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Preface

This project was funded by the Swiss National Science Foundation (SNF) (grant

number CR23I2-162828) and Empa, the Swiss Federal Laboratories for Materials

Science and Technology. The project was carried out 2016-2019 at Empa Düben-

dorf, at the Laboratory for Nanoscale Materials Science, headed by Prof. Dr.

Hans Josef Hug. The supervision of this thesis was shared between Dr. Rowena

Crockett, Dr. Laetitia Bernard and Prof. Dr. Hans Josef Hug.

Time-of-�ight secondary mass spectrometry (ToF-SIMS) measurements were

carried out by Maciej Kawecki on the IONTOF.5 instrument stationed at Empa

Dübendorf, at the Laboratory for Nanoscale Materials Science, headed by Prof.

Dr. Hans Josef Hug. Light-emitting electrochemical cells (LECs) were prepared by

Maciej Kawecki, Matthias Diethelm, Sandra Jenatsch and Quirin Grossmann at

Empa Dübendorf, at the Laboratory of Functional Polymers, headed by Prof. Dr.

Frank Nüesch. Quantum chemistry calculations were conducted by Dr. Daniele

Passerone at Empa Dübendorf, at the Nanotech@Surfaces Laboratory, headed by

Prof. Dr. Roman Fasel. The ToF-SIMS image of the uranium distribution across

uranyl acetate-stained HeLa cells, used in Fig.1.1C as example for ToF-SIMS im-

age generation, was acquired on a sample provided by Dr. Andres Käch, working

at the Center for Microscopy and Image Analysis at the University of Zurich, in

the course of a separate collaboration.
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For a moment, nothing happened. Then, after a second or so, nothing continued

to happen.

Douglas Adams (1952-2001), The Hitchhiker's Guide to the Galaxy
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Abstract

Molecular interactions, recognition, and self-assembly are of central importance

for the properties of organic materials and function of biological systems. Cur-

rently, there is no experimental method available that allows inter-molecular in-

teractions to be probed at the scale of single molecules in non-crystalline organic

matter. Often, molecular aggregation, self-assembly at single-nanometer scales,

and nucleation processes remain beyond experimental reach. The presented work

demonstrates that statistical molecular interaction probabilities, surroundings, and

arrangement can be probed in-situ in organic matter by means of secondary ion

mass spectrometry. Supramolecular assemblies containing 10 and more organic

molecules linked by hydrogen bonds or dipole-π interactions are extracted under

preservation of chemistry and structure. The compositional distributions of the

assemblies extracted reveal molecular self-assembly at length-scales typically not

accessible to electron microscopy or X-ray di�raction.

In dynamic organic systems, shifts in the spatial distributions of the di�erent

molecules can induce changes in the local chemical equilibria at nanometer length-

scales. Work conducted in this thesis on thin-�lm organo-electronic devices with

sub-100 nm layer thicknesses demonstrates that molecular distribution rearrange-

ments and the resulting adjustments in chemical equilibira can be resolved in

time by means of dual-beam depth pro�ling in secondary ion mass spectrometry

and with su�cient depth resolution to resolve the interfacial formation of electric

double-layers. The presented approach for the in-situ study of dynamical systems,

while limited to thin-�lm electronics, provides insight into reversible �eld-induced

molecular migrations and chemical processes where until now often only indirect

information could be gained by means of e.g. capacitance measurements.
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Zusammenfassung

Nonkovalente Wechselwirkungen zwischen organischen Molekülen, Molekülerken-

nung, und molekulare Selbstorganisation sind von zentraler Bedeutung für die

Eigenschaften organischer Materie und die Funktion biologischer Systeme. Zur

Zeit existiert keine Messmethode, welche es erlauben würde, die Wechselwirkungen

zwischen Molekülen in nicht-kristalliner organischer Materie auf einer Molekül-zu-

Molekül-Basis zu studieren. Oft bleiben molekulare Aggregation, Selbstorganisa-

tion auf Nanometerlängenskalen und Nukleationsprozesse jenseits des experimen-

tell Erreichbaren. Die vorliegende Arbeit zeigt auf, dass statistische molekulare

Umgebungen, Wechselwirkungswahrscheinlichkeiten, und Anordnung in comple-

xer organischer Materie mit Hilfe von Sekundärionenmassenspektrometrie unter-

sucht werden können. Hierbei werden supramolekulare Ansamlungen, welche aus

10 und mehr organischen Molekülen bestehen, die durch Wassersto�brücken oder

Dipol-π Wechselwirkungen zusammengehalten werden, unter Beibehaltung lokaler

Chemie und Anordnung aus organischer Materie gelöst. Die Verteilung der moleku-

laren Zusammensetzungen der herausgelösten Ansamlungen o�enbart molekulare

Selbstorganisation auf Längenskalen welche für gewöhnlich weder von Elektronen-

mikroskopie noch Röntgendi�raktometrie aufgelöst werden können.

In dynamischen organischen Systemen können Änderungen der Räumlichen mole-

kularen Verteilungen zu Verschiebungen localer chemischer Gleichgewichte auf Na-

nometerlängenscalen führen. Hier durchgeführte Arbeit an Dünnschichtelektronik

zeigt auf, dass molekulare Migrationen und daraus resultierende Änderungen che-

mischer Gleichgewichte in-situ mit Hilfe von sekundärionenmassenspektrometri-

scher Tiefenpro�lierung zeit-aufgelöst werden können, und dies in eiener Tiefen-

au�ösung welche es erlaubt die Formation elektrischer Doppelschichten an Grenz-

�ächen zu untersuchen. Der vorgeführte Ansatz für die in-situ Untersuchung dy-
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namischer Systeme beschränkt sich auf Dünnschichtelektronik, erlaubt jedoch das

Studieren reversibler, feld-induzierter, molekularer Migrationen und chemischer

Prozesse wo zuvor oft nur indirekte Informationen erhalten werden konnten, z.B.

mit Hilfe von Kapazitätsmessungen.
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1 Introduction

In a broad sense, the goal of this thesis is to expand the application of mass spec-

trometry in studies of organic and biological matter using the ability to probe

molecular migrations and inter-molecular interactions in dynamic systems. The

�rst half of the thesis centers on thin �lm electronic devices containing organic

molecules. The in-situ study of chemical processes and molecular migrations in

operating organic electronic thin �lm devices is demonstrated and discussed. In

the second half of this thesis it is shown that supramolecular constructs can be rou-

tinely extracted undamaged as secondary ions from complex organic matter. The

extraction and mass spectrometric analysis of clusters consisting of weakly bound

molecules allows the probing of molecular interaction probabilities and the revela-

tion of hitherto invisible supramolecular arrangements in chemically rich molecular

systems.

1.1 Secondary ion mass spectrometry

Detailed information on the principles underlying time-of-�ight secondary ion mass

spectrometry is provided, for example, in the book ToF-SIMS: Materials Analysis

by Mass Spectrometry, Eds. J.C. Vickermann & D. Briggs.1 The following section

aims to brie�y summarize the science behind secondary ion mass spectrometry in

general and ToF-SIMS in particular.

The physics behind time-of-�ight secondary ion mass spectrometry

Mass spectrometric techniques allow the chemical compositions of gasses, �uids

and solids to be probed by ionizing part of their content and subsequently deter-

mining the mass-to-charge ratios of the generated ions. Whether a mass spectro-
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metric technique is e�ective in analyzing gasses, �uids or solids is de�ned by the

ionization mechanism used. It is also the ionization mechanism together with the

target studied that de�ne whether the set of generated ions predominantly consists

of elemental ions, fragments, molecular ions or molecular assemblies. Ionization

mechanisms inducing low molecular fragmentation are termed soft, and ionization

mechanisms inducing strong molecular fragmentation, which are also unable to pre-

serve most non-covalent interactions, are termed hard. A given mass spectrometric

technique can be further subdivided into categories by how the mass-to-charge ra-

tios of the generated ions are determined. The instrumentation determining the

ion mass-to-charge ratio is called the analyzer, and the analyzer choice de�nes

the specialization of a given instrument, allowing e.g. for particularly high mass

resolution or sensitivity.

Secondary ion mass spectrometry (SIMS) is a technique designed to probe the

elemental and molecular composition of solid matter. In SIMS, a well de�ned

beam of charged atoms or atomic clusters is directed towards a surface. The ions

of this beam are termed primary ions. Upon impact of a primary ion, molecules,

molecular fragments and atoms are ejected from the surface or desorb from it as

result of the energy dissipated from the primary ion (Fig. 1.1a). Only a fraction of

the ejected or desorbed species possess an electric charge (typically, < 1% ). It is

only this fraction that can be detected by the analyzer. Ions originating from the

surface are termed secondary ions. Hence the name secondary ion mass spectrom-

etry. An atom or molecule desorbed from the surface and possessing an electric

charge is accelerated using an electric �eld. Each secondary ion of equal electric

charge and accelerated along the same path by the same electric �eld gains the

same kinetic energy, Ekin = 1/2mv2. Secondary ions with di�erent mass-to-charge

ratios will have di�erent velocities after passing through the �eld. The accelerated

secondary ions �y through a �eld-free region and the time it takes for each ion

to travel a well de�ned distance is measured. For each ion, the time of �ight is

strictly related to its mass-to-charge ratio and the ions with the lowest mass-to-

charge ratio travel the distance in the shortest time. Unsurprisingly, the setup that

uses this principle to determine the mass-to-charge ratio of an ion is called a time-

of-�ight (ToF) analyzer2. ToF analyzers typically reach mass resolving powers of
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Figure 1.1: Time-of-�ight secondary ion mass spectrometry (ToF-SIMS).
a) Ionization process in SIMS: A primary ion, here a Bi+3 atomic cluster, impacts
the surface to be analyzed. The impact ejects molecules, molecular fragments
and atoms. Part of the ejected species is ionized. b) ToF-SIMS mass spectrum:
Secondary ions of either positive or negative charge are separated by mass in the
time-of-�ight analyzer. c) ToF-SIMS imaging: a mass spectrum can be acquired
on surfaces as small to 100 x 100 nm2, allowing the distribution of each secondary
ion across the sample surface to be tracked. The image in panel c) was acquired
on a cross-section of HeLa cancer cells.
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5'000-10'000m/∆m and their strength lies in the ability to record a continuous

spectrum (see Fig. 1.1b) containing the entire mass range of secondary ions (up

to a set cut-o�), as opposed to detecting only ions with set mass-to-charge ratios

(see e.g. the orbitrap analyzer3).

In SIMS, if the primary ion beam used to probe the surface is focused and

scanned across the surface, images are generated with each pixel containing a mass

spectrum and the pixel size being limited by the beam spot diameter (typically

100-300 nm). Correspondingly, for each time-of-�ight interval, the origin of the

secondary ions contained in this interval can be traced (see Fig. 1.1c). In addition

to scanning with the primary ion beam, the surface can be removed layer-by-layer

through sputter ablation using an additional sputter gun. This sputter gun allows

chemical distributions as a function of depth to be investigated (typically a depth

resolution of 2-5 nm can be obtained4,5, but the depth resolution depends strongly

on the material). Correspondingly, in the best case SIMS can map the chemical

composition of a solid in three dimensions with a lateral resolution down to 100 nm

and a depth resolution typically below 10 nm. Some of the limitations of SIMS

encountered, however, in praxis, shall become apparent in the following sections.

The chemical principles relevant for molecular fragmentation and sec-

ondary ion formation

Only those chemical species ejected by primary ion impact that acquire an electric

charge are visible to the mass spectrometer. Further, because only a fraction of

the ejected molecules, molecular fragments and atoms acquires an electric charge,

the abundance of a given secondary ion does not only depend on the abundance of

its precursor on the surface area impacted, but also the ionization potential of the

species in question. In the case of unfragmented molecular ions, the acquisition of

an electric charge can, for example, occur through acceptance or loss of an electron

or through the acceptance or loss of a proton (H+). Correspondingly, in order for

the unfragmented molecule to occur among the secondary ions, the molecule in

question should be able to donate or accept a proton or electron. However, this

requires the presence of a nearby molecule to accept the donated proton/electron
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or donate the accepted proton/electron. Thus, the ionization probability de�ning

the abundance of a given secondary ion is also a function of the statistical chem-

ical neighborhood of the molecule in question on the probed surface. Further, as

increasing the concentration of a given molecule on the surface inadvertedly alters

the molecules statistical neighborhood, its detection rate may not scale linearly

and in extreme cases can even decrease/increase with increasing/decreasing con-

centration of the molecule (well visible in [ 6 ] Fig. 5, top panel). The ensemble of

mechanisms governing the interplay between detection rates and chemical neigh-

borhoods are often grouped under the term matrix e�ects7. Due to the prevalence

of matrix e�ects, SIMS results are in the simple case non-quantitative without

consideration of additional input. SIMS is commonly classi�ed as a hard ioniza-

tion technique and the detected secondary ions are largely molecular fragments as

opposed to unfragmented molecular ions. The fragmentation pattern of any given

molecule provides a �nger-print like signature. Single characteristic fragments are

commonly used as proxy for the unfragmented molecules, and sets of fragment

secondary ions may allow structural isomers to be distinguished8. The statistical

composition of the generated molecular fragments depends largely on the individ-

ual bond strengths within the precursor molecules, however, the statistical compo-

sition of the subset of fragment secondary ions depends on the molecular orbitals

of the precursor molecules and on charge transfer pathways. SIMS techniques are

divided into static and dynamic SIMS. In static SIMS, such as ToF-SIMS, the ac-

cumulated ion dose density throughout a single measurement is kept low enough to

statistically avoid a primary ion impact at a position already a�ected by prior im-

pact damage. The dose density threshold following which the detected secondary

ions undergo a gradual change due to cumulative ion impact damage is commonly

termed the static limit. A common rule of thumb to ensure measurements below

the static limit is to maintain an accumulated primary ion dose density below 1012

ions/cm2 throughout a single measurement. However, ion impact damage may be

observed even at lower dose densities and the onset is material-dependent. Mea-

surements where a sputter beam is used in addition to the primary ion beam, that

is dual beam depth pro�ling measurements and most 3D-imaging, by de�nition

exceed the static limit. In order to minimize ion impact-induced changes to the

local chemistry, the sputter ion beam typically has a far lower energy than the
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primary ion beam but an ion current that is 5-6 orders of magnitude higher. The

combination of low ion energy and high �uence minimizes potential fragmentation

induced by sputter ion impact and results in a sputter crater with low surface

roughness. It should be noted that the surface charging due to implanted sputter

ions can induce migrations of easily ionizable species in the bulk9,10.

The secondary ion mass spectrometric analysis of organic and biological

samples

For a long time, the application of SIMS was limited to probing the spatial distri-

bution of speci�c elements, as is of importance for example in the semiconductor

industry. The path towards systematic studies of chemically rich organic and bi-

ological material was paved by the commercialization of atomic cluster primary

ion beams such as the now standard bismuth liquid metal ion gun11,12. Primary

ions consisting of atomic clusters allow the energy transferred upon impact to be

distributed over a larger area, which results in signi�cantly lower fragmentation

of organic molecules present on the target surface. While molecular SIMS was

discussed already in the 1980's13, it is this transition towards atomic cluster ion

sources that allowed systematic large scale studies of biological specimen by means

of SIMS.

Modern instruments have a sub-100 nm lateral resolution14, allowing the chemi-

cal imaging of single cell cross-sections. Independently, mathematical data process-

ing tools such as principal component analysis15 (PCA) have been implemented,

allowing composition changes to be tracked across surfaces/cross-sections studied

by imaging even at low secondary ion yeilds16,17, or between mass spectra ac-

quired on highly similar complex organic samples18. Further, dedicated sample

environments and adapted instruments allow biological samples maintained at liq-

uid nitrogen temperature to be probed.

For depth pro�ling, gas cluster ion beams19 (GCIBs) were developed allowing the

sputter-induced ion impact damage to be strongly reduced20. This was achieved

using singly charged clusters of over 1000 atoms for the layer-by-layer sputter ab-
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lation. GCIB sputter guns are currently employed in the study of organic thin �lm

electronics.

