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Whereas monopodal self-assembling monolayers (SAMs) are most frequently used for surface and
interface engineering, tripodal SAMs are less popular due to the difficulty in achieving a reliable and
homogeneous bonding configuration. In this context, in the present study, the potential of phosphonic
acid (PA) decorated triptycene (TripPA) for formation of SAMs on oxide substrates was studied, using
indium tin oxide (ITO) as a representative and application-relevant test support. A combination of several
complementary experimental techniques was applied and a suitable monopodal reference system,
benzylphosphonic acid (PPA), was used. The resulting data consistently show that TripPA forms well-
defined, densely packed, and nearly contamination-free tripodal SAMs on ITO, with the similar
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parameters and properties as the monopodal reference system. Modification of wetting properties and
work function of ITO by non-substituted and cyano-decorated TripPA SAMs was demonstrated, showing
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1. Introduction

Controlled engineering of surfaces and interfaces is one of the
key issues of modern nanotechnology. An important approach
in this context is molecular self-assembly. The respective
nanometer-thin molecular films, termed self-assembled mono-
layers (SAMs), can modify significantly physical and chemical
properties of surfaces and interfaces and form a template for
further chemical reactions, including specific recognition of
targeted species."™ These films can also serve as a basis for
nanofabrication®® and perform specific electronic functions in
different devices.”"" The SAM-forming molecules have usually
a rod-like character and consist of anchoring group, backbone,
and functional tail group."” The anchoring group is responsi-
ble for bonding to the substrate, which varies from weak to
strong chemisorption. The tail group constitutes the SAM-
ambient interface defining its chemical character and affecting
its physical properties. The backbone links the anchoring and
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a potential of this tripodal system for surface engineering of oxide substrates.

tail groups, driving the self-assembly during the SAM formation
and contributing to the film stability afterwards.

In most cases, monopodal anchoring groups are used.'
However, multipodal anchoring is frequently used as well, with
the advantages of better electronic coupling to the substrate,
higher thermal stability, and additional control of the tail
group density."*** Among different multipodal configurations,
tripodal-anchored molecules are probably most popular,'® >
since all three anchoring groups can be potentially placed
within the plane of the SAM-substrate interface, corresponding
to the desired adsorption mode. However, regretfully, reliable
tripodal anchoring is rarely achieved by molecular tripods,
which mostly feature inhomogeneous bonding configurations,
with some of the anchoring groups decoupled from the sub-
strate, weakly coupled to it, or bonded to each other.

A promising system in this context is a family of triptycene-
based molecules, applied successfully on a variety of substrates.>®*
The triptycene scaffold consists of three phenyl rings coupled
together by an aliphatic linker. It can be flexibly functionalized with
suitable anchoring groups at the para-positions of the rings, provid-
ing then a good prerequisite for tripodal anchoring. Complemen-
tary, it can be attributed with a variety of functional tail groups at
either the opposite para-positions of the rings or at the bridgehead
position of the linker. So far, nitrile, ethynyl, and ferrocene
tail groups were tried in the context of charge transfer phenomena,
on-surface click reaction, and molecular electronics.?®>*** As to
the anchoring groups, thiol, suitable for coinage metals,>*>%3'
and carboxylic acid, suitable for Ag”® and oxide substrates® were
successfully tested.

This journal is © the Owner Societies 2024


https://orcid.org/0000-0001-8437-1965
https://orcid.org/0000-0001-5586-9238
https://orcid.org/0000-0002-3708-7571
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp00892h&domain=pdf&date_stamp=2024-04-02
https://doi.org/10.1039/d4cp00892h
https://doi.org/10.1039/d4cp00892h
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00892h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026015

Open Access Article. Published on 28 March 2024. Downloaded on 3/28/2026 10:35:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A TripPA

(L

=Pl
o’—E\ 0 6|‘PH

orPH

.

