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ABSTRACT: The prototype of a highly versatile and efficient preparative mass spectrometry system used for the deposition of
molecules in ultra-high vacuum (UHV) is presented, along with encouraging performance data obtained on four model species which
are thermolabile or not sublimable. The test panel comprises two small organic compounds, a protein, and a large DNA species
covering a 4-log mass range up to 1.7 MDa as part of a broad spectrum of analyte species evaluated to date. Three designs of inno-
vative ion guides, a novel digital mass-selective quadrupole (dQMS) and a standard electrospray ionization (ESI) source are combined
to an integrated device, abbreviated Electrospray Controlled lon Beam Deposition (ES-CIBD). Full control is achieved by i) the
square-wave-driven radiofrequency (RF) ion guides with steadily tunable frequencies, including a dQMS allowing for investigation,
purification and deposition of a virtually unlimited m/z range, ii) the adjustable landing energy of ions down to ~2 eV/z enabling
integrity-preserving soft-landing, iii) the deposition in UHV with high ion beam intensity (up to 3 nA) limiting contaminations and
deposition time, and iv) direct coverage control via the deposited charge. The maximum resolution of R = 650 and overall efficiency
up to Torar = 4.4% calculated from solution to UHV deposition are remarkable as well, while the latter is mainly limited by the not
yet optimized ionization performance. In the setup presented, a scanning tunneling microscope (STM) is attached for in situ UHV
investigation of the deponents demonstrating a selective, structure-preserving process and atomically clean layers.

Preparative Mass Spectrometry with Soft-Landing and STM Imaging Workflow
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lon beams with hyper-thermal kinetic energies belong to the
most versatile tools in chemistry, life science, nanotechnology,
and surface science. In the analytical field, they are the basis of
commercial mass spectrometers. The ions typically originate
from an Electrospray lonization (ESI) source, a cluster source,
Matrix-Assisted Laser Desorption lonization (MALDI)?, or
from molecules gathered from a surface under ambient condi-
tions by Desorption ESI (DESI)®*# or Direct Analysis in Real
Time (DART)?2® — even directly from the tissue of living organ-
isms. The ions are guided through differentially pumped vac-
uum stages and analytical devices, finally they are detected
while discarded irreversibly. Complementary to these analyti-
cal applications, high flux ion beams serve preparative purposes
on a deposition target. Beam-energies below 10 eV/z are em-
ployed for soft-landing, i.e., gentle coating of sample-targets
thereby functionalizing these®®. Above 10 eV/z reactive land-
ing of molecules or clusters prevail, whereas energies substan-
tially above 100 eV/z lead to implantation of atoms or are used
for lithographic purposest®*2,

Deponents and Integrity: Starting 1977, Cooks pioneered
soft-landing and reactive-landing of mass-selected small ions
using a home-built machine that runs at deposition energies as
low as 10 eV/z and beam currents up to 10 nA under Ultra-High
Vacuum (UHV), generated in an electron impact source®®?°,
Hereafter, soft-landing has been defined as the deposition of in-
tact species of proper integrity®. In 1999, soft-landed DNA was
recovered from a membrane, and its functionality was proven
by subsequent analysis via PCRY".

Cooks trailblazing experiments in 1977 opened up new path-
ways towards preparative approaches, though most organic
molecules may not be ionized by electron impact. However,
ESI sources offering soft-ionization, suffer from low beam in-
tensities and overall efficiencies. Thus, several scientific groups
stepwise improved their home-built deposition systems aiming
purification and selection of organic substances and the manu-
facturing and commercialization of functionalized materials.

Soft and reactive landing under controlled variable kinetic
energies - reviewed by Cooks!®- became the focus of Las-
Kin's"1%-26 and other groups?”?. The technology was applied for
the investigation of molecular magnets?, organometallic com-
plexes?#30-32 and the redox-activity on surfaces®. The possibil-
ity to generate chemical gradients on PMMA films* was

demonstrated and self-assembled monolayers (SAMs) were ex-
amined by Cooks and coworkers!®16:35:36,

Strong scientific interest in clusters®”~® such as the catalytical
activity of nanoclusters prepared by ion-beams?-47, and in
carbon-based materials such as graphene*®“®, carbon nano-
tubes®® and carbon nanoribbons®-%? drives activities apart from
ESl-based techniques.

