are listed in Table 1. For C2H5OD

in 10A, two activation processes are postulated, because

the temperature dependence of the 1H line width shows the

inflection point at 172 K as shown in Fig. 5b. The possi-

bilities for the origin of the two activation processes will be

mentioned below.

In general, breaking the hydrogen bond mainly corre-

sponds to the activation process for molecular reorientation

Fig. 5 Arrhenius plot of the line width of 1H NMR of alcohols

confined in ACF 10A (open circle) and 20A (filled circle); CH3OD

(a) and C2H5OD (b)

Table 1 Apparent activation energy of alcohols confined in ACFs

System Method Ea (kJ mol-1) Motional

mode

ACF10A

CH3OD m�(
1H) 11 Reorientation

m�(
2H) 14 Translation and

reorientation

C2H5OD m�(
1H) 9 (\172 K)

12 ([172 K)

Reorientation

m�(
2H) 17 Translation and

reorientation

ACF20A

CH3OD m�(
1H) 12 Reorientation

m�(
2H) 14 Translation and

reorientation

C2H5OD m�(
1H) 12 Reorientation

m�(
2H) 16 Translation and

reorientation

Bulk liquid

CH3OD
a 2H-NMR 11.5 Reorientation

CH3OH
b Flow 12.9 ± 0.3 Self-diffusion

C2H5OD
a 2H-NMR 18.4 Reorientation

C2H5OH
b Flow 19.0 ± 0.7 Self-diffusion

a Goldammer and Hertz (1970)
b Pratt and Wakeham (1977)
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of alcohols, whereas the defect formation and rearrange-

ment of the surrounding molecules accompanies molecular

translation. In bulk liquids, both motional modes are cou-

pled each other, leading to comparable Ea values for

molecular reorientation and self-diffusion. On the other

hand, the Ea values for translation are somewhat larger than

those for reorientation in ACFs. This feature supports that

the 2H NMR spectra focus on the dynamic behavior of

liquid-like alcohols in ACF, whereas the 1H NMR spectra

attract those of solid-like alcohols. Furthermore, the Ea

values in both alcohols seem to depend less on the slit

width, except for C2H5OD in 10A, implying similar envi-

ronments and intermolecular interactions for alcohol

molecules in ACF10A and 20A. That is, the potential

barrier for the molecular motion of alcohols is dominated

by the special restriction due to the slit-type nanospace

(hydrophobic character) as well as the intermolecular hy-

drogen bond (hydrophilic character). However, for

C2H5OD in 10A, the cross-over of the activation processes

has been observed, indicating the existence of any transi-

tions which accompanies the change in the intermolecular

interactions.

At this point, the presumable intermolecular structures

of alcohols in ACF are envisaged by the potential profiles

through the molecular size relative to the ACF nanospace.

For infinite slit pores composed of the graphite sheets with

the separation of H, the equilibrium position of the globular

guest molecules will be predicted by the well-known

Steele’s 10-4-3 potential U(z) (Steele 1973).

UðzÞ ¼ ð2pqsesfr2sfDÞ
2

5

rsf
z

� �10

� rsf
z

� �4

�
r4sf

3Dð0:61Dþ zÞ3

" #

ð4Þ

where qs is the number density of the solid wall (114 nm-3

for graphite), and the subscript s and f represent the surface

and the fluid, D is the distance between lattice planes, z is

the coordination of a fluid molecule along the direction

perpendicular to the surface plane, esf and rsf are the cross

interaction parameters between the fluid and the surface.

Here, rsf is generally estimated by the Lorentz–Berthelot

rule as rsf = 0.5 (rss ? rff). For alcohols, the rff values
are approximated by the rough hard-sphere diameter;

0.365 nm for CH3OH and 0.424 nm for C2H5OH (Hurle

et al. 1985). For graphite, 0.34 nm was used as rss. The
total potential energy for the confined molecule in the slit

pore is represented by the sum of the potential energy from

both sides of the slit wall as follows (Kaneko 1996):

Uðz;HÞ ¼ Uðzþ H=2Þ þ Uðz� H=2Þ: ð5Þ

In this case, the origin of the coordination for the variable

z is the centre of the slit pore, satisfying the condition; -H/

2\ z\H/2. According to Eqs. 4 and 5, the shape of the

potential profile critically depends on the relative size be-

tween the slit width and the confined molecule: For H/

rsf[ 2.25, a double-minimum potential begins to develop

with a hump at the centre of the slit. The effective pore

width, w, determined from adsorption experiments is re-

lated to H as H = w ? 0.8506rsf - rff (Kaneko et al.

