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Abstract
Atom Probe Tomography (APT) is currently a well-established technique to analyse the composition of
solid materials including metals, semiconductors and ceramics with up to near-atomic resolution. Using
an aqueous glucose solution, we now extended the technique to frozen solutions. While the mass signals
of the common glucose fragments CxHy and CxOyHz overlap with (H2O)nH from water, we achieved
stoichiometrically correct values via signal deconvolution. Density functional theory (DFT) calculations
were performed to investigate the stability of the detected pyranose fragments. This paper demonstrates
APT’s capabilities to achieve sub-nanometre resolution in tracing whole glucose molecules in a frozen
solution by using cryogenic work�ows. We use a solution of de�ned concentration to investigate the
chemical and spatial resolution capabilities as a step toward the measurement of biological molecules in
solution in 3D with sub-nanometre resolution by using cryo-APT. Our analyses take analytical techniques
to a new level, since chemical characterization methods for cryogenically-frozen solutions or biological
materials are limited.

Introduction
Atom probe tomography (APT) 1–5 has become a key technique to investigate chemical structures at the
near-atomic scale across a broad variety of materials systems 6. Depending on the controlled removal of
individual atoms from a sharp needle-like emitter in the form of ions, this destructive method transforms
the studied sample volume into a 3D computer model with individual ions characterized chemically. One
of the current trends in APT is to gain a deeper understanding of soft matter in general and liquids in
particular 7–16. While thin layers of ice, created by condensed vapour on metallic tips, have been studied
previously 17–21, the newly available cryo-transfer systems 22,23 facilitate the preparation and transport of
APT specimens from frozen liquids with large sampled volumes. Such a step-change in capability may
enable fundamental atomic-scale studies of solutions, bio(macro)molecules in their natural environment,
and potentially catalytic reactions and other liquid-solid interfaces, e.g., wet corrosion.

Challenges arising from analysing soft matter by APT are not only the complex preparation routes, but
also the rather complex nature of the �eld evaporation process. While single atoms typically evaporate
from metallic samples, molecular ions of varying size 24–26 manifesting in a large variety are typically
observed for non-metallic samples, with just a small fraction of atomic ions sometimes arising from the
dissociation of metastable molecular ions during the �ight. Earlier measurements of thin water layers
17,27,28 and recent observations from thick ice layers 15,16 show a strong tendency in the creation of
protonated water clusters of varying size. Atomic hydrogen and oxygen are rarely detected and mostly
fragments from the dissociation of molecular ions 29–31. This does not only limit the spatial resolution
but also gives a higher probability of peak from different species overlapping, hindering the detection of
signals stemming from matter incorporated or dispersed in the water matrix.
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In principle APT is a calibration-free technique to determine the chemical composition by simply counting
each atom, but deviations are reported for carbides 32–34, boron 35, nitrides (AlN,GaN)29,31,36,37, oxides
29,36,38, alkali halides and other semiconducting materials 39–41. In the case of the latter, the composition
measured by APT is not as accurate, and the speci�c loss of oxygen and nitrogen is commonly attributed
to neutral species formed by molecular dissociations 29–31, thereby impeding their detection. These
additional uncertainties should be accounted for in discussions otherwise the derived conclusions can be
erroneous. If such effects cannot be avoided, understanding the loss factors and, in the simplest cases,
de�ning and using correction factors becomes of paramount importance. For measurements of frozen
liquids or solutions, or objects dissolved in a liquid environment, standards and possible corrections are
not yet available.

The importance of water in biological processes is undisputable. Most biochemical processes are
enabled by the unique properties of water as a polar medium. Central examples of biologically relevant
molecules are carbohydrates, glucose being one of the simplest ones. They are crucial for the energy
balance and integral to most important biological information storage, RNA and DNA 42. Glucose is a
monosaccharide consisting of a pyranose ring, which contains �ve carbon atoms and one oxygen atom,
with a hydroxymethyl group at C5. The molecular formula for glucose is C6O6H12. In its solid form, the
ring is usually closed, while in solution a small fraction of the molecules transforms into an open chain.
The most dominant representations of this type are α- and β-pyranose 43.  Its molar mass accounts to
180.16 g mol-1 and the maximum solubility in water is 470 g l-1 at room temperature. This equates to a
solubility of 2.608 mol l-1 or, on an atomic scale, 2 glucose molecules per 42 water molecules.