The tremendous success of analytical mass spectroscopy fo-
cusing on (bio)organic species (metabolites, peptides, proteins
and its complexes), pushed the attention to preparative aspects
of these molecules as well. Protein arrays became of strong in-
dustry interest®*%8, but their fabrication is driven by economic
aspects®. Though proof of concept for preparative soft-landing
of mass-selected, purified proteins or peptides®°35 as well as
reactive landing for covalent immobilization of biomole-
cules??%! was demonstrated, the low intensity of the ion-beam
blocked maturation to a commercial level. At present, the con-
formation of biological relevant molecules on surfaces comes
into scientific focus®62-6¢

Instrumental Evolution: Compared to Cooks” first experi-
ments®?, the instrument-based progress achieved to date is sig-
nificant. Nearly none of the original components survived,
however their functionality was adopted by other elements,
seeking to raise beam intensity and quality, throughput, resolu-
tion and purity, or reducing complexity.

Cook’s first machine operated with DC-driven Einzel lenses
to guide ions. RF-quadrupoles, a complementary principle, was
introduced around 1953 by Paul et. al.®” ", initially for use as
mass separators only. These rod-based multipoles use RF-volt-
ages of opposite polarity at neighboring electrodes to form a
confining potential for ions. Nowadays both, rod arrangements
and Einzel lenses®*, are used in the low-pressure regime
where the mean free path of the ions exceeds the (lateral) di-
mensions of the guide. Four rods, or rarely up to eight, are com-
mon for linear ion guides. lon traps are equipped with up to 22
rods™ "%, The dimensions and shape of these rod-systems are
investigated closely, mainly in their function as mass-selective
ion guides’ . The high-pressure regime however is supplied
by plate-based or stacked-ring ion guides, colloquial called fun-
nels. The group around Smith®-192 evolved this concept based
on an idea of Gerlich®3103-106,
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Figure 1. Overview and key parameters of the ES-CIBD system: (A) Electrospray under ambient conditions. (B)-(F) Subsequent, differen-
tially pumped vacuum chambers. (a) Electrospray emitter at high voltage. (b) Capillary with funnel shaped inlet acting as counter electrode
and vacuum interface. (c) Combined funnel and tunnel, forming the TWIN ion guide with strongly reduced gas-load. (d, e, f) Small Wire
lon Guides (SWIGs) with strongly reduced gas-load. (g) Digital Quadrupole Mass Spectrometer (dQMS) with virtually unlimited m/z range.
(h) BLADE ion guide to refocus the beam. (j) Target on which ions are soft-landed. (k, I) Gas-load reduction tubes. Operation pressure and

clear diameters of the respective ion guides are summarized in the table. Refer to details in the SI.

2



O'Shea’s group removed all Einzel lenses, ion guides and
mass-selective components and simplified the design by skim-
mers'o109 A similar approach directly injects the liquid thus
omitting an ESI source (“pulse injection” or “spray jet tech-
nique”)1%113, These loan designs suffer from the lacking mass
selection which results in poor cleanliness and a high impact
energy of the frozen solvent. Turecek’s group made a tradeoff
between simplicity and beam quality by combining a funnel
with an octupole®#*%. The reduction of building-blocks by a
rotating field was proposed!'” and realized later!8-12°, Direct
ESl-spraying into sub-ambient pressure reduces pumping effort
and enhances ionization efficiency?71?%1%  MEMS-(micro-
electro-mechanical systems) based ion guides for lossless ion
manipulation?-128 enable smaller and more versatile deposi-
tion devices.

Though beam quality, operability and source universality
were improved, it had only little effect on the beam intensity.
Multiple needles'?* ! and simultaneous deposition of mole-
cules with different m/z under magnetic support321% were pro-
posed and tested to raise beam intensity and throughput. Im-
provement of the vacuum interface introducing an inlet-shaped
aerodynamic transfer capillary considerably promoted both,
beam intensity and ion transmission34-%,

Additionally, chemical noise and sediments in the ion path
were reduced by implementing a jet disrupter in the funnel de-
signl.137.1%8 Removal of unwanted neutrals is also achieved by
altered beam geometry: folding®*® or bending beams orthogo-
nally in a transvers quadrupole!®2?342140-146 " or py curved ion
guides™1%° The latest approach is the orthogonal arrangement
of the transfer-capillary relative to the ion-funnel42146:150151 ' Aq-
ditionally, this allows for multiple and multiplexed spray-sys-
tems in paralle|4®152,

In 1977, a Wien filter was used for mass selection®®, whereas
the upcoming Quadrupole Mass Spectrometer (QMS) does not
require magnetic fields®”7°, why it became predominant in
both, analytic and preparative MS. lon traps, implemented in
Time Of Flight (TOF) MS, Fourier Transform lon Cyclotron
Resonance (FT-ICR) MS'® or Orbitrapst®1%, are powerful
strategies to increase resolution with the latter becoming domi-
nant in analytical MS. However, since any trap delivers poor,
discontinuous beam intensity and prohibits post-analytical us-
age of the ions, they are ineligible from a preparative view. Ho-
mogeneous depositions require precise selection of a target spe-
cies. From current preparative designs®132147.157 resglutions ex-
ceeding 100 are not reported, however mass analyzers allowing
for higher intensities come into focus!t’-1%°,

