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ABSTRACT: Desorption/ionization induced by neutral clusters (DINeC) was
employed for the soft transfer of organic and biomolecules, such as porphyrins
and peptides, from a bulk sample onto any substrate of choice. Qualitative
analysis of the deposition technique was performed by means of mass
spectrometry, demonstrating that the deposited molecules remained intact due
to the soft nature of the transfer process. Deposition rates were studied
quantitatively using a quartz crystal microbalance; layers of intact biomolecules
ranging from the submonolayer regime up to a few monolayers in thickness were
realized. Mixed layers of molecules were deposited when two different sources of

molecules were employed. The samples which were prepared based on this soft

deposition method were used for the investigation of reactions of the deposited molecules with either coadsorbates on the surface or
the surface itself. Examples include adduct formation of peptides with alkali metals on SiO,, the oxidation of peptides exposed to
oxygen, as well as the metallization of porphyrins in interaction with the substrate.

Bl INTRODUCTION

The preparation of thin organic films by means of physical
vapor deposition (PVD) is a well-established technique."” It is
applied, e.g., for the preparation of thin films of metal—organic
complexes, polymers, or other organic molecules, which are
used, among others, in organic solar cells, organic thin film
transistors, and organic light-emitting diodes.>™ However,
PVD is only applicable to molecules that do not decompose at
the elevated temperatures used to sublimate the molecules.”’
For the deposition of larger, more complex molecules such as
biomolecules, a variety of dedicated techniques have been
established; most of these techniques originate from (soft)
ionization methods used in mass spectrometry (MS). For
example, soft landing of molecular ions such as electrospray ion
beam deposition (ES-IBD), can be used to deposit intact
molecules such as peptides, proteins, and other molecules with
layer thicknesses in the submonolayer to the nanometer
range.” ' Matrix-assisted pulsed laser evaporation (MAPLE),
which was derived from matrix-assisted laser desorption/
ionization MS, was also applied for the deposition of larger
molecules in the 10 to 1000 kDa range."" Noble gas cluster ion
beams (GCIBs), which are typically employed for soft
secondary ion MS, were also used to sputter/deposit intact
biomolecules.'”'* Whereas ES-IBD is limited to the deposition
of molecular ions, MAPLE involves the codeposition of the
matrix molecules if not only charged molecules are selected. In
the case of the deposition induced by GCIB, a finite fraction of
fragmented molecules is still expected to be deposited.'*
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In this paper, we show that desorption induced by neutral
SO, clusters (DINeC), which is an extremely soft desorption
method applied in MS,">~"” can be employed as a deposition
technique as well (short: DINeC-Depo). In this application of
DINeC, the molecules are softly desorbed from a bulk sample
by the SO, clusters and deposited directly onto a substrate that
is placed opposite to the target (Figure 1la). The soft
desorption of the molecules relies on a dissolution-based
mechanism:'>"*'? the impacting clusters do not only provide
the energy for desorption but also serve as a transient matrix in
which the desorbing molecules are dissolved.'®*%° As a result,
the effective desorption barrier is reduced which enables soft
desorption with low-energy clusters.">~"” As most of the SO,
molecules are evaporating from the desorbed molecules after
cluster-surface impact and desorption,ls’20 the bare molecules
can be then deposited on a target of choice; as only a minority
of the desorbed molecules are ionized,” mainly neutral
molecules are deposited. Based on the results for DINeC-
MS, the DINeC-Depo method can be applied to a broad
variety of molecules, e.g., lipids, peptides, proteins, dyes,
polymers, and ionic liquids."”**">> The coverage of the
deposited layers ranges from isolated molecules in the
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Figure 1. Schematic depiction of the DINeC-Depo experiment: (a)
SO, clusters hit the surface and desorb the molecules that were drop-
cast on the target substrate. The desorbed molecules can be deposited
on any surface of choice. (b) Samples in the submonolayer to
multilayer regime were prepared. (c) Mixed layers were deposited by
using different target molecules. (d) Interactions of the deposited
molecules with the surface or other adsorbates were investigated.

submonolayer regime (Figure 1b) to films of the thickness of
several monolayers. The sample composition was controlled by
changing the target material during the deposition process
(Figure 1c). Samples prepared by DINeC-Depo were used to
study the interaction of the deposited molecules with the
surface of the substrate, with other adsorbates, or with gas
phase molecules to which they were exposed (Figure 1d). In
general, higher reactivity of the deposited species is observed
when compared to molecules in solution or thin films.

