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Reversible switching of the Au(111) work function
by near infrared irradiation with a bistable SAM
based on a radical donor—acceptor dyad+
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We describe the modification of the work function (WF) of Au(111) upon deposition of self-assembled
monolayers (SAMs) with two donor—acceptor (D-A) systems, one based on a ferrocene-polychloro-
triphenylmethyl radical (Fc—PTM) dyad and another on its non-radical dyad analogue. Kelvin Probe Force
Microscopy (KPFM) has been used to measure the changes in the Contact Potential Difference (CPD)
between the tip and the SAM under application of a cycling sweep of direct current (DC) voltage bias.
These measurements showed that both SAMs exhibit a hysteretic behaviour in their WF changes.
Interestingly, the hysteresis loop of the radical SAM is notably reduced when irradiated with NIR light,
which we attribute to the bistable nature of this SAM in which neutral radical dyad molecules are excited
into a zwitterionic state following a light driven intramolecular charge transfer (ICT) from the Fc unit to
the PTM radical unit. Consequently, under NIR irradiation the WF hysteresis is almost quenched and the
WF value of the functionalized gold surface is significantly shifted by +250 mV recovering their original

Received 15th February 2019, values when the irradiation is suppressed. Remarkable is the large WF shift attained, one of the highest

Accepted 8th May 2019 values reported in the literature, and the unprecedented fact that it is achieved under irradiation in the
IR region due to an intramolecular electronic reorganization. In contrast, the WF value and the

WF hysteresis of the non-radical SAM does not change upon NIR irradiation since this SAM does not
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Introduction

Self-Assembled Monolayers (SAMs) have attracted significant
attention in the field of surface engineering during the last few
years due to their capability of translating microscopic physico-
chemical properties into macroscopic ones such as contact
angle of a wetting solution on a surface or the modification
of the surface work function (WF)."> In SAMs, the molecules
are covalently attached to the surface forming highly ordered
and packed 2D structures that allow for the formation of
permanent dipoles at the interface which trigger the WF change.
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This property has been widely exploited in the field of organic
electronics, particularly in the case of metallic/organic inter-
faces to modulate charge injection barriers in electronic devices
such as Organic Field-Effect Transistors (OFETs).>*

The magnitude of this metal WF shift (A¢) can be quantified
following the Helmholtz formula:

—H
ap =t (1)

where ¢, is the vacuum permittivity, u, is the surface normal
component of the dipole of the SAM-forming molecules and
A is the surface area occupied by a single molecule. At the
experimental level, Kelvin Probe Force Microscopy (KPFM) is a
highly sensitive technique that measures the Contact Potential
Difference (CPD) between the tip and the sample by nullifying
the gradient of the electrical potential among them and gives
access to WF values.>®

One attractive feature for surface WF modifications by SAMs
is to use switchable SAMs.”” Such monolayers are built with
molecules that can be turned in two (or more) stable states by an
external stimulus providing two (or more) commutable different
WEFs to the surface. In the case of photochromic switchable SAMs,
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the control over such states is driven by light, which can provide
highly desirable switching properties such as a fast response and
a high fatigue resistance.'® By using this kind of SAM, one can
have an external control over the charge injection barriers in
electronic devices by changing the state of the switch with
light."" The first switchable SAMs reported to tune the charge
injection barriers were based on the cis and trans isomeric states
of standard azobenzenes, which achieved a WF difference of
about 100 meV as an averaged value, due to the large difference
of nuclei positions in the two isomers that change their molecular
dipoles."* This difference was increased later on by fluorination of
the top azobenzene ring, with values equal to 110 meV'® and
220 meV.'® Another relevant example consisted of diarylethene-
based SAMs adsorbed on Au that provided a higher fatigue
resistance but with lower WF differences upon photoisomerization
(~50 meV)."” In contrast, SAMs based on diarylethenes adsorbed
on ZnO via a phosphonic acid displayed no changes in WF when
going from the open to closed form, at both the experimental
and theoretical levels.'® Finally, while spiropyran-based SAMs
yielded theoretical WF differences equal to 230 meV,"® Ultra-
violet Photoelectron Spectroscopy (UPS) measurements showed
no changes in the WF upon photoisomerization for these SAMs
which turn from a neutral (closed-SP) to a zwitterionic form
(open-SP) because the molecular dipoles lie parallel to the
metal surface instead of perpendicular to be relevant.>®
Recently, we reported two SAMs,”"?* §1 and $2, on Au(111)
based on two donor-acceptor (D-A) dyads consisting on a
ferrocene (Fc) unit acting as an electron donor (D), and either
a PTM radical (where the central C atom of the PTM unit
presents an unpaired electron) or a non-radical ®HPTM unit
(with the central C atom hydrogenated), as electron accepting
(A) groups (see Fig. 1).*2% The acceptor strengths of these two units
are different because of their distinct electronic configurations, ie.,
an open-shell for the radical and a closed-shell for the non-radical
form. In both SAMs, one cyclopentadienyl ring of Fc is connected
to the acceptor unit by a vinylene bridge while the other ring is
connected by a carboxylate alkyl chain to a disulfide group (DS)

