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It has been shown that highly ordered monolayer films of hex-
adecyl boron acid CH3—(CH2)15-B(OH)2 can be obtained on the
basal plane of highly oriented pyrolytic graphite by the deposition
from a solution of the acid in n-tetradecane n-Ci14H3g. Using the
scanning tunneling microscopy, it has been found that the ordered
monolayers have a lamella-like structure. In this structure, each
lamella is composed of pairs (dimers) of molecules of the acid. The
association of molecules in each pair is implemented through the
interaction between B(OH)2-groups. It has been also found that
molecules of solvent n-C14Hszp, being at a temperature sufficiently
higher than the surface crystallization temperature can be coad-
sorbed with molecules of the acid. The coadsorption is explained
by the geometric factor due to a specific size of the dimers of hex-
adecyl boron acid.

1. Introduction

Superthin organic films deposited on the surface of
a solid substrate are an object of intense experimen-
tal and theoretical studies [1-4]. The interest in or-
ganic films is explained by their wide use in mod-
ern molecular electronics [5-6], in particular, in opto-
electronic [7-8] and memory [9] units, in the develop-
ment of solar cells [10], organic light diodes and field
transistors [11-12]. In addition, the ordered organic
films are important model objects, whose study al-
lows one to improve the idea of the processes of self-
organization of more complicated biological molecules
and polymers [13]. The physical characteristics of su-
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perthin organic films depend on the degree of their or-
dering and are determined to a significant extent by
the monolayers closest to the substrate. Therefore,
the enhanced attention is paid namely to the investi-
gation of a structure and properties of the first mono-
layer.

A particular role in nanotechnologies of the future
will be played by the phenomena of self-organization
(self-assembling) of molecules on atomically flat sur-
faces [14]. The processes of molecular self-assembling
are considered as one of the key technological stages
in the production of the two-dimensional memory ma-
trices of molecular integrated nanoschemes. It is fore-
seen that the role of separate elements (diodes, tran-
sistors, switches) in such nanoschemes will be played
by isolated molecules or their small ensembles. The
transition of microelectronics onto the molecular level
becomes more real with the creation of the method of
scanning tunneling microscopy (STM), which allows one
to obtain the structural and spectroscopic information
on the molecular and submolecular level in the direct
space [15].

For the last decade, the adsorption of long-chain
aliphatic compounds on atomically flat substrates such
as graphite and Au(111) was most intensively stud-
ied with the help of STM [16, 17]. The enhanced
attention to the adsorption of aliphatic compounds is
caused by their importance for modern chemical tech-
nologies. In addition, the molecules with aliphatic chain
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Fig. 1. (a) — Structure of a free neutral molecule of hexadecyl
boron acid optimized by the density functional method. (b) and
(¢) — profiles of the first empty (LUMO+1) and filled (HOMO-
1) molecular orbitals close to the Fermi level for a free neutral
molecule of hexadecyl boron acid, which are calculated within the
method DFT/B3LYP/6-31G*. The energies £ = 1.79 eV (b) and
E = -8.01¢V (¢

are convenient model objects, whose study allows one
to better understand the general mechanisms of adsorp-
tion, especially those of adsorption of large molecules.
The results of STM-observations of normal alkanes and
their derivatives revealed that the packing structures for
molecules of this class, kinetics of their adsorption, and
STM-contrast are determined by the length of an alkyl
chain, type of a functional group, and type of a sub-
strate. Despite the intense research in this direction,
the processes of self-assembling and properties of mono-
layers of aliphatic compounds are insufficiently clarified
yet. In particular, this concerns the important ques-
tions related to the mechanisms of charge transport
through isolated molecules and to the physics of the
formation of STM-contrasts at the study of monolay-
ers.