Recent research e�orts are directed towards the post-photoionization of the

molecules and molecular fragments that are desorbed as a result of the primary

ion impact but which do not possess a charge. The diverse approaches are grouped

under the term secondary neutral mass spectrometry21 (SNMS). A measurement

technique relying on post-ionization of secondary neutrals can be expected to

both increase detection rates and decouple the latter from chemical neighborhood-

dependent ionization potentials.

1.2 Open challenges in mass spectrometry of

organic and biological materials systems

Detection and resolution limits. SIMS is a destructive measurement tech-

nique. The molecules fragmented and/or ejected from a surface upon primary ion

impact are lost to future analysis. Simultaneously, there is only a �nite number

of molecules in a given area or in a given volumetric cube of the target sample.

Correspondingly, the lateral resolution and detection limits are strictly related.

While studies show that measurements with resolutions down to ca. 15 nm can

be theoretically conducted14, in praxis such resolutions can only be attained in

rare exceptions, due to insu�cient signal-to-noise ratios. The limited number

of molecules in a given voxel, together with the further limiting ionization and

fragmentation probabilities provide a natural barrier to the spatial resolution at-

tainable by SIMS. The main bottleneck is currently the ionization e�ciency of

below 1% without dedicated post-ionization measures (see SNMS21).

Dynamic processes. SIMS at its most basic is not designed for time-resolved

studies.

Non-covalent interactions. SIMS is considered a hard ionization technique,
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and the current consensus is that only strong interactions such as through covalent

bonds or in organo-metallic complexes can be preserved.

3D-imaging in biology. SIMS is a surface-sensitive technique able to chemi-

cally map a surface of several millimeters in diameter. However, 3D images gen-

erated in combination with dual-beam depth-pro�ling are limited in depth to a

layer of approximately 1 µm due to accumulative surface roughness and chem-

ical intermixing with increasing depth. This is su�cient for the study of thin

�lm structures, but not for most biological structures which would require true 3-

dimensional imaging. Note, already a single eucariotic cell typically extends over

multiple micrometers in all three dimensions.

1.3 Mass spectrometric assessment of chemical

processes and supramolecular interactions in

dynamic organic and biological materials

systems

This doctoral study approached, to varying degrees, the last three points listed:

dynamic processes, non-covalent interactions, and 3D-imaging. The written thesis

centers on dynamic processes and non-covalent interactions. Firstly, it is shown

that certain dynamic processes can be routinely studied in-situ by developing an

approach that reveals molecular migrations and chemical reactions within oper-

ating thin �lm organic and organic-inorganic electrical devices (sections 2.3 and

2.4). Secondly, it is shown that weak molecular interactions such as hydrogen

bonds and dipole-π interactions can be routinely preserved during secondary ion

formation, thus revealing hitherto hidden supramolecular interactions, structures

and networks in complex organic matter (chapter 3).

Additionally to the work presented in the written thesis, �rst steps have been

taken towards the development of a block-face imaging approach akin to the one
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known from electron microscopy22, aiming to generate 3D-images by means of an

in-situ microtome mechanically sectioning the sample inside the instrument. The

two microtome prototypes designed and assembled are not discussed in this written

thesis and will be the center of future work. Sample preparation protocols for the

ToF-SIMS block-face imaging of biological specimen are summarized in section SI4.

In addition to the research work conducted, databases of reference spectra were

assembled for all proteinogenic amino acids + glycnie, and the monosaccharides

allose, arabinose, fructose, fucose, galactose, 2-deoxygalactose, galacturonic acid,

glucose, glucuronic acid, mannose, myoinositol, rhamnose, ribose, 2-deoxyribose,

xylose, N-acetylgalactosamine, N-acetylglucosamine, N-acetylmuramic acid, and

N-acetylneuraminic acid. These databases were published as the following series

of four publications, the content of which is not repeated in the thesis:

[1] M. Kawecki and L. Bernard; Database of proteinogenic amino acid reference

spectra for Bismuth-cluster ToF-SIMS. I. Negative polarity ; Surf.Sci.Spectra 25(1),

2018

[2] M. Kawecki and L. Bernard; Database of proteinogenic amino acid refer-

ence spectra for Bismuth-cluster ToF-SIMS. II. Positive polarity ; Surf.Sci.Spectra

25(1), 2018

[3] L. Bernard, R. Crockett and M. Kawecki, Monosaccharides: a ToF-SIMS ref-

erence spectra database - Part 1/2: negative polarity ; Surf.Sci.Spectra 26(2), 2019

[4] L. Bernard, R. Crockett and M. Kawecki, Monosaccharides: a ToF-SIMS ref-

erence spectra database - Part 2/2: positive polarity ; Surf.Sci.Spectra 26(2), 2019
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2 ToF-SIMS study of thin-�lm

electronic devices containing

organic molecules

2.1 Introduction - Mass spectrometric tracking of

dynamic processes

SIMS is by nature a destructive technique. Cumulative ion impact damage and

implantation are an obstacle to time-dependent in-situ probing of dynamic pro-

cesses by means of SIMS. Surface reactions can be studied by su�ciently lowering

the primary ion current to remain below the static limit during the entire dura-

tion of the chemical process one aims to track. The author of this thesis is aware

of one single attempt to study the progression of a surface reaction over time by

means of SIMS: an unpublished demonstration of the temperature dependence of

catalytic ammonia formation on a catalytic surface conducted by Dr. Laetitia

Bernard (Empa, Switzerland).

Reducing the primary ion �uence allows in-situ surface reactions to be studied,

but bulk processes such as molecular spatial redistributions cannot be studied by

this approach. The destructiveness of dual beam depth pro�ling allows only one

speci�c moment in time to be captured per measurement location and requires

the relevant process to be halted for the measurement duration e.g. by lowering

the sample temperature. Provided that a series of samples can be fabricated

reproducibly or a series of identical samples can be retrieved, e.g. from a biological

system or process, the limitation posed by the destructiveness of the measurement
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approach can be overcome by studying the same process across multiple samples,

each sample analyzed at a di�erent point in time with respect to the onset of the

process studied. In this thesis, it is demonstrated that this approach allows ionic

migrations, degradation processes, and reversible changes in chemical equilibria

across operating thin �lm electronic devices to be tracked in-situ (sections 2.3 and

2.4).

2.2 Introduction - Organic and organic-inorganic

thin �lm electronics

Thin �lm electronic devices typically have a planar geometry and consist of a

stack of di�erent thin layers that each range in thickness from 1nm to 1 µm. Ap-

plications of thin �lm electronics containing organic molecules span light-emitting

devices such as organic light emitting diodes (OLEDs)23, solar cells24,25, sensory

devices26, and capacitors27.

The research and development of thin �lm electronic devices commonly relies on

scanning electron microscopy (SEM) for the visualization of degradation-induced

changes in �lm cross-section morphology (28, Fig. 3) or SEM energy dispersive

spectroscopy by X-rays (EDX) to probe the elemental distribution across the �lm

(28, Fig. 4). Among the many analytical techniques used to gain supplementary

information, SIMS dual-beam depth pro�ling allows molecular distributions across

thin �lms to be probed.

In the development stage of a device, SIMS is typically used to, �rstly, gain

understanding of the layer compositions and vertical homogeneity, and, secondly,

unravel chemical degradation pathways by analysis of failed devices. At the later

stage of process engineering, information on molecular distributions as provided

by SIMS can allow to rationally �ne-tune device fabrication conditions. It is not

uncommon, that di�erences in the deposition processes for single layers of a thin

�lm organic-electronic device have a major in�uence on the performance of the

device as a whole. This is because the process by which single layers are deposited
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can in�uence both the degree of chemical intermixing at interfaces and, in organic

�lms consisting of two and more molecular species, the nano-scale phase morphol-

ogy of the bulk29.

The thin �lm electronic devices studied in this thesis include light-emitting

devices10,30,31,32, solar cells33,28, and retinal implants34. The development of a

methodology for the study of ionic migrations and chemical processes that occur

across operating thin �lm electronic devices was of particular interest. For this, a

light-emitting device called the light-emitting electrochemical cell (LEC) was used

as model system. LECs consists of a single thin �lm sandwiched between two elec-

trodes, and the function of an LEC relies on a reversible spatial re-distribution of

ions contained within this �lm before the onset of light-emission. The correlation

between the light-emission of an LEC and the distribution of mobile ions within

the device makes LECs particularly convenient model systems for the exploration

of new experimental techniques to study dynamic processes in operating electronic

devices. The emitted light of an LEC operated inside the ToF-SIMS instrument is

visible to the naked eye and indicates both that the electrical circuit is closed and

that ionic re-distribution within the LEC active layer has occurred which would

then be accessible via ToF-SIMS depth pro�ling.

2.3 Ion redistribution and salt dissociation

equilibria in light-emitting electrochemical

cells

The following section is a transcription of the publication:

M. Kawecki*, R.Hany, M.Diethelm, S.Jenatsch, Q.Grossmann, L.Bernard* and

H.J. Hug; Direct Measurement of Ion Redistribution and ResultingModi�cation of

Chemical Equilibria in Polymer Thin Film Light-Emitting Electrochemical Cells;

ACS Appl.Mater.Interf. 10, 39100 (2018)

The transcription was partially adapted in order �t the �ow of the thesis.
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Organic light emitting diodes (OLEDs) are becoming increasingly important for

screens used in smart-phones, tablets, laptops and television, but also for room illu-

mination applications. However, modern OLEDs are structurally complex devices

consisting of multiple thin layers limiting their use for large area light-emission ap-

plications. 23 A much simpler organic light-emitting structure, the light-emitting

electrochemical cell (LEC), 35,36 has been proposed by Pei et al. 37 already in 1995.

A standard polymer LEC is a thin �lm device consisting of an emissive organic

layer that contains an electrolyte, sandwiched between two electrodes. Recently,

LEC devices delivering a bright luminance at 27.5% external quantum e�ciency

have been presented. 38

A large amount of work has been undertaken to explain the function of an LEC

either by the electrodynamic 39,40 or the electrochemical 37,41,42,43,44 model: Slinker

et al. 45 used electric force microscopy (EFM) to directly measure the electric �eld

distribution across a planar LEC. They concluded that the potential distribution

across the device is compatible with the electrodynamic model. Pei et al., 46 how-

ever, pointed out that the electrodynamic model was insu�cient to fully describe

the potential pro�les measured by Slinker et al., and that an earlier study, 42 map-

ping the electric �eld pro�le across a planar LEC by the optical beam induced

current (OBIC) method, showed a strong potential drop at the position of the

emission zone. The formation of a p-i-n junction was later clearly con�rmed by

Matyba et al. 47 who combined scanning Kelvin probe microscopy (SKPM) with

a local detection of the light emission, also on planar devices. The potential

distribution across the device clearly favoured the electrochemical doping model.

Later, van Reenen et al. 48 presented a uni�ed description of LECs, where the

electrodynamic and electrochemical models describe limiting cases; the simula-

tion and experimental results showed that the electric �eld distributions predicted

by the electrodynamic and electrochemical models occur in injection limited and

non-injection limited devices, respectively. The occurrence of an electric �eld dis-

tribution compatible with a signi�cant ion redistribution leading to the formation

16



ITO electrode

Al electrode

- +

- + - +
- +

- +
- +

- +

+-
+- +- +-

+- +-
- +

- + - +

+-
+-

+- +-
+- +-

- +

- +

- +

- +
- +

- +
- +- +

- +
+
-

e

fa

secondary
ions

Bi3 + & Cs +

beam
s

+

+

- -

-

ITO electrode

Al electrode

- +

- + - +
- +

- +
- +

- +
- +

- +
- +

- +

+-
+- +-

+-
+-

+- +-
+-

+-
+-

+- +-

- +
- +

- +

- +- +

- +- +

- +

+
-

  d  T = RT

time t:

+Li
C

F

F

F
S

O

O

O

R = OC10H21

C

O

O
OH

O OH

OH

H3C n
n

n

R

R

R

R

} TMPE

Super YellowLiTf

c                                         T = LN2T

cooling

ITO electrode

Al electrode

-

-

-

-
-

-

-
-

-
-

--

+

+

+

+

+

+

+

+
+

+
+

+
- + - +

- +

- +

- + - +

- +

- + - +

- +
+
-

T = RT

b                                        

T = LN2T

ITO electrode

Al electrode
-

-

-
-

-

-
-

-

--
- -

+

+

+

+

+

+

+

+
+

+
+

+
- + - +

- +

- +

- + - +

- +

- + - +

- +

                             T = RT
1200 1400 1600 1800

CF3SO3
- 

operated ex-situ,
measured @ RT

2000 2200
sputter time [s]

0no
rm

al
iz

ed
 c

ou
nt

 ra
te

 [1
0-3

]

1

2 CF3SO3
- 

operated ex-situ,
measured @ LN2T

CF3SO3
-  operated in-situ,

measured @ LN2T

Figure 2.1: Schematic diagram of the LEC functionality and experimen-
tal set-up for measuring ion distributions. a, An LEC operated inside the
ToF-SIMS. The top electrode was patterned to display the letters TOF SIMS.
The ToF-SIMS primary ion gun, the ion extraction column, and the sputter gun
are visible at the top of the image (from left to right). b, Schematics of the
LEC device with Al top and ITO bottom electrode. c, LEC with forward bias
(positive potential at the ITO electrode) immediately after the bias application:
the anions/cations begin to redistribute towards the anode/cathode, respectively.
d, status of the LEC after the time t. p-/n-doped layers have formed near the
anode/cathode, respectively and light is emitted from the intrinsic region in be-
tween. The LEC is then cooled to liquid nitrogen (LN2) temperature to suppress
any successive ion motion. e, Schematic of the ToF-SIMS depth pro�ling process.
f, CF3SO

−
3 anion depth pro�les after an operation time of 10 minutes, measured

at room temperature (red curve), and at LN2 temperature (blue curve), after
disconnecting and transferring the device operated ex-situ into the ToF-SIMS.
The magenta curve shows the anion depth pro�le measured after cooling an LEC
operated (@RT) in-situ. The area under the curves is normalized to 1.
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of a light-emitting p-i-n junction is thus established, at least for planar LEC struc-

tures. The direct quantitative detection of the ion distribution and assessment of

the ion redistribution under typical device operation conditions for sandwich-type

(layered) devices, however, remained an immense experimental challenge.

An experimental technique that can assess the distribution of atomic and molec-

ular compositions across layered thin �lm structures to a depth of a few microme-

ters is time-of-�ight secondary ion mass spectrometry (ToF-SIMS) combined with

depth pro�ling. Sputter pro�ling, however, may strongly a�ect the ion distribu-

tion in LECs, and thus suppression of the ion mobility is necessary, for example

by lowering the temperature or by chemical �xation using reactive ions. First

measurements of the post-operation ion distribution in �xed and dynamic junc-

tion LECs were presented by Toshner et al. 49. Depth pro�les of CN−, used as

proxy for the molecular cation in a �xed junction LEC, con�rmed the chemical

ion immobilization during device operation and showed opposed ion distributions

for opposed �rst-bias polarities. In contrast, in the dynamic junction LEC, pro�les

of the elemental Li+ cation showed an accumulation at the bottom interface for all

operation conditions, suggesting sputter-induced repulsion of the cations. Later,

Shoji et al. 50 studied the same dynamic system while varying device thickness, salt

concentration, operation bias and relaxation over time. Li+ cations were directly

measured while F− served as proxy for the CF3SO
−
3 anion. No redistribution of

ions was observed for a bias of 5V typically used for the operation of an LEC

device, but a bias of 10 and 15V resulted in substantially di�erent pro�les. When

discussing the limitations, Shoji et al. show depth pro�les performed once from the

top Au electrode and once from the bottom ITO electrode on an unbiased device.

In both cases a high Li+ (respectively F−) density was found at the corresponding

bottom (resp. top) interface, indicating that the surface charging occurring during

depth pro�ling pushes the mobile Li+ cations to the bottom interface and attracts

the anions to the top interface.

