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Abstract
Large organic molecules are of important interest for organic-based devices such as hybrid photovoltaics or molecular electronics.

Knowing their adsorption geometries and electronic structures allows to design and predict macroscopic device properties. Funda-

mental investigations in ultra-high vacuum (UHV) are thus mandatory to analyze and engineer processes in this prospects. With

increasing size, complexity or chemical reactivity, depositing molecules by thermal evaporation becomes challenging. A recent way

to deposit molecules in clean conditions is Electrospray Ionization (ESI). ESI keeps the possibility to work with large molecules, to

introduce them in vacuum, and to deposit them on a large variety of surfaces. Here, ESI has been successfully applied to deposit

triply fused porphyrin molecules on an insulating KBr(001) surface in UHV environment. Different deposition coverages have been

obtained and characterization of the surface by in-situ atomic force microscopy working in the non-contact mode shows details of

the molecular structures adsorbed on the surface. We show that UHV-ESI, can be performed on insulating surfaces in the sub-

monolayer regime and to single molecules which opens the possibility to study a variety of complex molecules.
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Introduction
Large complex molecules with tunable electronic properties are

building block candidates for functional materials with special

electrochemical and photophysical properties, which are of

fundamental interest for many applications such as hybrid-

photovoltaic [1] or molecular electronics [2]. Information at the

single molecular level, even if challenging, is required to

foresee the interplay between nanoscale structures and geome-

tries and the device properties. For reliable investigations of

such systems, a well defined environment is necessary and

therefore ultra-high vacuum (UHV) conditions are required for

these fundamental studies. However, thermal evaporation, the

most commonly employed technique under UHV conditions,

may lead to a fragmentation of large molecules generally

happening before reaching the sublimation temperature. There-

fore the study of such complex molecules with high resolution

and precision is hindered. Recently, other deposition tech-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:antoine.hinaut@unibas.ch
mailto:ernst.meyer@unibas.ch
http://dx.doi.org/10.3762%2Fbjnano.6.195


Beilstein J. Nanotechnol. 2015, 6, 1927–1934.

1928

Figure 1: Scheme of the commercial ESI setup [33] (1 to 5) connected to the UHV chamber (7), i.e., sample preparation chamber. The additional
vacuum chamber (6) was added to further enhance the performance of the deposition system.

niques have been introduced, e.g., direct deposition from a

liquid solution (droplet casting) on a freshly prepared surface or

pulsed valve deposition in UHV. Although these techniques are

compatible with molecular resolution, the pollution from

solvents remains a problem [3-5].

Electrospray ionization (ESI), first developed by Fenn et al. [6]

allows for the introduction of large organic molecules in

vacuum. Originally developed for mass spectrometry and

protein studies, it has since been used with many other types of

molecules. In ESI, molecules are directly ionized from solution,

allowing to select and analyze them with electrostatic lenses.

Following this initial use, numerous experimental setups have

been built to deposit such ionized molecules on surfaces. For

such ESI deposition systems, the combination with filtering

devices, made of quadrupoles, octopoles and other electrostatic

stages allows one to filter ions and guide them towards the

sample surface [7-10]. An advantage of theses systems, in addi-

tion to the selection of the ion species, is the use of a soft

landing deposition where additional electrostatic lenses are used

to reduce the kinetic energy of the molecules [11-13]. More-

over it lowers the chance of fragmentation by impacting

surfaces. However the complexity of the setup as well as the

proper adjustment somehow limits their usability.

An easy and commercially available ESI system has already

proven its capability to deposit simple [14,15] or more complex

molecules [16-20] on various surfaces such as metals or TiO2.

The setup is aligned in straight line and no selection or devia-

tion elements are used. As a result, all species introduced in

vacuum that are not pumped are directed towards the surface.

Consequently, the use of contaminant-free solvent, as well as

appropriate spray parameters is primordial to successful deposi-

tion of single molecules.

With the prospect of studying the intrinsic properties of large

molecules, their decoupling from the metal surface is desirable.

