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ABSTRACT: Understanding the structural organization and growth of
organic molecules on self-assembled monolayers (SAMs) is crucial for creating
high-performance SAM-based electronic devices. We report herein Cq
adsorption onto benzenethiol (BT), pentafluorobenzenethiol (PFBT), and
octanethiol (C8SH) SAM-modified Au(111) studied using scanning tunneling
microscopy at the liquid—solid interface. A continuous film of C4, molecules
forms at a much faster rate (k = 3.3 X 1077 s™") on PFBT compared to that on
BT (k=7.2%10"7s7") and C8SH SAMs (k= 9.5 X 10™° s™"). On the basis of

Molecular coverage

density functional theory calculations, we propose that the difference in Cg,
growth behavior originates from the dipole-induced dipole interactions between the SAM and Cg,. This may be further
augmented by an inverse charge transfer from Cg, to SAM. This work provides new insights into the self-assembly behavior of

next-generation electronic materials.

S elf-assembled monolayers (SAMs) prepared from thiol-

terminated molecules have been successfully used to tailor
the physical and chemical properties of metals and semi-
conductors' ™ for a range of applications, including electro-
chemical sensors, surface patterning,5 friction and lubrication
control,” and protective coatings.” SAMs also offer a ready means
for tuning the work function of an electrode, reducing the charge
injection barrier between the electrode and the semiconductor,
and controlling the morphology of the semiconductor films
grown on such functionalized surfaces. For this reason, SAMs
have become an integral part of many organic semiconducting
devices, including organic light-emitting diodes (OLEDs), field-
effect transistors (OFETs), and solar cells.*™"!

Alkanethiols with different chain lengths  and their
fluorinated derivatives'® have been used to modify the surface
potential of metal substrates and their interaction with organic
semiconductors. However, the large band gap of the aliphatic
thiols (>S5 €V) limits the charge transport across the resulting
SAMs, which may be detrimental to device performance.14 On
the other hand, aromatic thiols"® can facilitate charge transfer
across the SAMs and be highly effective in tuning the energy level
alignment/reducing contact resistance at the metal—semi-
conductor interface. The substituents in the aromatic ring can
be used to tune and even invert the surface dipole (¢). The work
function of a Au electrode can thus be shifted by approximately
—0.3 to —0.6 eV and +0.7 €V using benzenethiol (BT; u = —2.4
D) and pentafluorobenzenethiol (PFBT; u = +3.5 D) SAM;,
respectively.'®'” PFBT has been widely used in contact
engineering in organic electronics."""¥7* Its role in improving
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charge transport is not yet fully understood and has been
attributed to a reduced charge injection barrier,'®*" surface
hydrophobicity (repelling charge trap impurities such as
water),”” a change in the semiconductor film morphology/
molecular orientation,'”*”** and specific F--F and F--S
interactions with semiconducting molecules.”’

Buckminsterfullerene (Cg,) is one of the most remarkable n-
type organic semiconductors for a number of applications,
including single-molecule’® and thin film organic electronic
devices.””° Much effort has been devoted to understanding and
controlling the assembly of Cg; in thin film devices such as solar
cells.”” Consequently, the molecular orientation and supra-
molecular organization of C¢, monolayers on metals (Au, 829
Ag,zg’30 and Cu’'), inorganic (ZnO,** TiO,,> and Si’*) and
organic (porphyrins,® oligothiophenes,”®*” and pentacene™)
semiconductors have been studied extensively. In contrast,
adsorption of Cyy onto organothiols has rarely been explored.
Vapor deposition of Cy, on alkanethiol SAMs leads to closely
packed islands® or one-dimensional chains*’ that were thought
to reside on top of the SAM molecules. Cgy penetration and
intermixing with octanethiol*’ and 11-phenoxyundecanethiol
SAMs*” were also suggested.

Here we report the first study of adsorption of fullerene Cg,
onto aromatic SAMs. Using in situ scanning tunneling
microscopy (STM) at the liquid—solid interface, we compare
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the structural properties of BT and PFBT on Au(111) and
measure the kinetics of the adsorption of C4y on BT, PFBT, and
octanethiol (C8SH) SAMs, as well as bare Au(111). Through X-
ray photoelectron spectroscopy (XPS) measurements, we
demonstrate that, in contrast to previous reports,*** the Cg,
does not displace the thiol molecules during adsorption but
forms an adlayer on top of the SAM. The significant
enhancement of the adsorption of C4, on PFBT versus BT or
C8SH SAMs is counterintuitive as it suggests a higher
lipophilicity of the fluorinated SAM. The observed phenomenon
is investigated using density functional theory (DFT) calcu-
lations and explained in terms of dipole (PFBT)—induced dipole
(Cyp) interaction.