Non-
radical

DS

N s

[

Au (111) Au (111)

Fig.1 Chemical structures of the SAMs under study. S1 (left) contains

molecules with the non-radical aHPTM unit, while S2 (right) incorporates
molecules with the radical PTM unit.
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acting as anchoring group for binding to Au(111) substrate (see
Fig. 1). The reported values of A¢, as obtained by KPFM
measurements using an in situ reference surface, were 50 meV
and 22 meV for the non-radical S1 and radical S2 SAMs,
respectively.”> We demonstrated that the radical form has a
larger polarizability than the non-radical molecules, pointing to
larger depolarization effects in the former case due to its higher
charge-transfer character. This implies that the permanent
dipole of a given molecule (y;) is modified to a stronger extent
in S2 due the charge redistribution that takes places upon
interacting with the electric field generated by the dipoles of
the neighbouring molecules within the SAM, thus rationalizing
the lower WF values of S2 with respect to S1. Interestingly, the
radical S2 SAM could behave as a switchable SAM because the
radical molecules can be optically excited from the neutral (D-A)
ground state to an excited zwitterionic state (D'-A~) generated
by an intramolecular charge transfer (ICT) from the Fc to PTM
unit, leading to a change in WF (see Fig. 2). In contrast, this ICT
cannot be promoted in the non-radical S1 SAM and for this
reason it was used here for comparative purposes.

ICT has been reported previously for D-A dyads, like those
depicted in Fig. 2, both in solution®**” and in crystals;>® the
radical form of the Fc-PTM dyads exhibits an ICT band in the
NIR region centred at 950 nm.>" The neutral D-A ground state
is excited to a local excited state when it is irradiated at this
wavelength and this process is followed by a fast charge
transfer within a few picoseconds (ps), resulting in a charge
separated zwitterionic state D'-A™ (see Fig. 2 right). The energy
difference between the D-A and D'-A~ states is strongly dependent
on the environment of the molecule (i.e., solution or crystalline
state). In the case of solutions, this energy is reduced when
increasing the polarity of the solvent, going from values of
0.64 eV to 0.23 €V for n-hexane and CH,Cl,, respectively.>* On the
other hand, Fc-PTM crystals present small values of 0.014 eV, as
obtained by fitting Mossbauer spectra at different temperatures.®
The decrease in the energy of the zwitterionic species is attributed
to the influence of cooperative electrostatic intermolecular inter-
actions in the crystal.

Herein, we report reversible changes of WF for the radical S2
SAM attached on Au(111) by means of external stimuli, such as
irradiation with NIR light and temperature; as expected, this
behaviour is not observed for the non-radical S1 SAM. The WF
change was determined by KPFM by measuring the Contact

Zwitterionic
D*-A-

Fig. 2 (a) Scheme of the neutral (D—A) and zwitterionic (D—A) species.
(b) Their corresponding energy levels. Upon excitation, the energy level
diagram of D—A and D" -A states shifts following the external stimulus, as
adapted from ref. 24.
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Potential Difference (CPD) induced by the external perturbation.
Both SAMs exhibit hysteresis with the KPFM applied bias due to the
polarizability of the molecular D-A units and the intermolecular
dipolar interactions. However, the hysteresis with radical S2 SAM is
quenched when irradiated continuously with NIR light following the
induced ICT process between the Fc and PTM units where an
electronic redistribution occurs that changes the molecular dipole
magnitudes. This irradiation produces a remarkable WF shift of
+250 mV, which is reverted when the irradiation is suppressed.
These changes are further supported by theoretical calculations
confirming the experimental differences observed between the WF
of the radical and non-radical SAMs.