Deposition and analysis on insulating films or crystals is thus

mandatory and requires high resolution imaging. Therefore, for

the characterization at the atomic-scale, atomic force

microscopy (AFM) is mandatory. Numerous experimental AFM

studies have shown the possibility to image molecular islands

[21-27], small aggregates [28], single molecules [29] as well as

trapped single molecules [30-32] at room temperature on insu-

lating surfaces. The use of ESI now allows one to study even

larger and more complex molecules which are more suitable for

future devices and could incorporate additional functions and

anchoring groups.

In this work we present the adaptation of a UHV-ESI system to

deposit triply fused porphyrin molecules on a bulk insulator

KBr(001) sample and the analysis of theses deposits by high

resolution AFM measurements at RT and under UHV condi-

tions. First, it is shown that the applied solvents do not impact

the deposits and the measurements. The coverage of the mole-

cules on the bulk insulator surface can be controlled and

adopted to the needs of the AFM measurement. However, at

large coverage, charging of the surface was observed, which

could be successfully overcome by a moderate annealing of the

surface. The formation of various molecular assemblies was

achieved and even isolated molecules could be analyzed at

room temperature.

Results and Discussion
UHV-ESI of solvent
UHV-ESI has been performed with a modified commercial

MolecularSpray setup [33], of which a scheme is shown in

Figure 1. The mixture of solvent and molecules is introduced by

a syringe pump and a needle (1) into the first vacuum chamber

(3) trough a capillary (2) by applying a bias of several kilovolts

(1 to 5 kV). Behind the entrance capillary, three chambers (3, 4,

5) are used to pump solvent molecules and to reach the high

vacuum level in the preparation chamber (7). The extra vacuum

chamber (6) was added to further decrease the vacuum level

during deposition, typical vacuum ranges are indicated in

millibars. Two type of pumps are employed, i.e., primary and

turbo pumps and the chamber separations are skimmer cones

for the first two chambers and inlets for the others.

To confirm that residual solvent molecules introduced with the

UHV-ESI process will not interfere with adsorbed molecules on

the surface, we performed a deposition of the solvent solution

only, i.e., toluene/isopropanol in the ratio 2:1 on a clean

KBr(001) surface. Figure 2a shows a topography image
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Figure 2: a) Topography image of the KBr(001) surface after the application of UHV-ESI with a mixture of toluene/isopropanol (2:1) over the course of
30 min. b) Topography image of clean KBr(001) surface obtained after UHV cleavage and following annealing at 400 K for 1h. c) Topography image
of two protrusions with a profile (c) along the line. Parameters: a) A = 5 nm, Δf = −10 Hz, b) A = 2 nm, Δf = −60 Hz, c) A = 2 nm, Δf = −25 Hz.

acquired by nc-AFM at room temperature on a KBr(001)

surface after a total time of 30 min of UHV-ESI deposition of

the pure solvent. This is a long exposure time compared to the

generally applied molecules deposition time of 1–5 min. As can

be seen, terraces remain large and flat, and step-edges remain

clean from adsorbates. However, some pits are observed on the

terraces and step-edges present lots of kinks. Such pits are

known from the bombardment of ionic surfaces by electrons or

UV light and are attributed to a reorganization of color centers

towards the surface [34].

The surface should be compared to the clean, UHV prepared,

KBr(001) surface as presented in Figure 2b. Here, large terraces

and step-edges aligned along the non-polar directions, e.g.,

[010] or [100] can be observed. Some protrusions can also be

found on the surface, however their number remains small. In

Figure 2b, a zoom on two of these protrusions is presented with

a profile in Figure 2c. The protrusions all appear with similar

shape, i.e., circular with a diameter of 2 nm maximum. Since

the solvents we used were high purity solvents, excluding any

pollution, these protrusions can be attributed to solvent mole-

cules or clusters. Another indication of the presence of the

solvent are the spikes observed on this image. Most probably

solvent molecules are still on the surface but are diffusing to

fast for nc-AFM imaging.