Taking the highly promising concept of preparative mass
spectrometry up, we performed a substantial re-engineering:
We introduce three innovative ion guide designs, optimized
towards high transmission, high flux and low residual gas load.
A novel digital QMS (dQMS) operating in an unsual square-
wave signal mode provides virtually unlimited mass range of
the analyte species. Both in combination with a classical
operating ESI source, embodies a new, versatile tool for atomic
clean nano-preparations as needed in modern surface science.
The integrated system abbreviated ES-CIBD (“electrospray
controlled ion beam deposition™) allows for full control of
mass, energy and quantity of the ions. Experiments on several
test objects recruited from a broad range of chemical classes
demonstrate high versatility and performance of the system.
Based on these data overall potential of the device is assessed
and compared to the state of the art.

EXPERIMENTAL SECTION

A short overview of the ES-CIBD system in its actual reali-
zation is shown in Figure 1: An ESI source operating at ambi-
ent pressure (A) produces ions from the liquid provided in the
emitter (a). The ions are transferred through a funnel shaped*®
capillary (b) into the first vacuum chamber (B). The subsequent
differential pumping chambers (B-F) separate the ions from the
unwanted neutrals on their way to the deposition target (j) in
UHV. They are guided along their path by an RF ion funnel
combined with an ion tunnel (TWIN) (c), and three Small Wire
lon Guides (SWIG) (d, e, f). A dQMS (g) operates as mass se-
lector. The focusing BLADE ion guide (h) leads the ions to the
sample target (j).

ESI ion source. In the setup presented a home-built conven-
tional ESI source without sheath gas assistance (only occasion-
ally operated in an ambient CO, environment) is attached to the
CIBD system. The emitter (a) is cut from uncoated fused silica
tubes with an inner diameter of 50 or 75 pum. It opens into a
heated capillary (b) acting as counter electrode and interface to
transmit the ions from the spraying plume into the first vacuum
chamber (B). The design of the capillary is adapted from
Rauschenbach?®. It consists of a funnel shaped inlet followed
by a 6 cm long tube with a clear diameter of 1.1 mm.

TWIN ion guide. The gas phase ions leaving the capillary
(b) are confined and focused by a novel TWIN ion guide (c). It
consists of a standard ion funnel section for focusing®° located
in the first chamber (B), and a tubular sealed ion tunnel section
extending into the subsequent chamber (C). Ring electrodes
made from metal sheets with 0.2 mm thickness and 0.2 mm
spacing keep the ions in path. This elongated pressure interface
significantly reduces the gas load compared to a typical thin or-
ifice®138.159.160 by 3 factor of about 20, while preserving the con-
fining properties of the RF field. Another important feature of
the TWIN is the applied variable square wave RF frequency,
steadily adjustable from kHz to a few MHz and separately pro-
vided to funnel and tunnel region. The optimum in the ampli-
tude / frequency space is chosen, to match the m/z ratio of a
guided ion of interest, for maximum transmission. This feature
pertains for all other ion guides as well.

SWIG ion guide. The novel SWIG (d, e, f) is a high order
multipole made from tensioned super-thin wire electrodes. The
advantage of this device is its small total diameter and the
strongly reduced profile of the electrodes. Thereby and due to
the tube surrounding the wires (l), the gas-load between the
stages is reduced by a factor of 10 while the RF-field is steadily
kept. The smallest SWIG adopted consists of 16 wire electrodes
of 0.18 mm diameter aligned in parallel and uniformly distrib-
uted on a circle around a central axis with a clear diameter of
1.6 mm, defining the very upper diameter of the ion beam. The
high number of electrodes generates a short-range high order
multipole field with steep effective potential walls for a nearly
lossless transfer of ions and an almost field-free center region®,
This field-free area allows for injection and transfer of ion
beams with a size closely to the clear diameter. A further ad-
vantage of the small distance between the electrodes is the low
RF-voltage needed, resulting in a strongly reduced upper limit
for the transfer of kinetic energy to the guided ions.

dQMS mass selector. A common 19 mm quadrupole rod
system from Extrel with pre- and post-filters is operated with
home-built electronics. Unlike every commercial QMS known
to us, it does not operate with a resonantly generated sine-
shaped voltage, but in a "digital” mode. The RF signal is a com-
puter-controlled square wave with steadily variable frequency
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and amplitude. Due to the tunable frequency which is adapted
to the mass of the molecules under investigation, the optimum
resolution R for each molecule can be chosen. There is virtually
no limit for the accessible m/z-range of the transmitted mole-
cules. To our knowledge this flexibility is currently not
achieved by any other QMS. The dQMS accomplishes both
tasks of the CIBD system - the analysis of the ion beam and the
selection of distinct species during deposition.