B EXPERIMENTAL SECTION

The deposition process was performed in a vacuum chamber
(base pressure p ~ 107° mbar), which was set up for this type
of experiment (Figure S1 in the Supporting Information). The
cluster beam, which was used for the desorption of the target
molecules, was generated via supersonic expansion of a gas
mixture containing 3% SO, in helium (pressure p = 15 bar)
using a pulsed nozzle (repetition rate f = 2 Hz, effective
opening time t = 300 ms). The clusters, consisting of 10’ to
10* SO, molecules, hit the target surface at an angle of 45°
with respect to the surface normal; the clusters’ velocity v &
10°> m/s converts into an energy density of ~0.8 eV per
molecule.”® The clusters desorb the molecules from the target,
which is positioned 90 mm from the nozzle. The substrate, on
which the molecules were deposited, was mounted directly
opposite to the target at a distance of dgr = 8 to 30 mm. The
target consisted of a piece of silicon wafer (2 X 2 cm?®) covered
with its natural oxide onto which an aqueous solution (¢ = 107°
mol/L, V = 100 uL) was drop-cast. Prior to use, all substrates
were cleaned in ethanol and acetone in an ultrasonic bath for
15 min each. To remove metal contamination from the silicon
oxide surface, some of the substrates were additionally cleaned
with the so-called “RCA cleaning procedure type 2” reported
by the Radio Corporation of America.”” Peptides (purity >97%)
were purchased at Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany, and porphyrins (purity >98%) were purchased at
PorphyChem SAS, Longvic, France.

During deposition, the substrate was covered with a
deposition mask (perforated metal plate, r,y, = 3 mm); the
target and sample holder were on ground potential. The
deposition rate was determined quantitatively using a quartz
crystal microbalance (QCM SR560, QCM200-S MHz Crystal

Oscillator, Stanford Research Systems). Sample transfer from
the deposition chamber to the vacuum chamber of the mass
spectrometer was carried out through ambient conditions
unless stated otherwise.

After deposition, the samples were analyzed by means of
DINeC-MS. For the MS measurements, the masks were
removed from the samples; the deposited molecules were
desorbed by SO, clusters in the same way as described for the
deposition procedure. In the former case, the desorbed ions
were transferred into a commercial ion trap mass spectrometer
(amaZon speed from Bruker Daltonik GmbH, Bremen
Germany), which was equipped with a custom-built DINeC
ion source; the experimental setup is described in detail
elsewhere.'®

B RESULTS AND DISCUSSION

In Figure 2, the DINeC mass spectrum from an angiotensin II
sample prepared by means of DINeC-Depo (Figure 2b) is
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Figure 2. DINeC mass spectra in positive ion mode obtained
from angiotensin II (a) drop-cast on SiO, and (b) deposited by
DINeC-Depo (deposition time taepo = 6 b, dgp = 8 mm). The main
peak at m/z = 1046 is assigned to the intact peptide. The intensity of
this peak increases with increasing deposition time from 10 min to 6 h
(inset). Further peaks occurring at m/z > 1046 are discussed in the
main text. Peak positions of all major peaks are listed in Table SI in
the Supporting Information.