O’cl)I_PH

PPA

-’ P\
o)y I-PH
o
Fig. 1 Molecular structure of the target tripodal system, TripPA, along

with the reference monopodal system, PPA. The drawings correspond to
the ideal, ‘upright’ orientation of the molecules in the SAMs.

The most popular anchoring group for oxide substrates is,
however, not carboxylic but phosphonic acid (PA), in view of the
robust anchoring chemistry and enhanced thermal and
chemical stability.>* Therefore, PA SAMs are frequently used
for interfacial engineering of oxide substrates,**™*° above all in
the context of organic electronics and photovoltaics,**353941:42
To this end, in the present study, we tested the monomolecular
assembly of PA-decorated triptycene (TripPA, Fig. 1) on a model
oxide substrate — indium tin oxide (ITO). This transparent and
conductive support is not only a suitable test system but is of
importance on its own, in view of its broad applications as an
electrode material in organic transistors, organic light emitting
devices, and organic and perovskite solar cells.**3%3%41:42 Ag 3
direct reference to the tripodal TripPA molecule, we used
monopodal benzylphosphonic acid (PPA, Fig. 1), corresponding
to the individual ‘blade’ of TripPA.

2. Experimental

2.1. Materials and methods

The synthesis and purification procedure for TripPA is
described in the ESIf which also contains the respective
characterization data. The synthesis of NC-Trip-PA, tested by
us in the context of work function engineering (see below), was
performed within a newly developed multistep procedure, with
characterization of synthetic intermediates at each stage. The
detailed synthetic procedure will be reported elsewhere. The
full characterization data for NC-Trip-PA are presented in the
ESIL.f PPA was purchased from Sigma-Aldrich and used as
received. All other chemicals and solvents were also purchased
from Sigma-Aldrich.

As the substrates, ITO-coated glass slides, purchased from
Sigma-Aldrich (703192), were used. According to the specifica-
tion, the ITO films had a surface resistivity of 8-12 Q sq™*. The
substrates were cleaned following a literature protocol.>®****
As the first step, they were sequentially cleaned by copious
amounts of hot water (~70 °C), chloroform, and isopropanol.
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Afterwards, the substrates were immersed in cold isopropanol
and kept there for 24 h. Finally, they were exposed to ultraviolet
light (254 nm) for 30 min under ambient conditions, and
immediately used for the SAM fabrication.

The root-mean-square (RMS) roughness value of the result-
ing substrates was estimated at ~1.7 nm. It was measured by
atomic force microscopy in tapping mode over a 5 pm X 5 pm
scan area.*® Note that the effect of the SAMs on the surface
roughness was not specifically monitored since no noticeable
changes were expected, based on our preliminary experience.**"*®

2.2. SAM fabrication

The freshly cleaned (blank) ITO substrates were immersed in
the solution of TripPA (0.1 mM) in ethanol for 48 h. After the
immersion, the samples were carefully dried with soft blow of
N, or Ar. Afterwards, the samples were annealed at 200 °C for
2 h which is the standard fabrication step for PA SAMs (see, e.g.,
ref. 45 and 46) allowing to promote the robust bonding to the
substrate.** Finally, the samples were washed repeatedly with
ethanol to remove residual physisorbed material and dried with
N, or Ar.

The PPA monolayers were prepared in the same fashion,
using the same precursor concentration and the same solvent.
The cyano-substituted TripPA SAM was prepared from dimethyl
sulfoxide (DMSO); the concentration of the precursor was
0.1 mM. The choice of DMSO instead of ethanol was related
to the low solubility of this substance in the latter solvent and
to the prevention of possible acidification of the terminal -CN
groups.