Large coverage UHV-ESI of triply fused
diporphyrins
The complex porphyrin-based molecules under study are

schematically shown in Figure 3a. It is a triply fused dipor-

phyrin molecule including two 3-cyanophenyl groups and Zn

Figure 3: a) Chemical structure of the used triply fused diporphyrin
molecule derivative prepared according to the synthetic protocols by D.
Bonifazi et al. [39]. The inset shows a molecular scheme and the
dimensions. b) Topography image after the UHV-ESI deposition of the
porphyrins on KBr(001) for 5 min. Scan parameter: A = 2 nm,
Δf = −25 Hz, U = −10 V.

metal cores. Similar molecules have already been thermally

deposited on surfaces in UHV and are known to form self-

assemblies on metallic substrates [35,36]. These molecules are

rather complex compared to others, however the deposit by

UHV-ESI can still be compared with the thermally deposited

ones. Furthermore, the 3-cyanophenyl groups are known to

enhance the binding to ionic substrates by electrostatic inter-

action [37,38]. For the UHV-ESI deposition, molecules were

diluted at 1 μL/mL in a mixture of toluene and isopropanol with

a 2:1 ratio. Deposition was performed for 5 min at a constant
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rate of injected solution of 5 μL/min, a maximum applied high

voltage of 1.5 kV, and a pressure in the vacuum chamber below

2 × 10−7 mbar.

A topographic image acquired by nc-AFM after UHV-ESI

deposition of the diporphyrin on the clean KBr(001) surface is

displayed in Figure 3b. Large molecular features are homoge-

neously distributed all over the surface and appear up to 3 nm

high. However, no clear organization of the molecules was

observed. Large electrostatic forces have been observed and

measured via frequency shift versus voltage curves df(V) [40]

after the deposition process. These could not be compensated

during measurements by applying a bias voltage of up to ±10 V,

which is the limit of the AFM system. These large electrostatic

forces induced difficult scan conditions and we were not able to

study the organization of the molecules in more detail. Indeed,

surfaces charges of bulk insulator samples have already been

studied in detail [41,42]. Due to cleavage many charges can be

created resulting in large electrostatic forces. Sample prepar-

ation with soft annealing is well-established and leads to only a

few remaining isolated charges [42]. Since the sample was

prepared with such procedure before UHV-ESI deposition, we

thus attribute this charging to the deposition process. During the

deposition of only the solvent, we have not observed charging

of the surface (Figure 2), whereas the presence of molecules in

the solution always induces the surface charging for high

coverage. Since the deposition time (minutes) is short compared

to the charge compensation time (days), a charged surface is

obtained. In our setup, a positive bias is applied to the solution

containing the diporphyrin molecules. Therefore, droplets

produced during ESI as well as the molecules reaching the

surface are positively charged. This positive charging of the

surface is in agreement with the estimated large negative bias

voltages needed to compensate the surface potential of approxi-

mately −30 V.

A major disadvantage of UHV-ESI for insulating surfaces is

thus the surface charging of the crystals, increasing with the

deposition time and resulting in difficult scan conditions. High

electrostatic forces in presence are also impacting the self-

assembly of the molecules resulting in the molecular domains

observed. Furthermore, above a certain amount, surface charges

act as electrostatic barriers and prevent the landing of further

molecules and high coverages are difficult to obtain.

Triply fused diporphyrins UHV-ESI after
annealing
Annealing of the sample was performed at 350 K for 1 h to

remove the surface charges. Electrostatic force compensation

was then reduced to −1.1 V, which is typical for KBr surfaces

[43]. The topography image shown in Figure 4 reveals the

surface modification due to the annealing in presence of the

molecules. Indeed, pits, hills and a circular shape for the step-

edges are observed instead of straight step-edges that are

normally observed. Molecules are adsorbed at KBr step-edges

(arrow 1) and also form small aggregates (arrow 3) at terraces

or even larger islands (arrow 4). Their presence at step-edges is

visible in Figure 4 as bright lines. Exceptions are step-edges

oriented along the non-polar [010] and [100] directions (arrow

2), which are standard directions for KBr(001). The rounding of

the normally straight step-edges is induced by the surface

annealing in presence of molecules. Such phenomena have

already been observed and described for truxene molecules

containing similar cyanophenyl functional groups [31]. The

circular shapes are created during deposition and annealing and

allow the adsorbed molecules to be stabilized by reaching an

overall energetic minimum. A result of this is the creation and

stabilization of KBr pits and islands, which are not present on

the untreated surface. Molecular islands can therefore be

observed in theses pits [30] or on the KBr islands and present

distinct height differences.