compared to a mass spectrum taken from a drop-cast film of
angiotensin II (Figure 2a). In both cases, the main peak at m/z
= 1046 is assigned to the intact angiotensin II molecule, [M +
H]*. Further peaks of much lower intensity are observed in the
mass spectrum from the deposited sample at m/z = 10S8,
1068, 1074, and 1084. Three of these peaks (m/z = 1058,
1068, and 1084) are also found in the drop-cast sample but
show an increased intensity in the spectrum from the deposited
sample. The peaks at m/z = 1068 and m/z = 1084 can be
assigned to the adduct formation of angiotensin II with alkali
metals ([M + Na]* and [M + K], respectively). The peaks at
m/z = 1058 and m/z = 1074 are associated with more complex
reactions such as esterification or formylation.”**’ For the
former one, the MS/MS spectrum indicates a reaction
involving the terminal aspartic acid group of the molecule
(Figure S2). Peaks at m/z < 1046 are observed in even lower
intensity (<3% of the main peak for both the drop-cast and the
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DINeC-Depo sample, compare also the spectra with extended
mass range in Figure S3). They can be associated with specific
fragments of angiotensin II along the peptide backbone.”®
When we compare the relative intensity of these peaks (with
respect to the main peak, which is associated with the intact
molecule) in the spectra of the DINeC-Depo samples and in
the drop-cast samples, the increase in relative intensity is <2%.
This increase represents the upper limit for fragmentation
induced by the deposition process; it might also originate, at
least in part, from other processes, such as reactions on the
surface. The deposition by means of DINeC-Depo can thus be
seen to be close to fragmentation-free.

The signal intensity of the main peak at m/z = 1046 in the
spectra from the deposited samples increases with increasing
deposition time (10 min to 6 h, Figure 2b, inset). From
the saturation behavior, we conclude a closed layer of
angiotensin II molecules to be formed on the substrate after
a deposition time of =1.5 h in the given configuration.
Qualitatively similar mass spectra were measured from
angiotensin II deposited on different substrates, e.g.,, on gold
or HOPG substrates (Figures S4a,b in the Supporting
Information, respectively).

The amount of molecules deposited by DINeC-Depo was
quantified in a QCM experiment. Figure 3 shows the deposited
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Figure 3. QCM measurement of the mass deposited during a DINeC-
Depo experiment with angiotensin II. The QCM plate was installed at
a distance of dgr = 30 mm from the target. Yellow-labeled regions
indicate that the SO, cluster beam was on. Blue open symbols: raw
data. Blue straight lines: linear fits within the respective intervals.

mass as recorded on a QCM as a function of the deposition
time. The angiotensin II molecules were deposited on the gold
electrode (1.3 cm?) of the quartz crystal resonator, which was
installed at the position of the sample at a distance of dg = 30
mm from the target. When the cluster beam was switched on (¢
= 1800 s), a continuous increase in the mass was observed.
When the beam was turned off again (t = 6300 s), the
deposited mass per area was m/A ~ 37 ng/cm’ and the
respective deposition rate was 7.6 pg/(s-cm?). In the following
period with the beam off (until ¢ = 10,300 s), the recorded
mass remained constant. In the second and third deposition
cycles, similar deposition rates of 7.1 and 7.0 pg/(s-cm”) were
recorded, respectively; the average deposition rate in this
experiment was 7.3 + 0.3 pg/(s-cm®) which is considerably
lower when compared to the desorption rate of ~200 pg/(s-
cm?) from a drop-cast angiotensin II sample.”> We note that
the distance between the QCM-plate and the target (dg; = 30

40641

mm) was comparatively large in this experiment; with a lower
distance as used in most of the reported experiments, higher
deposition rates are achieved. Further improvement of the
geometry beyond the current setup (reduced nozzle-target
distance, optimized angle of incidence of the beam and angle
of collection) is estimated to further increase the deposition
rate by up to one order of magnitude. This should then allow
for the preparation of real multilayers including more complex
film compositions.

The signal intensity in the mass spectra from samples
deposited via DINeC-Depo changes as a function of measuring
time, as shown in Figure 4. For the main peak at m/z = 1046
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Figure 4. (a) Signal intensity of the peak at m/z = 1046 in DINeC
mass spectra from a DINeC-Depo sample (angiotensin II, ty,,, = 6 h,
dgr = 8 mm) as a function of desorption time. The exponential decay
results from the removal of the deposited molecules from the SiO,
surface. (b—d) Positive ion mode DINeC mass spectra were measured
at different times as indicated. Peak positions of all major peaks and
their intensities are listed in Table S2 in the Supporting Information.