2.3. Characterization

The target TripPA and reference PPA monolayers were charac-
terized by X-ray photoelectron spectroscopy (XPS) and near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy
and subjected to the work function and contact angle measure-
ments. The experiments were performed at room temperature.
The XPS and NEXAFS spectroscopy characterization was con-
ducted at the HE-SGM beamline (bending magnet) of the
synchrotron radiation facility BESSY II. A custom-designed
multifunctional experimental station, equipped with all neces-
sary tools and detectors, was used.*” The pressure during the
measurements was in the range of ~2 x 10~ ° Torr.

2.4. XPS

The spectra acquisition was carried out in normal emission
geometry with a Scienta R3000 electron energy analyzer. The In
3d, C 1s, P 2p, and O 1s spectra, characteristic of both substrate
and SAMs, were measured. Primary photon energies (PEs) of
350 eV and 580 eV were used, set in accordance with specific
binding energy (BE) range of the spectra. The energy resolution
was ~0.3 eV at 350 eV and 0.5 eV at 580 eV. The BE scale of the
spectra was referenced to the In 3ds/, peak of the ITO substrate
at 444.3 eV.***®* The spectra were fitted, if necessary, by
a combination of symmetric Voigt functions and a suitable
background.

Phys. Chem. Chem. Phys., 2024, 26, 11360-11369 | 11361


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00892h

Open Access Article. Published on 28 March 2024. Downloaded on 3/28/2026 10:35:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

2.5. NEXAFS spectroscopy

The spectra were collected at the carbon and oxygen K-edges
with a linearly polarized synchrotron light as the primary
source. The polarization factor of the light was ~90%. Partial
electron yield detection mode was used. The retarding voltage
of the detector was set to —150 V and —350 V for the C and O K-
edge, respectively. In the case of the C K-edge, the incidence
angle of the primary X-rays with respect to the sample surface
was varied in steps between 90° and 20°. The orientation of the
electric field vector, E, of the linearly-polarized X-rays was
respectively varied between directed parallel to the sample
surface and being nearly perpendicular to it. By this means,
the dependence of the intensity of the characteristic absorption
resonances on the orientation of the respective molecular
orbitals with respect to E, termed generally as the linear
dichroism effects,>® was monitored. The analysis of the respec-
tive spectra provides information about the orientational order
and molecular orientation in the molecular films.*° In the case
of the O K-edge, the spectra were measured at the so-called
magic angle of X-ray incidence, 55°, only, providing exclusive
information on the electronic structure of the samples, with no
admixture of molecular orientation effects.>®

The PE scale at the C K-edge was referenced to the intense n*
resonance of highly oriented pyrolytic graphite at 285.38 eV.>"
The PE scale at the O K-edge was referenced to the two most
pronounced resonances in the spectrum of a powder sample of
TiO, (rutile) at 531.3 eV and 534.0 eV.”*> The raw C and O K-edge
spectra were divided by the spectra of freshly sputtered ITO and
Au samples, respectively, to correct for the PE dependence of
the primary X-ray flux. Finally, the spectra were reduced to the
standard form>® by setting the intensity in the pre-edge and
post-edge regions to zero and one, respectively.

2.6. Work function

Work function measurements were carried out using a UHV
Kelvin Probe 2001 system (KP Technology Ltd, UK). The pres-
sure during the measurements was ~10 ® mbar. The work
function values were referenced to that of a hexadecanethiolate
(C16) SAM on Au(111), viz. 4.32 €V.>

2.7. Contact angle goniometry

Static contact angles of millipore water were measured with a
custom-made, computer-controlled goniometer. The freshly
prepared samples were used. The measurements were per-
formed under ambient conditions with the needle tip in con-
tact with the drop. At least three measurements at different
locations on each sample were made. The averaged values are
reported. Deviations from the average were less than +2°.

3. Results and discussion

3.1. XPS

XPS data for the TripPA and PPA films are presented in Fig. 2.
The In 3d spectra in Fig. 2a exhibit the In 3ds/,,3, doublet
stemming from the substrate. The In 3ds, component was

1362 | Phys. Chem. Chem. Phys., 2024, 26, 1360-11369

View Article Online

Paper
XPS: In 3d £ a C1s b
hv = 580eV g hv = 580eV 5"%,
& 8 ° HE
;‘% TripPA ¢ 3§ [
iof i
Wj E j [} TripPA  § %
LS.

