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Abstract

The phase transitions of two different liquid crystal
materials adsorbed on graphite were studied using scanning
tunneling microscopy. From the dimensions, the periodicity
and the symmetry of the observed structures at different
temperatures, a strong relationship between the bulk phases
and the adsorbed monolayer phases was found. In addition,
this study shows that the transition temperatures of the
adsorbed molecules in both trangitions are the same as the
transition temperaturesin bulk.
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Introduction

Investigations of the adsorption of organic molecules
from solution onto graphite surfaces were underway before
scanning tunneling microscopy was available (Everett and
Findenegg, 1969). It was found that under appropriate
conditionsof temperature and sol ution concentration, themass
of akanemoleculesadsorbed from solution wasequivaent to
that of amonolayer. Such monolayersadsorbedtothesurface
of highly-oriented pyrolytic graphite (HOPG) havebeenimaged
by scanning tunneling microscopy (STM) (McGonigal etal.,
1990). Predating this work, STM images of liquid-crystal
moleculescontaining alkyl groupswerereported. 1t wasfound
by Frommer and coworkers (Foster and Frommer, 1988; Spong
etal., 1989a,b) and by Smith et al. (1989) that under ambient
conditions, adsorbed moleculesof 4'-n-octyl-4-cyanobi phenyl
(8CB) of theakyl cyano-biphenyl family of molecules(mCB)
formed ordered monolayerswhich could beimaged by STM
on HOPG substrates. The degree of order was that of a 2
dimensional crystal rather than that of aliquid crystal. Inthe
highest resol utionimages, it waspossibleto i dentify individual
phenyl groups and the methylene repest of the alkyl groups.
The structure consisted of bright rows (phenyl groups) and
lessbright rows (alkyl groups), such that the moleculeswere
arranged head-to-head, forming parallel bilayersin the plane
of the substrate, a structure similar to, though more ordered
than, thesmectic, layered structure of thebulk. The adsorbed
layer exhibited arepetitivejog inthe structure along the rows,
resultingin an eight-moleculeunit cell for 8CB. Similarimages
were subsequently obtained by other groups in the field
(McMaster et al., 1990, 1991; Mizutani et al., 1990; Nejoh,
1990; Shigeno et al., 1990; Shindo et al., 1990; Poulin and
Kagan, 1991, for areview, see Frommer, 1992).

Theadsorbed layer of 8CB onamolybdenum disulfide
(MoS,) substrate has been investigated extensively by Hara
and coworkers beginning in 1990 (Haraet al., 1990). It was
found that on this substrate, 8CB was arranged again in
aternating bright and less bright rows, but that these rows
had widths corresponding to asingle molecul e rather than the
bilayer structure observed on HOPG. This structure, which
the authors called a monolayer structure, consisted of
neighbouring molecules, along the rows, pointing in opposite
directions (the use of “monolayer” should not be confused
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with the monolayer thickness of the adsorbed film).
Energetically, this is an unfavourable molecule-molecule
interaction, suggesting that the molecul e-substrateinteraction
playsamoreimportant rolein MoS, thanin HOPG for which
mol ecule-molecul e interactions seem to be more important.
Similar structuresto those of 8CB on MoS, were observed for
7CB (which has only anematic phase unlike 8CB, which has
both a smectic and anematic phase) on HOPG by Shigeno et
al. (1990). These, and further studiesby Haraand coworkers
demonstrated that the monolayer structure can be associated
with the nematic phase and the bilayer structure with the
smectic phase (Iwakabeet al., 1990, 1991, 1992, 1994). The
relationship of the molecules to the HOPG and the MoS,
latticeswasinvestigated by Smithet al. (1992).

Besides the mCB family, severa other liquid-crystal
molecules have beenimaged by STM (e.g., Matsushigeet al.,
1993; Teki and Matsushige, 1994; Walbaet al., 1995) including
molecules exhibiting an antiferroelectric phase (Hara et al.,
1991; Jandt et al., 1995). STM images of the structure of
adsorbed layersfromamixtureof liquid-crysta moleculeshave
shown arich variety of molecular arrangements (Sautiere et
al., 1992; lwakabeet al., 1994; Stevenset al ., 1996).