(IM + HJ") as measured on a sample of angiotensin II
deposited on a silicon wafer for 6 h, the continuous decrease of
the signal suggests a film in the (sub-) monolayer regime. On
the other hand, from the saturation of the initial signal
intensity (Figure 2b, inset), one expects a closed film of several
molecular layers in thickness, in accordance with the QCM
measurements. We thus conclude that the amount of substance
deposited, which corresponds to approximately 3—4 mono-
layers, is not arranged in well-ordered multilayers but a rather
inhomogeneous mode of growth, including islands and clusters
of molecules on the surface, is operative. The arrangement of
the molecules on the surface might be further influenced by the
transfer through ambient conditions, although no major
difference was observed when samples that were transferred
through the ambient were compared to samples that were
transferred between the deposition and analysis chambers
without breaking the vacuum.

As some of the molecules that are desorbed via cluster-
surface impact carry additional SO, molecules as remainders of
the cluster fragments in which they were dissolved during the
desorption process,' "’ we analyzed the amount of SO, on the
surface after DINeC-Depo by means of X-ray photoelectron
spectroscopy (XPS). If at all, a sulfur content of less than one
sulfur atom per angiotensin molecule was detected on the
samples (Figure SS). Indeed, the fraction of biomolecules with
SO, adducts is typically small;'>*° from our results, we further
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conclude that SO, from the background gas does not lead to a
substantial SO, contamination on the surface, either.

When the target substrates are exchanged during the
deposition process, mixed layers can be prepared by DINeC-
Depo. In the example shown in Figure 5, a mixture of two

x108

Angiotensin Il
[M+H]*

10l Drop-cast

0 (a)

10 |- DINeC-Depo

E

0 (b) ' . b
g 5| DINeC-Depo  1:1 i
©
5 o | dhalbd
»n 0 ' : ' p—adi
10 |- DINeC-Depo ]
5+ i
L@ lanileds
1L Drop-cast Bradykinin 1-7
5[ [M+H]* ]
oL@ ]
600 700 800 900 1000 1100 1200
m/z

Figure S. DINeC mass spectra in positive ion mode taken from (a) an
angiotensin II sample prepared by drop-casting, (b) an angiotensin II
sample prepared by DINeC-Depo, (c) a mixed sample of angiotensin
II and bradykinin 1—7 prepared by DINeC-Depo, (d) a bradykinin
1—7 sample prepared by DINeC-Depo, and (e) a bradykinin 1-7
sample prepared by drop-casting. DINeC-Depo samples were
prepared by 6 h of deposition (dgy = 12 mm); in the case of the
mixed samples, the targets were alternated every hour. The main
peaks at m/z = 1046 (a)b) and m/z = 757 (d,e) are assigned to the
intact angiotensin II and bradykinin 1—7 molecules, respectively. The
mass spectrum from the mixed sample in (c) shows both peaks. Peak
positions of all major peaks and their intensities are listed in Table S3
in the Supporting Information.

peptides, angiotensin II and bradykinin 1—7, was deposited.
The DINeC-Depo samples with pure substances were
prepared by deposition for 6 h from one single target; the
mixed sample was prepared by alternating between the two
targets every hour, adding up to a total deposition time of 6 h.
In the mass spectrum from the drop-cast angiotensin II sample
(Figure Sa), the most intense peak at m/z = 1046 is associated
with the intact biomolecule [M + H]*. The same is true for the
DINeC-Depo sample with angiotensin II only. An additional
peak at m/z = 1062 is observed in the mass spectrum (Figure
Sb), which was not observed in the angiotensin II spectra
shown previously. It is assigned to an oxidation product of the
peptide. The main peak in the mass spectrum shown in Figure
Se from the drop-cast sample of bradykinin 1—7 at m/z = 757
is assigned to the intact peptide molecule [M + H]"
Additional peaks of much lower intensity appear at m/z =
769, 779, 785, and 79S. The peaks at m/z = 779 and m/z =
795 are assigned to the adduct formation of bradykinin 1-7
with alkali metals ([M + Na]* and [M + KJ*, respectively),