—

00 g,

00,

00

©000 000,
o

4000 0000 9°°

hv = 580eV /8

TripPA

S

S Lt b b1 R P B
.E. 455 450 445 440 290 285

©

>~ |P2p c||O1s d
£ | hv= 350eV

()

c

Q

ot

£

PPA

Py

L s

PR [T T T [N TR T S N PRI I T T SR SR N T S S

140 135 130 535
Binding energy (eV)

Fig. 2 In 3d (a), C 1s (b), P 2p (c), and O 1s (d) XPS spectra of the TripPA
and PPA films on ITO. The P 2p spectra are decomposed in the P 2ps,, and
P 2p3z,2 components. The O 1s spectra are decomposed in two compo-
nents, | and I, associated with the specific binding configurations of PA
(see text for details). These configurations are schematically shown in (d).

used for the binding energy scale calibration (see Section 2).
The intensity of the In 3d signal was utilized to calculate the
thickness of the TripPA and PPA films. The signal of the freshly
sputtered ITO substrate was used as the reference, the stan-
dard, exponential attenuation of this signal by the TripPA/PPA
overlayer was assumed,’>® and the attenuation length was set
according to the kinetic energy of the In 3d photoelectrons (6.8
A at 130 eV).>® The derived thicknesses of the TripPA and PPA
films are 11.2 A and 11.7 A, respectively, which are quite close
to the expected thickness of the respective, PA-anchored mono-
layers, which is somewhere in the 1.0 nm range.

The intensities of the signals are similar for both systems,
but the signal of the TripPA film is somewhat higher. The C 1s
spectra in Fig. 2b exhibit only one peak at a BE of ~284.3 eV,
representative of the triptycene framework in the TripPA case®®
and the benzyl backbone in the PPA case. The intensities of the
signals for both samples are quite similar. Significantly, no
signal of C=0 or COO at a BE of ~288.8 eV, recorded for the
blank ITO substrate,* is visible, which suggests efficient ‘self-
cleaning’ of the substrate upon the monolayer formation. The
CO signal at 285.8 eV, resulting generally in asymmetry of the
main peak, is also hardly perceptible, emphasizing the lack of
contamination.

This journal is © the Owner Societies 2024
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The P 2p spectra in Fig. 2c exhibit a single P 2p;/, 3/, doublet
at BEs of 133.05 eV for the TripPA film and 133.2 eV for the PPA
layer. Both these values are distinctly different for that for the
unbound PA group (~133.6 €V)*° and close to that for the PA
group anchored to ITO substrate (132.9-133.2 €V)*®>® The exact
bonding configuration of the PA groups, which can generally
vary from monodentate to tridentate,***” cannot however be
derived from the P 2p XPS spectra, which are hardly sensitive to
this parameter.>®

The bonding configuration of the PA groups in the TripPA
and PPA films can however be derived from the substrate-
corrected O 1s spectra of these films shown in Fig. 2d (the
spectrum of the ITO substrate can be found in ref. 30). Accord-
ing to the recent study of the adsorption of phenylphosphonic
acid on TiO,(110), the O 1s spectra of this molecule, close to
PPA, exhibits three components at 531.6 (I), 532.7 (II), and
533.8 (I1I) eV, with the appearance and branching characteristic
of the specific configuration mode.”® A comparably strong and
well perceptible 533.8 eV peak is then characteristic of weakly
bound PA and monodentate and bidentate onefold deproto-
nated configurations. In contrast, sole 531.6 eV peak is
expected for the tridentate bonding configuration, while in
the case of bidentate twofold deprotonated configuration this
peak is accompanied by the 532.7 eV shoulder, with the
intensity relation of 4:1 between these features. Looking at
the spectra of the TripPA and PPA films in Fig. 2d, we only find
the I and II components at 531.0 and 532.4 eV, respectively,
with the distinct dominance of the component I, especially in
the PPA case. So, obviously, anchoring of the PA groups in the
TripPA and PPA films represents a mixture of the tridentate and
bidentate twofold deprotonated configurations. The relative
weights of the tridentate configuration in both films could
then be estimated at the 65% and 75%, respectively.