In the present work, we present the results of STM-
studies of monolayer films of hexadecyl boron acid CHs—
(CH3)15-B(OH), adsorbed on the atomically flat sur-
face of graphite. A molecule of hexadecyl boron acid
belongs to the class of alkyl boron acids and includes
the saturated alkyl chain —-C;6H3z (= 1.7 nm in length)
and the polar group -B(OH)s (Fig. 1). The length
of a molecule determined by the rigid frame is ~ 1.9
nm. Alkyl boron acids are widely used in the syn-
thesis of substances-protectors in the chemistry of hy-
drocarbons and play the role of precursors in the syn-
thesis of clathrochelates [18]. By data in the liter-
ature, the STM-studies of the adsorption of boron-
containing aliphatic compounds have not been per-
formed till now.
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2. Experiment

As a substrate, we took the atomically flat surface of
highly ordered pyrolytic graphite, which was obtained
by shearing of a graphite monocrystal. Hard granules of
hexadecyl boron acid were dissolved in normal tetrade-
cane n-Ci4Hszg (Aldrich) to concentrations of ~ 0.1
mg/ml. A drop of the solution was deposited on the sub-
strate in air at room temperature. The structure of films
was studied with the help of a scanning tunneling micro-
scope (NT MDT, Russia) adapted to the measurements
in a liquid medium. The STM-tips were fabricated of a
Pt/Ir (80:20) wire 0.25 mm in diameter by means of the
mechanical sharpening. The STM-measurements were
carried out in the mode of steady current. The tunnel
current and the electric voltage on the tunnel gap were
10-500 pA and 100-1000 mV, respectively. In the pro-
cess of STM-measurements, the tip was immersed in a
drop of the solution deposited on the substrate. The
temperature drift in STM-measurements was at most
0.1 nm/min. The relative error of the determination of
distances in the lateral direction was in the limits of 9%.
The calibration of STM piezoelements was realized on
the basis of STM-observations of the atomic structure
of the graphite substrate. The obtained STM-images
were not subjected to the procedure of filtration, except
for the correction of a slope of the plane of a specimen,
and were reproduced many times with different tips on
different areas of the substrate.

For the interpretation of STM-images, we performed
the quantum-mechanical calculations of the spatial and
electronic structure of a free molecule of hexadecyl boron
acid in the neutral state. The calculations were executed
by the density functional theory (DFT) with hybrid
functional B3LYP, which is composed from the three-
parameter Becke functional (B3) [19] and the Lee—Yang—
Parr (LYP) functional [20]. Thus, we took the local and
nonlocal correlations. All calculations were performed in
the basis 631G*, which is standard for molecular calcu-
lations, wih the help of the commercial program package
GAUSSIAN’03 with a convergence parameter of 10~ eV.

3. Results and Discussion

After the deposition of a solution, the large-scale STM-
images revealed the domain structure, in which each do-
main was formed by densely packed parallel lamellae
(Fig. 2). The angle between lamellae in neighboring
domains is equal to = 120°, i.e., it corresponds to the
angle between equivalent crystallographic directions of
a graphite monocrystal. This allows us to assert that
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Fig. 2. (a) STM-image of a monolayer of hexadecyl boron acid
on the n-tetradecane/graphite interface. Scanning area: 102 x 102
nm?. Tunneling current: I;=60 pA, voltage on the gap: U; = 350
mV

the adsorbed film and the substrate are in the epitaxial
relationship.