Therelevance of these STM studiesto the behaviour
of theliquid crystalsin bulk or on surfacesother than graphite
and molybdenum disulphide (MoS,) must be considered. In
liquid-crystals displays, where these molecules have their
practica application, thesurfaceisusualy arubbed polyimide
(PI). Sofar, STM images of liquid-crystal moleculesonthis
surface have not been achieved. However, STM studies
showing liquid-crystal dignment on Langmuir-Blodgett films
of Pl havebeenreported (Fang et al., 1992, 1993).

Inorder toinvestigatefurther therel ationship between
the bulk structure and the adsorbed monolayers as observed
by STM, the structure of the adsorbed monolayerson graphite,
in the presence of the bulk, during phase transitions of the
bulk liquid crystal have been examined. Twotrangitionshave
been studied: (i) the smectic-nematic (first-order) transition
occurringin 8CB (Fig. 1) at about 33.5°Cinthebulk, and (ii)
theanti-ferroel ectric-ferroel ectric (second-order) transition for
theliquid-crystal moleculeshowninFigure 1 and occurringin
thebulk at about 43°C. Thisisasecond-order transition.

Experimental M ethod and M aterials

The4-n-akyl-4'-cyano-biphenyl (8CB) liquid-crystal-
materid iscommercialy availablefrom Merck (Poole, UK) and
was used without further purification (Fig. 1). The phases
and thetrangtion temperaturesof thismoleculeareasfollows:

- SmecticA -
33B5°C

Crystd
215°C

Nematic — IsotropicLiquid
405°C

Theantiferrodectricliquid crystal (AFELC) 1-propylheptyl 4-
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Figure 1. Molecular structure of the 4'-n-octyl-4-
cyanobiphenyl (8CB) and the antiferroelectric liquid crystal
{provided by DRA (Malvern, UK); produced by J. Goody and
coworkersfromthe Chemistry Department, University of Hull,
UK}.

(4-n-nonyloxyphenylpropiol oyloxy) biphenyl-4-carboxylate
(Fig. 1) was supplied by DRA (Mavern, UK) and produced
by J. Goodby and coworkersat the University of Hull, UK. It
exhibitsthefollowing phase behaviour:

Crystal - SmecticC,” — SmecticA - IsotropicLiquid
400°C 430°C 630°C

The STM samples were prepared by placing a small
amount of liquid-crystal material on afreshly-cleaved surface
of highly oriented pyrolytic graphite (HOPG, Advance
Ceramics, Cleveland, OH) mounted on a heating stage. In
order to prevent temperature fluctuations, the STM head was
enclosed, and the STM room wasisolated. Thetemperature
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f) 335°C

Figure?2. Scanning transmission micrographsof the molecular lattice of the 8CB at different temperatures. Images(a) to (€) show
the typical double-row band structure of the Smectic phase. The noisy image (f) corresponds to the nematic phase. Scan
parameterswere 0.08 nA (aperture) and an accel erating voltage of 700 mV. Thescandimensionsare 15nmx 15 nm.

was measured using a thermocouple placed at the interface
graphite-liquid crystal. With this configuration, changesin
0.1°Cwereeasly detected. Thesamplewasthen heated upto
temperatures at which it formed theisotropic phase. Oncein
theisotropic phase, the sampleswere alowed to cool downto
the desired temperature. The experiments were carried out
over atemperaturerange of 23°Cto50°C. Theheatingratein
both caseswas approximately 0.1°C per minute.

Before thefirst scan, the sample was | eft to stabilise for
20 minutes. Once the temperature was stable, the alignment
of themoleculesremained the same during scanning for severa
hours. No obvious thermal effects were observed on the
tunneling process as the temperature was increased.