1994). The H/rsf value is then evaluated to be 1.81 in 10A

and 2.94 in 20A for CH3OD and to be 1.57 in 10A and 2.62

in 20A for C2H5OD.

The double minimum potential profile is expected for

20A. This potential profile is amenable to a bilayer struc-

ture for alcohols in 20A, resulting in the similar inter-

molecular structure and the dynamic behaviour of CH3OD

and C2H5OD in ACF20A. This structural feature for

CH3OD and C2H5OD in ACF is also supported by

diffraction studies. Ohkubo and co-workers have also

suggested the bilayer packing and solid-like ordered

structures of CH3OH and C2H5OH in ACF with the slit

width of 1.1 nm as an average structure (Ohkubo et al.

1999a, b, 2000, 2001). In contrast, the single minimum

potential profile is expected for 10A, where the monolayer

structure of alcohol molecules is preferable in 10A. The

narrow slit in 10A enforces the guest–guest as well as the

guest–wall interactions, eliciting the solid-like feature of

the confined alcohols. According to Ohkubo et al. (1999b),

C2H5OH molecules form a positional and orientational

ordered structure in ACF. In contrast, CH3OH molecules

form a positional ordered structure, but not orientational

ordering. The CH3OH molecules in ACF have more free-

dom of rotational motion than C2H5OH. The dynamics of

alcohols in 10A is also consistent with these structural

features: CH3OD shows the high mobility for isotropic

reorientation and translation, whereas C2H5OD shows the

cross-over of two activation processes.

The monolayer structure of alcohols in 10A is expected

to enhance two-dimensionality in the intermolecular in-

teraction between alcohol molecules. In particular, for

C2H5OD, the two-dimensionality in the intermolecular in-

teractions is enhanced more effectively than CH3OD, be-

cause both the spatial restriction and enforcing of the

intermolecular interaction are more remarkable for the

large molecule. Intensifying the two-dimensionality in the

intermolecular interactions will reflect on the orientational

ordering of alcohols as well as physicochemical properties.

In the case of C2H5OD, the hydrogen bond plays an im-

portant role in the dynamic behavior as well as the for-

mation of monolayer structures in ACF. In the bulk

solvent, C2H5OH exhibits polymorphism such as a fully

ordered (monoclinic) crystal, a (bcc) plastic crystal, ori-

entationally disordered crystal (glassy crystal), and ordi-

nary amorphous glass (Ramos et al. 2006). In a fully

ordered (monoclinic) crystal, C2H5OH molecules form a

zig-zag hydrogen bonding chain (Jönsson 1976). Such
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hydrogen bonding chain has been observed in C2H5OH

monolayer adsorbed on the graphite surface (Morishige

1992). On the other hand, the orientational disorder causes

the plastic crystal and ordinary amorphous glass. Thus, the

competition of the degree-of-freedom of molecular orien-

tation and the directionality of hydrogen bonding critically

dominates the properties of the condensed phase. In the

bilayer structure in ACF, C2H5OD molecules can form

pseudo-3-dimensional hydrogen bonds along the in-plane

and interlayer directions. However, in the monolayer

structure, the formation of hydrogen bonds is restricted to

the 2-dimensional in-plane direction. In fact, the melting

points of 2D C2H5OH crystal (204–214 K), which depend

on the coverage, were much higher than bulk one (159 K)