B RESULTS

Self-Assembly of PFBT and BT on Au(111). The
electronic properties of BT and PFBT SAMs, especially their
surface potential, are related to their structural order and
molecular coverage.”’ The study of the structure and molecular
orientation of these SAMs thus provides an opportunity to
investigate the effect of different dipole moments within SAMs
on the morphology of subsequent organic layers.

The self-assembly of BT**~** and PEBT***° on Au(111) has
been studied using various analytical techniques. For instance,
STM characterization of BT adsorption at room temperature
reveals either completely disordered SAM™* or small ordered
domains (<15 nm?).*® BT and PFBT SAMs with different
structural lattices (Table S1) have been observed under specific
preparation conditions (e.g,, long incubation time of 190 h,"’
elevated temperature of 75 °C,"" and exchange with a
preadsorbed cyclohexanethiol SAM*®). Such a dependence of
the SAM structure on the preparation mode, and the variety of
contradictory reports, complicate comparisons between BT and
PFBT SAMs and prompted us to perform the comparative
studies under identical conditions.

Figures 1 and 2 show representative STM images at the air—
solid interface of SAMs prepared by immersion of Au(111) in
ethanol solutions of BT and PFBT (1 mM) for 18 hat 60 °C. BT
and PFBT form structural domains consisting of ordered
molecular size features. One can distinguish pits and islands
with an apparent STM height of approximately +2.4 A that
corresponds to the height of a monatomic Au(111) layer (Figure
S1). While their occurrence was somewhat dependent on sample
preparation, we typically observed pit defects for BT SAMs and
island defects for PFBT SAMs. Pits and islands have been
previously observed on BT and PFBT SAMs, respectively, and
were attributed to the relaxation of the herringbone
reconstruction of Au(111) and the release of Au adatoms.*®***
The mobility of these adatoms, controlled by the nature of SAM
molecules, determines whether islands or pits are preferentially
formed.*

The BT and PFBT molecules are resolved as bright spots
forming parallel stripes oriented along one of the three
preferential (110) directions reflecting the 3-fold symmetry of
the underlying Au(111) (Figures la and 2a). High-resolution
STM images of BT SAMs reveal the formation of two different
phases, in an ~1:3 ratio, here termed the a phase and f phase
(Figure 1b,c). The a phase is described by an oblique unit cell
that contains one molecule and has the following parameters: a =
b =054 + 0.1 nm, and y = 63 + 3°. A comparison of the
dimensions and orientation of the unit cell with the underlying
Au(111) lattice suggests an ah(\/ 3 X \/ 3)R30° commensurate
structure, where the a;, value of 2.89 A is the closest neighbor
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Figure 1. (a) STM image of BT SAMs on Au(111) (54 nm X 40 nm).
The red and blue dashed rectangles highlight @ and S phases,
respectively. (b and c) High-resolution STM images of a and f§ phases
of BT SAM, respectively (7 nm X 7 nm). Unit cell for the a phase is as
follows: a = b =0.54 + 0.1 nm, and y = 63 =+ 3°. Unit cell for the  phase
is as follows: a = 0.52 + 0.1 nm, b = 1.5 + 0.1 nm, and y = 63 + 3°. (d)
Molecular model of BT SAM. V;, = 200 mV, and I, = 0.2 nA.

T
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Figure 2. (a) Large scale STM image of PFBT SAMs on Au(111) (54
nm X 40 nm). (b) High-resolution STM image (7 nm X 7 nm) of PFBT
SAM, with the following unit cell: @ = 0.58 + 0.1 nm, b = 0.98 + 0.1 nm,
and y = 64 + 4°. (c) Molecular model of PFBT SAM. V,, = 200 mV, and
I, =02 nA.

interatomic distance in the Au[111] plane. This unit cell is

consistent with a herringbone-like arrangement of BT molecules,
. 1.1 45

a packing mode frequently observed for aromatic thiols.
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Figure 4. Sequence of STM images recorded in 1 mM Cgo/phenyloctane on PFBT SAM-modified Au(111). V}, = 400 mV, and I, = 0.2 nA.