Summarizing, according to the XPS data, TripPA film on ITO
represents a well-defined and nearly contamination-free tripo-
dal SAM, with the anchoring PA groups in the tridentate and
bidentate twofold deprotonated configurations. The effective
thickness of this SAM is close to that of the monodentate PPA
monolayer, which means similar packing densities in terms of
the anchoring groups and about a factor of three difference in
the molecular packing density taking into account the numbers
of the anchoring groups per TripPA and PPA molecules.

3.2. NEXAFS spectroscopy

The C K-edge NEXAFS data for the TripPA and PPA films are
presented in Fig. 3. The ‘magic angle’ (55°) spectra, character-
istic of the electronic structure of the films only (see Section 2),
are shown in Fig. 3a. The difference between the spectra
acquired at the normal (90°) and grazing (20°) incidence,
representative of the linear dichroism effects (see Section 2),
is depicted in Fig. 3b.

The 55° spectra of both films are similar to each other, with
the characteristic shapes typical of the triptycene-based SAMs>®
and methylene-linked monodentate oligophenyl SAMs,>®
respectively. These spectra are dominated by the distict m;*
resonance (1) accompanied by the less intense m,* peak (2) and
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Fig. 3 (a) C K-edge NEXAFS spectra of the TripPA and PPA films acquired
at an X-ray incidence angle of 55° and (b) the difference between the
spectra acquired at X-ray incidence angles of 90° and 20°. The most
important characteristic absorption resonances are marked by numbers
(see text for details). The dashed lines in (b) correspond to zero. The
vertical scale of panel (b) corresponds to that in panel (a).

a variety of weaker and broader c*-like features at higher
photon energies. The spectra differ distinctly from that of the
blank ITO substrate, showing only a weak n,*-like signal and
dominated by the strong m*(C—=0/COOH) resonance.’® The
positions of the n;* resonance in the TripPA and PPA spectra,
viz. 285.3 eV and 285.0 eV, respectively, are characteristic of
triptycene and phenyl.>>>° The relative intensity of the n,* and
m,* resonances with respect to the absorption edge is higher in
the PPA case, which is expected and is most likely a conse-
quence of the presence of the interconnecting aliphatic bridge
in TripPA. Note that the orbitals associated with the n,* and o*
resonances are oriented perpendicular to the planes of the
phenyl rings in the SAM-forming molecules and lie within these
planes, respectively.

The spectra of both TripPA and PPA films exhibit pro-
nounced linear dichroism (Fig. 3b), which suggests a high
orientational order in both systems. Significantly, according
to the data in Fig. 3b, the intensity of the n* resonances in the
spectra is higher at the normal incidence (90°) comparing to
the grazing one (20°), and the o* resonances exhibit the
opposite behavior. Considering the orientation of the respec-
tive molecular orbitals with respect to the phenyl rings (see
above) and the direction of the electric field vector at the given
incidence geometries (see Section 2), an upright orientation of
the molecules in both films, with the anchoring groups direc-
ted to the substrate (Fig. 1), can be assumed.