BLADE ion guide. A BLADE (h) consists of 16 radially ar-
ranged metal sheet electrodes, which approximate a conical
high order multipole. The electrode sheets have a thickness of
0.5 mm and focus the ions from 7 mm diameter at the inlet to 4
mm at the outlet, adapted to the sample diameter.

Further details of the components are provided in the SI.

RESULTS AND DISCUSSION

The described new CIBD soft landing system was tested by
means of a standard ESI source and an STM, to demonstrate its
flexibility. The sprayed molecules were chosen in accordance
to the parameters to be tested. Surface data presented refer to
ions soft-landed on Ag(111) or Cu(111) single crystals for fur-
ther investigation by a variable temperature STM in UHV.

Resolving isotopologues of Rhodamine B: The frequently
used test molecule Rhodamine B61-1%8 was sprayed in a positive
mode generating an ion beam dominated by the single charged
cation (Figure 2). The overview spectrum and the inset give a
first idea of the tradeoff between high selectivity for clean dep-
ositions and high transmission for fast depositions. For the
overview spectrum, a resolution of about R = % = 110
(FWHM) was chosen. Few minor intensity peaks are found at
slightly lower m/z, but only one very dominant charge state of
the Rhodamine B cation is present at 443 Th. The inset of Fig-
ure 2 presents a series of spectra with increasing resolution up
to R = 670 revealing a second peak of the Rhodamine B cation,
approximately one mass apart from the main peak. This is at-
tributed to an isotope, generated by a single C** atom in the
molecule in an arbitrary position. The natural abundance of C*3
of about 1% translates into a prevalence of 28% in the Rhoda-
mine B isotopologues with 28 potential C positions?6%170, This
value is experimentally confirmed by the relative height of the
C™-containing peak versus the “main” peak with 100% C*2 con-
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Figure 2. Main: High intensity mass spectrum of Rhodamine B
with a resolution R = 110 (FWHM) dominated by the single
charged cation. Inset: Spectra from resolution assessment with
R =530 (red) to R = 670 (blue); m/z = 443 Da for the all-
C*? isotopologue; m/z = 444 Da for species with a single C*3.
Transmission scale in the inset is normalized to 100% at R = 55.

tent (Figure 2). Notably, unlike many other deposition instru-
ments?052147.17L172 heam characterization and deposition are
performed with the same m/z-selective device. Though the res-
olution is lower, e.g., compared to a TOF, our design works as
"what you see is what you get" on the sample.

The advantage of Rhodamine B as a test molecule is its very
decent spray behavior due to its high solubility and its ionic na-
ture, as well as its high stability and availability. According to
the mass spectrum, the ion beam almost exclusively consists of
one ion species. Thus, Rhodamine B qualifies for an ideal
model system to analyze system parameters (Figure 2, Figure
6). The efficiency of an ion ejected by the ESI source, mass-
filtered and soft-landed on the sample surface (transmission ef-
ficiency), can be estimated to about 22% at R = 110 (Table 1).

Charge states, conformation and adducts of Insulin: Insu-
lin serves as test object exemplary for the group of non-elon-
gated biomolecules. The globular 5.8 kDa'™*" protein adopts
several charge states in addition to the metabolic active mono-
meric form which dominates at physiological conditions in se-
rumt’®. Dependent on the solvent conditions, insulin builds var-
ious non-active oligomeric stages in vitro: low ionic strength,
low pH, and low concentration of the protein promote rather
monomeric and dimeric states while higher pH, higher concen-
tration, and high ionic strength, divalent metal ions, chloride
and phenolic compounds drive assembly to tetramers, hexamers
or even higher structures including aggregates®’>477-185,
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Figure 3. Left: Mass spectrum of insulin (R = 130) showing
two prominent monomer signals (4+ and 5+ charged), two lower
intensity monomer peaks (6+ and 3+), and an odd protonated di-
mer (7+). Insert (R = 490): Three emerging satellite peaks are
attributed to adducts with (i) sodium [Ins + Na + 4H]%*, (ii) po-
tassium [Ins + K + 4H]%*, and (iii) acetic acid [Ins + AcAc +
5H]%* or [Ins + K + Na + 3H] %*. (see SI). Right: Post-deposition
STM image on Cu(111). Insulin preferably decorates step edges
including building of large clusters.