In both works 49,50 devices were biased ex-situ under an inert atmosphere and

subsequently transferred inside the spectrometer. The time required for sample

loading and instrument preparation resulted in a delay of around 2 h between
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charging and depth pro�ling. ToF-SIMS measurements were performed at ambi-

ent temperatures. These experimental conditions a�ect both the quantitative and

the qualitative value of the measured ion pro�le. First, ions can redistribute during

the time required for sample loading (relaxation). Second, it is well documented 9

that the local surface charging that occurs during depth pro�ling produces large

electric �elds which drive ions mobile at room temperature to the top, respectively

bottom, interface (depending on ion charge).

In our work we operate LECs with multiple sandwich structures inside a ToF-

SIMS and conduct the sputter pro�les at liquid nitrogen (LN2) temperature. Fig-

ure 2.1a shows an example of an LEC structure with the top electrode patterned

into the letters TOF SIMS operated inside the ToF-SIMS. As emitting material we

used a phenyl-substituted poly(para-phenylenevinylene) copolymer termed Super

Yellow (SY), the electrolyte was composed of the salt lithium tri�uoromethane-

sulfonate (Li+CF3SO
−
3 , LiTf) dissolved in a hydroxyl-capped oligoether, termed

trimethylolpropane ethoxylate (TMPE). 51 Highly e�cient and long-lived LECs

have been demonstrated for this materials system, and for a constant current of

7.7 mAcm−2 a current e�ciency of 7.1 cdA−1 and power e�ciency of 5.9 lmW−1

are reported. 52 The devices were operated in-situ at room temperature (RT) and

at constant current with either forward or reverse bias and were cooled to LN2

temperature after di�erent operation durations (Figure 2.1b-d). Figure 2.1b dis-

plays the device state prior to bias application where the anions and the cations

have the same distribution. Under bias, the cations begin to drift towards the

negative and the anions towards the positive electrode (Figure 2.1c), leading to

double-layer formation at the interfaces and facilitated charge injection. Further

reorganization leads to the formation of p- and n-doped regions, at which point

the devices were cooled down using a cold-�nger in thermal equilibrium with a

LN2 bath (Figure 2.1d). After cooling, depth pro�ling was performed while the

device driving current was maintained (Figure 2.1e - note that the light emission

at the location of the sputter crater stopped as soon as the top electrode has been

sputter-ablated). This procedure was developed to avoid relaxation and minimize

the sputter-induced re-location of the ions inside the device that hindered the

quantitative observation of the ion re-distribution in prior experiments. 50
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Figure 2.1f compares the CF3SO
−
3 anion depth pro�les measured at RT on de-

vices operated ex-situ (red curve), measured at LN2 temperature on devices oper-

ated ex-situ (blue curve), and measured at LN2 temperature on devices operated

in-situ (magenta curve). The devices were operated for 10min at constant cur-

rent and with positive bias at the bottom electrode prior to device disconnection

(ex-situ measurements), respectively cooling onset (in-situ measurements). For

ex-situ biased devices the time interval from bias disconnection to measurement

onset (RT measurement), respectively cooling onset (LN2 temperature measure-

ment), was 60min. The depth pro�les measured at room temperature and after

cooling to LN2 temperature are noticeably di�erent (compare red and blue lines in

Figure 2.1f). This demonstrates that the ion distribution is modi�ed considerably

during depth pro�ling at room temperature, leading to a higher anion density at

the top interface and consequently to an about 50% lower density near the bottom

electrode. We attribute the accumulation of negative ions near the top interface to

their attraction to the local positive charging at the upper surface during sputtering

and ToF-SIMS operation. Interestingly, only a comparatively minor change of the

ion density was found between devices biased in-situ and ex-situ when measured

at LN2 temperature (c.f. magenta and blue curves in Figure 2.1f). A quantitative

analysis of the ion pro�les reveals that the ion density at the bottom interface is

only reduced by about 13% for the ex-situ biased device. This indicates that the

space charge of the ions is well-screened, such that the space charge-induced �elds,

and consequently the restoring forces on the ions, remain small. Thus the ion

relaxation (driven by di�usion) is much slower than the electric �eld drift-induced

separation process. When the current bias is turned o�, redistribution of the ions

and dedoping occurs. In general, the device relaxation time depends on the LEC

materials system and its composition; as one example, we mention small molecule

organic salt LECs where the turn-on time to maximum luminance was measured

to be on the order of one hour but the time required for full device relaxation was

more than 60 hours. 53

The distributions of the CF3SO
−
3 for di�erent operation conditions and for two

devices with relative LiTf salt concentrations of 0.006 and 0.03, respectively, are
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Figure 2.2: Experimental anion distributions for in-situ operated devices.
a, Anion distribution across a low salt concentration LEC prior to bias application
(black), and after 600 s operation in forward bias (orange) and in reverse bias
(blue). b, Anion distribution across a standard salt concentration LEC prior
to bias application (black), after 600 s and after 15 h operation in forward bias
(orange and red curves, respectively), and in reverse bias after 600 s and 45min
(light blue and blue curves, respectively). c, Intensity of the AlS− fragment in the
standard salt concentration LEC prior to bias application (yellow) and after 600 s
in reverse bias operation (light orange). d - i, Schematic representations of the
ion distributions across the low and standard salt concentration LEC prior to bias
application (d and g, respectively), after 600 s in forward bias operation (e and
h, respectively) and after 600 s in reverse bias operation (f and i, respectively),
as obtained from the depth pro�le data displayed in (a) and (b). All data were
normalized to the independent CH− count rate of the respective measurement.
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displayed in Figure 2.2. The weight ratio SY : TMPE : LiTf = 1 : 0.1 : 0.03

(Figure 2.2b) is commonly considered as the optimized blend for maximum device

performance. 51,54 Surprisingly, the initial anion distributions are inhomogeneous

for both salt concentrations, with a peak near the bottom ITO electrode for both

concentrations, and a smaller peak near the top Al electrode for the low salt con-

centration device (c.f. black curves of Figures 2.2a and b and color-coded spatial

distribution of the ion densities depicted in Figures 2.2d and g). The higher anion

density near the electrodes may arise from a phase separation process between

the hydrophilic electrolyte (containing the salt and the ion-conductor TMPE)

and the hydrophobic electroluminescent polymer, as previously found in other

systems. 54,55,56,57,58,59 Phase separation can occur during spin-coating 56,58 or dur-

ing �lm drying at elevated temperature 54 and the phase morphology can depend

both on �lm thickness and ion concentration. 58 For standard and low salt con-

centration devices an operation with a forward bias (positive potential on bottom

ITO-electrode) for 10minutes leads to a shift of the anion distribution towards

the ITO anode, whereas a reverse bias operation shifts the distribution towards

the top electrode (cf. orange and red curves to the blue curves in Figure 2.2a,

and b, respectively. Again, color-coded spatial distributions of the ion densities

are depicted in Figures 2.2e and f, and Figures 2.2h and i). For the standard salt

concentration sample we have also measured the anion distribution after 15 hours

of operation with forward bias (red curve in Figure 2.2b). The density peak near

the bottom electrode has further increased and the anion density in the bulk has

further dropped.

Our results achieved on sandwich type devices show that the anion accumula-

tion clearly shifts with bias application towards the respective positive electrode.

This is compatible with the SKPM results of Matyba et al. 47 achieved on a planar

LEC device, where the potential pro�le shifted with the direction of the applied

bias. Our ToF-SIMS data, however, reveal a substantially increased anion count

rate for forward bias operation: The comparison of the areas below the orange to

the black curves in Figures 2.2a and b reveals that after operation with a forward

bias for 10minutes the total counts of the anions have increased by a factor of 1.12

and 2.12, respectively.
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In a ToF-SIMS, the sample is locally bombarded with a primary ion beam (here

Bi+3 ). The impact of the primary ion results in a complex collision cascade leading

to the emission of secondary particles (molecules, molecular fragments and single

atoms) speci�c to the local chemical composition of the sample. Among the emit-

ted particles, a small fraction are ions. These secondary ions are accelerated by

an applied electric �eld into the time-of-�ight mass analyzer. We argue that the

probability of the generation of secondary anions from the salt is much smaller

than that arising from free anions not coordinated to lithium any more. While

the �rst is a two-step process (desorption and ionization), the latter is simply an

ion desorption process triggered by the energy release from the primary ion impact.

We thus conclude that the increased ion count rate detected by the ToF-SIMS

after forward-bias device operation can be attributed to an increased total density

of free anions in the LEC, and a correspondingly decreased number of anions

coordinated to lithium. The forward bias operation thus leads to a re-adjustment

of the salt
anion/cation equilibrium towards the ion side. A simple Gedanken-

experiment explains why such a shift of the chemical equilibrium towards the free

ion side is indeed expected: Application of a positive potential at the ITO bottom

electrode will lead to a redistribution of the Li+ ions towards the top and the Tf

ions towards the bottom electrode, respectively. The local free ion concentrations

near the bottom electrode, at position zb in the device, then change from

CLi+(zb, t0) and CCF3SO
−
3

(zb, t0) to

CLi+(zb, t) = CLi+(zb, t0)−∆CLi+(zb, t− t0) and CCF3SO
−
3

(zb, t) =

CCF3SO
−
3

(zb, t0) +

∆CCF3SO
−
3

(zb, t− t0) ,

and the concentrations near the top electrode, at position zt in the device, change

23



from

CLi+(zt, t0) and CCF3SO
−
3

(zt, t0) to

CLi+(zt, t) = CLi+(zt, t0) + ∆CLi+(zt, t− t0) and CCF3SO
−
3

(zt, t) =

CCF3SO
−
3

(zt, t0)−

∆CCF3SO
−
3

(zt, t− t0) .

Here CLi+(z, t0) and CCF3SO
−
3

(z, t0) denote the initial local cation and anion con-

centrations at a position z between the electrodes and at a time t0 prior to bias

application. CLi+(z, t) and CCF3SO
−
3

(z, t) denote the local concentrations at a time

t after bias application and ∆CLi+(z, t− t0) and ∆CCF3SO
−
3

(z, t− t0) denote the

changes of the local concentrations arising from the electric �eld drift-induced re-

distribution of the ions occurring between time t0 and time t. Assuming locally

CLi+(zb,t, t0) = CCF3SO
−
3

(zb,t, t0), and ∆CLi+(zb,t, t− t0) = ∆CCF3SO
−
3

(zb,t, t− t0),

a simple calculation shows that the relations

CLi+(zb,t, t0) · CCF3SO
−
3

(zb,t, t0) >

[CLi+(zb,t, t0)∓∆CLi+(zb,t, t− t0)] ·
[
CCF3SO

−
3

(zb,t, t0)±∆CCF3SO
−
3

(zb,t, t− t0)
]

hold for the positions zb and zt. Thus, the local salt dissociation equilibria

K =
CLiCF3SO3(zb,t, t)

CLi+(zb,t, t) · CCF3SO
−
3

(zb,t, t)

re-adjust, further salt is decomposed at both electrodes, and the total free anion

density in the device (the area below the orange and red curves in Figure 2.2b) is

increased. Note that a recent model approach allows the consideration of changes

of the chemical equilibrium, 60,61 but the in�uence of a bias on it has not been

explicitly discussed nor demonstrated in an experiment.

Interestingly, the increase of the free ion density arising from the application

of a forward bias is smaller for the low ion concentration sample (Figure 2.2a).

This can be understood if the initial state of the salt dissociation equilibrium in
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the samples without an applied electric �eld is considered. This equilibrium is

connected to a further one, that is governed by the interaction of the cations with

the oxygen sites of the TMPE molecules. 52 The TMPE-to-Li+ concentration ratio

a�ects the initial salt dissociation equilibrium. In the case of the low salt concen-

tration sample, more of the cations are complexed by TMPE, driving the primary

salt-to-ion equilibrium strongly towards the ion side. Then only little salt is avail-

able for further dissociation driven by electric �eld induced ion redistribution.

Further, it is surprising that the application of a reverse bias does not lead to an

increase of the free anion density (area below the blue curve is reduced to about

a third of the initial ion density), although a relocation of the anions towards the

top electrode is clearly observed (see blue arrows in Figures 2.2a and b). This can

be explained by the increase of the AlS− peak near the top electrode (Figure 2.2c)

that we ascribe to (electro-)chemical reaction products between Al and Tf. It has

been demonstrated that Al is oxidized at a lower potential than the p-doping po-

tential of the polymer. 62 In addition, it is well established from battery chemistry

that Tf does not passivate and stabilize Al at higher potentials but causes severe

corrosion. 63 The outcome of this is that a fraction of Tf is e�ectively consumed in

side reactions and the detected anion density under reverse bias is decreasing.

The displacement of the anions during device operation can be correlated to

measurements of the device performance. Figure 2.3 displays the time evolution of

the luminance (green curves) and voltage required to drive the constant current of

5mA/cm2 (purple curves) for forward (Figure 2.3a) and reverse bias (Figure 2.3b),

respectively, as well as the time evolution of the external quantum e�ciency (EQE,

number of photons emitted per electron) in forward bias operation (Figure 2.3c),

calculated from the luminance curve (Figure 2.3a) and the device photolumines-

cence spectrum (Figure 2.3d). For forward bias operation the luminance increases

roughly linearly for about 3minutes, and then gradually approaches a saturation

state within the next 45minutes, compatible with the increase of the of anion

density at the bottom electrode (Figure 2.2b). After 50 min the current e�ciency

reached 12.5 cdA−1 and the power conversion e�ciency 10.9 lmW−1. Note that

these e�ciencies outperform reported values substantially. The main reason for
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Figure 2.3: LEC performance trends. a, Luminance and voltage trend for
forward bias operation. The black arrow denotes the 600 s measurement point
from Figures 1f and 2. b, Luminance and voltage trend for reverse bias operation.
c, External quantum e�ciency (EQE) trend in forward bias operation. d, Device
photoluminescence (PL) spectrum as used to calculate the EQE.

this is the (adjusted) reduced active layer thickness, which was 60 nm in our case

compared to 100 nm in Ref. 52,54 . The active layer of an LEC is sandwiched be-

tween a metal electrode and a re�ecting glass/ITO substrate, resulting in optical

weak microcavity e�ects and a strong dependence of the luminance to the active

layer thickness. 64

For reverse bias, the luminance increased slightly and only during the �rst sec-

onds but afterwards is completely quenched (Figure 2.3b). Again, this behaviour

can be explained with the corrosion of the Al electrode, and it has been suggested

that the electroluminescence is e�ectively quenched by Al3+ ions that are driven

into the SY layer under reverse bias. Moreover, if reverse bias was followed by

forward bias operation, the luminance did not recover to the values of a pristine

forward-driven device and the required voltage remained high (data not shown).

This demonstrates that the device under reverse bias is irreversibly degraded which

is compatible with chemical reactions between the anion and the Al electrode, as

detected by ToF-SIMS.
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Summary

ToF-SIMS depth pro�ling was performed on sandwich LEC devices cooled to LN2

temperature after di�erent operation times and under forward and reverse bias.

The results demonstrate that the in-situ operation and the use of cryogenic tem-

peratures are required to suppress ion motion induced by the ToF-SIMS depth

pro�ling measurement process, or a relaxation of the ion re-distribution after de-

vice operation. It was found that the initial ion distribution is not homogeneous

through the 60 nm thick active layer and that a signi�cant redistribution of the

anions occurs during device operation. For a reverse bias operation, this anion

redistribution is accompanied by a corrosion of the Al electrode and irreversible

device degradation. For forward bias operation, a substantial increase of the total

free anion density was found, which is attributed to a bias-induced change of the

salt-to-ion chemical equilibrium. The presented work commends that inhomoge-

neous initial ion distributions and operation-dependent total ion densities must

be considered in future work addressing device modelling. From an experimental

point of view, an inhomogeneous and concentration-dependent initial salt distri-

bution also implies that the transient turn-on kinetics must not necessarily speed

up when the salt content is increased.