Along with the above qualitative conclusions, numerical
evaluation of the NEXAFS data was performed relying on the
intensity of the most prominent ©,* resonance, corresponding
to the vector-type orbitals directed perpendicular to the planes
of the phenyl rings. The schematic geometries of the adsorbed
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PPA and TripPA molecules and the relevant parameters are
shown and explained in Fig. 4. In the PPA case, the intensity of
the m,* resonance is described by the equation

I=A{P-1/3[1 — 1/2(3 cos® 0 — 1)(3cos®a« — 1)] + (1 — P)1/2 sin* o}
(1)

where A is a constant, P - polarization factor of the primary
X-rays, 0 — angle between E and surface normal, and o - the
average tilt angle of the n,* orbital with respect to the surface
normal.’®>® The analysis of the NEXAFS data for the PPA film
within this equation is performed in Fig. 5a, where we used the
intensity ratios instead of the absolute intensity to exclude the
unknown constant A. The derived value of o is 68 £ 3°.
As generally valid for aromatic SAMs, this value is related to
the molecular tilt angle § by the equation

coso = sinf x cosy (2)

where y is the molecular twist angle which is considered to be
zero if the TDM,, lies in the tilt plane.”®*° In most cases, this
parameter cannot be determined from the NEXAFS data and is,
therefore, reasonably assumed or taken from bulk structures,
IR data, or simulations. Setting this parameter to the value for
bulk biphenyl, viz. 32°,°°°* as frequently done for aromatic
SAMs,”® we got the value of the average tilt angle of 26 + 3°.
No assumption for y is however necessary in the case of the
TripPA film because of the three-fold symmetry of the

a Zn A
|
|
=y
TDM B/
T a \Il

Fig. 4 Schematic of the orientation of PPA (a) and TripPA (b) on the ITO
substrate with the relevant parameters: TDM,, — transition dipole moment
of a m* orbital; o — tilt angle of the TDM,; f — molecular tilt angle; y —
molecular twist angle, n — surface normal serving as the reference for «
and . The molecular axis of PPA is defined with respect to the phenyl ring;
that of TripPA is defined with respect to the bridgehead; both axes are
drawn by red dashed lines.
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films according to eqn (1) (a) and egn (3) (b). The experimental data are

shown by symbols, the fitting curves by dashed lines. The legends are
given in the panels.

triptycene framework with respect to the main molecular axis
(Fig. 4b). The intensity of the m,* resonance as a function of 6 is
then described by the equation

I =3BP/2-(3/2sin* B — 1)-cos® 0 + 3B/2-(1 — 1/2sin’ f)

®)

where B is a scaling factor and f is the average tilt angle of the
triptycene units.** According to this equation, a plot of the
relative intensity of the m* resonance versus cos>0 should
represent a straight line.”>®® It was indeed the case for the
TripPA film, as shown in Fig. 5b in which the respective plots,
for several different intensity ratios, are presented. The fitting
of the experimental data by the straight lines according to
eqn (3) gives the values of the intercept, n, and slope, m, of
these lines. Using these parameters, the value of  was calcu-
lated according to the equation®

2m + 2Pn
.
=sin — 4
b m + 3Pn )
The derived average tilt angle is 29° + 3° which is quite close
to the analogous value for the PPA film, assuming a similar

extent of the orientational order. Obviously, this order is not
perfect and the TripPA molecules in the respective monolayer

This journal is © the Owner Societies 2024
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Fig. 6 O K-edge NEXAFS spectra of the TripPA and PPA films and the
blank ITO substrate. Characteristic absorption resonances are marked by
numbers (see text for details).

are tilted and disordered to some extent, keeping, however,
predominant upright orientation, associated with the tripodal
bonding configuration (with respect to individual anchoring
groups within TripPA).