whereas the peaks at m/z = 769 and m/z = 785 are associated
with more complex reactions, in analogy to the spectrum from
angiotensin II shown in Figure 2. The mass spectrum of the
DINeC-Depo sample of bradykinin 1—7 (Figure Sd) again
shows the most intense peak at m/z = 757 ([M + H]")
indicating the transfer of the intact molecule. In comparison to
Figure Se, one additional peak is observed at m/z = 773, which
can be assigned to an oxidation product of the peptide. The
spectrum from the mixed sample shown in Figure Sc is
dominated by the peaks at m/z = 1046 and m/z = 757, which
are assigned to the two intact biomolecules, [M1 + H]* and
[M2 + H]*. They indicate that both molecules are present at
the surface in the same order of magnitude. Although the
intensity from the pure DINeC-Depo samples of bradykinin
1-7 and angiotensin II are comparable in Figure Sb,d, an
intensity ratio of 1:2 is observed for the mixed sample. This
deviation from the ratio expected from the ratio of the
deposition times of the single components was also observed
for other nominal ratios of molecules in the mixed layers
(Figure S6). It might be attributed to a slightly different
desorption efficiency from the targets, as observed for other
peptides as well;*” alternatively, it could indicate that in the
mixed layers of molecules, the desorption/ionization efficiency
of the two molecules is different. This might be attributed, e.g.,
to a different ionization efficiency of one of the molecules in
the presence of the second (so-called “matrix effect”*’ %),

Similar to angiotensin II, in the spectra taken from the
bradykinin 1—7 samples, we find minor peaks at m/z < 757,
i.e,, the peak associated with the intact bradykinin molecule.
They are assigned to specific fragments of the peptide
(compare also the spectra with an extended mass range in
Figure S7). In analogy to the angiotensin II spectra, we
analyzed the increase in the intensity of these peaks, which is
below 1% with respect to the main peak, ie., even lower than
in the case of angiotensin II, thus further indicating the soft
nature of the desorption/deposition process. At this point, we
would like to note that angiotensin II and bradykinin 1—9 have
been also investigated by means of deposition via GCIBs.”
Although experiments with Ar clusters of comparable energy
density were performed (Aryy, 1 eV/atom), still about 40% of
the molecules were found to be fragmented. The difference
might be explained by the very different desorption
mechanisms being operative (dissolution- versus impact-
based'*'?), the different desorption/deposition geometries,
or a combination of both of them.

As the deposited molecules are in direct contact with the
substrate, the cleanliness of the surface plays an important role
in the DINeC-Depo experiments. Positive ion mode mass
spectra from angiotensin II deposited on differently cleaned
SiO, surfaces are shown in Figure 6b,c. For comparison, the
mass spectrum from a drop-cast film of angiotensin II is shown
in Figure 6a. In the latter spectrum, the main peak at m/z =
1046 is associated with the intact peptide ([M + H]"), and
adduct and oxidation peaks exhibit an intensity of less than 5%
of the main peak. When angiotensin II was deposited on a
silicon wafer that was cleaned in an ultrasonic bath (acetone
and ethanol, 15 min each, Figure 6b), adduct peaks of higher
intensity were observed when compared to the spectrum in
Figure 6a. The peak with the highest intensity is observed at
m/z = 1084. Along with the peak at m/z = 1066, it is
assigned to the adduct formation of angiotensin II with
potassium ([M + K]* and [M — H,0 + K]*, respectively).
Sodium adducts (m/z = 1068, [M + Na]*) were also observed
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rop-cas Pglo ensin bombesin deposited on SiO, following the standard cleaning
5t [M+H] . procedure (Figure 7b) shows four prominent peaks separated
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Figure 6. DINeC mass spectra in positive ion mode obtained from () Al L ‘[*
angiotensin II samples deposited via DINeC-Depo [(b,c), tiepo = O 1, 0 : 4 o f —
1500 1550 1600 1650 1700 1750

dgr = 12 mm] on differently cleaned silicon substrates. The mass
spectrum from a drop-cast angiotensin II sample is shown in (a) for
comparison. In (b), the mass spectrum from a sample prepared by
DINeC-Depo on a substrate, which was cleaned in ethanol/acetone
only, is shown. Angiotensin II with adducts of potassium ions at m/z
= 1084 ([M + K]*) (inset) and m/z = 1066 ([M — H,O + K]*) is
indicated by arrows. In (c), the mass spectrum from a sample
deposited on SiO, which was additionally cleaned according to the
RCA-2-procedure”” is shown. The adduct peaks are suppressed, and
two peaks at m/z = 1058 and m/z = 1062 occur at higher intensities
than in the mass spectrum in (b). Peak positions of all major peaks
and their intensities are listed in Table S4 in the Supporting
Information.