(Morishige 1992). The confinement into 2-dimensional

space and monolayer structure of C2H5OD in 10A may

feasibly proceed the the 2D crystal formation of C2H5OD

similar to monolayer adsorbed on graphites. Thus, the

liquid-2D crystal transition is one of the possibilities for the

inflection point at 172 K in Fig. 5b. In this case, the cross-

over corresponds to the transition from isotropic molecular

reorientation to the local motion of alkyl-group, because

the translational and orientational motion of C2H5OD

freezes by development of the hydrogen bonding network

in the 2D crystal. In contrast, XRD study has revealed that

ethanol adsorbed on the pore wall of the mesoporous sili-

con, of which thickness corresponds to three monolayer,

remains in an amorphous state from 80 to 150 K (Henschel

et al. 2010). Thus, the anisotropic spatial environment fa-

cilitates a failure of the development of a hydrogen bond

network. As a result, the defect formation of the hydrogen

bond proceeds and the contribution of hydrogen bonding to

the intermolecular interaction is reduced. According to this

scenario, C2H5OD in ACF10A below 172 K may be in the

orientationally disordered solid like a hexatic phase, glassy

crystal or ordinary amorphous glass, where C2H5OD

molecules make it possible to undergo the over-all reori-

entation under the lower potential barrier.

Form the viewpoints of the molecular motion, we pro-

posed two possibilities for the bending observed in the

Arrhenius plot in Fig. 5b: the liquid-2D crystal transition

and the liquid-amorphous transition. For inspection of

these tentative models, we need detailed information about

intermolecular structure of C2H5OD in this temperature

range.

4 Conclusion

Methanol and ethanol confined in ACF gave a so-called

Pake doublet powder pattern characterized by the 2H QCC

of 185 kHz and the asymmetric parameter of the electric-

field-gradient tensor (g) of 0.1 for both CH3OD and

C2H5OD. The QCC value of the deuteron was indicative of

hydrogen bond formation with the O���O distance of ca.

0.27 nm. This suggested the solid-like feature of alcohols

in ACFs. The quadrupole broadening vanished and the

single isotropic resonance line was observed above the

following temperatures: 160 K in 10A and 140 K in 20A

for CH3OD, and 200 K in 10A and 170 K in 20A for

C2H5OD. Alcohol molecules are undergoing a rapid mo-

tion as in the bulk liquid, indicating a transition from solid

to liquid in ACFs. The temperature dependence of the line

width for 2H isotropic peaks provides the average Ea values

for the translation accompanying the isotropic reorientation

of alcohol molecules, which were consistent with the Ea

values in the bulk liquid.

The observed narrow resonance line of 1H spectra also

suggested the rapid molecular motion of alcohols in

ACFs. The remarkable narrowing was also observed for

the solid-like alcohols in ACFs where translation of the

alcohol molecule is frozen. Therefore, the 1H line widths

are primarily modulated by the isotropic reorientation of

alcohols, leading to Ea values for isotropic reorientation

of the solid-like alcohols in ACFs. The Ea values in both

alcohols seem to depend less on the slit width, implying

a similar environment and the intermolecular interactions

for alcohol molecules in ACF10A and 20A. That is, the

potential barrier to molecular motion for alcohols is

dominated by the special restriction due to the slit-type

nanospace (hydrophobic character) as well as the inter-

molecular hydrogen bond (hydrophilic character). Fur-

thermore, there were two activation processes for

C2H5OD in 10A. The cross-over between these processes

takes place at 172 K. The origin could not be identified

in this study, but the feasible possibilities are proposed:

One is the liquid-2D crystal transition. In this case, the

cross-over will correspond to the transition from

isotropic molecular reorientation to the local motion of

alkyl-group. Other is the liquid-amorphous transition. In

this case, the cross-over will stem from the defect for-

mation of the hydrogen bond of C2H5OD confined in

ACF10A.

The feasible structure of the alcohol molecules confined

in ACF is examined by intermolecular interaction between

the alcohol molecules and the slit walls for infinite parallel

carbon sheets. The bilayer-like arrangement of the confined

molecules is predicted for ACF20A with slit width of

1.1 nm. In this case, the confined molecules make it easy to

form hydrogen bonds between the neighbors located along

the same walls as well as along opposite walls. On the

other hand, the monolayer-like structure is preferable for

alcohols in ACF10A with a slit width of 0.7 nm. The re-

stricted and anisotropic environment brings about en-

hancement of two-dimensionality in the intermolecular

interaction.
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Thus, the competition of the directionality of hydrogen

bonds and a freedom of molecular orientation plays an

important role in amphipathic molecules in confinement.
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