Experimental
Synthesis and characterization of SAMs S1 and S2

Molecules 1 and 2 have been synthesized and characterized as
described in ref. 21. S1 and S2 SAMs have been prepared
following a previously reported procedure. SAMs were prepared
by the immersion of Au/SiO, substrates in 1 mM solution of the
corresponding D-A compounds 1 and 2 in toluene under a
nitrogen atmosphere and in the absence of light. The samples
were maintained at 40 °C during the first hour and at room
temperature for 24-48 h. The functionalized gold substrates
were rinsed thoroughly with anhydrous toluene in order to
remove any physisorbed material and finally were dried under a
stream of dry nitrogen.

Kelvin probe force microscopy (KPFM)

KPFM experiments were employed in the single-pass KFM,
using the first resonance mode of the cantilever to feed the
topography servo, while a second frequency, 20 kHz is used to
chop and filter the signals trough a suitable lock-in amplifier. The
AC signal is routed directly to a Pt/Ir probe from the nanosensor
manufacturer, and with part number PPP-EFM. To find the
contact potential difference, a suitable voltage bias (KFM bias)
is routed to the sample directly. In order to compare the results
from all the samples, the test was carried out with the exact same
probe maintaining the following parameters constant: tip-sample
distance, free first amplitude value, AC bias applied to the tip,
frequency of the AC tip bias, DC voltage sweep rate, LIAs
bandwidth and LIAs gain. All the measurements were carried
out in low humidity conditions, as the AFM box is filled with
compressed air to reduce the humidity below 8%, avoiding
possible unwanted effects. The sample was illuminated with
two 950 nm IR Light Emitting Diodes (LEDs), with part number
SFH 4546, providing a total electrical power of 100 mW. The
LEDs are positioned on top of the AFM head, with an angle of
approximately 40° with respect to the sample, hence the illumi-
nation is flush. This angle is sufficient to warrant that the sample
is illuminated, while, at the same time, the IR light does not
interfere with the optical beam deflection system of the AFM. In
order to corroborate our findings, the illumination was changed
from top to bottom, exclusively for the measurements performed
in Fig. 5e. For this set of measurements, a semi-transparent thin
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film gold layer (210 nm thickness) was used as the substrate,
which is irradiated with the same type of LED (SFH 4546). In
order to test the homogeneity of the sample, the curves of the
surface potential have been recorded by averaging the curves
obtained from 16 random points selected inside a 4 x 4 um
square. More details about the working principle of KPFM are
given in Section S2 of the ESL.{ The range of sweeping rates used
to study the hysteresis behaviour of the surface potential with the

KFM bias was 8 Vs

Theoretical calculations

The geometry optimizations of the isolated molecules were
carried out by Density Functional Theory (DFT) calculations,
using the unrestricted (U)CAM-B3LYP exchange correlation
functionals®® and a 6-31G(d) basis set,** as implemented in the
Gaussian09 package.?! This long-range correlated functional has
been chosen due to problems of standard hybrid functionals to
describe charge-transfer states.*”>* As it has been done in our
previous paper,*® the orientation of the molecules in the gas
phase has been set to match experimental data: heights for S1
and S2 of dg; = 2.27 nm and dg, = 2.23 nm from photoemission
spectroscopy, respectively.”® The zwitterionic ground state
(D'-A7) has been achieved by applying an electric field E =
0.3 V A™ to the optimized neutral (D-A) geometries in the
direction of the Fc-PTM vector. Finally, Time Dependent
Density Functional Theory (TD-DFT) calculations were performed
to assess the properties in the zwitterionic excited state (D*-A™)/,
using the same functional and basis set. Nevertheless, the
polarizability «., has been estimated in the zwitterionic ground
state (D"-A") by numerical differentiation of the perpendicular
dipole moment with respect to an external electric field directed
in the direction perpendicular to the surface.