in some experiments. The metal contaminations were almost
completely removed from the substrate with an additional
cleaning step according to the RCA-2-procedure (Figure 6c¢).
This results in a lower intensity of adduct peaks (<3%).
However, in the spectra of the samples prepared on these
substrates, the peaks at m/z = 1058 (compare Figure 2) and
m/z = 1062 show an increased intensity. The latter is assigned
to an oxidation product of angiotensin IL.*° Both peaks are also
observed from the drop-cast sample and the samples prepared
by DINeC-Depo on substrates cleaned only in ethanol/
acetone; however, in the mass spectrum from the samples
deposited on the substrates cleaned according to the RCA-2-
procedure, they appear with an increased signal intensity of up
to &15% of the main peak. Additionally, a peak in the mass
range m/z < 1046 is observed at m/z = 1001, representing a
fragment of the intact peptide ([M — COOH + H]"). The
results demonstrate that the peptides, which are in direct
contact with the clean SiO, surface, are much more prone to
further reactions, including oxidation when compared with the
molecules in solution or in a drop-cast film.

The degree of oxidation of peptides on samples prepared
using DINeC-Depo depends not only on the nature of the
substrate but also on handling of the sample after deposition
and on the peptides themselves. The peak associated with
oxidation of angiotensin II in the mass spectrum shown in
Figure 6¢ (m/z = 1062) is only low in intensity. This changed
when the molecule was deposited on a SiO, surface which was
cleaned according to the RCA-2-procedure’” and which was
installed in the vacuum chamber directly after the cleaning
process; a much stronger oxidation of the peptide was

m/z

Figure 7. DINeC mass spectra in positive ion mode were obtained
from bombesin samples. The mass spectrum from the drop-cast film
(a) shows a major peak at m/z = 1619 associated with the intact
peptide, [M + H]*. The samples on which the molecules were
deposited by DINeC-Depo (tdepo = 6 h, dgr = 30 mm) were
transferred to the DINeC-MS vacuum chamber via either air (b) or
vacuum (c). The mass spectra from these samples show additional
peaks separated by Am/z = 16, which are assigned to the oxidation
products of the peptide. The peaks at m/z < 1619 are assigned to
oxidation products of the bombesin molecule from which the oxidized
side group of methionine has been cleaved off (CH;SOH, Am/z =
64°7%). Peak positions of all major peaks and their intensities are
listed in Table SS in the Supporting Information.

by Am/z = 16 each starting from the intact peptide at m/z =
1619 ([M + H]"). The peaks are assigned to oxidation
reactions of two of the amino acids, tryptophan and
methionine, which are known to be easily oxidized.””~*
When the sample is transferred between the DINeC-Depo
chamber and the DINeC-MS chamber without breaking the
vacuum using a mobile vacuum transfer chamber,” the peak
associated with the intact molecule is observed with higher
intensity (Figure 7c) when compared to the spectrum from the
sample which was transferred through air. Apparently,
atmospheric oxygen enhances the oxidation process. None-
theless, we also observe a substantial amount of bombesin
molecules to be oxidized in the case of the sample which was
transferred through vacuum. In that case, the oxidation can be
most likely attributed to the influence of SO, from the clusters,
which, together with H,O on the sample from the residual gas
in the chamber, forms H,SO,'*** which can readily oxidize the
surface-adsorbed molecules during the analysis step as well.
Although one might think the same process to be operative
during desorption for deposition, the spectra taken from a
drop-cast sample (Figure 7a) indicate that on bulk samples the
process is much less important. In order to further reduce the
influence of the clusters but keep the advantage of the soft
desorption process by polar clusters, the use of H,O clusters
might be envisioned; however, this comes at the cost of a more
complex cluster source.

