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Two-Dimensional Molecular Solids Formed
at Gas-Solid and Solid-Liquid Interfaces

Akira Inaba

(Received October 14, 2000; Accepted December 4, 2000)

Calorimetry and neutron scattering techniques are combined to study the structures and
phase transitions occurring in various 2-D molecular solids formed at gas-solid and solid-liquid
interfaces. The solid monolayers of methyl fluoride and methyl chloride adsorbed on the
surface of graphite exhibit a phase transition, the former is of an order-order type and the latter
of an order-disorder type. The 2-D molecular solids of various molecules including alkanes and
carboxylic acids formed at an interface of the bulk liquids and graphite melt well above the
bulk melting temperatures, whereas the 2-D solids formed on the surface of graphite melt well
below the bulk melting temperatures. It is considered that the 2-D solids formed at gas-solid
interface melt to form the 2-D liquids, whereas the 2-D solids formed at solid-liquid interface

melt to form the bulk liquids.
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Fig.1 Isosteric heat of adsorption of CH4 on graphite
obtained at 84.5 K as a function of the amount
adsorbed.1) Two graphite samples from different
sources were investigated. For both samples, n.0
2.5x 1094 mol go! corresponds to a monolayer
as determined by the inflection point in the
first step of an adsorption isotherm at 77 K.
The spike marks the region of coexistence of
fluid and commensurate solid surface phases.
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Fig.2 Molar heat capacity of CHsF on graphite at a
coverage of 0.83 monolayers.2® The dashed curve
represents an estimate of the "normal" heat

capacity.
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Fig.3 Experimental (a) and calculated (b) neutron
diffraction patterns of the low-temperature phase
of CDsF on graphite, coverage 0.63 monolayers,

wavelength 2.52 0, and temperature 80 K.23)
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Fig.4 Experimental (a) and calculated (b) neutron

diffraction patterns of the high-temperature phase
of CDsF on graphite, coverage 0.63 monolayers,
wavelength 2.52 0, and temperature 105 K.23)
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Fig.5 Structures of the low-temperature phase (a) and
the high-temperature phase (b) of CDsF deduced
from the neutron diffraction measurements. The
fluorine atoms are marked with crosses.2?)
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Fig.6 Molar heat capacities of CHsCl on graphite. The
coverages are (a) 0.156, (b) 0.196, (c) 0.222, (d)
0.263, and (e) 0.288 mmol g-1.25)
T T T T ~
Hde O
E 0.3 - g
[S) HD JHD(D
5 HD(0)o LD 4Oyt F(OZ/] 2
IS '\_l F - e 8
E 0.2 = F - B
: | w 1 E
7/ ©
01 ! 7 | I J €
100 140 180
T/K
Fig.7 Phase diagram of monolayer CHsCl on graphite.25)

Solid circles are locations of observed anomalies
in heat capacity, and solid lines are phase
boundaries. Dash lines are more speculative phase
boundaries. LD, HD(O), HD(D), F and F(O)
stand for low-density solid, ordered high-density
solid, disordered high-density solid, fluid and
somewhat-ordered fluid, respectively.
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Fig.8 Incoherent elastic neutron scattering as a function

of temperature for 10 monolayers of n-heptane
adsorbed on graphite (o) and the bulk n-heptane
(o) as well as for a mixture of 10 monolayers of
protonated n-heptane and 3 monolayers of deuterated
dodecanoic acid adsorbed on graphite (O0).49
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Table 1 Melting temperatures of the adsorbed monolayers
on graphite formed at solid-liquid interfaces.
They were determined by incoherent elastic
neutron scattering.

molecules Tm(2-D solid) / K Tm(bulk solid) / K

methane3®) 98
198
206
240
253
265
285
335
342
355
360

90
178
183
216
220
243
263
297
317
328
336

n -hexane39)

n -heptane3®)

n -octane3?)

n -nonanes?)

n -decane3?)

n -dodecane3®)
1-dodecanol3®)
dodecanoic acid3®)
tetradecanoic acid?)

hexadecanoic acid*
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Fig.9 Molar heat capacity as a function of temperature
for 7 monolayers of n-heptane adsorbed on
graphite.4) The result of incoherent elastic
neutron scattering is also plotted, where the
horizontal dashed line indicates the background
level.
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Fig.10 Molar heat capacity as a function of temperature
for 7 monolayers of n-dodecane adsorbed on
graphite.4) The result of incoherent elastic
neutron scattering is also plotted, where the
horizontal dashed line indicates the background
level.
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Fig.11 Coverage dependence in the melting enthalpy
of bulk nonanoic acid obtained from DSC
measurements.45)
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Fig.12 (a) Experimental diffraction pattern from a
monolayer of n-decane adsorbed onto graphite.48)
The scattering from the graphite substrate has
been subtracted in preparing this figure. The
calculated pattern illustrates the scattering pattern
expected from the structure given in Fig.12(b).
(b) Crystal structure of the n-decane monolayer
deduced from the pattern in Fig.12(a). The
hexagons indicate the underlying graphite
substrate.

gobooooooobooooooooooobobooDoon
gbooooooobooboooooooooboobooogon
gbobooooboooooooboooooboooo

Fig.1200000000000C0O00OOO0O0O0OO0ODOO
oooooooooooooooooooooooboooo
OpgglO00OOB3Y 0000000 ODOOOOOOOOCOO
goooopz2o000b00O0O00OObOODODbDOOOOO
goooobOooooooooooooooooobooo
00000ap25500b05.12000000000000
gooooobooooooooboboooooobooobooboooo
gooodbopbOOO0OO0ooooooooobobooooogo
goo0odbab0OdDOOOOOCOOObBOOOOODOO
gooooooooooobobooooooooobooo
oooor»O000000000C00O000000000O0
gooooboooooooooboboOooooooooboooo
goooooooao

Netsu Sokutei 280 102001



ooboooobooooooooooobboooooo

1000F

C / JKolmolol

0 100 200 300

T/K

Fig.13 Molar heat capacity as a function of temperature
for 0.8 monolayers of n-pentane (o ), n-heptane
(e ) and n-dodecane (O ) each adsorbed on
graphite.4)
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melting of 2-D solid
at gas-solid interface ]
melting of bulk solid
melting of 2-D solid
at solid-liquid interface

T

Fig.14 Schematic diagram of Gibbs energy against
temperature to understand different melting
temperatures of 2-D solids: The 2-D solid at gas-
solid interface melts below the bulk melting point
to form a 2-D liquid. The 2-D solid at solid-
liquid interface melts above the bulk melting
point to form bulk liquid.
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