In the B phase, each third stripe appears with a lower
brightness (lower STM height), which results in a unit cell that
contains three molecules and has the following parameters: a =
0.52+0.1nm, b=1.5+ 0.1 nm, and y = 63 + 3°. This suggests an
ah(\/ 3 X 3\/ 3)R30° structure relative to the Au(111) lattice.
The unit cells of the @ and § phases are commensurable along
both a and b directions and differ only in molecular contrast. A
possible origin of this contrast difference could be the presence of
Au adatoms®' or, more likely, different orientations of the
molecular plane with respect to the unit cell vectors. Occasion-
ally, contrast switching either within or between the adjacent
molecular rows (black arrows in Figure 1b,c) has been observed
upon sequential imaging (Figure S2).

A high-resolution STM image of PFBT SAMs shows a long-
range ordered structure (a = 0.58 + 0.1 nm, b = 0.98 + 0.1 nm,
andy =62 + 2°) containing two nonequivalent molecules. This
likely corresponds to the commensurate structure a( \/ 3 X
2\/3)R30° (Figure 1b). In contrast to that of BT SAM, the
herringbone-like arrangement of PFBT molecules is clearly
identified from the high-resolution STM image, which might be
attributed to the reduced rotational mobility of the larger PFBT
molecules.

Overall, BT (a and f phases) and PFBT SAMs show the same
(within experimental uncertainty) two-dimensional (2D) lattice
that is described by a commensurate (my/3 X n\)?a)RSO"
structure (m and n are integers). Their differences (see below)
thus must be ascribed exclusively to electronic effects.

Self-Assembly of C4; on SAM-Modified Au(111). Figures
3 and 4 and Figure S3 show sequential constant current STM

8324

images following the addition of a Cy; solution in phenyloctane
(~1 mM) on BT and PFBT, respectively (STM movies are
available in the Supporting Information). All the following STM
measurements were taken at a liquid—solid interface. Adsorption
of C4y on a BT SAM initially results in isolated bright spots with
an apparent height of ~4 A and a lateral size of ~1 nm, which
could be attributed to individual fullerenes (Figure 3).”* Their
population increases with time, and small aggregates of 2—5 nm
become visible after ~10 min; however, no continuous
monolayer is formed. Similarly, only disordered aggregates of
Cgo have been observed on C8SH-Au (Figure S3).

However, the behavior of C4, on the PFBT SAM is very
different. Bright islands 2—6 nm in size are formed within 5 min,
and their size continues to increase until a full monolayer is
formed within ~40 min (Figure 4). The analysis of the height
profile of C4, on PFBT (Figure S and Figure S4a) shows an
apparent height of 0.4 + 0.1 nm, similar to the height measured
for Cgy on BT and C8SH SAMs (Figure S4b). Occasional areas
with a double height (0.9 + 0.1 nm) are attributed to two Cg,
layers.

An inspection of the spatial distribution of C4y molecules in the
second layer reveals that they are preferentially located at the
edges of the underlying Cy, islands (Figure S). This suggests a
mechanism by which C4, monolayer formation is initiated by
nucleation and growth of 2D islands in the submonolayer regime,
and then the subsequent C4, molecules adsorb either on free Au
or on top of the C4y domains where they diffuse to edges and
cross the step-edge (Ehrlich—Schwoebel) barrier™ contributing
to the complete formation of the monolayer.”***
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Figure 5. STM images and surface profile of the growing Cg, film on PFBT-modified Au(111) after (a) 15, (b) 25, and (c) 35 min. Area of 57 nm X 57

nm. V}, = 400 mV, and I, = 0.2 nA.

Further STM investigation of the assembly of C4, on top of
PEFBT SAM reveals a closely packed hexagonal lattice with the
following unit cell dimensions: a=b=1.0 + 0.2 nm, and & = 60 +
2° [assigned to the (2\/ 3 X 2\/ 3)R30° structure (Figure 6)].
Similar packing has also been observed for Cy adsorbed on bare
gold at the phenyloctane—Au interface (a = b = 1.07 + 0.1 nm,
and a = 63 + 3°) (Figure SS).