Materials and Methods

Fabrication of Super Yellow LECs in sandwich geometry. We followed

the approach described in Ref. 51 . Dried (24 hours, 0.1 mbar, 160◦C) lithium

tri�uoromethanesulfonate (Li+CF3SO
−
3 , LiTf, Sigma-Aldrich), trimethylolpropane

ethoxylate (TMPE, Sigma-Aldrich, averageMn 450) and Super Yellow (SY, Merck)

were separately dissolved in tetrahydrofuran (THF, Sigma-Aldrich) in concentra-

tions of 10mgml−1 (LiTf, TMPE) and 5mgml−1 (SY). These precursor solutions

were then stirred for at least 6 h at 60◦C. For the blend, the precursor solutions

were mixed in mass ratios of 1:0.1:0.03 and 1:0.1:0.006 (SY:TMPE:LiTf) and were

then stirred for at least 12 h at 60◦C. Films were spin-coated at 2000 rpm inside

a nitrogen-�lled glovebox onto clean, pre-patterned ITO substrates and dried at
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60◦C for 1 h. Finally, aluminium top electrodes were thermally evaporated through

a shadow mask de�ning cells with an active area of 3.1 or 7.1mm2. The organic

layer thickness of 62± 6 nm was measured by pro�lometry.

Experimental ToF-SIMS setup. All depth pro�le measurements (apart from

those displayed in Figure 1f) were performed with an IONTOF ToF-SIMS 5 in-

strument on LECs operated inside the ToF-SIMS's ultra-high vacuum chamber.

Because depth pro�ling is a destructive process, samples with 8 aluminium top

electrodes patterned onto a single ITO/glass substrate were used. LECs were

driven at a constant current of 5mAcm−2 using a Keithley 2400 sourcemeter. Af-

ter a selected time, the device was cooled down from room temperature to liquid

nitrogen temperature by means of a cold �nger inside the instrument. The current

remained applied during cooling and the required bias voltage and thus the device

electrical resistance was monitored. The latter steadily increased when cooling

was started, and reached a steady state between 6 and 6.5V after about 10min.

From this we concluded that the �nal cryogenic temperature was reached. Each

LEC cell was only biased once to exclude hysteresis e�ects.

ToF-SIMS data acquisition. The instrument was operated in the spectral mode

using a 25 keV Bi3+ primary ion beam with an ion current of 0.6 pA to obtain a

high mass resolution of around 5000. For depth pro�ling a 1 keV Cs+ sputter

beam with a current of 7 nA was used to remove material layer-by-layer in inter-

laced mode from a raster area of 600 × 600µm2. This raster area was chosen to

ensure a �at crater bottom over an area of 200×200µm2 or 300×300µm2 used for

the mass-spectrometry. Depth pro�ling was started after cooling for 30min. The

inner aluminium and ITO electrode interfaces were de�ned by the half-maxima of

the Al−2 and In− count rates. To account for possible minor current �uctuations

during quantitative analyses, data shown in Figure 2.2 were normalised to the total

CH− count in the active layer. The CH− fragment is evenly distributed throughout

the active layer and did not saturate the detector. Measurements were repeated

over multiple devices to assure full reproducibility.

Luminance measurements. For performance measurements, devices were placed

in an airtight holder and were measured under nitrogen atmosphere outside the

glove box at room temperature using a factory calibrated Konica Minolta LS-110

luminance meter with a close-up lens 110.

28



Photoluminescence spectrum acquisition. The LEC photoluminsecence spec-

trum was measured by �uorescence spectroscopy on a Horiba Jobin Yvon Fluorolog

spectro�uorometer.

2.4 Observation of interfacial electric double-layer

formation

In order to deepen the understanding of the dynamic processes that occur within

organic LECs upon voltage application, measurements were conducted on devices

with an active layer thickness of 430 nm31 (compare to the 60 nm used in previ-

ous work conducted in the scope of this thesis10; see section 2.3). The increased

device thickness can be expected to allow electric double layers, the p-doped and

n-doped regions, and the emission zone to be better di�erentiated within the ToF-

SIMS depth pro�les. Further, these {SY :TMPE :LiTf= 1 : 0.1 : 0.03}-LECs were

prepared with a silver top electrode31. Silver is more stable as electrode mate-

rial than aluminum, which was used as material for the top electrode in previous

work31 (see Fig. 2.2), and allows prolonged device operation in reverse bias.

Measurements that were conducted on the 430 nm thick {SY :TMPE :LiTf=

1 : 0.1 : 0.03}-LECs covered with a silver top electrode and operated in reverse bias

show a narrow anion peak building up at the top electrode (Fig. 2.4). This sharp

interfacial peak is distinct from the bulk accumulation of the anion, which also in-

creases with operation duration. The occurrence of the interfacial accumulation is

in agreement with the formation of electric double layers at the electrode interface.

However, several uncertainties remain. Firstly, no such sharp interfacial peak was

visible in the measurements conducted on 60 nm thick LECs with an aluminium

top electrode (Fig. 2.2). The absence of such a peak in reverse bias operation can

be explained by anion degradation at the aluminium interface. The absence of a

distinct peak in forward bias operation can be explained by the known porosity

of evaporated aluminium electrodes which leads to the accumulation of rough-

ness during depth pro�ling, and may have resulted in insu�cient resolution at the

bottom ITO electrode. Secondly, note that in Fig. 2.4, a minor peak at the top
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Figure 2.4: 430 nm thick SY-LEC with Ag top electrode operated in re-

verse bias. Anion distribution across an optimized salt concentration SY-LEC
prior to bias application (black), and after 10min (light blue) 10.5 h (blue) and
20 h (dark blue) operation in reverse bias. Inset: Magni�cation of the top 50 nm.
The sputter time has been converted to depth within the organic active layer by
means of pro�lometric measurements of the total layer thickness and under the
assumption of a homogeneous sputter yield across the active layer.

interface also appears in the measurement conducted without any applied voltage

(black line). This peak can be explained by minor interfacial anion accumulation

induced by the positive charging of the top electrode during sputter- and primary

ion impact.

The measurements plotted in Fig. 2.4 are part of the following published work:

M. Diethelm, A. Schiller, M. Kawecki, A. Devizis, B. Blülle, S. Jenatsch, E. Knapp,

Q. Grossmann, B. Ruhstaller, F. Nüesch and R. Hany*; The dynamic emission

zone in sandwich polymer light-emitting electrochemical cells ; Adv. Funct. Mater.,

1906803 (2019)
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2.5 Suggested improvements for the study of

dynamic processes in thin �lm electronics

The presented study contains, to the best of the authors knowledge, the �rst mass

spectrometric measurements probing in-situ the dynamical processes occurring

across an operating thin �lm electronic device. The aim of this section is to make

the reader aware of the current methodological limitations and brie�y discuss two

areas were substantial improvement can be achieved: a) in the streamlining of the

measurement procedure, and b) in the measurement time resolution.

a) In order to conduct the measurements presented in sections 2.3 and 2.4,

existing ToF-SIMS instrumentation was adapted. The electric feed-through al-

lowing for temperature control in the ToF-SIMS5 instrument stationed at Empa

Dübendorf was used to operate the LEC devices in-situ. These were mounted on

a commercially available sample holder designed for temperature controlled mea-

surements (Fig. 2.5). The temperature controlled ToF-SIMS sample holder has

only a total of four electrical connections. Two of the connections are used for

the temperature sensor and only two are available for LEC device operation. For

the acquisition of the pro�les shown in sections 2.3 and 2.4, the LEC devices were

mounted individually for each measurement (see sample mounting in Fig. 2.5). Un-

der these conditions, typically between one to two thirds of the experimenting time

are required by sample handling, sample transfer, and the in-situ cooling process.

If more electrical connections to the exchangeable, coolable sample holder could

be implemented, several devices could be operated successively, thus signi�cantly

decreasing the experimenting time.

Further, for the acquisition of the pro�les shown in sections 2.3 and 2.4, the electi-

cal connection between sample holder and LEC device was achieved by individually

gluing the wires to the LEC electrodes using silver paste (labelled in Fig. 2.5 as

'electrical contacts to sample electrodes'). ToF-SIMS measurements are conducted

at vacuum pressures in the range of 10−8mbar. To reduce pumping times and ease

of handling, it is suggested to adapt the sample holder to contain in-built electrical

contacts that can be clamped down on the device studied.

31



Figure 2.5: ToF-SIMS temperature control sample holder with mounted
electronic device.

b) The time resolution with which dynamic processes can be studied in operating

electronic devices by means of ToF-SIMS is limited by the time it takes to cool

down an operating device to a temperature at which the processes of interest are

frozen. In the presented measurements, the sample was cooled by physical contact

of the sample holder with a LN2-cooled cooling �nger that is pressed against the

spring-loaded cooling block of the sample holder. With this set-up, the migrations

of the molecular ion CF3SO3 in {SY-TMPE-LiTF} LECs could be su�ciently

suppressed within approximately 15 minutes, which can hence be considered as

the time resolution obtained in the experiments here (sections 2.3 and 2.4). In

biology, studies of synaptic vesicle release require time resolutions in the order

of milliseconds and dedicated cooling approaches have been developed for this

purpose. In particular, Heuser et al. demonstrated that muscle tissue can be

frozen within 1ms after application of a timed electrical impulse65. In their study,

the sample is pressed against a metal block cooled with liquid helium. Alternatively

a timed electric pulse can also be correlated with the plunging of a su�ciently thin
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sample into a cryogenic liquid. This latter freezing approach cannot be conducted

in vacuum. However, the design of a setup to rapidly freeze a sample ex-situ in

a protected atmosphere and then transfer it in the cooled state to a pre-cooled

ToF-SIMS sample holder appears feasible. The measurements in this thesis were

conducted in-situ, but, for the LECs studied, it was observed that if the device is

disconnected and maintained at cryo-temperature no noticeable relaxation takes

place. From this it is concluded that the measurements10,31 shown in section 2.3

and section 2.4 could also have been performed on devices operated and cooled

ex-situ, provided the devices could be transferred in cooled state to the ToF-SIMS

and kept at low temperatures.

2.6 ToF-SIMS study of perovskite solar cells and

perovskite LEDs

Perovskite-based solar cells are currently among the most e�cient photovoltaic

technologies in laboratory conditions. The theoretical e�ciency limit for an ideal

p-n junction solar cell with a band gap energy close to the optimum is approx-

imately 33%66. In the course of the last decade, the attained power conversion

e�ciency of single-junction perovskite solar cells increased from 3.8% in the year

2009 to a power conversion e�ciency of 25.2% for the currently certi�ed record,

as of November 201967. In comparison, the currently certi�ed record for single-

crystal silicon solar cells is a power conversion e�ciency of 26.1%67. However,

the certi�ed power conversion e�ciency record for silicon solar cells has improved

only by approximately 2% since the year 199567, suggesting that the attainable

optimum for silicon solar cells is gradually being approached.

The bandgap energy of a solar cell de�nes at what wavelengths light will be

absorbed most e�ciently. By changing the composition and stochiometry of the

perovskite absorber layer in a perovskite solar cell, its bandgap energy can be tuned

to a value between 1.1 and 1.9 eV68. Changes to the perovskite lattice structure

are reported to allow bandgaps up to 3.1 eV to be reached69. Multi-junction so-

lar cells, consisting of a stack of multiple single-junction absorber layers, allow the
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theoretical maximum power conversion e�ciencies that govern single-junction cells

to be exceeded. The ability to adapt the bandgap energy of single-junction per-

ovskite absorber layers and the e�ciencies reached by single-junction perovskite

solar cells, make perovskite solar cells one of the most promising current photo-

voltaic technologies.

Before market implementation of perovskite-based solar cells can be considered,

however, operational hysteresis70 and degradation processes leading to short shelf-

and life-times28 have to be addressed. Further, the fabrication processes that had

been developed for laboratory purposes are not suitable for the fabrication of solar

cells with a large surface area. Technologies for the fabrication of large-surface

area, high-e�ciency perovskite solar cells have yet to be developed71.

2.6.1 The perovskite crystal structure and perovskite solar

cells

The term perovskite commonly refers to any material with a crystal structure ana-

logue to the one of calcium titanium oxide (CaTiO3), which is the namesake for

this crystal family. A perovskite crystal has the stochiometry ABX3 (Fig. 2.6a),

where A and B are two cations, A being much larger than B, and X is an anion

bonding to both cations. What renders the perovskite crystal structure unique

is its �exibility when it comes to tailoring the material properties72,73. Trihalide

perovskites in which the role of A is taken by the organic molecules methylammo-

nium (MA) or formamidinium (FA) demonstrate both high photoabsorbtion and

photoemission properties and electron and hole di�usion lengths exceeding 1µm73.

A simple single-junction perovskite solar cell consists of a planar perovskite ab-

sorber layer sandwiched between a p-type charge extraction layer (hole extraction)

and an an n-type charge extraction layer (electron extraction) (Figure: perovskite

solar cell structure schematic (Fig. 2.6b)). This stack of three layers is in turn

sandwiched between two electrodes. An incoming photon is absorbed in the per-

ovskite absorber layer and excites an electron and a hole into a weakly bound
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Figure 2.6: Perovskite crystal structure and schematics of a perovskite
solar cell. a)The ABX3 -type perovskite crystal structure. In the case of per-
ovskite solar cells, the cation B is most often lead, while iodide and bromine are
used for the anion X and the role of A is taken by the organic cation methylam-
monium (MA, CH3NH

+
3 ) or formamidinium (FA, CH5N

+
2 ). b) Schematics of a

simple single-junction perovskite solar cell.

state. The potential di�erence between the two charge extraction layers drives the

electron and hole separation.

In the course of this thesis, ToF-SIMS measurements were conducted for external

research groups on perovskite absorbers and emitters. Three of these collabora-

tions resulted in high-impact publications33,28,32 and are highlighted below.

2.6.2 Collaboration with the group of Prof. H. J. Snaith

(Oxford Univ.): Towards stable perovskite solar cells

The research group of Prof. Henry J. Snaith, in a project33 led by Dr. Sai Bai, used

a perovskite photoabsorber with the composition (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3,

where FA stands for formamidinium and MA for methylammonium. The per-

ovskite absorber was sandwiched between a nickel oxide (NiO) p-type charge-

extraction layer and a [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) n-type

charge extraction layer (Fig. 2.7a). A Cr/Cr2O3 bu�er layer was implemented be-
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Figure 2.7: Distribution of BMIM and BF4 in a planar perovskite absorber
layer. a) Schematics of the solar cell architecture as used in the study by Bai et
al. b) Negative polarity depth pro�le across the perovskite absorber layer (char-
acteristic ion: I−2 ), the NiO p-type charge extraction layer (characteristic ion:
NiO−

2 )and into the �uorine-doped tin oxide (FTO) covered substrate (character-
istic ion: SnO−). The distribution of the BF−4 anion is visible in magenta. c)
Positive polarity depth pro�le through the same device layers. Pb+ is the charac-
teristic ion for the perovskite absorber layer, Ni+ for the charge extraction layer,
CsSnO+ for the FTO substrate and the C8H15N

+
2 secondary ion corresponds

to the unfragmented BMIM cation. Note: ToF-SIMS depth pro�les were con-
ducted not across complete devices, but only the perovskite absorber layer and
the layers below. Panels b) and c) are adapted from33.

tween the silver electrode and the remaining stack of the solar cell. The inclusion

of a Cr/Cr2O3 bu�er layer is known to reduce the corrosion of the current col-

lector74,75. A layer of Bathocuproine (BCP) was included as hole-blocking layer

between the Cr/Cr2O3 bu�er layer and the PCBM n-type charge extraction layer.

Among the main current limitations of perovskite solar cell technology is the

rapid degradation of the perovskite absorber when compared to established tech-

nologies. The project led by Dr. Bai followed the observation that the addition of

ionic liquids into the perovskite absorber layer can, but does not have to, signif-

icantly improve the life time of perovskite solar cells under constant exposure to

heat and light. The aim of the study was to understand the conditions under which

addition of an ionic liquid impacts the device life time. In particular, it is reported

that the addition of the ionic liquid 1-butyl-3-methylimidazolium tetra�uoroborate

(BMIMBF4) to the perovskite absorber layer results in perovskite solar cells that
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drop to 80% of their peak performance only after an estimated 5'200 hours un-

der full spectrum sunlight at 70-75◦C.33 The aim of the ToF-SIMS measurements

conducted in the course of this collaboration was to assess the distributions of the

cation and anion across the perovskite absorber layer. ToF-SIMS dual beam depth

pro�ling was not conducted across full solar cell stacks as seen in Fig. 2.7a, but

only the perovskite absorber deposited on the NiO p-type charge extraction layer.