Due to the virtually salt-free spray conditions and low protein
concentrations at acidic pH, primarily monomers, potentially
accompanied by low yields of dimers are expected in our ex-
periments. According to sequence, insulin in solution can be
protonated at its four basic amino acids and N-termini of its two
subunits. In ESI processes, however, protein and droplet surface
area, affected by flow rate and diameter of the emitter play a
dominant role for charging efficiency®'¥. Conducting Ray-
leigh limit calculations'® of a sphere at standard conditions, a
monomer should carry six and a dimer eight charges at maxi-
mum, confirmed by experimental data'’”, while monomers with
eight charges are observed using supercharging agents*®,

The ES-CIBD delivered results as expected: the overview
spectrum is dominated by two main peaks representing the 4+
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and 5+ charged monomers in addition to less abundant peaks of
monomeric molecules with 3+ and 6+ charges according to
mass calculation (Figure 3). In principle, some of these peaks
may be overlaid or even replaced by the respective double-
charged dimers (e.g., [Ins+3H]** by [2Ins + 6H]*), while those
cannot be distinguished by m/z measurements. Additional low
abundant peaks may be attributed to either dimers or adducts.
Hints for dimers are given by a peak compatible with the odd
charged oligomeric form [2Ins + 7H]™, consistent with the
analysis of the Robinson group®””. For the insulin concentration
tested, the respective dimers are quite likely to coexist as those
emerge at levels as low as 2% of the concentration we used. The
probability of dimers strongly increases with rising concentra-
tions'”’. Hexamers or even higher oligomeric states seem less
likely, as the electrolyte composition favors smaller entities.

Generation of adducts with monovalent metal cations (so-
dium, potassium) by ESI is known to intensify with increasing
emitter sizes and flow rates and adversely affects resolution®®,
This is also reported for insulin®”19!, Additionally, water ad-
ducts are described for insulin hexamers!®2, Possibly those ad-
ducts might emerge with our setting too, as suggested by the
details in the insert of Figure 3. In particular, three low-inten-
sity signals appear in close proximity to the 5+ charged variant.
By calculating the calibrated mass, these can be attributed to
insulin 5+ monomers carrying single sodium or potassium
ions'®, or a single acetic acid (AcAc) molecule (Figure 3, in-
sert, peaks (i), (ii) and (iii) respectively). The likelihood of other
adducts are discussed in a mass deviations assessment (SI).
Similar observations are made for the 4+ peak (data not shown).

Monomers, dimers and hexamers are considered native states
of insulin. ESI, however, may produce also higher oligomers
which, due to their correlation with the insulin concentration,
are regarded ESI ’artefacts’'%. In such event, aggregates were
easily excluded by m/z-filtering during deposition. Putative ag-
gregates, that emerge during sample preparation prior to ESI,
can successfully be removed by spin-filtration®. In our case,
the main peaks observed match with the theoretical masses of
commonly charged monomeric and dimeric states. This and the
lack of higher oligomers suggests, that the ES-CIBD system
preserves the native states of the molecules.

Charge state modulation of a Porphyrin variant. The syn-
thetic Cu-TCPP (copper incorporated 5,10,15,20-tetrakis (4-
carboxylphenyl)-porphyrin) with a mass of 854 Da belongs to
the group of porphyrins extensively used and investigated due
to their biological relevance as reactive component in hemoglo-
bin, chlorophyll and other biomolecules, as well as their
metalorganic nature®®%’, Forming nanosheets of metal organic
frameworks (MOF), Cu-TCPP is prominent in the detection of
DNA8-200 1t js explored by scanning probe microscopy (SPM)
in liquid®* and after classical UHV deposition techniques?%2%,

We used Cu-TCPP in an electrospray ionization setting. lon-
ization was achieved by negative spray mode supported by the
proton acceptor ammonia. Similar to insulin, multiple charge
states are present, with double and triple charged states being
predominant in all settings. Higher charge states raise with
higher ammonia concentration (Figure 4). Single charge states
are observed as well, however at low H-acceptor concentrations
only. Exemplary, with 2x10* M and 2x10° M ammonia, inten-
sities of 4% and 15% with respect to the main peak are seen
(data not shown). Thus, modulation of charge states by varying
acceptor concentration is feasible.