Equipped with the background knowledge from the prior analysis of pure Mili-Q water 15, we focus in this
study on the differences in the �eld evaporation behaviour between a saturated glucose solution, bulk
glucose and pure water to broaden the discussion basis and advance the understanding and map the
possibilities and limitations inherent to the application of state-of-the-art cryo-APT to the analysis of
solutions, molecules and biological materials.

Results And Discussion
We acquired through laser-assisted APT data from 7 specimens yielding at least 30 million atoms each.
Stable measurement conditions, with a homogeneous detector pattern and a steady smoothly increasing
voltage curve over time, were obtained with a detection rate of 3 ions per 1000 laser pulses, at a repetition
rate of 100 kHz and a pulse energy between 40 and 80 nJ. Chemical information is derived from the
measured time of �ight (ToF).  The ToF measurement is continuously restarted by the emission of a new
laser pulse, de�ning the maximum opening time of the ToF measurement window. While the maximum
detectable mass for a �ight length of 120 mm at 6 kV and a repetition rate of 200 kHz accounts to 200 u
e-1, the range can be extended at 100 kHz to about 800 u e-1. Such large masses are normally of limited
interest for APT, but at 100 kHz we could detect signi�cant signals stemming from large molecules up to
a mass of 350 u e-1. For high laser repetition rates these large fragments will have not enough time to
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reach the detector before a new laser pulse will be initiated. Besides, the decreased repetition rate enables
samples with low thermal conductivity to cool down between laser pulses manifesting in an improved
signal to noise ratio 16.

The mass spectrum of the saturated glucose solution (Fig. 1) reveals more than 140 mass peaks, a clear
increase compared to the pure water spectra 15. Peak identi�cation is ambiguous due to the large number
of possible combinations of charge states and their elemental combinations. We generally favoured the
simplest explanation for a speci�c mass signal, using the lowest possible charge state option to assign a
molecular identity to each signal, since the effective evaporation �eld for water is low 15,16 and thus lower
charge states are more likely to be observed.  Different approaches to assign individual peaks will be
discussed below and compared to the expected ratio of water to glucose molecules.

Mass spectra comparison of glucose solution to pure water

Since water is the majority compound in the saturated glucose solution (470 g L-1 at 20°C), it is
reasonable to expect a mass spectrum with signi�cant similarity to pure water 15. We observe the same
protonated water-containing ions (H2O)nH+ with n = 1-5, with peaks at m/q = 19, 37, 55, 73 and 91 u e-1,
as for pure water. Comparing the peak shapes of the signals match to the previous measurement of
water with regard to their peak width, relative intensity and the pronounced tailing15. Furthermore, higher
charged signals corresponding to the composition (H2O)n(OH)m

2+ and their satellite peaks (Δm=+1)
match as well. Distinct differences become visible for larger atomic masses. Periodic signals at masses
larger than m/q = 100 u e-1 are readily visible in Fig. 2. These high-mass signals have a distinct mass
difference of 18 u e-1. All signals stemming from m/q ratios above 91 u e-1 could in principle be explained
by large protonated water clusters (H2O)nH+ with n >5, which, however, are not observed in this quantity in
earlier measurements of pure water (Fig 2).