Figure 4: Topography image (400 × 400 nm2) of diporphyrins on
KBr(001) after 1 h of annealing at 350 K. Different areas: covered (1)
and non-covered (2) step edges, small aggregates (3), and molecular
islands (4). Parameters: A = 4 nm, Δf = −10 Hz.

A more detailed topography image of such an island is

presented in Figure 5a with the corresponding dissipation image

(Figure 5b). Using the dissipation image, the identification of

the areas with and without molecules is facilitated due to two

different contrasts (bright or dark). This phenomenon was

already related [24]. The KBr terraces present a brighter

contrast and molecules are observed in form of islands, at step-

edges, in small aggregates and trapped in regions where succes-

sive step-edges are close. The profile presented in Figure 5c is
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Figure 5: a) Topography image of a diporphyrin island on KBr(001). b) Corresponding dissipation image. c) Island profile, blue line in a). Scheme of
the molecular arrangement in side view d) and in top view e). Black arrow point toward CN group anchored to K+ ions. Parameters: A = 5 nm,
Δf = −8 Hz.

acquired on the topography image and helps to understand the

shape of the island. It shows two different heights, of 2.3 and

2.0 nm, compared to the KBr terrace. The difference corre-

sponds to the height of a single KBr step meaning that the self-

assembly partly sits on the KBr terrace and an island.

A better understanding of the molecular self-assembly is

obtained by the dissipation image where single molecular rows

are visible. A columnar organization of the rows with a length

of 20–50 nm, and spaced by roughly 3 nm, compose the islands.

This is in good agreement with the molecular size of 2.8 nm

(Figure 5d,e) in a tilted position. Inside one molecular island

and also for different islands, several line orientations can be

observed (not shown here). Despite different tries and the intra

islands resolution in the dissipation image, we were not able to

achieve similar resolution in the topography images to know the

exact commensurability between substrate and molecules. Few

reasons can be mentioned related to a reduced imaging stability

of this system. The molecules present a cyanophenyl group

facing towards the tip and carrying a dipole moment which

influences the electrostatic field distribution and with this also

the imaging stability. Furthermore, this functional group is

known to be quite flexible and will therefore, especially at room

temperature conditions, prevent high-resolution imaging.

A schematic model of an island is proposed in Figure 5d and

Figure 5e showing a possible molecular arrangement. In this

configuration, columnar stabilization can be explained by a

dominant molecule–molecule interaction by π–π-stacking

[29,37,44,45]. Due to the symmetric arrangement of the two

3-cyanophenyl groups the electrostatic binding to the surface is

only small and the molecular wires might easily flip or

rearrange explaining the low stability in the AFM measure-

ments and the different behaviour compared to smaller mole-

cules [44,45]. The smaller features also visible at the surface

can be attributed to molecular aggregates, but due to the high

mobility at room temperature they were not investigated in

more details.

Low coverage of UHV-ESI porphyrins
To enable the analysis of single molecules, annealing of the

sample should be avoided to restrict diffusion processes.

Different parameters that could lead to a reduced amount of

deposited molecules and charges can be tuned, like reducing

deposition time or molecule concentration in the solution.

Furthermore, deposition of solvent molecules should be reduced

to a minimum which was achieved by the implementation of an

additional pumping chamber to the spray setup (Figure 1),

which helps to reduce the base pressure at the sample during

spray deposition by an order of magnitude.

Figure 6 presents the surface obtained after diporphyrin deposi-

tion at low coverage by UHV-ESI. Topography images is

acquired at the 2nd flexural mode which allows one to enhance

the sensitivity to short range forces by using small oscillation

amplitude (400 pm) [46]. The topography shows two terraces
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Figure 6: Topography image (40 × 40 nm2) of the KBr(001) surface
with a low coverage of diporphyrin molecules deposited by UHV-ESI
for 2 min. Parameters: f2nd = 1.02 MHz, A2nd = 400 pm,
Δf2nd = −57 Hz.

Figure 7: a) High resolution topography image of a single diporphyrin
on KBr(001) at room temperature. b) Same image with added molec-
ular model. Parameters: f2nd = 1.02 MHz, A2nd = 400 pm,
Δf2nd = −70 Hz.

separated by a kinked step-edge. Pits similar to what can be

obtained after electron irradiation of the surface are visible [47].