So far, we have observed adduct formation and reaction with
ambient gases on the surface. In the following, a more complex
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reaction between the surface and the molecules that were
deposited via DINeC-Depo is illustrated using porphyrins.
Bulk samples for this experiment were prepared by drop-
casting a saturated ethanolic solution (V = 5—10 uL) on SiO,
substrates. In the mass spectrum from the drop-cast
tetraphenylporphyrin (TPP) sample (Figure 8a), the main
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Figure 8. Positive ion mode DINeC mass spectra obtained from two
different porphyrins prepared by drop-casting (ae) or DINeC
deposition [(b—d), tyepo = 6 h, dsr = 30 mm] on SiO,. In the mass
spectrum from the drop-cast samples, two main peaks are observed at
m/z = 615 (a) and m/z = 675 (e), which are assigned to TPP ([M +
H]*) and CuTPP ([M]*), respectively.* The mass spectra (b—d)
from samples prepared by DINeC-Depo also show peaks
associated with the intact porphyrins, but additional peak progressions
with Am/z = 16, indicating oxidation products, are observed. The
mass spectrum in (c) from a sample that was prepared by DINeC-
Depo of TPP on CuCl, shows peaks that are assigned to TPP and
CuTPP. Peak positions of all major peaks and their intensities are
listed in Table S6 in the Supporting Information.

peak at m/z = 615 is assigned to the porphyrin molecule
ionized by proton uptake, [M + H]*. When the molecule is
deposited on silicon oxide by means of DINeC-Depo (Figure
8b), additional peaks separated by Am/z = 16 are observed,
which are associated with the oxidation products of the
porphyrin. The mass spectrum shown in Figure 8e, which was
obtained from a drop-cast sample of copper(II)-
tetraphenylporphyrm (CuTPP), features a major peak at m/z
= 675, which is assigned to the intact porphyrin [M]*.*>*
Figure 8d shows the mass spectrum from a sample of CuTPP
deposited by means of DINeC-Depo onto a silicon substrate.
The peak of the intact molecule is only low in intensity, but a
progression of peak groups separated by Am/z = 16 from the
most intense peak at m/z = 692 is clearly observed. Similar to
the deposition experiment with TPP, these peaks are
associated with an oxidation reaction. However, in contrast
to oxidation of TPP, the peak progression starts at Am/z = 17

from the peak assigned to the intact CuTPP. This might be
interpreted in terms of an additional uptake of a proton when
the oxygen atom is incorporated between the copper central
ion and one of the nitrogen atoms;*” ™" the oxidation thus
goes along with a nominal shift of the ionization process from
electron abstraction to proton uptake. Besides the copper-
containing species, the peak at m/z = 615 (TPP, [M + H]")
indicates that for some of the molecules copper as the central
ion is removed and has been replaced by two protons.

Finally, TPP was deposited on a CuCl, surface, which was
prepared by drop-casting the salt solution onto the silicon
wafer before TPP was deposited via DINeC-Depo on this
substrate. The corresponding mass spectrum is shown in
Figure 8c; major peaks are observed at m/z = 615 and m/z =
692 accompanied by the corresponding peak progressions. The
peak progression at m/z > 675 indicates the reaction of the
porphyrin molecules with the substrate with Cu(II) being
integrated into the porphyrin as the central ion; the integrated
peak intensity of the peaks associated with CuTPP accounts
for approximately 50% of the total peak intensity. Assuming
comparable desorption/ionization efficiencies for all of the
species investigated, this indicates that about 50% of the
deposited TPP molecules were reacted in this way.

B CONCLUSIONS

In conclusion, desorption/ionization induced by neutral
clusters was introduced as a soft deposition method, which
was employed to deposit fragile organic molecules on a variety
of different substrates. The process was shown to be
fragmentation-free. The amount of material that was deposited
ranges from isolated molecules in the submonolayer regime to
a few monolayers. As most of the molecules are in direct
contact with the substrates and/or the gas phase to which the
samples are exposed, reactions with the substrate and/or
adsorbates were shown to play a dominant role. Samples
prepared by means of DINeC-Depo can thus be used for the
investigation of reactions of complex (bio)molecules on
surfaces including, among others, adsorbate—adsorbate and
adsorbate—surface reactions.
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