Regarding the SAM simulations at the MM/MD level, we
have built a gold slab made of 3 gold layers and exposing the
(111) surface by repeating a unit cell p(4 x 4) by periodic
boundary conditions (PBC). The lattice parameters a = b =
11.45 A and angle y = 60° yield a surface coverage of A = 117 A?,
close to the experimental value obtained by X-ray Photoelectron
Spectroscopy (XPS) equal to A = 111 A% while a vacuum region of
32 A was set in the normal direction. In line with our previous
studies, we have replicated the primitive cell 8 times in each
lateral (@ and b) direction, resulting in a super cell composed by
64 molecules (see Fig. S9, ESIt). More technical details about the
MM/MD simulations are given in Section S4 of the ESL¥

Results and discussion
Work function measurements

For measuring the WFs of the metal coated with SAMs, we used
a KPFM technique in which a combination of alternating
current (AC) and direct current (DC) bias is applied simultaneously
to the tip. In our case, the DC bias was swept in order to induce
a charge redistribution in the SAMs, modifying the out-of-plane
molecular dipole and hence the corresponding surface potential
value. The range of electrostatic potential used as bias in our

This journal is © The Royal Society of Chemistry 2019
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measurements (£5 V) was a compromise between avoiding
damaging the sample surface due to dielectric breakdown,
and modifying the internal dipoles. The averaged values of the
surface potential were found at the minimum of the curve
plotting the KFM amplitude vs. the applied bias and at the
vertical transition of the curve showing KFM phase vs. the
applied bias (for further details, see Section S2 in the ESIY).
We applied a specific voltage profile to radical SAM S2 (see
Fig. 3) sweeping from —5 V to +5 V (red curve, starting at point 1
and ending at point 4), and then from +5 V to —5 V (black curve,
starting at point 5 and ending at point 8). Doing so, we observed
a hysteresis of the contact potential difference values that can be
explained as follows. The measured value of the surface potential
corresponding to the original dipole y is A¢o. Applying a high
negative bias —5 V (creating an electric field pointing to the
sample) to the original negative dipole y, (pointing from Fc to
PTM) is enough to strengthen it towards a certain value u~, which
is reflected in the new WF value, A¢~, obtained. If a high positive
bias (+5 V) is applied, the same dipole diminishes down to a
value u', reflected by a change in WF towards a A¢" value, where
1 < pe < p~. The hysteresis observed in the KPFM curves
indicates that the molecules remain trapped in a metastable state
while the voltage is swept, probably due to the presence of lateral
intermolecular dipole interactions. This effect is more pro-
nounced when using fast sweeping rates (or short time of bias
cycle, see Fig. S2, ESIT). Following these considerations, starting
with —5 V (point 1, dipole ) in the first part of the cycle
from —V to +V (points 1-4), the KFM amplitude decreases till it
reaches a first minimum (points 2 and 3) with a surface potential
corresponding to a dipole y' with a value A¢y < A¢p’ < A¢p~ due
to the trapping process. Afterwards, the value of the KFM
amplitude increases until the applied bias reaches +5 V (point 4
and 5, dipole u'). At this moment, we start the second part of the

A9

Mo, A
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cycle with a bias evolving in the opposite direction from +V to —V
(points 5-8). As in the first round, the KFM amplitude decreases
until it reaches a second minimum with a surface potential
corresponding to a dipole y” and a value A¢”, with A¢* <
A¢" < Ag,. Finally, the KFM amplitude recovers the starting
point achieved with a bias equal to —V (points 1 and 8).

This hysteresis process can be easily seen in the plot of the
KPFM phase vs. applied bias, which can be quantified as the
distance between the two vertical transitions A¢pys = Ap” — A¢'.