The PCBM, BCP, Cr/Cr2O3, and Au layers had not been deposited in order to

maximize the depth resolution across the perovskite layer in the depth pro�les

acquired by Tof-SIMS.

For the devices containing the ionic liquid BMIMBF4, ToF-SIMS measurements

showed that BMIMBF4 ion pairs accumulate at the perovskite/NiO interface, while

only the BMIM cation is distributed throughout the bulk (Fig. 2.7b and c). It is

suggested that the BMIM cations are excluded from the perovskite crystal due to

their size. Excluded cations that are not already bound to an anion may bind to

sites at surface and grain boundaries which are otherwise vulnerable to oxidation

and moisture adsorption. It is this mechanism that is brought forward to explain

the observed suppression of device degradation.

This collaboration led to the following publication:

S. Bai, P. Da, C. Li, Z. Wang, Z. Yuan, F. Fu, M. Kawecki, X. Liu, N. Sakai,

J.T.-W. Wang, S. Huettner, S. Buecheler, M. Fahlman, F. Gao and H.J. Snaith;

Planar perovskite solar cells with long-term stability using ionic liquid additives ;

Nature 571, 245-250 (2019)
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2.6.3 Collaboration with the group of Dr. F. Fu (Empa):

Understanding degradation pathways in perovskite

solar cells

Dr. Fan Fu and coworkers studied both formamidinium and methylammonium

lead-iodide-based perovskite absorbers with the aim to determine degradation

pathways responsible for e�ciency loss and fatal device failure upon exposure to

light and heat28. In the course of the study led by Dr. Fu, perovskite solar cells,

exposed perovskite absorber layers, and PbI2, which is a degradation product of

lead-iodide-based perovskite, were exposed to full sunlight spectrum illumination

at a temperature of 80◦C in an N2 atmosphere. The temperature was regulated

by a copper heating plate. Solar cells were aged under standardized 1 sun illu-

mination, bare perovskite absorbers under 0.1 sun illumination (Fig. 2.8a). The

microstructure and chemical composition of the �lms and �lm surfaces were char-

acterized by means of scanning and transmission electron microscopy (SEM and

TEM, respectively), energy dispersive X-ray spectroscopy (EDX), X-ray di�rac-

tion (XRD) and ToF-SIMS. The aim of the ToF-SIMS measurements conducted

in the course of this collaboration, was to assess changes in chemistry across both

solar cells and exposed perovskite abosorber layers before and after the heat-light

treatment. The following publication is based on this collaboration:

F. Fu, S. Pisoni, Q. Jeangros, J. Sastre-Pellicer, M. Kawecki, A. Paracchino, T.

Moser, J. Werner, C. Andres, L. Duchene, P. Fiala, M. Rawlence, S. Nicolay, C.

Ballif, A. N. Tiwari and S. Buecheler; I2 vapor-induced degradation of formami-

dinium lead iodide based perovskite solar cells under heat-light soaking conditions ;

Energy & Environmental Science 12, 3074-3088 (2019)

In degraded devices, scanning electron microscopy images conducted across the

perovskite layer revealed increasing porosity with increasing exposure to heat and

light. The scanning electron microscopy results indicate that the degradation does

not progress from the grain boundaries inwards, but rather starts in the grain bulk

(28, Fig 3, Fig S8). Further, thermogravimetric analysis combined with quadrupol

mass spectrometry (28, Fig S9) suggest loss of gaseous I2 as a by-product of the
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Figure 2.8: Perovskite absorber degradation under exposure to heat and
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ated degradation. b) ToF-SIMS depth pro�le before and after degradation. The
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LEDs in a N2 �lled glovebox and on a 80◦C heating plate, over a duration of
10 h. The pro�les plotted in panel b) were acquired on perovskite absorbers that
were not capped by any further thin �lm layers. Panel b) is adapted from28
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degradation of the perovskite layer. The increasing porosity of the degraded per-

ovskite layer, as observed by scanning electron microscopy, is hypothesized to

originate from I2 vapor loss and observed to lead in the long-term to a ruptur-

ing of the device layers through internal pressure build-up. ToF-SIMS Cs-dual

beam depth pro�ling through degraded and intact perovskite absorbers shows a

drop in signal attributed to the organic cation methylammonium (MA+), and an

intensity increase for the CsPbI+2 secondary ion in degraded perovskite absorbers

(Fig. 2.8b). These results are in accordance with the loss of the cation MA+ from

the perovskite absorber layer and a decomposition of the perovskite absorber to

PbI2. A decomposition of the perovskite absorber to PbI2 would result result in

the emission of I2 vapor as observed in the thermogravimetric analysis combined

with quadrupol mass spectrometry.

2.6.4 Collaboration with the group of Prof. F. Gao (Univ.

Linköping): Understanding molecular passivation in

perovskite LEDs

The group of Prof. Feng Gao, in a project32 led by Dr. Weidong Xu, used a

formamidinium (FA)-based lead-iodide perovskite crystal (FAPbI3) as emitter in

perovskite LEDs. In a perovskite LED, electrons and holes are not extracted at

two opposing interfaces of the perovskite layer but injected. Within the perovskite

layer radiative electron-hole recombination then can take place. However, lattice

defects provide pathways for non-radiative recombination which result in thermal

losses in perovskite LEDs. The introduction of organic molecules which interact

with the defect sites can diminish non-radiative recombination. However, little is

known on the relation between molecular structure and passivation e�ciency. It is

this relation that the study led by Xu et al. aims to establish. (Note: contrary to

the studies by Bai et al.33 (section 2.6.2) and Fu et al.28 (section 2.6.3), the study

by Xu et al. does not discuss degradation of the perovskite �lm but addresses

purely the LED device e�ciency.)

The LED architecture (Fig. 2.9a) used in this study consists of a FAPbI3 per-
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ovskite emitter layer, a TFB (poly(9,9-dioctyl-�uorene-co-N-(4-butylphenyl)diphenyl-

amine)) hole injection layer, and an electron injection layer consisting of zinc

oxide (ZnO) nanocrystals and polyethylenimine ethoxylated (PEIE). ITO (in-

dium tin oxide) is chosen for the transparent electrode. Molybdenum oxide/gold

(MoOx/Au) is chosen for the other electrode.

Xu et al. systematically varied the ability to from hydrogen bonds in a defect

passivating molecule added to the perovskite layer, and documented the e�ciency

of a perovskite LED as a function of this property32. It was found that e�cient

passivation requires the passivating additive to bind to free lead sites at perovskite

crystal edges in order to prevent the lead from acting as an electron trap, a mecha-

nism leading to non-radiative decay. Eliminating free lead atoms as electron sinks

increases the overall device e�ciency in regards of radiative electron-hole recom-

bination. It was observed by Xu et al. that to achieve this e�ect, the ability of

the passivating additive to form hydrogen bonds needs to be weakened such that

the probability to bond with the organic cation of the perovskite drops below the

probability of the electrone lone-pairs of the passivating molecule to form a co-

ordinative bond with the lead cation. In the passivating molecules used by Xu

et al., the electron lone pairs were situated on a nitrogen atom. The formation

of coordination bonds with Pb+2 was shown by FTIR (Fourier-transform infrared

spectroscopy) and clearly correlated with the device e�ciency. The role of ToF-

SIMS in this collaboration was to keep track of the distributions of the passivating

molecules across the perovskite layer (Fig. 2.9b) and the main conclusions of this

study were inferred from the e�ciency trends and modelling. In order to maxi-

mize the depth resolution across the perovskite layer in the depth pro�les acquired

by Tof-SIMS, pro�ling measurements were conducted across uncapped perovskite

emitter layers, not the full perovskite LED stack.

This collaboration led to the following publication:

W. Xu, Q. Hu, S. Bai, C. Bao, Y. Miao, Z. Yuan, T. Borzda, A.J. Barker, E.

Tyukalova, Z. Hu, M. Kawecki, H. Wang, Z. Yan, X. Liu, X. Shi, K. Uvdal, M.

Fahlman, W. Zhang, M. Duchamp, J.-M. Liu, A. Petrozza, J. Wang, L.-M. Liu, W.
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Figure 2.9: Perovskite light-emitting diode passivation. a) Schematics of
the LED architecture as used in the study by Xu et al. b) Distribution of the pas-
sivation molecule 2,2'-(ethylenedioxy)diethylamine (EDEA) across a perovskite
emitter deposited on ZnO:PEIE/ITO substrate. Throughout the study by Xu et
al., the ability of the amine end-groups to engage in hydrogen bonding was tuned
by symmetric addition and subtraction of oxygen atoms in the molecule center,
as well as variation of the carbon chain length between the amine end-groups and
the nearest oxygen atom. Note, the reduced depth resolution in the ToF-SIMS
depth pro�le is a result of the high porosity of the perovskite emitter. This �gure
is adapted from32

Huang and F. Gao; Rational molecular passivation for high-performance perovskite

light-emitting diodes ; Nature Photonics 13, 418-424 (2019)
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3 Supramolecular SIMS

3.1 Introduction

Supramolecular interactions were shown in the previous chapter (section 2.6.4) to

be decisive for e�cient passivation of perovskite thin �lm electronics. In organic

electronics, non-covalent interactions also impact intramolecular electronic cou-

pling and with it the electron and hole mobilities across entire organic layers76. In

biology, non-covalent interactions govern, for example, molecular recognition77 and

encode the folding of proteins78. The �eld of supramolecular chemistry covers the

study of non-covalent interactions that lead to the formation of multi-molecular

structures.

The established measurement techniques used to asses supramolecular inter-

actions in biological and organic matter are solid state nuclear magnetic res-

onance (ssNMR)79, X-ray di�raction (XRD)80, and electron microscopy (cry-

oEM)81. However, unless the molecular interactions lead to self-assembly visible

on scales of an electron microscope, such as is the case for lipid double-layers,

molecular interactions can only be probed under the constraints of high chemical

purity (ssNMR, cryoEM) or structural periodicity (XRD).

Secondary ion mass spectrometry is not constrained by the requirements of

chemical purity or structural perioidicity. The detection and analysis of supramolec-

ular secondary ions opens the door for spatially resolved identi�cation of molecular

interactions in organic and biological matter, and for the investigation of the sta-

tistical molecular surroundings of chosen molecules.

The interactions that are of interest in supramolecular chemistry include hy-
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drogen bonding, the family of π-interactions, Van der Waals Forces, and electro-

static interactions. In this chapter, the focus is on hydrogen bonding and pi-

interactions. The systems studied include the proteinogenic amino acids and a

set of monosachharides which are two groups of biological building blocks known

to interact through hydrogen bonding. Further, supramolecular dimers of 2-(2-

naphthyl)ethylamine are detected, a molecule that does not form hydrogen bonds

with itself but engages in dipole-π interactions. In order to increase the complex-

ity of the system in a controlled manner, mixtures of 2,5-piperazinedione, a small

hydrogen bonding molecule, and dextran, a polysachharide, are studied. For all

systems probed, the thicknesses of the �lms studied exceed the domain of molec-

ular monolayers.

Mass spectrometry using electrospray ionization (ESI), is successfully used in the

study of non-covalent ligand-receptor82 or protein-protein83,84 interactions. The

potential of ESI has been recently expanded to the study of complex membrane

protein assemblies85. To date, however, the mass spectrometric study of molecular

interactions and supramolecular structures is limited to liquid82,83,85, or solution

processed86 sample material. Hard ionization techniques, such as secondary ion

mass spectrometry (SIMS), which allow solid matter to be studied, result in pro-

nounced molecular fragmentation and are commonly considered too energetic to

preserve multi-molecular ions. Contrary to the common perception, as early as

1979, supramolecular secondary ions detected from solid nitrogen (N2) probed at

the temperature of 15K were observed, and clusters up to [N2]
+
22 were reported

87.

Soon after, ion impact-induced chemical reactions leading to complicated cluster

chemistries were reported for solid N2O, NO, N2O3 and N2O4 probed with heavy

monoatomic primary ions, which led to the conclusion that the composition of

extracted clusters need not be indicative of the composition of the solid88. From

today's perspective, these observations seem to have discouraged any potential

further research into the extraction of intact supramolecular clusters by means of

SIMS. Meanwhile, instrumentation evolved and in particular cluster primary ion

sources emerged11,12 which are less prone to induce fragmentation and chemical

reactions upon primary ion impact.
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3.2 Supramolecular secondary ions in the spectra

of amino acids and monosaccharides

The mass spectra of all 21 proteinogenic amino acids contain peaks that could be

assigned to supramolecular secondary ions. Here, the mass spectra of one of these

amino acids, L-proline, shall be described in detail. The positive time-of-�ight

(ToF) SIMS spectrum acquired on a drop-deposited �lm of L-proline is shown in

Fig. 3.1A. The strong peak at mass 116.07 u corresponds to unfragmented proline

molecules, ionized through acceptance of a positive hydrogen ion. Further major

peaks occur at masses corresponding to [nM+H]+, where n is an integer larger

than 1, M the molecular mass of proline and H the mass of hydrogen. In the nega-

tive spectrum, a similar pattern is observed, with strong intensities for masses that

correspond to [nM-H]− (Fig. 3.1B). In the positive proline spectrum (Fig. 3.1A),

the intensity of the [11M+H]+ and [12M+H]+ peaks is stronger than the inten-

sity of the [9M+H]+ and [10M+H]+ peaks, and n>12 supramolecular secondary

ions are absent. This pattern indicates that proline arranges on the surface into

closed supramolecular clusters of 12 proline molecules each. The intensity of the

[11M+H]+ peak exceeds the intensity of the [12M+H]+ peak which is in line with

the positive ionization of a closed 12-proline cluster by loss of a single [M-H]−

molecular ion. A similar pattern of peaks has been previously observed in ESI

proline mass spectra, suggesting that proline forms closed clusters of 12 molecules

during the liquid-gas transition of evaporating micro-droplet89. Simulations con-

ducted in that study con�rm the ability of proline to form a closed, 12-molecular,

icosahedral structure89. The ToF-SIMS results presented reveal that proline can

arrange into closed 12-molecular icosahedrons also upon bulk solidi�cation. In the

negative proline spectrum a [13M-H]− proline peak is observed (Fig. 3.1B), which

is tentatively attributed to 12-molecular proline assemblies ionized by the interac-

tion with a negatively charged [M-H]− proline molecular ion.
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Figure 3.1: ToF-SIMS mass spectra acquired on L-Proline in positive and
negative polarity. (A) ToF-SIMS positive polarity spectrum of pure L-proline
drop-deposited on a silicon wafer. (B) ToF-SIMS negative polarity spectrum of
pure L-proline drop deposited on a silicon wafer. The spectrum was acquired on
the same sample as the positive polarity spectrum presented in panel A.
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Figure 3.2: Detection probabilities for supramolecular dimer secondary
ions in di�erent amino acids and monosaccharides. (A) Counts of
supramolecular dimers normalized to unfragmented monomer counts and plotted
versus mass for all proteinogenic amino acids, each deposited individually on a
separate silicon wafer.(B) Counts of supramolecular dimers normalized to unfrag-
mented monomer counts and plotted versus mass for a set of 19 monosaccharides,
each deposited on a separate silicon wafer. Note, in most monosaccharides, un-
fragmented molecular ions are observed to preferentially form through loss, not
acquisition, of a proton (H+).
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The mass spectra of all 21 proteinogenic amino acids contain peaks assigned to

[nM+H]+ or [nM-H]−. In all these mass spectra, [nM±H]± patterns are observed,

as opposed to, for example, [nM-(n-1)(H2O)±H]± or [nM-(n-1)H2±H]± patterns

which would emerge from chemical reactions to form covalent bonds. Therefore,

the monomer units of the secondary ions consisting of n amino acids are held

together by non-covalent attractive interactions. When comparing all proteino-

genic amino acids, it was found that the count ratio of the peak correspond-

ing to the dimer ([2M+H]+) over the peak corresponding to the unfragmented

molecular ion ([M+H]+) varies (Fig. 3.2A). With increasing molecular mass, the

[2M+H]+/[M+H]+ intensity ratio tends to decrease for amino acids. This trend

appears less pronounced for the dimer peaks found in monosaccharide mass spec-

tra (Fig. 3.2B). Whereas amino acids can be expected to interact at a single point

of contact via a single or double hydrogen bond, monosaccharides are able to form

hydrogen bonds between the saccharide faces. The trend in the [2M+H]+/[M+H]+

intensity ratios in amino acids suggests that the probability of a supramolecular

dimer to not decay in the extraction process depends on the ratio of the bond-

ing strength between the two molecules to the forces acting on that bond arising

from the speci�c type of supramolecular vibrations. With increasing molecular

masses, the energy stored in a vibrational mode involving the two molecules of a

supramolecular dimer will increase. It can be expected, that the forces acting on a

non-covalent bond between the two molecules thus increase as well with increasing

molecular masses. In molecules that interact via multiple points of contact, such

as is the case for monosaccharides, forces due to supramolecular vibrations will

not necessarily act on all points of contact simultaneously in a disruptive manner.