Sample charging was not observed and bias remained in the

±1 V range. Small objects with sizes compatible with single

molecules decorate both terraces. Due to the shorter deposition

time, 2 min compared to 30 min in Figure 2, solvent molecules

should only appear as traces on the surface and are unlikely to

be observed here. However, two different contrasts have been

observed, a stable and a slightly less stable one as can be seen in

the distorted molecule at the bottom part of the image. Some of

the single molecules are attached to the pits corners.

A high resolution image of a stable molecule presenting even

the internal structure is shown in Figure 7. The image was

acquired on the same sample but at another area. The simple

superposition of the molecule drawing, is used to show that the

observed object size fits with a single molecule. The molecule

lay flat at the surface and binds through the 3-cyanophenyl

groups to the KBr(001) substrate [29,31] indicated by the two

symmetric protrusions. The two elongated features are attribut-

able to the four 3,5-di(tert-butyl)phenyl moieties of the dipor-

phyrin having a slightly higher topographic signature.

Conclusion
The deposition of large functionalized molecules on surfaces

with low contamination is important for fundamental studies.

We show that UHV-ESI deposition, where molecules are

contained in solution, fulfill theses conditions on insulating

surfaces. This leads to the possibility to access molecular elec-

tronic properties at the single molecule level with scanning

probe microscopy. We first demonstrated that solvent deposi-

tion from ESI has a weak influence on the KBr(001) surface.

Then a complex molecule based on a triply fused diporphyrin

was successfully deposited at various coverages on the

KBr(001) surface. For a coverage of more than a few isolated

molecules per 10 × 10 nm2 we have observed charging of the

sample due to ion deposition. This charging can be easily over-

come by annealing, leading to the formation of large molecular

islands. We characterized theses islands showing molecular

assemblies stabilized by π–π stacking organization and

anchoring through the cyano group of the molecules and

K+ ions of the surface. To achieve single molecule deposition,

we added a pumping chamber in the setup that lowered the

number of molecules reaching the surface. Due to the small

amount of species on the surface we lowered the charging

effect. In this way, we demonstrated the deposition of single

molecules, down to few units per 100 × 100 nm2. For some

adsorption geometries, where the molecules are laying flat on

the surface, we obtained intra-molecular resolution at room

temperature.

Experimental
All experiments were performed under UHV conditions

(p < 10−10 bar) with our home-built non-contact atomic force

microscope (nc-AFM), operating at room temperature (RT)

[48]. Bulk insulator KBr(001) crystals surfaces (from MaTeck

GmbH) were prepared in situ by cleavage followed with an

annealing at 400 K for 1 h to remove residual charges. PPP-

NCL cantilevers (Nanosensor) with typical resonance frequency

of f1st ≈ 170 kHz and first harmonic of f2nd ≈ 1 MHz were

used. Sensor preparation consists of annealing for 1 h at 400 K

and tip sputtering for 90 s at 680 eV at an Ar+ pressure of

p = 3 × 10−6 bar.

The ESI setup (Figure 1) is connected to the UHV preparation

chamber of the system. It is a commercial system from

MolecularSpray [14,33]. After the spray is formed in air, highly

charged droplets [49-51] enter by a capillary into the differen-

tial pumping system composed of the three chambers separated
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by leak orifices. During this differential pumping system, initial

droplets undergo successive droplet solvent pumping and

coulomb fission leading to ionized molecules only. The spray

quality in air was controlled during deposition with a camera.

The base pressure in the sample chamber was in the low

10−10 mbar range, and increase to low p ≈ 10−7 mbar during

spray deposition. Typical parameters for UHV-ESI are

1.3–2.0 kV, sometimes adjusted to maintain spray quality

during deposition. The deposition time was tuned to obtain

different coverages between 1–30 min at controlled flux, by the

use of a syringe pump, of 2–10 μL/min. The molecules were

diluted in a solution of toluene/isopropanol made from high

purity solvents (Sigma-Aldrich) with a ratio of 2:1. Molecule

concentration in solution was 1 μg/mL.

Molecules, see Figure 3, are based on a triply fused double por-

phyrin and include two metallic core atoms (zinc) and two

cyanophenyl groups. More information on the synthesis of the

molecules can be found in [35,36,39]
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