This magnitude increases when using short bias cycle times
(see Fig. S2, ESIt), in agreement with our initial considerations.
KPFM measurements performed on the non-radical SAM S1
also show a hysteresis A¢pys under an applied bias cycle (see
Fig. 4a) in accordance with the polarizability of the molecules
and the intermolecular interactions. Note that the absence of
hysteresis with the neat Au substrate (see Fig. S3, ESIt) confirms
that its origin is related to the surface dipoles produced by the
deposition of the SAMs.

Impact of the IR light

In a first stage, we studied with KPFM the photoexcitation
processes that take place upon irradiation by comparing the
hysteresis of the non-radical S1 and radical S2 SAMs (see Fig. 4).
We performed five sweeps, in different spots of the sample and
report the averaged values with statistical error bars. The hysteresis
of SAM S1 is not affected by irradiation at 950 nm since the non-
radical molecule does not absorb in the NIR region. On the other
hand, the hysteresis in SAM S2 is strongly attenuated when these
SAMs are irradiated due to the fact that the radical molecules in S2
are excited into a zwitterionic state upon continuous irradiation.
As stated before, this internal charge transfer takes place in a
timescale of a few ps and a complete charge separation is not
achieved between the covalently linked D and A units. We define

w,a¢

) ngl | \;)AIQI | \;).4,,\;) Iz_3
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80

KFM Phase

2-3

KFM Amplitude

00 02 04 06

AKFM Bias (V)

Fig. 3 Hysteresis cycle obtained for the radical S2 SAM in the dark at r.t. with KPFM. The arrows in the image represent the direction of the bias cycle
during the different steps. The upper panel shows the KFM phase dependence on the applied bias while the bottom panel depicts the KFM amplitude
dependence on the applied bias. Note that the shape of the KFM phase vs. bias hysteresis curve depends on the polarity of the starting bias. It is important
to stress that for a better visualization of the two minima, only the bias window between —0.8 and 0.6 V is shown in the graph, while the full bias cycle

takes place from =5V to 5 V.
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Fig. 4 (a) KPFM experiments obtained for both S1 and S2 samples with
and without external stimuli. (a) KFM phase (Deg) vs. AKFM bias (V)
hysteresis curves in the dark (left) and upon irradiation at 950 nm (right)
for S1 (top) and S2 (bottom) SAMs. Five overlying bias cycles are shown in
all cases. Each of the curves was acquired in a different spot of the sample
and the averaged values and errors are given in the plots. (b) Energy
diagram and scheme of the dipole hysteresis for a SAM with a neutral

ground state (D—A) and an excited zwitterionic state (D*—A").

AE as the energy difference between the neutral (D-A) and
charge-separated (D'-A") states. In a “two-state model” similar
to that described for SAM S2, where the energy difference AE is
constant and equal to AE, during the whole bias cycle, we would
thus expect the dipole to fluctuate around the dipole p. with the
bias cycles (from u. to u.” in Fig. 4) and the appearance of
hysteresis in the KPFM plots. However, the energy difference AE
is also expected to be modified by the application of a bias.>® A
negative potential —V is going to increase this energy difference
up to AE’, while a positive potential +V decreases it down to AE"
(see Fig. 4b top). Accordingly, the application of a negative
bias —V should reduce the charge separation due to the increase
in the energy separation between the D-A and D™-A" states
whereas a positive bias +V should increase this charge separation
by diminishing the energy barrier for the ICT. These two
phenomena are at the origin of the reduction of the hysteresis
upon irradiation in SAM S2, as it can be observed in Fig. 4b.
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These results also confirm the presence of the zwitterionic
species in the radical SAM S2 upon NIR irradiation.