Our experiments on Cu-TCPP demonstrate one advantage of
ESI mass spectrometry regarding preservation and proof of the
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Figure 4. Mass spectrum of Cu-TCPP (8x10-° M) in negative spray
mode at varying ammonia concentrations. The values of the two

main peaks are 283,7 Th and 426 Th respectively. Main peak inten-
sities are normalized to 1, for comparison reasons.

integrity of the molecules. It is an accepted fact that structural
stability of evaporated organic substances becomes challenging
with rising molecule size?®2%, Likewise, SPM measurements
become less reliable approving a specific model. Mass spec-
trometry may serve as a method to proof at least the weight of
a deposited large organic molecule as a surrogate for its integ-
rity. Mass can be predicted from a suitable precise mass spec-
trum by analyzing the peak distance of two charge states. In our
case, the difference of the back-calculated masses of the double
and triple charged species, agrees with the expected difference
of a proton mass. This relation does not apply for any truncated
molecules nor for adducts, confirming Cu-TCPP integrity in our
experiment. In contrast, upon OMBE deposition, the molecule
was found impaired due to a presumed decomposition of the
carboxylic groups, deduced from a carbon dioxide peak emerg-
ing in the residual gas spectrum upon annealing®’. This is in
accordance with the integrity-preserving nature of ESI demon-
strated by other authors performing ESI deposition experiments

on fragile molecules such as proteins, oligoynes, dyes, or clus-
ter28,29,32,52,58,165,208—210_

Impurities by fragments or residual solvent molecules in the
ES-CIBD is negligible due to a stringent m/z selection and the
UHYV conditions. Even the lack of two or three protons caused
by the negative electrospray process - in Cu-TCPP presumably
at the carboxylic groups - will be restored after landing, since
hydrogen as the dominant residual gas is still present in a
"clean" UHV environment of 10° mbar?'%.

Deposition of large string-like DNA. As a representative
molecule for rather large and elongated molecules such as nu-
cleic acids, the double-strand (ds) circular plasmid pUC19 was
processed?2. The bacterial DNA, adopting a B-form helix?%?,
consists of 2686 base pairs translating into a molecular mass of
approximately 1.7 MDa. Data were obtained by spraying an
aqueous solution of pUC19 with 66 % ACN as organic compo-
nent. At these conditions, dsSDNA molecules carry negative
charges predominantly on the phosphate backbone accessible
for electrospray ionization in negative mode.

In the mass spectrum, pUC19 appears as a broad distribution
of charge states between 1150 Th and about 2000 Th, which
cannot be resolved individually (Figure 5D). This broad curve
is typical for extended, non-globular molecules and similar to
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Figure 5. Deposition of plasmid DNA (pUC19, 1.7 MDa mass).
A-C: RT-UHV-STM analysis on Ag(111). A) High coverage of
multiple strands crossing (U =1.3 V ; 1=90 pA). B) Close up view
with helical twisted and supercoiled strands crossing step edges of
the crystal (U =13 V ; I =10 pA). C) Low coverage with two
individual circular plasmids appearing as relaxed ring and super-
coiled rod, respectively. Insert: Schematic of C). D) Mass spectrum
of pUC19. Raw data (dots), guide-to-the-eye (red).

those obtained by others with related plasmid-type species us-
ing ESI-MS?*. The m/z center of gravity around 1500 Th trans-
lates into approximately 1100 elementary charges per DNA
molecule. This is roughly 10-fold higher than expected for the
maximal charging deduced from the Rayleigh limit!® for a
globular molecule in an aqueous solution. This elevated number
of charges, which is also experimentally determined by other
groups using charge detection mass spectrometry on various
DNA molecules®>?'®, indicates that the globular Rayleigh
model seems not reasonable for rather elongated molecules. As-
suming a cylindrical shape instead, the corresponding
cylindrical Rayleigh limit of 1100e (details in Sl) is consistent
with the experimental results. The experimental maximum
charging per molecule of ~ 1500 can be deduced from the actual
m/z lower boundary (~1160). This value is higher than the Ray-
leigh limit would predict suggesting a kind of overcharging.
Further, the number of phosphodiester residues assumed to
carry the negative charges of DNA in solution (5372 in pUC19),
obviously play a minor part in an ESI environment. For an at-
tempt to interpret the apparent second population (the curve
shoulder to the right of main peak in D) please refer to SI.

As a general consequence of the elongated appearance, tran-
sition from charged droplets produced by the ESI source, to sin-
gle gas-phase ions very likely follow the chain ejection model
(CEM), in contrast to the charge residue model (CRM)?* appli-
cable for the previous test molecules.

For DNA-depositions'®, the dQMS was operated in an RF-
only mode at 1100 Th, i.e., cutting all masses below this thresh-
old and transmitting all charge states attributed to pUC19. After
high-density deposition circular plasmid DNA molecules ap-
pear as a quite crowded chaotic mesh, where single molecules
are hardly be distinguished (Figure 5A, B). Higher resolved
images on Cu(111) allow for a differentiation between helically

twisted and supercoiled pUC19 (data not shown). Lower cov-
erages evoke single species (Figure 5C). Here, the accurate ge-
ometric shapes are remarkable, in contrast to serpentine appear-
ance at drop-casting?'®. This may be caused by the high number
of charges on the molecule close to the cylindrical Rayleigh
limit obtained during ESI process resulting in a high Coulomb
repulsion and a balloon shape at the beginning of the landing
process?'® before discharging. No impurities are visible aside
the clearly recognizable DNA molecules, which appear intact.