Complementary information is provided by the O K-edge
NEXAFS data, measured for the ‘magic angle’ (55°) geometry
only and presented in Fig. 6. The spectrum of the blank ITO is
similar to that of In,0;,°* which constitutes ~90% of this
mixed oxide. The resonance 1 at 534.1 eV can then be assigned
to the oxygen 2p states hybridized to the cation empty 5s states,
while the double-resonance feature 2 at 538.5 eV and 540.1 eV is
assumed to correspond to the metal 5p states.®* We think,
however, that the quite intense resonance 1 can also contains
contributions from the C=0 and COOH groups at the surface
of the ITO substrate, since the most pronounced n* resonance
of these groups lies in the same excitation energy range.®>*®

The spectra of the TripPA and PPA films are similar to each
other but differ drastically from that of the blank ITO. The
resonance 1 is significantly reduced in intensity and the
dominant feature is a resonance 3 at ~538.2 eV. This domi-
nance and the entire shape of the spectra is close to that of
phosphonic acid,®” suggesting that these spectra are mostly
representative of the TripPA and PPA films and the signal of the
substrate is strongly attenuated by these overlayers. It is how-
ever difficult to make any conclusion about the bonding
configuration of the PA anchoring groups on the basis of the
O K-edge NEXAFS spectra (as it was done in the case of O 1s
XPS) because of the lack of necessary reference data.

Summarizing, the NEXAFS data support the statement
regarding the formation of well-defined and nearly contami-
nation-free TripPA SAM on ITO. The orientational order in this
SAM is close to that in the reference, monopodal PPA
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monolayer. The average molecular inclination in both films
was evaluated.

3.3. Work function

Work function (WF) is an important parameter in the context of
energy level alignment in organic electronics and photovoltaics.
It is also an important fingerprint parameter to monitor the
effect of monomolecular films on the electrostatic properties of
surfaces and interfaces.

For ITO, a variety of different WF values, varied from 4.0 to
5.2 eV, was reported,*®®®°® related most likely to the different
preparation conditions. For our substrates, we measured
~4.7 eV for the blank ITO and ~4.2 eV for the freshly sputtered
ITO. In view of the self-cleaning process occurred during the
SAM assembly, we rather favor the latter value as the reference
for the SAM values but cannot exclude that the real value could
be somewhat higher. Assembly of PPA and TripPA led to the WF
increase with respect to the reference value, with the larger
effect of TripPA (+0.48 eV vs. +0.25 V). The difference can be
related to the variation in the extent of the self-cleaning and the
difference in the bonding configuration (see Section 3.1).

Decoration of the TripPA with the polar cyano group (2.98 D
for HCN),”® shown in Fig. 7 (NC-TripPA), results in the WF
increase by ca. +0.3 eV. This value can be compared with the
impact of this group on the work function of the densely
packed SAMs of phenylthiol and thiol-decorated triptycene on
Au(111).%° Such a decoration, with the density of cyano groups
of 4.45 x 10™ em™ in the latter film, resulted in the WF
increase by ca. +0.65 eV compared to the non-substituted
case.”® Considering that the triptycene molecules in ref. 29
were decorated at the para-positions of the rings (three groups
pro molecule) in contrast to the bridgehead position in the
present case (one group pro molecule), three times lesser effect
(+0.22 eV) can be expected at the same packing density and

NC-TripPA

Work function (eV)

PPA

TripPA NC-TripPA

Fig. 7 Work function of the PPA, TripPA, and NC-Trip-PA SAMs on ITO.
The horizonal dashed line represents the work function of the sputtered
ITO substrate. Molecular structure of NC-TripPA is shown. The quality of
the NC-TripPA monolayer was verified by complementary spectroscopic
experiments (the data are not shown).
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Fig. 8 Static WCAs of the blank and PPA and TripPA covered ITO
substrate.

molecular orientation. Obviously, the observed effect for the
NC-TripPA film is even larger, which is an evidence for the
dense molecular packing and better alignment of the tail
groups and, consequently, for potential of TripPA-based SAMs
for electrostatic engineering of surfaces and interfaces. An even
stronger WF effect (by a factor of 3) can then be achieved at the
decoration of the para-positions of the Trip-PA rings, using the
—CN groups (similar to ref. 29) or other polar moieties.