3.3 Supramolecular secondary ions held together

by interactions weaker than hydrogen bonding

In dry amino acids, the strongest non-covalent interactions occur through hydro-

gen bonds. Other non-covalent interactions are also observed to lead to [nM+H]+-

type peaks. For example, despite 2-(2-naphthyl)ethylamine not forming hydro-

gen bonds with itself, a high-intensity [2M+H]+ peak is detected in the positive
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Figure 3.3: ToF-SIMS positive polarity spectrum of pure 2-(2-
napthyl)ethylamine. The modelled conformation of the supramolecular dimer
is depicted as inset, showing a density isosurface at 0.02 a.u. colored with the
electrostatic potential, blue being negative (min. value: -0.02 Eh/e); red positive
(max. value: 0.025 Eh/e)

polarity spectra acquired on drop-deposited 2-(2-naphthyl)ethylamine (Fig. 3.3).

Quantum chemistry simulations conducted using the range-separated Meta-GGA

functional M1190 with full structural optimization indicate that the most stable

conformation of two 2-(2-naphthyl)ethylamine molecules is through dipole-π non-

covalent bonding (Fig. 3.3, inset), resulting in an interaction strength of -0.40 eV.

The benchmark for detectable non-covalent interactions was set by the ToF-SIMS

measurements conducted in 1979 on N2 condensed on a copper substrate cooled

to a temperature of 15K, where positively charged cluster secondary ions of N2

were reported87. Quantum chemistry simulations conducted in the scope of this

thesis estimate the binding energy, dominated by London forces, between two N2

molecules to be -0.02 eV.
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3.4 2,5-piperazinedione and the enhanced

formation of supramolecular ribbons in the

presence of dextran

2,5-piperazinedione is capable of forming double hydrogen-bonds at two opposing

sites, and is known from X-ray di�raction to form ribbons of linear supramolecular

polymers during crystallization91,92. Here, 2,5-piperazinedione is used in order to

study a system with a higher degree of supramolecular polymerization. A positive

mass spectrum acquired on a drop deposited �lm of 2,5-piperazinedione is shown

in Fig 3.4A.

It is observed by means of optical microscopy that the morphology of the 2,5-

piperazinedione �lm is di�erent in the center, at the spot where the droplet con-

tracted when drying, than on the remaining surface. A positive mass spectrum

acquired at the center spot is shown in Fig 3.4B. The supramolecular peaks have

a higher intensity at the center of the spot, suggesting increased alignment. Mea-

suring on pure 2,5-piperazinedione, it is observed that beyond a threshold primary

ion dose density limit, the intensities of the 2,5-piperazinedione [nM+H]+ peaks

rapidly drop below the level of noise (see Fig.3.4C). The vanishing of [nM+H]+

peaks with accumulated ion impact damage con�rms that the supramolecular sec-

ondary ions do not form in a process of rearrangements induced by the primary ion

impact, but are directly related to the supramolecular structure of the bulk. Note,

only measurements acquired at primary ion dose densities below the degradation

onset are compared in the other �gures in this study.

In order to study the detection of supramolecular secondary ions in complex

organic matter, while maintaining control over the chemical composition of the

system, 2,5-piperazinedione is diluted in dextran, a polysaccharide. Figure3.4D

shows the positive polarity spectrum of a drop-deposited �lm consisting of dextran

(Mn=5'000 u) and 2,5-piperazinedione in a mass ratio of 5:1. Despite the dilution

of the 2,5-piperazinedione, the high intensity peaks in the mass spectrum are still

dominated by the characteristic [nM+H]+ pattern observed in Fig.3.4A. However,
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Figure 3.4: ToF-SIMS positive polarity spectra acquired on systems con-
taining 2,5-piperazinedione. (A) ToF-SIMS positive polarity spectrum of
pure 2,5-piperazinedione. (B) ToF-SIMS positive polarity spectrum of pure 2,5-
piperazinedione acquired at the center of a drop-deposited �lm. It is ovserved in
optical microscopy that the morphology of the 2,5-piperazinedione �lm is di�er-
ent in the center, at the spot where the droplet contracted when drying, than
on the remaining surface. (C) The in�uence of accumulated primary ion impact
damage on the positive polarity ToF-SIMS spectrum of 2,5-piperazinedione. The
spectra plotted in panels B and C are part of the same measurement, acquired
over a duration of 100 scans on a 100x100µm2 area with a raster resolution
of 128x128 pixels. Panel C presents the spectrum summing the last 10 scans
(scans 91-100, average ion dose density per scan: 8.0·1012 ions/cm2) - Panel B
presented the spectrum summing the �rst 10 scans (scans 1-10, average ion dose
density per scan: 4.6·1011 ions/cm2). The intensity ratio of the [2M+H]+ peak
to the monomer unit peak ([M+H]+) diminishes from 0.76 in the average over
the �rst 10 scans to 0.13 in the average over the last 10 scans of the 100 scan
measurement. (D) ToF-SIMS positive polarity spectrum of 2,5-piperazinedione
in dextran (Mn=5000 u) in the total mass ratio 1:5.
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with the dextran present (Fig.3.4D), the intensity ratios of the successive [nM+H]+

2,5-piperazinedione peaks normalized to the monomer unit peak ([M+H]+) are

1 : 0.82 : 0.019 : 0.0047 : 0.00082 for n∈{1-5}, whereas on pure 2,5-piperazinedione

(Fig.3.4A) these intensity ratios are 1 : 0.55 : 0.015 : 0.0038 : 0.00062. The increase

in normalized [nM+H]+ peak intensities indicates that the presence of dextran

reinforces the alignment of 2,5-piperazinedione into supramolecular linear poly-

mers. Organic molecules are known to segregate according to the structure of the

associated hydration layer. This is the phenomenon behind aqueous biphasic solu-

tions93,94. This phenomenon can also be the explanation behind the partitioning

of dextran and 2,5-piperazinedione molecules, which were deposited in H2O. Such

exclusion will preferentially separate the more hydrophobic supramolecular 2,5-

piperazinedione polymers, rather than individual molecules of 2,5-piperazinedione,

from dextran. The selectivity of the partitioning process can be envisioned to drive

the alignment of 2,5-piperazinedione into supramolecular oligomers.

3.5 Probing molecular interaction probabilities in

systems consisting of multiple di�erent

molecules

The extraction and detection of assemblies consisting of weakly bound molecules

can provide insight into the chemical surroundings of a selected molecule in a

complex organic environment. Information on the probability that a molecule Mi

and a molecule Mj will non-covalently interact is contained in the [Mi+Mj+H]+

ion count. Assuming that the extraction (pextij ), ionization (pionij ), transmission

(ptraij ) and detection (pdetij ) probabilities for a weakly bound pair (Mi+Mj) were

known, the number of such (Mi+Mj) pairs on the surface probed can be related

to the the [Mi+Mj+H]+ counts as follows:

nij = α−1 · [Mi + Mj + H]+

pext
ij · pion

ij · ptra
ij · pdet

ij

(3.1)

52



Here, nij =:n(Mi+Mj) is the total number of (Mi+Mj) pairs within the area

probed, and α is the surface fraction a�ected by primary ion impact.

May in the following a system be considered that consists of only two types

of molecules, M1 and M2. In this binary system, a molecule of the type M1 can

either interact with a molecule of the type M2, or with a di�erent M1 molecule.

The fraction X1
12 of M1 molecules that, out of these two possible options, interacts

with an M2 molecule can be expressed by the following equation:

X1
12 =

n(M1 + M2)

n(M1 + M2) + n(M1 + M1)

=

[M1+M2+H]+

pext12 ·pion12 ·ptra12 ·pdet12

[M1+M2+H]+

pext12 ·pion12 ·ptra12 ·pdet12
+ [2M1+H]+

pext11 ·pion11 ·ptra11 ·pdet11

(3.2)

In the nomenclature chosen, the superscript in X1
12 denotes the molecule whose

interactions are of interest (here M1) and the subscript denotes the two speci�c

interaction partners, one of which is the one denoted in the superscript. The sec-

ondary ion counts for [M1+M2+H]+ and [M1+M1+H]+ are acquired in one single

spectrum. (Note, the value of X1
12 is independent of the surface fraction a�ected

by primary ion impact, α.) A priori, extraction, ionization, transmission and

detection probabilities are not known. In a �rst approximation, the extraction,

transmission, and detection probabilities are considered equal for all supramolec-

ular dimers of comparable mass and bond strength. Equation 3.2 then becomes:

X1
12 ≈

[M1+M2+H]+

pion12

[M1+M2+H]+

pion12
+ [2M1+H]+

pion11

(3.3)

The ionization probabilities are, however, considered to depend on the supramolec-

ular pairing. The ionization probability of an extracted (Mi+Mj) pair can be

estimated from the ion count of its individual molecules as:

pion
ij ≈ pion

i + pion
j

=
[Mi + H]+

ci · pext
i · ptra

i · pdet
i

+
[Mj + H]+

cj · pext
j · ptra

j · pdet
j

, (3.4)
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where ci,j are the molecular concentrations on the sample surface and must be

known or determined by a suitable experimental method. Using Equation 3.4,

Equation 3.3 becomes:

X1
12 ≈

[M1+M2+H]+

[M1+H]+/(c1·pext1 ·ptra1 ·pdet1 )+[M2+H]+/(c2·pext2 ·ptra2 ·pdet2 )

[M1+M2+H]+

[M1+H]+/(c1·pext1 ·ptra1 ·pdet1 )+[M2+H]+/(c2·pext2 ·ptra2 ·pdet2 )
+ [2M1+H]+

2[M1+H]+/(c1·pext1 ·ptra1 ·pdet1 )

(3.5)

Considering the extraction, transmission and detection probabilities equal for

molecules of comparable mass, analogue to the approximation made before for

supramolecular dimers, Equation 3.5 is reduced to:

X1
12 ≈

[M1+M2+H]+

([M1+H]+/c1+[M2+H]+/c2)

[M1+M2+H]+

([M1+H]+/c1+[M2+H]+/c2)
+ [2M1+H]+

([M1+H]+/c1+[M1+H]+/c1)

(3.6)

If now in the two-molecular model system the concentrations of M1 and M2 are

known, Equation3.6 can be used to estimate the fraction of molecules M1 that

interact with a molecule M2 and the fraction of molecules M1 that interact with

its own kind. Extending Equation 3.6 to a system consisting of n molecules of

comparable masses results in:

Xi
ij ≈

[Mi+Mj+H]+

([Mi+H]+/ci+[Mj+H]+/cj)∑
n

[Mi+Mn+H]+

([Mi+H]+/ci+[Mn+H]+/cn)

, (3.7)

In the framework of the assumptions made, equations of the type 3.7 can be used

to estimate the interaction partner distribution for a molecule of interest Mi by

analysis of its supramolecular dimer secondary ions.

In order to investigate this approach towards the determination of molecular

interaction partner distributions, a model system consisting of the small molecules

glycine, asparagine and 2,5-piperazinedione in the molar ratio 1:1:1, drop deposited

as a �lm on clean, plasma-treated silicon, was used. All three of these molecules

interact through hydrogen bonds. The positive spectrum acquired on the above

system is plotted in Fig. 3.5. The intensities of the peaks of interest (see Fig. 3.5)
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Figure 3.5: Positive polarity spectrum acquired on a �lm consisting of
glycine (Gly), 2,5-piperazinedione (2,5-P.) and asparagine (Asp).

[Gly+H]+ [[2,5-P.]+H]+ [Asp+H]+ [2Gly+H]+ [2[2,5-P.]+H]+ [2Asp+H]+ [Gly+[2,5-P.]+H]+ [Gly+Asp+H]+ [[2,5-P.]+Asp+H]+

40249 907161 109295 3730 336212 2343 1180 603 1761

Table 3.1: Total counts for monomer and dimer peaks in a thin �lm
consisting of glycine (Gly), 2,5-piperazinedione (2,5-P.) and asparagine
(Asp). The counts were integrated over the full peak width. Note, the
[Gly+Asp+H]+ peak is below the noise �oor as de�ned by the height inten-
sity of the surrounding 1 u periodic peaks. In Fig. 3.6 the [Gly+Asp+H]+ dimer
formation probability is considered as zero for the bar plot computation and the
integrated count rate (here red) of the peak occurring at the [Gly+Asp+H]+

position is accounted for within the error bars in Fig. 3.6.

are shown in Table 3.1. For each of the three molecules in the drop-deposited �lm

consisting of glycine (Gly), asparagine (Asp) and 2,5-piperazinedione (2,5-P.) in

the molar ratio 1:1:1, the interaction partner distribution (expressed in percent) is

shown in Table 3.2 and calculated for di�erent normalization assumptions which

are described in the table caption. The data shown in Table 3.2 is plotted in Fig 3.6.

The bar height indicates the interaction partner distributions as calculated by

means of Equation 3.7. The error bars indicate the range of values obtained based

on the di�erent assumptions made as shown in Table 3.2. Based on the normalized

[Mi+Mj+H]+ supramolecular dimer intensities, the qualitative conclusion is that

each of the three molecules has a strong preference to associate with its own kind.