Another important characteristic of this system relies on the
reversibility of the negative shift in the WF induced by the IR
irradiation. In order to test such reversibility, we performed two
different consecutive cycles, in which the IR illumination is
cycled from off-to-on (Fig. 5¢). In order to acquire the values of
the WF, we sweep the AKFM bias from —2 V to +2 V while
saving the KFM amplitude channel to obtain a similar curve as
for the case of Fig. 5b. The minimum value is calculated from
the curve and introduced as a single point in Fig. 5e, represented
with a square-shaped point. Each of such curves is performed in
randomized points of the sample surface. The exact same
procedure is repeated, while the IR illumination is turned on
and off. Our data shows that the WF is increased where the
sample is illuminated, while it decreases in the darkness and
that this effect is reversible. Despite the highly localized nature
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Fig. 5 Surface potential as a function of 950 nm irradiation and temperature.
(a and b) KFM amplitude vs. bias surface potential curves in the dark and
under 950 nm irradiation; and (c) and (d) under RT and 120 °C heating for
S1 (left) and S2 (right) SAMs. The curves display the averaged values
obtained in both directions of the AKFM bias cycle. The arrows depict
the direction of the shifts of the dipole surface achieved by the external
stimulus. The dashed lines are plotted to help the visualization of the curve
minima. (e) AKFM bias (V) vs. time (s) in which different cycles of measure-
ments under NIR irradiation and in the dark are performed in S2 SAMs.
Each of the measured points represents the minimum value obtained, as in
(b), while horizontal lines represent the average value calculated from
the acquired points. Note that the experiments made to obtain (a, b) and
(c, d) are independent of each other: in the first case the changes in the
surface potential are ascribed only to light irradiation, while in the latter
case the changes in the surface potential are originated by the increase of
temperature.
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of KPFM measurements, the average value represented with
horizontal lines in Fig. 5e clearly demonstrates the WF shift is
due to IR irradiation. The value of the WF shift is equal to
250 meV (as measured from Fig. 5¢) and it is slightly higher than the
largest shift'® reported for photo switchable SAMs (~220 meV).
However, in our case, the WF shifts are associated with electronic
reorganizations inside the molecules rather than to a structural
isomerization, as in the latter case. The differences presented in
each of the minimum points acquired for each curve are due to the
randomized, for homogeneity reasons, and localized measurement
conditions inherent to KPFM. Therefore, the results here reported
represent a proof of concept that SAMs based on D-A dyads
showing ICT can be used for obtaining SAMs with photo switchable
work functions.

Effect of the temperature

The irradiation at 950 nm on the S1 and S2 SAMs has an
additional effect since the Au substrate absorbs part of the
energy of the light increasing the temperature of the sample.
The energy of this absorption is not translated into a change of
the WF of neat Au, as experimentally checked (see Fig. S4, ESIT),
but it induces some thermal motion of the molecules of the
surface. Due to the thermodynamically unstable state of the
permanent dipoles (lying mainly parallel to one another), on
the Au surface produced upon the SAM formation,* the thermal
motion of the molecules should allow the molecules forming the
SAM to change their geometry in order to reduce the amplitudes
of these dipoles. In order to read this effect, we designed another
experiment in which the KFM bias is applied from —2 Vto +2 Vin
a single run, with a slow rate of 4 V s~ '. The data acquisition
comprises 10 subsequent measurements and their average is
then calculated and plotted in Fig. 5a and b. The reduction of the
dipole by thermal effects explains the negative shift (orange arrow
in Fig. 5a) by —25 meV of the surface potential for S1 (see Fig. 5a).
However, in the case of S2, the shift occurs in the opposite
direction (yellow arrow in Fig. 5b) which cannot be explained by
the thermal motion. In this case, the increase in the charge
separation between the Fc-PTM units present in the zwitterionic
state dominates and induces an increase of the negative dipole
formed by the Fc-PTM dyad, resulting in a positive shift of
+60 meV (as measured from Fig. 5b) in the surface potential.
We further test the thermal motion influence on the surface
potential shift for both S1 and S2 SAMs, by measuring the surface
potential at room temperature and at 120 °C (see Fig. 5¢ and d)
while no light irradiation was applied in this set of experiments.
We see that both samples display the exact same direction in the
potential shifts, with different magnitudes, thus confirming that
thermal motion reduces the surface dipoles for both S1 and S2
SAMs. It is worth mentioning that this test discards possible
unwanted effects coming from moisture or humidity dependent
effects. By working in temperatures over 100 °C, we rule out the
effect of moisture that could affect the data. Summing up the
higher temperature and lower relative humidity (RH) ensures
accurate and true data acquisition conditions.*" In order to clarify
if humidity could explain part of the hysteretic behaviour found
for zwitterionic species, we performed more experiments for a

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

test sample in both high and low humidity conditions (see Fig. S5
in the ESIt). Our data support the idea that hysteresis is not related
to a humidity related effect, demonstrating that the polarizability
of the molecules is behind the hysteretic behaviour reported.