The glucose molecule has a mass of 180 u e-1. A reasonably strong signal appears at m/q = 181 u e-1

and can be also interpreted as a protonated glucose molecule. Glucose contains seven hydrogen atoms
and �ve OH-groups attached to different carbon atoms. The periodic peaks with lower masses than 181 u
e-1 can be explained by the simultaneous removal of an OH group and one H-atom from the carbon
atoms forming the pyranose ring. The removal of (HO+H)n with n = 0 – 5 would result in the distinct

spacing of mass peaks less than 181 u e-1 with a mass difference of Δm/q = 18 u e-1 (H2O+). This

periodicity stops once all OH groups are removed (Fig. 2b), at m/q = 91 u e-1. To complete the chain of
evidence, relative peak intensities are determined for protonated molecules (Fig. 3 a). The relative
intensities of the water cluster signal at m/q = 37, 55, 73, and 91 u e-1 agree with the intensity distribution
determined for pure water, implying a similar effective evaporation �eld strength for both liquids. Beyond
m/q = 91 u e-1 the relative intensities increase again in the case of glucose solution (m/q = 91, 109, 127,
145, 163, 181, u e-1). Since measurement conditions are comparable and such large clusters of water
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molecules were absent in the case of pure water, all signals with high masses above 91 u e-1 are therefore
attributed to glucose.

Molecular ions consideration

DFT calculations have been performed to calculate the structure and the stability of the formed glucose
fragments. The molecular ions smaller than the glucose molecule are depicted in Figure 4a. In each case,
the equivalent of n water molecules n = 1 - 5 has been removed compared to the structure at m/q = 181 u
. At the mass-to-charge state ratios of m/q = 127 u e-1 and m/q = 109 u e-1 isomers with planar 6-
membered rings were found. These 6-membered pyrylium rings are aromatic, which renders these
isomers particularly stable. The last molecule at m/q = 91 u e-1 has a linear structure.

After removal of OH+H the remainder of the glucose molecule undergoes a molecular rearrangement. Due
to their inherent mobility, the remaining hydrogen atoms relocate and bind to a different carbon atom. In
the case of C6O6H13

+ (m/q = 181 u e-1), it is possible to remove an H2O from one carbon atom. H2O is
removed from C2 and subsequently one hydrogen relocates from C1 to C2 resulting in the structure
shown in Figure 4a. It is unknown which OH molecule and which hydrogen atom are removed in the
smaller fragments.

Each of the structures has been found to be stable against the abstraction of the equivalence of one H2O

from the ring structure except for the clusters at m/q = 181 u e-1 and m/q = 163 u e-1, which are therefore
metastable. However, in those cases the calculated dissociation energy is rather small, 1.5 kJ mol-1 for
m/q = 181 u e-1 and 8 kJ mol-1 for m/q = 163 u e-1 (table 1).

Molecular structures with alternative compositions were found for m/q = 145, 127 and 109 u e-1 (see
Figure 4a marked with *). In contrast to the structures shown in Figure 4a and 4b they contain only 5
instead of 6 carbon atoms. The formation of these structures is, however, considered unlikely as it would
require a fragmentation of the carbon skeleton of the molecule, followed by the simultaneous removal of
one carbon, one oxygen and several hydrogen atoms. A direct comparison of the energy to those
structures shown in Figure 4b is impossible due to the different composition.

The reaction energies listed in table 1 are calculated using

Where E(x) denotes the electronic energy + Zero-point correction from the DFT calculations and x is equal
to the respective mass to charge state ratio m/q. E(n) = E(x=18) being either E(H2O) or E(H+OH).
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Molecules with a mass-to-charge state ratio higher than m/q = 181 u e-1 following with a Δm/q = 18 u e-1

are detected in considerable quantity and most likely correspond to a glucose molecule with one or more
additional cations (H+, H3O+ and H5O2

+, depicted in Figure 4b) bound via hydrogen bonds to the glucose
ring. An analysis of the partial charges shows how the charges are distributed within the molecule.
Oxygen is more electronegative than carbon and accumulates negative charge. The most weakly-charged
oxygen atom, with -0.6 e, is located within the closed ring structure, while the oxygen in the hydroxyl
groups is more strongly charged with - 0.7 e and the oxygen atoms in H3O+ or H5O2