This conclusion is independent of the speci�c normalization assumptions.
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A Gly 2,5-P. Asp B Gly 2,5-P. Asp C Gly 2,5-P. Asp

Gly 67.66 % 21.40 % 10.94 % Gly 89.78 % 2.41 % 7.81 % Gly 89.78 % 2.41 % 7.81 %

2,5-P. 0.35 % 99.13 % 0.52 % 2,5-P. 0.66 % 98.42 % 0.92 % 2,5-P. 0.38 % 98.70 % 0.92 %

Asp 12.81 % 37.42 % 49.77 % Asp 24.46 % 10.51 % 65.03 % Asp 12.57 % 9.46 % 77.97 %

F Gly 2,5-P. Asp E Gly 2,5-P. Asp D Gly 2,5-P. Asp

Gly 75.97 % 24.03 % 0 % Gly 97.38 % 2.62 % 0 % Gly 97.38 % 2.62 % 0 %

2,5-P. 0.35 % 99.13 % 0.52 % 2,5-P. 0.66 % 98.42 % 0.92 % 2,5-P. 0.37 % 98.70 % 0.92 %

Asp 0 % 42.92 % 57.08 % Asp 0 % 13.92 % 86.01 % Asp 0 % 10.82 % 89.18 %

Table 3.2: Interaction partner distributions for glycine (Gly), 2,5-
piperazinedione (2,5-P.) and asparagine (Asp). (A,D) Interaction
partner distributions as computed purely from the [Mi+Mj+H]

+ peak in-
tensities by Xi

ij := 100·[Mi+Mj+H]
+/

∑
n([Mi+Mn+H]

+), where Xi
ij is

the estimated percentage of supramolecular dimers containing molecule
Mi that also contain molecule Mj . (B,E) Interaction partner dis-
tributions as computed taking molecular ionization probabilities into ac-
count (Equation 3.6): Xi

ij := 100·([Mi+Mj+H]
+/([Mi+H]

++[Mj+H]
+))/

(
∑

n([Mi+Mn+H]
+)/([Mi+H]

++[Mn+H]
+)). Note, this normalization implic-

itly assumes that the ionization potential of a supramolecular dimer is a function
of the ionization potentials of its components, however, the hydrogen bonds
present in the dimer in�uence the ability of the dimer to accept a proton. (C,F)
Interaction partner distributions as computed taking molecular ionization prob-
abilities into account and making a tentative assumption on the mass depen-
dence of the extraction probabilities. (This calculation is conducted with the
sole aim to estimate the dependence of results on assumptions made.) The
mass-dependence of the extraction probability (pext) is approximated here from
the [2M+H]+/[M+H]+ count ratio trend of the proteinogenic amino acids, as
plotted in Fig. 3.2A. For dimers consisting of two di�erent molecules, the as-
sumption is made here that it is the mass of the smaller molecule that de�nes
the force acting on the non-covalent bond in supramolecular vibrational modes.
Based on the mass dependence of the [2M+H]+/[M+H]+ peak ratios in the
amino acids, the following extraction probabilities are set: for dimers where
glycine is the smallest molecule, pext=0.35; for dimers where 2,5-piperazinedione
is the smallest molecule pext=0.2; for dimers where asparagine is the smallest
molecule pext=0.15. Xi

ij := 100·([Mi+Mj+H]
+/([Mi+H]

++[Mj+H]
+)*pextij )/

(
∑

n([Mi+Mn+H]
+)/(([Mi+H]

++[Mn+H]
+)*pextin )) (D-F) Fractional dimer

compositions as computed after setting the [Gly+Asp+H]+ peak intensity to
zero.
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Figure 3.6: Molecular interactions in a thin �lm containing glycine, 2,5-
piperazinedione and asparagine. Relative probabilities to form a non-covalent
pair with a speci�c pairing partner for each of the molecules in a drop-deposited
�lm consisting of glycine (Gly), asparagine (Asp) and 2,5-piperazinedione (2,5-P.)
in the molar ratio 1:1:1. The values plotted are computed through normaliza-
tion of the [Mi+Mj+H]

+ counts to the ionization potential of its constituting
molecules as obtained from the [Mi,j ]

+ counts. The error bars indicate the range
of values obtained based on the di�erent assumptions made as shown in Table
3.2. The transmission and detection probabilities are assumed equal for all pair-
ings as each interacts with the other through hydrogen bonding and the molecules
are of similar masses on the scale at which a loss of detection probability would
be expected95.
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3.6 Summary

The [nM+H]+ peaks assigned to supramolecular assemblies which are observed in

all proteinogenic amino acids, a number of monosaccharides, and selected molecules

not interacting though hydrogen bonding, are an indication that the extraction of

supramolecular secondary ions is not an exception but a common phenomenon.

Supramolecular assemblies and strongly fragmented species are observed within the

same spectra. A possible explanation for this coexistence is that the supramolecu-

lar secondary ions detected desorb further away from the primary ion impact loca-

tion than the routinely studied fragment secondary ions. In contrast to early stud-

ies conducted using heavy mono-atomic primary ions88, it is observed here that the

peak intensities attributed to potential chemical reaction products among the sec-

ondary ions remain several orders of magnitude below those of intact supramolec-

ular clusters extracted as such from the bulk.

The observation, that supramolecular assemblies and networks are commonly

preserved throughout the processes of desorption and ionization, paves the way

to use SIMS as a tool in the study of molecular interactions and short-range

supramolecular ordering in non-crystalline organic matter. Mass spectrometry is

already successfully used in the identi�cation of the structure of complex branched

organic macromolecules96, and analogue procedures for the analysis of supramolec-

ular structuring in organic matter could be used. Similarly, in the screening for,

and quanti�cation of, non-covalent interactions in organic and biological solid and

soft matter, procedures that have been developed for ESI82,84 could be adapted.

Materials and Methods

Silicon substrate preparation. 1x1 cm2 silicon wafers were cleaned in three

steps in an ultrasound bath over a duration of 2x15 min in Acetone and 1x15min

in ethanol and subsequently exposed to oxygen plasma over a duration of 10min.

Sample preparation. Sample molecules were purchased in high purity from

Sigma Aldrich, Dextran (T5, 5'200 u, polydispersity 1.8) from Pharma-cosmos

A/S, Denmark. The molecules were separately dissolved in pure H2O (Sigma-
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34877) at a concentration of 3µg/ml and agitated using a vortex mixer to prepare

pure stock solutions. Out of these stock solutions, sample solutions were prepared

by pipetting to achieve the mass ratios indicated in the manuscript and again

agitated using a vortex mixer. 50µl of each sample was drop-deposited on a sep-

arate plasma-treated silicon wafer of 1x1 cm2. It was assured that the deposited

droplet spread over the entire available Si wafer surface, which had been rendered

hydrophilic by the plasma treatment minutes prior to drop deposition. The sam-

ples were left to dry in a laminar �ow chamber and analyzed the same day by

ToF-SIMS.

ToF-SIMS data acquisition. Secondary ion mass spectrometry measurements

were conducted on a ToF-SIMS.5 from IONTOF GmbH, Germany. The instrument

was operated in spectroscopy mode and Bi+3 primary ions were used to analyze an

area of 100x100µm2. The extractor voltage used was 3000V, providing increased

sensitivity in the high mass range.

Quantum chemistry simulations. All quantum chemistry calculations were

performed using the GAMESS-US package97 using the 6-311(2d,p) basis sets for

all elements. The geometries were fully optimized up to a force threshold of 10-

4 a.u. and the binding energy computed including the basis set superposition error

correction using the procedure by Boys and Bernardi98. All calculations were con-

ducted with several exchange-correlation functionals of the meta-GGA family (90

and references therein), �nding minimal di�erences in the binding energies. The

reported binding energies and con�gurations were obtained with the M11 func-

tional, a range-separated hybrid functional with 42.8% Hartree-Fock exchange in

the short-range and 100% in the long-range. The �gures including the molecular

electrostatic potential coloring of the density isosurface (Fig. 1C) are realized with

the software UCSF Chimera99 interfaced with the package MacMolPlt100.

3.7 Suggested improvements for supramolecular

secondary ion mass spectrometry

Currently available secondary ion mass spectrometers are not optimized for the

analysis of supramolecular secondary ions. In the following, adaptations of the
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ionization process and of the detector technology are discussed which would im-

prove the performance of a hypothetical instrument dedicated to the analysis of

secondary ions and/or secondary neutrals.

Detectors: In standard commercial ToF-SIMS analyzers, microchannel plate

detectors101 are employed. The detection sensitivity of microchannel plates de-

creases strongly with increasing mass of the impacting molecule102,95. In the anal-

ysis of supramolecular structures by means of ToF-SIMS, the signal-to-noise ratio

of high-mass peaks is observed to currently be one of the liming factors, besides

the stability of supramolecular secondary ions. This limiting factor can be over-

come by learning from the mass spectrometric techniques MALDI and ESI, which

more routinely are used for the analysis of ions in the range between 1000 u and

1'000'000 u103,104. Dedicated cryo-detectors developed for this application105,106

are more expensive in operation than microchannel plates due to typical opera-

tion temperatures below 4K103, but show a mass-independent detection e�ciency

close to 100%107,108. The use of cryogenic detectors successfully allows ions in

the mass range of 1'000'000 u to be studied103,104. Also the accurate detection of

supramolecular ions is demonstrated for cryogenic detectors104.

Primary ion sources: In the present work, Bi+3 primary ions are used. The ex-

traction of supramolecular clusters consisting of small bio-molecules such as amino

acids and monosaccharides is demonstrated. Compared to Bi+3 , argon cluster pri-

mary ions are known to allow the extraction of larger unfragmented molecules. Us-

ing argon cluster primary ions, the extraction of intact bio-molecules up to a mass

of 25'000 u has been demonstrated109. Correspondingly, it can be expected, that

argon gas cluster primary ions would also allow the study of larger supramolecular

clusters, as well as supramolecular clusters consisting of larger molecules. (Side-

note, the lateral resolution currently obtainable for argon cluster ion beams is

around 10 µm110, thus ca. 2 orders of magnitude lower than the resolution for

bismuth guns.)

Post-ionization: Among the molecules, molecular fragments, and clusters

ejected following a primary ion impact, less than 1% possess charge and are sec-
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ondary ions. Laser post-ionization allows the signal yield to be increased through

targeting the ejected species that do not possess charge (see SNMS21). First tri-

als combining argon cluster primary ion guns and laser post-ionization have been

conducted on organic molecules of ca. 500 u mass and show an intensity increase

for the unfragmented molecule of a factor of 10 compared to laser-post-ionization

of molecules sputtered with Bi+3 .
21 For supramolecular clusters desorbed from the

surface, selective frequency tuning during laser post-ionization further holds the

promise to yield spectra that reveal all clusters that contain a speci�c molecule

of interest. Such selective laser post-ionization of supramolecular clusters can be

expected to allow to fully quantitatively determine the statistical surroundings

of any given molecule in a chemically complex system by removing the uncer-

tainty resulting from cluster composition-dependent ionization probabilities from

the equation.
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4 Summary and Outlook

Secondary ion mass spectrometry is an analytical technique commonly used to

qualitatively map spacial molecular concentration distributions with sub-micrometer

resolution. In this thesis, it is shown that SIMS can also resolve the time-dependence

of molecular concentration distributions across operating thin �lm electronic de-

vices and from this assess the evolution of chemical equilibria. The time-dependence

of molecular concentration distributions and local chemical equilibria across oper-

ating thin �lm electronic devices is studied in light-emitting electrochemical cells

which are used as model system. LECs are operated in-situ, in the ToF-SIMS in-

strument, and are cooled down after well-de�ned operation times to freeze dynamic

processes at the time-points of interest. Series of measurements on di�erent elec-

trodes of the same device are conducted to capture the internal device chemistry

at di�erent time points after voltage application. Sequences of discrete measure-

ments conducted at di�erent time points after voltage is applied to the LEC can

be used to determine the time-dependence of the continuous processes that occur

within the device. In particular, the voltage-induced reorganization of the den-

sity distribution of molecular ions that are dissolved in the organic layer of the

LEC device is resolved. It is observed that this voltage-induced reorganization of

the ionic density distribution locally shifts the chemical equilibria governing the

number of free molecular ions, thus molecular ions whose charge is not directly

compensated, such that the total number of free ions increases. Further, sequences

of measurements conducted at di�erent time points after voltage application re-

solve the formation of the electric double layer at the electrode interface when the

devices are capped with a silver electrode, and show that aluminium electrodes

progressively corrode in the same setting.

A further major achievement is the demonstration that intact supramolecular
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assemblies of weakly bound molecules can be detected by SIMS. The conditions

under which supramolecular secondary ions can be detected are studied on drop

deposited �lms consisting of organic molecules, which are selected based on their

ability to interact with each other via weak forces such as hydrogen bonds or

pi-interactions. ToF-SIMS mass spectra acquired on �lms consisting of a single

molecular species are observed to, in the majority of cases studied, contain series

of peaks at masses corresponding to charged supramolecular assemblies of the type

[nM±H]±, where n is an integer larger than 1, M the molecular mass of the molecule

deposited and H the mass of hydrogen. Peaks attributed to such supramolecular

secondary ions are observed to vanish from the mass spectrum with increasing ion

impact damage. From this observation it must be concluded that the detected

supramolecular assemblies were not formed by the primary ion impact but must

have existed on the surface of the sample.

In a �rst series of experiments, drop deposited �lms, each containing a single

molecular species, were fabricated for all 21 proteinogenic amino acids and for a set

of 19 monosaccharides. Amino acids and monosaccharides are known to interact

through hydrogen bonding. The mass spectra of all proteinogenic amino acids and

all monosaccharides studied showed peaks corresponding to supramolecular sec-

ondary ions. The relative intensities of the [nM±H]± peaks within a spectrum are

observed to vary for di�erent molecules. Among the most remarkable observations

made, is that within the series of [nM±H]± peaks in the spectrum of a molecule,

speci�c [nM±H]± peaks can have a higher intensity than nearby supramolecular

peaks of lower mass. The pattern of [nM±H]± peaks within a spectrum can allow

conclusions on the molecular arrangement on the surface of the sample. The ex-

ample discussed in detail in this thesis is that of the amino acid proline, which is

inferred to form closed assemblies of 12 molecules upon drying. This is in contrast

to previous XRD work that �nds proline to assemble in crystallites. From this we

conclude that both types of supramolecular assemblies can co-exist in solid proline.

In a second series of experiments, �lms that each consisted of a set of either 2,

3, or 4 di�erent, selected, molecules were used as model systems. In mass spectra

acquired on these �lms, supramolecular clusters consisting of molecules of di�erent
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types are observed. The probability of two di�erent molecules to be found in the

same supramolecular cluster is related to the probability of these two molecules

being direct neighbors on the surface probed. It is demonstrated that conclusions

on the statistics of molecular surroundings can be made from an analysis of the

peaks corresponding to supramolecular dimers of di�erent molecular pairings.

In a dynamic system, such as a biological cell, the analysis of supramolecu-

lar dimers contained in a spectrum would translate into the resolution of relative

molecular interaction probabilities. Note however, that for the study of molecu-

lar interaction probabilities in complex biological systems by means of ToF-SIMS,

several di�culties need to be overcome. Firstly, in order to preserve the molecu-

lar arrangements, the biological sample needs to be vitri�ed and sectioned in its

vitri�ed state. The cross-sections need to be subsequently transferred into the

instrument and analysed while maintaining a temperature that is su�ciently low

as to not allow for ice crystal formation within the cross-section. In the trans-

fer process, deposition of atmospheric water on the cold surface of the vitri�ed

cross-sections has to be prevented because ToF-SIMS as an analytical technique is

only sensitive to the very few molecular surface layers. Secondly, the identi�cation

of supramolecular peaks in spectra acquired on complex biological systems has

yet to be demonstrated in a proof of concept study. To approach this goal, the

extraction of supramolecular assemblies from well de�ned, drop-cast, amorphous

systems containing multiple di�erent molecules is demonstrated within this thesis.
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Supplementary information

SI1. ToF-SIMS reference spectra databases for

biological building blocks

Existing reference spectra of organic molecules are scarce. To �ll the major gaps,

complete databases of reference spectra for the 21 proteinogenic amino acids and

glycine [1,2] as well as for 19 common monosaccharides [3, 4] were conducted.

[1] M. Kawecki* and L. Bernard, Database of proteinogenic amino acid refer-

ence spectra for Bismuth-cluster ToF-SIMS. I. Negative polarity. Surf.Sci.Spectra

25(1), 015001 (2018)

[2] M. Kawecki* and L. Bernard, Database of proteinogenic amino acid refer-

ence spectra for Bismuth-cluster ToF-SIMS. II. Positive polarity. Surf.Sci.Spectra

25(1), 015002 (2018)

[3] L Bernard, R Crockett and M Kawecki*, Monosaccharides: a ToF-SIMS refer-

ence spectra database - Part 1/2: negative polarity, Surf.Sci.Spectra 26(2), in print

[4] L Bernard, R Crockett and M Kawecki*, Monosaccharides: a ToF-SIMS refer-

ence spectra database - Part 2/2: negative polarity., Surf.Sci.Spectra 26(2), in print

A satisfactory study containing reference peeks for lipids can already be found in

literature111.
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SI2. Protocol for Si-wafer preparation for

reference spectra

The protocol below aims at maximally reducing residual contaminations visible in

the spectra while allowing for high throughput in a laboratory environment. It is

developed for the preparation of freshly cut 1x1 cm2 silicon wafers to be used in

standardized reference spectra.