Contrary to the effect of the light, there are no changes in the
hysteresis in the temperature range of 25-120 °C for both SAMs
(see Fig. S6, ESIT), demonstrating that the zwitterionic state is
achieved exclusively as a consequence of the IR irradiation. As
we observed before, the thermal motion produced by increasing
the temperature is translated into a negative shift of the surface
potential, which is clearly visible for both SAMs (see Fig. 5¢ and d).
In our previous work,>” we demonstrated that the polarizability of
radical molecules in SAM S2 is higher than in SAM S1, meaning
that the surface dipole in S2 is more sensible to the changes in
the surrounding charge density. Consequently, the negative shift
induced by the thermal motion is higher in the case of the radical
SAM S2 (~285 meV) than in the non-radical SAM S1 (~ 145 meV).
This result is valid since both SAMs present the same packing as
suggested experimentally.”! As for the case of IR irradiation, the
original behaviour of the system is recovered when decreasing to
room temperature (see Fig. S7, ESIt). After heating, the fact that
hysteretic behaviour is still preserved confirms our expectations
that such related phenomena take place as a consequence of the
zwitterionic (D'-A") species.

Theoretical calculations

The evolution of the surface potential with the NIR light in the
radical S2 SAM has been further analysed by means of Time
Dependent-Density Functional Theory (TD-DFT) calculations.
To do so, we have used the same geometries of the isolated
molecules as in our previous studies,>* as guided by experi-
mental measurements (see Experimental section). In particular,
we have calculated the normal dipole component in the isolated
molecules (u.) for the neutral radical (D-A) and excited zwitter-
ionic state (D'-A7), while the effect of changes in the charge
density induced by the neighbouring molecules has been taken
into account by the normal component of the molecular polariz-
ability (o). Following previous studies, one can use the modified
Helmholtz equation to relate the work-function modification to the
chemical nature of the SAM:

—
= = 2

{Ieﬁ"{IoA ( )
In this case yu, is the normal dipole for the isolated molecule,
whereas the effective dielectric constant . was calculated using the
following formula:*®

Eogg =1+ 0FA™'? (3)

where F is a factor characteristic of the geometrical packing,
which was set to F = 8.89 following the literature.’” The last
required information is the area per molecule that we set to the
experimental value of ~111 A® taken from ref. 21. The values of
all parameters are reported in Table 1.

The results from DFT show a positive shift of the surface
potential upon irradiation by about ~+2 eV, which is one
order of magnitude higher than the positive shifts observed
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Table 1 Values of normal components of the calculated dipole (u,) and
polarizability («.,), effective dielectric constants (eer) and work-function
modification (A¢) for an isolated molecule of radical S2 SAM in its ground
neutral state (D-A) and in the excited zwitterionic state (D*-A7) (see
Experimental section)

State
Calculated components D-A (D"-A7)
1z (D) —0.03 —~11.01
o x 107> (cm?) 103.92 75.65
Cott 1.79 1.58
Ad (eV) 0.01 2.38

experimentally (~+150-250 meV, as obtained from Fig. 5e),
thus showing that the complete charge transfer process is not
achieved at an experimental level. Furthermore, the results
obtained by using other long-range correlated hybrid functionals
were similar (see Table S1, ESIT). As demonstrated previously,* a
large increase in the isolated molecular dipoles (~11 D) in the
zwitterionic species is not correlated with a large increase of the
surface potential due to the large depolarization effects.>®™*°

In order to verify the effects of the thermal motion on the
molecular dipoles, molecular mechanics coupled to molecular
dynamics (MM/MD) simulations were performed (see Section
S3 in the ESI{ for more computational details). In particular,
quenched simulations were performed at 25 and 120 °C. The
individual normal dipoles in the molecules forming the SAMs
were extracted to study their distribution along the trajectory
(see Fig. 6 top). By applying the Helmholtz equation (eqn (1)) in
a vacuum (e = 1), one can obtain the WF shift distribution for
both temperatures (see Fig. 6 bottom). In this case, the effective
dielectric constant . was not calculated as in eqn (3) due to
the impossibility of calculating the polarizability («,,) for all
geometries of the molecules forming the SAM in all snapshots
of the MM/MD trajectory.