3.4. Wetting properties

Along with the work function, wetting properties of the SAM-
modified interface are of importance both in the context of
applications (e.g., corrosion protection) and as a fingerprint of
the SAM formation. In the present case, these properties were
monitored by the contact angle goniometry. The static water
contact angles (WCA) of the as-received ITO substrates was 74 +
1° which, however, was reduced to 8.5 + 1° after the cleaning
and UV treatment (blank ITO; see Section 2 for details). The
latter value, considered as the reference for the SAM values, is
presumably related to the intrinsic high hydrophilicity of the
ITO surface.”" The formation of the Trip-PA and PPA films
resulted in the significant WCA increase, as shown in Fig. 8
where the respective values are presented. The WCAs of these
films, 71 + 1° and 69 + 1°, respectively, are very close to each
other and close as well to the average value of the advancing
and receding WCAs for the SAM of non-substituted biphe-
nylthiols on gold (71°),”” serving as a reasonable reference for
densely packed and well-defined aromatic monolayers. Conse-
quently, high packing density and good quality can be assumed
for the Trip-PA and PPA films as well, in good agreement with
the spectroscopic and WF data (Sections 3.1-3.3).

3.5. Comparison with TripCA

As mentioned in Section 1, triptycene SAMs with the carboxylic
acid anchoring groups, directly attached to the para positions
of the phenyl rings (1,8,13-tricarboxy-triptycene; TripCA), were
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Table 1 Comparison between the parameters of the TripPA (this work)

and TripCA®® SAMs. The accuracies of these parameters are +0.5 A, +£3°,
+0.05V, and +£1-2°, respectively

Effective  Average tilt Work func- Static water contact
SAM thickness (A) angle (°) tion (eV) angle (°)
TripPA 11.2 29 4.68 71
TripCA 10 32.5 4.78 69

assembled recently on the ITO substrates, prepared in the same
fashion as the substrates in the present study.*® So, a direct
comparison of the TripPA SAM and the best-quality TripCA
monolayer (the parameters of the preparation procedure were
varied)*® can be performed. This comparison is presented in
Table 1. Accordingly, the major parameters of the TripPA and
TripCA SAM are similar, suggesting comparable quality and
packing densities. The slightly higher effective thickness of the
TripPA SAM is presumably related to the presence of the
methylene linker in the anchoring groups (Fig. 1). The mole-
cular orientation and orientational order in the TripPA SAM are
however superior to those in the TripCA monolayer, as evi-
denced by the smaller value of the average molecular tilt angle.
Note also that phosphonic acids provide generally more robust
bonds to oxides compared to their carboxylic acid counterparts,®*
which can be of advantage for the thermal and chemical stability
of the former films.

4. Conclusions

Using a combination of several complementary experimental
techniques, we studied self-assembly of TripPA on ITO, con-
sidered as a representative and application-relevant oxide sub-
strate. As the reference to this tripodal system, we took PPA as
the closest monopodal system, corresponding to an individual
‘blade’ of TripPA. All experimental data consistently suggest
formation of well-defined, densely packed, and nearly
contamination-free tripodal TripPA SAMs on ITO. The anchor-
ing to the substrate in this SAM corresponds to a mixture of the
tridentate and bidentate twofold deprotonated configurations,
with the preference of the former bonding mode. The packing
density (in terms of the PA groups) and orientational order in
the TripPA SAM were found to be close to those in the reference
PPA monolayer. It was also demonstrated that the assembly of
the TripPA SAM results in the similar effect as the PPA
monolayer in the context of modification of the wetting proper-
ties and the work function of the substrate. Additional experi-
ments with NC-TripPA confirm the high packing density of the
TripPA SAM and show the effect of polar tail groups on the work
function.

Summarizing, the results of the present study demonstrate a
good potential of TripPA as a robust and versatile tripodal
platform for oxide substrate engineering, including tuning of
the work function. This basic molecule can be flexibly deco-
rated with suitable functional tail groups meeting requirements
of specific applications.
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