An enhanced adsorption of C4 was also observed on 4-
chlorobenzenethiol SAM, although the resulting fullerene
adlayer appears to be less ordered than that on PFBT (Figure
$10).

B DISCUSSION

We first ask whether PFBT molecules remain intact upon Cg,
adsorption. Recent literature on Cg, adsorption on SAM-
modified Au(111) suggested displacement of thiol molecules
with a direct binding of Cg, to Au(111),*"** while adsorption on
top of the SAM has been assumed in the earlier work.*”* In both
cases, no direct evidence of either adsorption mode was
provided. To address the question of the fate of a SAM upon
Cgo adsorption, we have characterized, using XPS, PFBT SAMs
before and after adsorption of Cgy molecules (Figure 7).

A slight decrease in the intensity of F 1s, S 2p, and Au 4f peaks
was observed upon deposition of C4 molecules. This could
originate from either overlayer adsorption (attenuating the
ejected core electrons) or displacement of PFBT molecules.
However, the unchanging F/Au and S/Au ratios of peak areas
before and after Cq, adsorption indicate that the PFBT SAM is
intact (Figure 7d). Deconvolution of the C 1s peak reveals two
main peaks, C—C at 285 eV and C—F at 287 eV, and a very small
broad peak at 289 eV likely attributed to traces of C=O
impurities. The C—F/Au signal remains constant, while the
intensity of the C—C/Au signal increases upon Cg, adsorption.
Accordingly, we conclude that Cg4, forms an overlayer on top of
the PFBT SAM.

Figure 6. (a) STM image of the Cg, layer on top of PFBT-Au (50 nm X
50 nm). The inset shows the fast Fourier transform (FFT) of the image.
(b) High-resolution STM image of the highlighted area (red box). Area
of 6 nm X 6 nm. Unit cell parameters are as follows: a=b = 1.0 + 0.2 nm,
and a = 60 + 2°. V}, = 400 mV, and I, = 0.2 nA.
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Figure 7. XPS spectra of (a) F 1s, (b) S 2p, and (c) C 1s peaks for PEBT
(blue circles) and C4-PFBT (red circles) adlayers. (d) Deduced atomic
ratios of elements on PFBT- and Cg,/PFBT-modified Au surfaces.

The analysis of the surface coverage versus time (Figure 8)
provides quantitative information about the growth kinetics of
the Cg monolayer. The sigmoidal form of the curve thereby
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Figure 8. Evolution of molecular coverage of C4, adsorbed from a 1 mM
solution in phenyloctane on bare Au(111) (gray triangles) and PFBT-
modified (black squares), BT-modified (red circles), and C8SH-
modified (black triangles) Au(111) substrates. Curves are fits to the
KJMA model.

obtained is consistent with the Kolmogorov—Johnson—Mehl—
Avrami (KJMA)***” kinetic model (eq 1):

0(t) =1—e™ (1)

where 6(t) is the surface coverage at time t and k is an observed
rate constant that depends on both the nucleation and growth
rate. The exponent n represents the dimensionality of the growth
and the time dependence nucleation that was fixed at 2 (for a
“free order” fitting, see Table S2). This model, originally devised
to describe phase transitions in metal alloys,”” has been recently
used to predict the kinetics of self-assembled monolayer
formation by molecular e)(ch;inge.59’60

The sigmoidal shape of the adsorption isotherm cannot be fit
with Langmuir adsorption models that are typically used for
predicting the kinetics of SAM formation®" (Figure S6). The
better suitability of the KJMA model over Langmuir models can
be attributed to the slow nucleation process of Cg, assembly.”
Fitting the curves to the KJMA model leads to k values of (3.3 =
02) x 1077, (9.5 + 1.0) X 107%, (7.2 + 1.0) X 107 and >1 X
1075 57! for PFBT, C8SH, BT, and Au, respectively (Table S3).

The spontaneous adsorption of Cg, onto Au(111) has been
previously attributed to the strong covalent character of C4y—Au
interaction as demonstrated by temperature-programmed
desorption (TPD)® (~43 kcal/mol) and DFT calculations
(~31 keal/mol).* However, the much faster growth of Cg, on
PFBT SAMs (as compared to BT and C8SH) was surprising in
light of the hydro/lipophobic “reputation” of fluoroorganic
surfaces.