1) 15min ulstrasound bath treatment in acetone

aim: remove any major contaminations

2) 15 min ulstrasound bath treatment in ethanol

aim: remove residual contaminations with insu�cient solubility in acetone

3) 15min ulstrasound bath treatment in freshly de-ionized water (Resistivity >

18.2 MΩ cm)

aim: remove sodium and potassium residues

4) 10min O2-Plasma treatment

aim: render the surface of the Si-wafer hydrophilic for homogeneous drop distri-

bution

For the drop deposition: 50 µL are su�cient to cover the full wafer surface when

1x1 cm2 wafers are used. In most cases a concentration of 0.03<mol L−1 in the

drop cast solution is su�cient to obtain a homogeneous surface coverage after

drying. Note: Control the surface coverage of drop-deposited samples under the

microscope. Further, the crystallization pattern can strongly in�uence the surface

roughness and thus the spectral resolution.

Comment: Plasma treatment. Subjecting the Si-Wafer to O2 Plasma renders

the wafer surface hydrophilic, thus allowing the cast droplet to spread over the

entire wafer surface and avoids contraction towards the center when drying. This

results in a homogeneous �lm covering the entire wafer surface after drying, as
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opposed to a 3-dimensional crystal structure in the center of the wafer which is

often observed when the droplet contracts while drying.

Comment: Recycling of Si wafers. There is absolutely no problem in recycling

Si wafers. Do it. The production of highly pure silicon wafers is an energy-intensive

process. Properly cleaned Si-wafers do not show higher impurities than new ones.

In order to reuse a Si wafer that had a previously drop deposited �lm on it, wash it

twice in an ultrasound bath for 15 minutes in the liquid used for the drop deposition

of the last �lm. Subsequently change the glass beaker and proceed with the regular

wafer cleaning protocol (see above).

SI3. The in�uence of di�erences in de-ionized

H2O purity on the quality of reference spectra

Sodium (Na) and potassium (K) are observed to leach from glass. Thus, even

highly pure H2O purchased e.g. from Sigma Aldrich can show strong Na and K

contaminations depending on how long the water was stored in the glass bottle.

These contaminations can considerably a�ect the reference spectra (compare Fig-

ures 4.1 and 4.2). Always use freshly puri�ed water. For puri�cation use dedicated

equipment (e.g. Milli-Q or Arium Pro). The resistivity should be optimally > 18.2

MΩ cm.

SI4. Procedures for preparation of biological

samples for ToF-SIMS blockface imaging

When establishing embedding protocols for ToF-SIMS sample preparation, it is

advisable to learn from analogue protocols established for electron microscopy

(EM). However, in the long term, an adaptation of these protocols will be needed

to suit the speci�c needs of mass spectrometry. Fixation and embedding tech-

niques in EM are designed to preserve the local ultrastructures. The established

protocols for the room temperature study of biological specimen by means of EM
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Figure 4.1: Positive polarity ToF-SIMS spectrum of drop-cast D-(-)-Ribose
(Sigma Aldrich R7500-5G, Purity: >99%) as obtained from a 0.1M solution
using deionized water purchased through Sigma Aldrich. The sodium peak has
been truncated to visualize the rest of the spectrum. Nearly all larger peaks
visible are sodium and potassium cationization products.
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Figure 4.2: Positive polarity ToF-SIMS spectrum of drop-cast D-(-)-Ribose
(Sigma Aldrich R7500-5G, Purity: >99%) as obtained from a 0.1M solution
using freshly deionized water (deionized using Arium Pro UV-B, Resistivity >
18.2MΩ cm).
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rely on chemical crosslinking. For mass spectrometry this is problematic, because

crosslinking signi�cantly alters the local chemistry. Nevertheless, whenever ele-

mental analysis is su�cient, or when isotope labeling is an option, preparation

methods relying on crosslinking can also be used in SIMS. Preparation methods

from �uorescence microscopy require partial preservation of the local chemistry,

thus may be better suited for SIMS. Cryo�xation and the study of vitri�ed sam-

ples at cryo-temperatures would avoid changes in the local chemistry, however

intensive work would be required to allow systematic measurements on vitri�ed

samples using SIMS, as exposure to ambient air has to be avoided throughout the

entire sample handling process to avoid ice crystal formation on the surface of the

cross section. SIMS is sensitive to the top few molecular layers, thus ice crystal

formation is a major obstacle.

While a large variation of preparation protocols can be found in literature, it is

observed that the timing and details in their execution are often as important as

the individual protocol steps. This is however often omitted in the available lit-

erature due to being considered common knowledge. Future students are advised

to not shy away from consulting external specialists if preparation outcomes are

dissatisfactory despite carefully following the single protocol steps. The most im-

portant instances where the execution of a particular protocol step may be decisive

for the success of the outcome are highlighted in the report below as in-text notes

or numbered comments. Note, preparation steps might be sample-dependent.

Chemical �xation of tissue and unicelluar organisms using aldehydes:

Chemical �xation allows cells and tissue to be preserved throughout the embed-

ding procedures necessary for later sectioning. Most commonly, the aldehydes

formaldehyde or glutaraldehyde are used for chemical �xation. Aldehydes crosslink

the proteins. It is recommended that tissues not exceed 1mm thickness in at least

one of the dimensions to assure full penetration of the �xing agent. In general, the

�xation time strongly depends on temperature, sample dimensions and penetra-

tion rates in the sample112. In the case of microalgae, which were the main study

subject in this project and which shall serve as example throughout the present
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report, the �xation was conducted by suspending the cells for 1h15 in MOPS bu�er

containing 2.5% glutaraldehyde. After chemical �xation, the sample can be dehy-

drated and embedded in a resin while preserving its ultrastructure.

Protocol for preparing chemically �xated cell suspensions prior to de-

hydration and embedding:

Embedding cells or tissue in a resin allows their sectioning at room temperature

and so embedded sample material can be conserved for several years. Depending

on the sample nature, speci�c preparation is required prior to embedding in resin.

In particular for cell suspensions, the cells �rst need to be grouped together. Two

approaches to locally concentrate the cells are described: clustering and holding

in place of the cells in an agar matrix (a), or trapping of the cells in a capillary

tube (b).

a) Embedding the cells in agar

a.1) Prepare an agar solution. Stock solutions can be stored in gel-form in a fridge.

If the stock solution is used, slowly heat up the stock solution in a microwave by

placing the Falcon tube with the agar gel in a water glass in order to avoid over-

heating.

a.2) Transfer the Falcon tube with the agar in a water bath that is maintained

at a controlled temperature between 50 and 60◦C. Note, the agar must remain

liquid. Put the Eppendorf tubes containing centrifuged down cell pellets in a rack

in the water bath such, that the Eppendorf tubes are nearly entirely submerged

but without water entering.

a.3) Remove supernatant above the pellets with a pipette.

a.4) Add agar while mixing quickly with the pipette and while keeping as far as

possible in the water-bath. After mixing, leave the Eppendorf tube for ca 1-2

min in the water-bath to assure penetration of the agar. Note, the solution must
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remain liquid at all times until this point.

a.5) Very quickly transfer the Eppendorf tube out of the water bath and to a cen-

trifuge to form a pellet in the agar. The centrifuging must take place while the

agar is still fully liquid.

a.6) Put the Eppendorf tube after centrifuging in ice for several minutes until the

agar is fully geli�ed.

a.7) Take out the Eppendorf tube. With a razor blade cut of the tip of the Ep-

pendorf tube such that the entire pellet is now in the cut of tip.

a.8) With a tiny spatula remove the pellet in one piece from the Eppendorf tip.

a.9) Divide the pellet into small cubes (< 1 mm3) using a razor blade

a.10) Put the sample cubes in bu�er or continue directly with dehydration

b) Embedding cells in capillary tubes

For this approach, capillary tubes intended for medical use in kidney dialysis can

be used.

b.1) Centrifuge down the cells in an Eppendorf tube to form a pellet. Remove 4/5

of the liquid and re-suspend the cells to create a more concentrated solution.

b.2) Dip the tip of a ca. 3 cm long capillary tube into the cell suspension. (Tube

should/can be dry for this) Note, in the case of microalgae, the tube visibly be-

comes green as the cells are sucked in and this is visible by naked eye.

( b.3) Directly put the tube in hexadicine in a glass petri dish if cryo�xation is

intended. )
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b.4) Cut the tube in small segments. Using a blunt scalpel - this way the segment

ends are sealed. Verify under the microscope that the ends are sealed (You can

also see the cells inside the capillary tube with a light microscope)

b.5) Proceed with dehydration.

Protocol for dehydration and embedding of chemically �xated sample

material:

Fixated tissue can be directly prepared in small fragments (< 1 mm3) in order

to proceed with dehydration and embedding. The process requires repeated sam-

ple transfer between solutions consisting of, in a �rst step bu�er/solvent with

increasing fraction of solvent to bu�er (dehydration process), and in a second step

solvent/Resin with increasing fraction of Resin to solvent (embedding process).

IMPORTANT: Never in any of the transfer processes may the sample have the

possibility to dry, which would irreversibly destroy the sample - working fast and

carefully is crucial!

Dehydration:

1) 20min 30% Acetone, 70% MOPS bu�er

2) 20min 50% Acetone, 50% MOPS bu�er

3) 20min 75% Acetone, 25% MOPS bu�er

5) 20min 95% Acetone, 5% MOPS bu�er

6) 10min 100% Dehydrated acetone

7) 10min 100% Dehydrated acetone

8) 1 h 100% Dehydrated acetone
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Embedding:

8) 5 h at 4◦C in 33% Epon prepared with only 50% of accelerator (DMP30) in the

mixture and 66% dehydrated acetone.

9) 15 h at 4◦C in 66% Epon prepared with only 50% of accelerator (DMP30) in

the mixture and 33% dehydrated acetone.

10) 5 h at 4◦C in 90% Epon prepared with only 50% of accelerator (DMP30) in

the mixture and 10% dehydrated acetone.

11) 1 h at 4◦C in 100% Epon prepared with 90% of accelerator (DMP30) in the

mixture

12) Fill designated silicon forms with the Epon and position one sample per form

as much as possible at the tip. Note, the Epon is highly viscous, be vary careful

to not include any air bubbles!

13) Transfer the forms into the oven and let harden at 60◦C over 24 hours.

Protocol for cryo-�xation of unicellular organisms by high pressure

freezing:

The protocol is exempli�ed on the preparation of suspended cell media.

1) Centrifuge cells in Eppendorf tubes to form a cell pellet at the bottom of the

tube (1800 rpm, 10min)

2) Remove supernatant with a pipette.

3) Transfer cell pellet using spatula to the 100µm cavity of a 3mm gold coated

copper specimen carrier.
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4) close the carrier with a �at 3mm gold coated copper specimen carrier wetted

with 1-hexadecene.

5) Transfer carrier into the ICE HPF. Remaining procedure automatized. The

cryo-�xated samples are dropped into liquid nitrogen from where they can either

be studied as such or further processed by freeze-substitution.

Protocol for freeze-substitution and embedding of cryo-�xated sample

material:

If a cryo-�xated specimen cannot be studied at cryo-temperatures, freeze-substitution

and subsequent embedding can be employed. Freeze-substitution and embedding

of cryo-�xated sample material require, much like high-pressure freezing itself, spe-

cialized equipment (e.g. the Leica EM AFS2 automatic freeze substitution

system). The general idea of freeze substitution is to gradually dehydrate the

sample by replacing water molecules in the frozen sample by solvent molecules.

This is achieved by submerging the frozen sample in pure solvent at very low tem-

perature and gradually ramping up the solvent temperature over a duration of 1-7

days until ambient temperature is reached. The replacement of water molecules is

the �rst step in a two-step process, the second being a subsequent gradual replace-

ment of the solvent by a resin allowing the sample to be solidi�ed. Cryo-�xation

-> Freeze substitution -> Resin embedding has a two advantages over Chemical

�xation -> Resin embedding:

a) The ultrastructure is better preserved and less deformation occurs in the cells.

b) Freeze-substitution allows aldehyde �xation to be bypassed.

Later, in the resin embedding following freeze-substitution crosslinking with molecules

of sample origin can be minimized if acrylic resin is used which mainly crosslinks

with itself.
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The freeze substitution steps may need to be adapted depending on sample ma-

terial and size113. The protocol used to embed the microalgal samples is the

following:

1) Immerse the samples (still in their Al-plates from high-pressure freezing) into

anhydrous acetone containing 1% osmium tetroxide cooled to -90◦C and contained

in separate Eppendorf tubes in the cooled apparatus for freeze-substitution. (Note,

the osmium tetroxide crosslinks membrane lipids, providing a good contrast not

only for EM, but also for ToF-SIMS measurements where the osmium peak can

be used as aid in �nding cell contours)

2) 8h at -90◦C

3) 1h linear ramping from -90◦C to -60◦C

4) 6h at -60◦C

5) 1h linear ramping from - 60◦C to -30◦C

6) 4h at -30◦C

7) 1h linear ramping from -30◦ to 0◦C

8) 4h at 0◦C

9) Open Eppendorf tubes for pressure equilibration. !NOTE! : When doing this,

safety glasses are needed as during the temperature increase process the pressure

build-up through evaporation can be su�cient to allow for eye contamination with

osmium tetroxide-containing droplets upon tube opening. Also, open tube towards

the direction away from yourself.

10) Transfer Eppendorf tubes into a rack and leave for 1h at room temperature.
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11) (If osmium was used) Wash the samples x2 in Eppendorf tubes with pure an-

hydrous acetone.

12) Remove Al plates

13) Proceed with embedding in resin by gradually increasing the resin content in

the solvent (see previous sections).

Comment 1: Transfer of vitri�ed samples into the ToF-SIMS instru-

ment. Chemical �xation and resin embedding leads to signi�cant changes in the

local chemistry which, while irrelevant for EM, is detrimental in ToF-SIMS. As

ToF-SIMS instruments can be equipped with a cold �nger allowing a sample tem-

perature of 100-150K to be maintained within the instrument, it is conceivable to

fully avoid chemical �xation and embedding by directly studying untreated, high

pressure frozen samples. For this, however, solutions have to be found �rst to

avoid rapid ice crystal formation on the sample surface during transfer, as ToF-

SIMS measures the top few molecular layers and a layer of atmospheric H2O will

render measurements impossible. There are two considerations that could provide

a �rst step towards tackling the problem:

a) line-of-sight shielding by a previously liquid nitrogen cooled metallic shield trap-

ping incoming water molecules is known to e�ciently prevent ice crystal formation

on the sample surface. Note, the shield potentially does not need to be hermetic

and the trajectories of most water molecules can be approximated as straight lines

through space at the relevant length scales. Line-of-sight shielding of the sample

surface is observed to be su�cient for the purposes of SEM, thus it might be suf-

�cient for ToF-SIMS as well.

b) The transfer can be made in a N2-�ushed 'glove box', made from plastic foil.

Such a construction is already available in the Empa ToF-SIMS lab, but has not

been tested yet by the author of this report.

An attempt can be made to sublimate the ice by keeping the sample at cryo-
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temperature and UHV inside the instrument for a su�cient amount of time. This

praxis is employed in cryo-EM114.

Comment 2: Embedding and crosslinking. Alternatively to measuring vitri-

�ed samples maintained at cryo-temperature, dedicated embedding techniques ex-

ist to minimize crosslinking. In particular dedicated sample preparation protocols

for the overlay of both EM and �uorescence microscopy images cannot a�ord pro-

nounced cross-linking115,116. These dedicated protocols often make use of acrylic

resins (e.g. HM20117) which crosslink mainly with itself, which may prove highly

useful for su�cient preservation of the local chemistry for the ToF-SIMS study of

resin-embedded specimens.

Comment 3: Charging behavior of the embedding medium. For the po-

tential future 3D-imaging of resin-embedded specimen by in-situ microtomy, a

major challenge will be that the sample surface must be comparatively small and

with strongly dropping edges to allow sectioning, while the sample material itself

is highly nonconductive. These sample properties can be expected to lead to pro-

nounced secondary ion signal loss due to charging e�ects.

Charging e�ects are also problematic in EM blockface imaging and the solutions

developed there might be adopted. Among the approaches to render the resin

more conductive is the inclusion of carbon black118 or carbon nano-�bres119 in the

resins used.

In EM blockface imaging, Durcopan is sometimes used as resin instead of Epon,

as less charging is observed120. These protocols were not tested for ToF-SIMS,

but may provide an alternative for tackling charging-induced secondary ion signal

loss.
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