The STM-images of a decreased scale (Fig. 3) demon-
strate significant peculiarities as for the width of lamellae
and the contrast of boundaries between them. The es-
timate of sizes within the measurement error indicates
that the width of lamellae can vary by a value multiple
to ~ 1.2 nm. In Fig. 3, three types of strips are clearly
seen: with widths of ~ 3.1 nm, ~ 4.3 nm, and =~ 5.5
nm (we denote them conditionally by A, B, and C). It
can be noticed that lamella C with a width of &~ 5.5 nm
is composed from three narrower sublamellae, and the
striae between them have a weaker STM-contrast (they
are marked by dotted lines). Lamella B is also com-
posed from two sublamellae with different widths. The
attempts to attain the molecular resolution simultane-
ously for three types of lamellae failed. We succeeded
to study a molecular structure of the packing only for
lamellae with a width of ~ 3.1 nm (type A). The STM-
images with molecular resolution (Fig. 4) demonstrate
a molecular structure of the packing of A-type lamellae.
As is seen from Fig. 4, each of four presented lamel-
lae includes densely packed “A’-like objects, for which
the angle between their edges is close to ~ 120° (the
so-called “parquet” or “herringbone” structure). Similar
“herringbone” structures of the packing were observed
in monolayers of organic alcohols adsorbed on graphite
[21]. Tt is worth noting that lamella 4 is antiparallel to
lamellae 1-3. It can be noticed that each of the edges of
the observed “A”-objects is a row of 8 linearly arranged
bright spots (marked in lamella 2). It is basically im-
portant that the distance between neighboring spots co-
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Fig. 3. Lamella-like structure of a monolayer of hexadecyl boron
acid on graphite. Three types of lamellae with different widths.
Scanning area: 18 x 18 nm?. Tunneling current: I; = 60 pA,

voltage on the gap: Uy = 300 mV

Fig. 4. Intramolecular separation of a monolayer of hexade-
cyl boron acid on graphite. Lamellae are formed by dimers of
molecules of the acid. Polar groups -B(OH)2 are located in the
middle of each lamella. Spots denote the positions of -CHz-groups
of an alkyl chain. Scanning area: 10 x 10 nm?, tunneling current:
Iy = 50 pA, voltage on the gap: Uy = 350 mV. In insert: schematic
model of packing

incides with the period of the alkyl chain (&~ 0.25 nm),
and the number of spots is exactly twice less than the
number of CHs-groups in the alkyl chain of a molecule
of hexadecyl boron acid. We recall that it is known from
the STM-studies of monolayer films of normal alkanes
that only each second CHs-group of the chain appears
on the STM-images of alkyl chains [22]. This is related to
the nonequivalence of neighboring carbon atoms of the
graphite substrate and, respectively, to the nonequiva-
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Fig. 5. Intramolecular separation of a monolayer of alkane n-
Cy6Hog on graphite. The number of —CHga-groups visible on the

STM-image is equal to 23 (marked by spots), which is twice less

than that in a molecule of C46Hgs. Scanning area: 6 X 6 nm?2,

tunneling current: I; = 50 pA, voltage on the gap: U; = 350 mV

lence of the atomic surroundings of each second CHa-
group of an alkyl chain adsorbed on graphite. As a re-
sult, the contributions of even and odd CHs-groups to
the STM-contrast are essentially different. Therefore,
the STM-images present only a half of CHy-groups of
the chain. For example, on the STM-image of a mono-
layer of alkane n-CysHgy (Fig. 5), each molecule has the
form of 23 linearly arranged light spots instead of 46 ex-
pected ones. With regard for this fact, we interpret each
row of 8 bright spots on the STM-image (Fig. 4) as the
alkyl tail of a molecule of hexadecyl boron acid. The “A”-
objects are considered as a pair of associated molecules
(dimer). The phenomenon of dimerization is character-
istic of some long-chain molecules with a certain polar
group. For example, we observed earlier the dimeriza-
tion in monolayers of arachic acid (polar group -COOH).
It was experimentally proved in [23] that the pairing of
molecules of fatty acids is realized due to the interac-
tion of carboxyl groups. We consider that, in the case
of hexadecyl boron acid, the dimerization occurs due to
the interaction of boron groups —B(OH)s. The question
concerning the positions of boron groups remains open.
In view of the results of our DFT-calculations of empty
(LUMO+1) orbitals close to the Fermi level (Fig. 1,b),
we can expect the increase in the STM-contrast of boron
groups and, thus, perform their identification. However,
we failed to register a significant increase in the STM-
contrast of boron groups, except for the anomalies ob-
served in the middle part of lamella 3 (see below).