The scanning tunneling microscope used was a
commercial instrument supplied by W.A.. Technology/Oxford
Instruments (Cambridge, UK). Specimenswereimagedinthe
constant-current mode using tungsten tips electrochemically
etchedin1M KOH. Tunneling conditionsused weretypicaly
0.01t00.2 nA and 600to 1100 mV for current and accel erating
voltage, respectively. All imageswere normalised and plane
fitted.
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Resultsand Discussion

Figure 2 showsasequence of picturesof the8CB sample
at different temperatures. Images (a) to (€) show the typical
double-row (bilayer) band structure of the smectic phase. The
periodicity of the bandsis 3.7 nm. At higher magnification,
details of the phenyl groups and the alkyl chains can be
observed in agreement with previous reports.

Fromthisset of images, no changeinthe packing structure
of the molecules is observed as the temperature increases
from24.5°Ct032.5°C. However, at 33.5°C, theordered sructure
disappeared. For high resolution, the STM requires
immobilisation of moleculesonthetimescale of the scan, that
is, tens of seconds. As the image (f) does not show any
regular structure, it suggests that at this temperature, the
mobility of the moleculesincreased. Because of the lack of
positional order, wecaninfer that it hasundergoneatransition
toamore mobile phase. Theimage containsmorenoisethan
that expected for smply a HOPG surface, each pixel of the
image being atimeaverage of molecular motion between the
tip and substrate during data collection time for that point.
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(b)

41.0"C

Figure3. Scanning transmission micrographsof theAFEL C sampleat different temperatures. Images(a) to (c) correspond tothe
smectic C,". The smectic A phase is present on images (d) to (f). The arrows indicate the periodicity of the bands at each

temperature. Scandimensionsare15nmx 15nm.

Fromthebulk phasediagram, we can associaethismoremobile
phase with the nematic phasein bulk. Also, acomparison of
the transition temperature of the monolayer adsorbed on
graphite with the transition temperature in bulk reveals that
both occur around 33.5°C. These results show that for the
8CB molecule, the transition temperature of the interface
molecular |atticeisagpproximately the sameasthebulk trangition
temperature. Thefact that thelayer at theinterface undergoes
a smectic-to-nematic-like transition is consistent with the
observationsof lwakabeand Hara(1995), who found that the
sequence of the phases found for the surface layer was the
sameasthesequencesof thephasesinthebulk. Itisinteresting
to note that after the sample had undergone the transition
into the nemati ¢ phase, and the temperature was decreased to
32.5°Candthento 30.5°C, theoriginad smectic-likeimagedid
not return immediately. This may be due to the need for
nucleation of this phase on the basal graphite lattice.

Wead soinvestigated an antiferroel ectric-to-ferro-electric
transition. Figure 3 presents a sequence of transmission
electron micrographsof theAFEL C at different temperatures.
The images are composed of bright bands separated by dark
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regions. At 40°C, the bright bands present two different
intensitiesarranged in an dternatingway. Imagesat 41°C and
42°C present two different dark regions. Each one of them
has aparticular dimension and certain characteristic features
within. The arrangement of these dark bands form an
aternating pattern ontheimages. For thesethreetemperatures,
theidentity period from the centre of one band to the next one
with the same characteristics was found to be 6.9 nm. For
temperatures between 43°C and 50°C, the image consists of
onebright band followed of onedark band. Thecharacteristics
of the bands are the same for each region. At high
magnification, somemolecular detailscanbeseenat 44°C. In
thiscase, the orientation of the molecul e appears perpendicular
totheband direction. The periodicity of thesebandswas 3.8
nm. It is clear from the difference in the periodicity and
characteristics of the bands that a change in the molecular
packing occurred between 42°C and 43°C. Fromthedternation
in brightness and the characteristics of the bands at the lower
temperature, a packing structure similar to the smectic C
antiferroelectric phase (Sm C,) isindicated. In this phase,
mol eculeswith permanent el ectric dipolesaligned in adjacent
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rows"“pair” in oppositedirections, forming azigzag structure
to cancel the dipole interaction. On the other hand, the
molecular orientation at high temperatures suggests a
structure similar to the smectic A phase where the molecules
aign parale to each other perpendicular to the direction of
the band. Again, a comparison of the phases and transition
temperature between the adsorbed molecular lattice and the
bulk suggests that the phases are not only similar in nature
but also occur at asimilar temperature.