The results show that in the non-radical S1 SAM, the surface
dipoles, and consequently the surface potential, are not highly

40 40
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- -~
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o o
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Fig. 6 Normal distribution of the molecular dipoles normal to the surface
(top) and WF shift (bottom) as a function of the temperature used in the
MD/MM simulations. The red arrows represent the direction of the shifts in the
normal dipoles and WF as a consequence of the increase in temperature.
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affected by the increase in temperature. However, in the case of
the radical S2 SAM, the increase in the temperature decreases
the magnitude of the negative surface dipoles. The origin of
this behavior is attributed to the disorder introduced with the
thermal motion, which allows some molecules of the SAMs to
decrease their tilt angles (see Fig. S8-S10, ESIT). These results
confirm the negative shift of the surface potentials with the
temperature experimented by S2, as well as its higher magnitude
compared to S1. The mismatch between the values of these shifts
at the theoretical versus experimental level can be explained by
the fact that theoretical models consider the charges of the
molecules in the SAMs equal to the charges obtained for the
isolated molecules in the gas phase. In addition, the atomic
charges in the Au slab were set to zero. As a result, the impact of
the charge density of the neighboring molecules (depolarization
effects) and of the Au slab (bond dipole) has not been taken into
account in the calculation of the theoretical surface potential.

Conclusions

In this work, we have reported a joint experimental and
theoretical study of the changes in the molecular dipoles and
in the surface potential (or work function) observed in two
polarizable D-A based SAMs - one with radical molecules (S2)
and another with non-radical ones (S1) - produced by external
stimuli, in particular by NIR light irradiation and temperature
variations. Modifications of the surface potentials of the SAMs
have been determined by means of the KPFM technique.
Interestingly, both SAMs exhibit hysteretic behaviors under a
DC voltage bias cycle due to the polarizability of the molecules
and intermolecular interactions inside the SAMs. In addition
and because the molecules in the radical S2 SAM can exist in a
neutral ground state (D-A) and in a zwitterionic state (D"-A7),
there is a notable reduction of the hysteresis size upon irradiation
with NIR light at 950 nm as a consequence of the population
of the zwitterionic state. Under such a stimulus, the negative
Fc-PTM dyad dipoles increase, resulting in a positive shift of
the surface potential whose magnitude and direction has been
confirmed by TD-DFT calculations. Such a behavior is not
observed for the non-radical S1 SAM since the molecular
bistability is absent in this case. On the other hand, the thermal
motion induced by an increase of the temperature tends to
decrease the negative surface dipole magnitudes, which translates
into negative shifts of the surface potentials of the SAMs, with
changes larger for the radical S2 SAM with respect to the non-radical
S1 SAM. Moreover, MM/MD simulations evidence in a qualitative
way the larger negative shift of the radical SAM with respect to
the non-radical one partially due to its higher disorder induced by
the thermal motion. These results confirm the switchability and the
increase in the WF upon IR irradiation which can reach a value as
high as 250 meV, representing one of the highest values reported in
the literature and the first achieved by NIR irradiation. In addition,
the results reported here demonstrate that SAMs based on D-A
dyads showing ICT, where the changes of molecular dipole are
mainly due to an electronic redistribution, can be used for obtaining

This journal is © The Royal Society of Chemistry 2019
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SAMs with photo switchable work functions. These peculiarities
open the application of D-A based SAMs showing intramolecular
charge transfer in devices to control the charge injection at metal/
organic interfaces, which could have a high interest for bioelectronic
applications because the NIR range fits into the so-called biological
transparency window.

With the results presented in this work, we aim to motivate
the community of organic and bio-organic electronics to start a
new research line for these systems, which will be more focused
on the device fabrication. The use of these IR activated SAMs,
combined with the choice of an organic semiconductor layer
with a suitable HOMO energy, can be exploited as a switchable
component in a new generation of responsive opto-electronic
devices, such as OFETs or biological sensors.
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