In order to clarify the position of boron groups, we
carried out the comparative experiments studying the
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sensitivity of the STM-contrast in monolayers of alkane
n-Cy6Hgy (Fig. 5) and hexadecyl boron acid, which
were obtained under the same conditions. We estab-
lished that, under a change of tunneling parameters
(tunneling current, voltage on the gap), the behaviors
of the STM-contrast of dark striae between acid lamel-
lae in Fig. 4 and striae between lamellae of alkane n-
CaeHoy (Fig. 5) did not significantly differ from each
other. This allows us to assert that the dark striae
in Fig. 4 (marked by arrows) correspond to the posi-
tions of end CHgs-groups of alkyl chains like the striae
between lamellae of n-CysHgy in Fig. 5. This implies
that the molecules of hexadecyl boron acid form a struc-
ture, where the boron groups are placed in the middle of
each lamella. Such a character of the packing is corrobo-
rated also by our calculations of the optimum geometric
conformation of a molecule, which corresponds to the
total energy minimum (Fig. 1,a). It is a flat configura-
tion, where the plane with atoms of boron and oxygen
coincides with that of the carbon frame of a molecule.
Namely such a configuration agrees well with the ob-
served packing.

Returning to the STM-image in Fig. 4, we pay at-
tention to two basic peculiarities concerning the size of
lamellae and the anomaly of the STM-contrast in the
middle of lamella 8. The more thorough analysis of dis-
tances indicates that the width of lamella 3 exceeds the
widths of lamellae 1, 2, and / approximately by 10%. In
addition, the STM-contrast in the middle part of lamella
3 is anomalously increased as compared with that of
lamellae 1, 2, and 4. Since the width of a lamella is
determined by the size of dimers, the differences in the
sizes of lamellae indicate the differences in the sizes of
dimers, which form these lamellae. The observed differ-
ences in the sizes can be explained by specific features of
the association of molecules of boron acid. It is known
that alkyl boron acids can form dimers, being in two
possible states: hydrated and dehydrated ones (Fig. 6).
The transition in the dehydrated state is accompanied by
the removal of one oxygen atom and two hydrogen atoms
from each pair of molecules with the formation of a free
water molecule. Since the energy barrier of dehydration
does not exceed 0.1 eV, the probability of such a process
is rather high under conditions of our experiments. It
is obvious that the sizes of dimers in these two states
must be different. Hence, the differences in the widths
of lamellae on the STM-image (Fig. 4), as well as the
anomalous enhancement of the STM-contrast in lamella
3, can be explained by different states of molecules in
pairs: the dehydrated state in lamellae 1, 2, and 4 and
the hydrated one in lamella 3.
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In conclusion, we discuss the nature of narrow lamel-
lae in Fig. 3. We note that their width is equal to ~ 1.2
nm and agrees well with the value of [ - sin60°, where
[ is the length of a molecule of n-tetradecanen-Cy4Hsg
(= 1.6 nm). In view of this fact, we interpret them
as the lamellae of molecules of the solvent, which are in-
cluded in the monolayer of hexadecyl boron acid. In fact,
this means the formation of a monolayer nanocomposite,
which is composed of lamellae of the dissolved substance
(acid) and the solvent (tetradecane). The principal axes
of n-tetradecane molecules in narrow lamellae form an
angle of ~60° with the direction of lamellae. It is worth
noting that the coadsorption of n-tetradecane molecules
with molecules of hexadecyl boron acid is observed at
a temperature significantly higher than the temperature
of crystallization of a monolayer of this substance on
graphite [22]. This can be explained by the following.
Under the formation of monolayer lamellae of hexade-
cyl boron acid, the free areas can remain on the surface,
whose width allows their dense filling by n-tetradecane
molecules at a certain orientation of these molecules rel-
ative to the surface of graphite. In other words, the
unique conditions for a spatial confinement of the mo-
bility of n-tetradecane molecules are created on the sur-
face: a distinctive molecular template stimulating the
ordered adsorption of the solvent is formed. The unique-
ness of these conditions is demonstrated by that the
phenomenon of coadsorption of n-tetradecane is not ob-
served at the deposition of similar aliphatic molecules
(normal alcohols, fatty acids [24]) on the surface of
graphite. This allows us to consider boron-containing
aliphatic compounds as a promising class of substances
for the development of two-dimensional nanocomposites.