ES-CIBD Performance. The requirements for a soft-landing
machine deviate from an established analytical mass
spectrometer mainly by much higher intensities, but also by
well-defined low Kinetic energies of the ion beam. The m/z
range is important to investigate possibly interesting materials.
The "total efficiency” of a preparative machine corresponds to
the "sensitivity" of an analytical machine: While the high m/z
resolution R is compulsive for an analytical machine, this ends
up in a tradeoff with the beam intensity as the dominant
parameter of a preparative machine. For the ES-CIBD system,
the beam intensity even almost entirely depends on the
ionization efficiency of the deposited molecules. However,
transmisson efficiency and saturation in the ion guides are
basically constant parameters of our frequency adapted
hardware.

Table 1 Deposition parameters

Molecule Rhodamine B CuTCPP Insulin puUC19
Molecular weight 443Da 854Da 5.8kDa 1.7MDa
Molarity [M] 10 8-10” 8-10° 10°%
Sample current +2.2nA -04nAY  +04pA"  -04nA
Spray eff. = Tssr 12% 1.4% 3.2% 20%
Transmission eff. = Tcmp 22%

Overall efficiency® = Trows 2.7% 0.30% 0.71% 4.4%

(1) Current for one (main) peak determined, when multiple distinct peaks are present; here
[Cu-TCCP]%, [Ins]**
(2) Overall efficiency including all analyte peaks if multiple are present

The currents listed in Table 1 depend on the concentration of
the specimen in the sprayed solution, certainly among other
parameters affecting the spray process. Mean values at the
sample are obtained near the optimum parameters. The typical
current at the capillary outlet is 10 nA for Rhodamine B.

The amount of specimen transmitted through the CIBD
system to the sample is expressed as the overall efficiency?'5-27

D ited l 1
Trotal = —bCC MWL Other authors used the terms
Sprayed molecules per s

"overall soft-landing yield" 54128142218 gr "total efficiency" ..
Trocar CANNOt be measured directly, the number and charge of
molecules possibly generated by ESI, has to be known. This
"utilization efficiency" depends strongly on the sprayed
molecule?®* and the construction of the ESI-source®***3, We

. C tl i ill .
refer to it as Ty = T AR APy Combined

Charge of sprayed molecules per s

with the transmission efficiency of the CIBD system
. Current at sample
downstream of the capillary, T¢pp =

Current leaving capillary’
the overall efficiency is Troeqr = Tesr - Tergp-  Overall
efficiencies are listed in Table 1 (see details in the SI).

For comparison, in 1977 Cooks™ achieved a deposition
current of 10 nA, mass-selected with R = 100. Though he used
an electron impact source, this early experiment is remarkable,
as it demonstrates that the ion generation and the primary
transfer into vacuum is limiting, not the capacities downstream.
Mass-selected ESI spray started?058:62:152.134,144-147.225 jpy thg 27t
century, The Laskin group reports up to -4.6 nA for negative
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spray and 8.2 nA for positive spray, respectively, in the same
device ¥°.

According to literature, mass-selected overall efficiency
Troea: Fanges from 10° % to 1.6 9%%859.132133.136.146-148 'Ngte the
prevailing influence of the molecule as well as the different
resolutions of the mass-selective devices, as listed in the SI.
Furthermore, the diameter of the ESI emitter from 100 um
down to 1 um (nano-spray) has substantial relevance to the
overall efficiency. With decreasing droplet size (by use of
smaller emitters), Trocq: iNCreases. Assuming an optimized
specimen concentration, the probability for a droplet containing
no or multiple specimen molecules is reduced.

There is a tradeoff between resolution and transmission in
any mass spectrometer. Moreover, the number of oscillations
of an ion in the RF-field is crucial. Basically, our design allows
to keep the number of oscillations of an ion constant during an
m/z scan. This is achieved by adapting the frequency versus
kinetic energy, however this feature is not fully implemented
yet. Transmission Tyqus as a function of resolution R is shown
for Rhodamine B and Insulin for analysis as well as for
deposition (c.f. Figure 6).
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Figure 6. Resolution vs peak transmission of the dQMS. Data
points are normalized with their corresponding highest transmis-
sion value. Test ions are the Rhodamine B cation and the Insulin
5+ ion (see Figure 2 and Figure 3). Operation frequencies of the
dQMS and field axis potentials with respect to chamber C are given
in the legend.