The difference in the orientation of the bands for the
AFELC material in Figure 3 can be understood in terms of
drifting between domainsin the sample asaresult of thermal
expansion or domains growing during heating.

The STM has produced images of different structures
for the adsorbed monolayer depending on the temperature.
Thestructures have similaritieswith the structures of theless
ordered bulk phasesof themateria sfor the sametemperature.
Trangtionsinthe surfacemonolayer structuresoccur at similar
temperaturesto thebulk transitionsfor both typesof transition
inthetwoliquid crystal materids. Thisisdifferent tothe case
of the akanes adsorbed from solution where the ordered,
adsorbed layer coexistswith the bulk solution of random-coil
moleculesaboveit. Thebulk and the surface-adsorbed layer
areindifferent phases. Itislikely that the alkyl groupsof the
liquid-crystal moleculesareinvolvedin theadsorption of these
molecules to the graphite substrate. However, this ordered
adsorbed layer appearsto undergo the sametypeof transitions
asthe bulk.

Conclusions

The phase transitions of liquid-crystal molecules
adsorbed on graphite were followed as a function of
temperature. From observations on the images at different
temperatures, a strong correlation between the bulk and the
adsorbed monolayer phasediagram can beinferred. Itisclear
ineach case, that not only arethe characteristics of the phases
arethe same, but thetransition temperaturesaresimilar. This
suggests that the information on the nature of the bulk
somehow is propagated to the adsorbed layer.
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Discussion with Reviewers

K. Matsushige: Doesthefact that the phase transition point
of the sample isthe same asthat in the bulk suggest that the
intermolecular interaction isthe governing factor for the phase
transition process, and the interaction between the adsorbed
molecules and graphite substrate is rather weak?

Authors: Yes, webdievethat inthecaseof complex molecules
like the 8CB and the antiferroelectric one, the molecule-
moleculeinteraction playstheimportant rolein thetransition
process when graphite is used as a substrate. In fact, we
found adifferent behavior for thetransition temperaturewhen
asubstrate other than graphite is used in the experiment.

H.J.K.Hdrber: Theresultthat thetransitiontemperaturesare
very similar for the adsorbed layers on the surface compared
to the bulk isreally astonishing considering the behaviour of
alkanes, where the bulk and the adsorbed layer coexist in
different phases. In this context, | do not understand one of
the statements at the end of the section Results and
Discussion, namely, that the alkyl groupsareinvolvedinthe
adsorption of the liquid crystal molecules. Isthisastronger
interaction than that of the alkanepart? If thisistrue, | would
have difficulty justifying why molecules interacting more
strongly with the surface show no influence in the phase
trangitions, while moleculesinteracting more weakly show a
strong influence.

Authors: Thephenyl groupswill, of course, alsoplay arolein
the adsorption of the molecules to the HOPG substrate.
However, the observations might be misunderstood if the
intermolecular interaction isincreased by the phenyl groups,
which cannot be the case for akanes.

Reviewer I11: It was noted in the paper that the recovery of
thesmectic phaseinthe 8CB did not occur immediately upon
cooling down through the transition temperature. How long
did it take? Was any induction/nucleation period observed
when heating up through the transition temperature?
Authors: In order to recover the smectic phase on cooling
down once the sample was in the isotropic phase, it was
necessary to wait morethan half an hour. Wedid not observe
any induction/nucleation during heating.

J.Frommer: Abrief “ruler” comparison of images(a) and (€)
of Figure 1 appearstoindicatealessclose packing in (€) than
in (a), at least in the direction parallel to the row direction.
Please check this, sinceit isconcluded that thereisno change.
Authors: The orientation of the 8CB molecules, as we
mentioned, remains the same during the heating process in
the smectic A phase. The difference in the density of the
packing structure can be understood in terms of the mobility
of the molecules. As the temperature increases, the system
approachestheisotropic phase, and the thermal excitation of
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the moleculesincreases, causing lessclose packing. Wefound
a decrease of 4% in the number of molecules per unit area
between images (a) and (€).
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