4. Conclusions

Thus, we have shown that the highly ordered monolayer
films of hexadecyl boron acid CHs—(CHs)15~B(OH), can
be obtained on the base plane of highly oriented py-
rolytic graphite at room temperature by the deposition
of a solution of the acid in n-tetradecane n-Ci4Hsg.
With the help of STM, we have established that the
monolayers are formed by dimers of molecules of hex-
adecyl boron acid. We assume that the association of
molecules in pairs is realized due to the interaction be-
tween B(OH)q-groups. It is experimentally found that
molecules of the solvent n-C14Hsg can be adsorbed on
the graphite substrate together with molecules of the
acid at a temperature significantly higher than the tem-
perature of crystallization of a monolayer of tetrade-
cane on graphite. The coadsorption of molecules of n-
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Fig. 6. Schematic model of association of molecules of alkyl boron
acids in the hydrated (above) and dehydrated (below) states. Dot-
ted rectangles denote the atoms, which are removed from molecules
in the process of dehydration

tetradecane and hexadecyl boron acid can be caused
by the favorable conditions for the confinement of n-
tetradecane molecules.
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CAMOOPTAHIBAIIIST MOJIEKYJI TEKCA JIEIIN/IBOPHOI
KHUCJIOTH HA ATOMHO-TVIAJIKIV IIOBEPXHI TPA®ITY

A.I. Cenenxo, O.A. Mapuenxo, A.I. Haymoseuw,
. T. Tapawenro, /I.A. I'nyboxos, 5.3. Boaowun,
O.A. Bapsauvkut, O.JI. Kanimanuwyx

Peszowme

ITokazano, 1110 BUCOKOBIIOPSIKOBaHI MOHOIIAPOBI IIIBKU MeKCa/ie-
un6opuol kuciaorn CHz—(CH2)15-B(OH)2 moxyTs Gyt oTpu-
MaHi Ha 6a3UCHIN MIOMWHI BHCOKOOPI€HTOBAHOIO IipOJIITHYIHOIO
rpadiTy HUISXOM HaHECEHHS PO3YHMHY KHCJIOTH B N-TeTpaJeKaHi
n-C14Hsp npu xkiMaaTHIN TemmepaTypi. 3a JOMOMOr00 CKaAHYBaJIb-
Horo TyHesbHOro Mikpockona (CTM) BcTaHOBJIEHO, 110 MOHOIIAPH
MalOTh JIAMEJIENIONIOHY CTPYKTYPY, B fAKil KOKHA JiaMeJab cop-
MOBaHa Hapamu (JUMepaMH) MOJIEKYJI TMeKCaAeIUIOOPHOI KHUCIIO-
Tu. Acouianisg MOJIEKYJ y OUMEpH 3iHCHIOETHCSA 3aBIsIKU B3a-
emonii mMixk B(OH)a-rpynamu. BusiBieHo TakoxK, IO MOJIEKYIH
posuunuuka n-C14Hzp, nmepebyBatoun mpu TeMmeparypi, 3HATIHO
BUIIIH, HI2K TeMIlepaTypa MOBEPXHEBOI KPHUCTAJI3aIlil MOHOIIApY
TeTpaneKkany Ha rpadiri, MOXKyTb agcopOyBaTHCh CIIJIBHO 3 MO-
nexynamu kucaoru. CriBaIcOpOIHIo MOJIEKYJI PO3YUNHHUKA MOYKHA
MOSICHUTH CIIennpiKo B3a€MHOI reoMeTpil MOBEPXHI MiAKIAIKA 1
IUMEPIB reKcaIernabOopHOT KUCIOTH.
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