Soft-landing and reactive-landing demand a defined kinetic
energy of molecules to be deposited, i.e., energy broadening is
relevant. The mean landing energy may be changed via the sam-
ple potential versus kinetic energy of the ions which is defined
in chamber C. Downstream, ions mean free path is too long.
The deposition current as a function of the sample potential was
exemplary recorded using Cu-TCPP (Figure 7). The first de-
rivative gives an energy broadening of about 2.2 V at FWHM.
Thus, molecules with kinetic energies below 2 eV/z may be de-
posited with reasonable intensity, well below the soft-landing
limit of about 10 eV/z.

Finally, the measurement of the deposition current over time
provides access to the amount of deposited charge, i.e., the
number of landed molecules can be calculated through the
charge state known from MS. This is a strong advantage com-
pared to a thermal evaporation device like an OMBE.
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1,00—- ‘.__._..-_-_-—-I r 1,00
—Hl—lon flux
B Energy distribution
=+=+ Gaussian fit 0.75
@ 075 FWHM: S
g 22V =
. 3
EDUR g
<. 0,50 4 050 g
z ] >
2 e
I o
~ 0,254 F0.25
o
1 e u
0,004 , ..:.. ..... ‘..g 0,00
7 8 9

Sample Potential [V]

Figure 7. Kinetic energy of Cu-TCPP molecules measured via ion
flux as a function of sample potential. The derivative of the flux
gives the energy distribution of the ions.

SUMMARY AND OUTLOOK

A versatile and efficient CIBD-system coupled to an ESI
source is presented. It is proofed as a valuable tool to make a lot
of species "fly" which are considered as not sublimable: small
or simple organic molecules like Rhodamine B, the porphyrin
derivative Cu-TCPP, the larger biomolecules insulin and plas-
mid DNA with a mass of 1.7 MDa have been soft-landed, so as
other molecules such as spermine!®®, ZnPC (data not shown),
and nanocarbons like graphene nano-ribbons??, with no limits
in sight.

In the components of this design, several innovative ideas
were consequently implemented:

A) Tubes instead of standard aperture plates with a diameter as
low as possible were inserted to connect two pressure stages.
Thereby, the residual gas-load was greatly reduced. Coinci-
dently, the transmission efficiency through the tubes is even en-
hanced, as the guiding RF-electrodes were continuously linked
between the stages. There is no discontinuity like with an aper-
ture plate. In the high-pressure regime this concept was realized
by combining an ion-funnel with an ion-tunnel to form a TWIN
ion guide, resulting in a reduction of gas-load by a factor of 20
compared to an aperture of same diameter. In the low-pressure
regime, 16-pole wire ion guides with tiny clear diameters
(SWIGSs) are used, reducing gas-load by a factor of 10.
B) Low amplitude square wave RF signals, applied to all types
of ion guides with steadily variable frequency allow for a trans-
mission efficiency of typically 80% per ion guide for molecules
of any m/z in both pressure regimes.

C) The mass-selective dQMS device is operated with square
wave RF signals as well. As in the ion guides, the steadily var-
iable frequency results in a virtually unlimited m/z range of the
investigated and deposited molecules. The transmission at a
given resolution is almost independent from the m/z value of a
molecule. A resolution up to 150 provides high transmission ef-
ficiencies >75 %. Reasonable precise selection with a resolution
of above 500 still provides 10 — 15% transmission. The tiny
beam diameter of the injecting SWIG combined with the small
radial beam energy results in a high injection probability into
the dQMS translating into a high overall transmission of the
whole CIBD-system.

The chosen design results in:
1) A low energy distribution of about 2 eV/z (Figure 7) allow-
ing for soft-landing.
2) A high deposition current up to 2.2 nA (Table 1).



3) A transmission efficiency of about 22 % over a virtually un-
limited range of m/z combined with a mass resolutionupto R =
650 (Figure 6).

4) A high overall efficiency up to 4.4% (Table 1).

5) A high degree of system compactness and pumping effi-
ciency combined with a low background pressure below 101°
mbar and high cleanliness (Figure 1).

We want to emphasize that possibly cruising neutrals along the
line of sight to the sample, which is often discussed, can be ex-
cluded from the STM images and from the tiny diameter of the
guides. This design implicitly prevents a straight line of sight.

To our best knowledge, resolution, overall efficiency and
mass range are above values reported for deposition systems in
literature (see discussion in the SI).

The described CIBD design reflects the pilot development
stage. Clear diameters of the ion guides, their tunnel length and
operating pressure will be optimized further. From the current
point of view at least chamber E might be omitted without de-
teriorating the pressure level in sample chamber F (Figure 1).
Attaching alternate beam sources like a cluster source will un-
lock further applications.
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