Indeed, the water contact angle on BT and PFBT SAMs [75 +
2° and 80 + 2° respectively (lit.'® 74 + 2° and 86 + 2°,
respectively)] suggests that the PFBT surface is slightly more
hydrophobic than the BT surface. On the other hand, both SAMs
appeared to be lipophilic on the basis of the low wetting contact
angle measured for phenyloctane (<10° for both). The high
lipophilicity of the PFBT SAM was somewhat unexpected
considering the pronounced lipophobic properties of other
fluorocarbons (hexadecane contact angle of 71° on hexafluor-
odecanethiol-modified Au).®®

In the context of interactions of PFBT SAM with the
environment, the large dipole moment of the PFBT molecule
appears as a highly relevant feature. Although Cq, itself is not
polar, it is a legendary polarizable molecule,” lending itself to
dipole-induced dipole interactions. The attractive electrostatic
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C—F---Cy interactions could thus be a plausible driving force for
the enhanced Cg, assembly on top of the PFBT SAM. Indeed, a
crystallographic study of a series of Cg,/C,y cocrystals with
tetrakis(pentafluorophenyl)porphyrins revealed multiple C—
F---m contacts with F---C distances as short as 2.66 A (cf. 3.17
A for the sum of van der Waals radii of C and F).”’

To shed further light on the nature of the Cg,\—SAM
interactions, we performed DFT calculations with empirical
dispersion correction (Supporting Information). Figure 9 shows

Aull |5
Ceo L

PDOS

-5

4

302 A1

E (eV)

Figure 9. Projected DOS of Cy (2) in vacuum, (b) on Au(111), (c) on
C8SH—Au(111), (d) on BT—Au(111), and (e) on PFBT—Au(111).

the density of states (DOS) of Cgy on Au and BT-, PFBT-, and
C8SH-modified Au substrates. To facilitate the fingerprinting of
the peaks, the energy level of Au was maintained fixed while Cg,
peaks are shifted between different SAM—Au samples. We
remark that on BT—Au and C8SH—Au surfaces, the C,, LUMO
shifts toward the Fermi level (Eg), while on PFBT—Au surfaces,
the HOMO lies next to the Ep.

This is in line with the documented decrease in the work
function of Au(111) in the presence of the BT SAM and its
increase in the presence of the PEBT SAM.'®'” As a result, Cq,
acts as a typical electron acceptor acquiring partial negative
charge on C8SH and BT (Mulliken populations of —0.074 and
—0.159, respectively). However, on PFBT SAM, C, unchar-
acteristically acts as a donor and is predicted to acquire a small
positive charge of +0.017. Such additional positive polarization of
Cgo in the proximity of negatively polarized fluorine atoms
terminating the SAM surface further enhances the electrostatic
interactions mentioned above. As a net effect, DFT predicts
significantly stronger binding of C, to the PFBT SAM (—1.39
eV) than to BT (—0.98 eV) and C8SH (—0.59 eV) SAMs. It is
noteworthy that a related effect of charge transfer on self-
assembly of another electron acceptor molecule [tetracyanoqui-
nodimethane (TCNQ)] has also been observed by STM.®®
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B CONCLUSIONS

The adsorption of Cg, molecules onto C8SH-, BT-, and PFBT-
modified Au(111) surfaces has been investigated via STM at the
liquid—solid interface. Using X-ray photoelectron spectroscopy
(XPS), we demonstrate that, in contrast to previous reports, the
thiol adsorbates are not displaced during Cg, adsorption but
instead form a closely packed hexagonal lattice with a (2 \/ 3 X
2\/3)R30° structure on top of the PFBT SAM. In situ STM
characterization reveals that, in spite of the high degree of
structural similarity, BT and PFBT SAMs have dramatically
different abilities to direct the adsorption of C4, molecules from
solution. The faster (>100-fold) growth kinetics of the Cq layer
on PFBT compared to BT and C8SH SAMs can be attributed to
dipole (SAM)-induced dipole (Cg) interactions. DFT calcu-
lations show an alignment of the Cqy HOMO with the Fermi
level of the PFBT-Au(111) surface and predict an inverse (small)
charge transfer in which Cg, functions as the donor. This work
improves the fundamental understanding of interactions at the
SAM—organic semiconductor interface (a common buried
interface in organic electronic devices). It also suggests the
possibility of switching of charge transfer/transport polarity in a
given semiconductor through appropriate surface engineering,
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