+ carry between -0.9
and -0.8 e. All carbon atoms on the other hand only carry small charges (-0.09 to + 0.4 e). For this reason,
the hydrogen atoms have different amounts of positive charge depending on their binding partner:
around 0.5 e for hydrogen attached to oxygen and 0.2 – 0.3 e for hydrogen attached to carbon. In the
case of the molecular cluster at the mass-to-charge ratio of m/q = 217 u e-1, H5O2

+, also known as Zundel
cation, is bound to the cluster via hydrogen bonds.  79% of the overall charge of the cluster is located in
the H5O2 group.  Most of the molecule’s positive charge is therefore located in the water component of the
cluster and this portion increases with the size of the molecule. For the biggest cluster depicted in Figure
4b, the percentage increases to 97 % in the water component.
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In a saturated glucose solution, there are 21 water molecules available to solvate each glucose molecule.
 Further investigations of molecules at higher mass-to-charge ratio with more than two additional water
molecules with the formula C6O6H12+(H2O)nH+ with n = 2 – 9 could also be observed (see supplementary
material Fig. A 5). The respective stabilities and the arrangement of larger water cluster around the
glucose molecule were also computed. The DFT calculations show that it is energetically favourable to
build compact water cluster bound via hydrogen bonds to the glucose molecule instead of arranging
water molecules around the glucose molecule as a hydration shell (Fig. 4 b).

The apparent distribution of relative intensities above m/q = 91 u e-1, assumed to stem from glucose
molecules show a distribution with the maximum centred at m/q = 127 u e-1 (Fig. 3b). From the analysis
of multi-hit events 36 on the detector no preferential co-evaporation of HO, H2O, H3O with a large glucose
cluster could be observed. Even in the spectra for the single, double, triple etc. events, no signi�cant
difference in the detected species is observed (see supplementary part Fig. A 1-4). The loss of HO+H does
not occur simultaneously. A way to explain the observed distribution is to assume a step-by-step
evaporation process with certain evaporation probabilities in�uenced by the remaining molecular
fragment. Mass 181 is assumed to be generated in the �rst evaporation attempt k = 1.

To match the observed frequency distribution with this simple concept, the probability for evaporation
has to increase continuously after each removal of an HO+H fragment ( k > 1) . Or in other word, the
further removal of another HO+H event becomes harder (see Table 1). Once all OH groups have been
released, the molecule opens into a linear structure (Fig. 4a) as this structure is energetically more stable.
Fragments smaller than C6 can be explained by the splitting of the C6H3O+ chain. To derive these

probabilities, the number of occurring complete molecules in the range between 91 – 181 u e-1 are
normalized. The relative number of occurring complete molecules at m/q = 181 u e-1 is equal to the
probability of evaporating the respective molecule. The detected relative distribution is used to match the
respective probabilities in each step according to:
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Being a model, this simpli�ed approach has limitations, but the decrease in split-off-probability is
supported by DFT calculations and correlates with experiments (see Fig. 3c), since the remaining
fragment become more stable against further dissociation with every water or HO + H molecule removed
(see Table 2).

Between the main peaks at m/q = 109 and 217 u e-1, small peaks appear that are separated by a distance
of 1 u e-1, corresponding to a single additional hydrogen atom. There are always three very prominent
peaks between the two main peaks, with a distance of Δm/q = 5, 7, 12 u e-1 from the previous peak. The
peaks between the mass-to-charge state ratio of m/q = 109-181 u e-1 can be associated to C4-6OxHy.
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However, the intermediate peaks from m/q = 181-217 u e-1 can only correspond to the molecular ions
C5O5H11-14 + (H2O)xHy

+ with x = 2 - 3.

The identi�cation of an ion only by its mass, of course, does not tell anything about the internal structure
of the detected species. In this speci�c case, the structure and the identity of the injected molecules are a
priori known But it would not be possible to differentiate common monosaccharides like galactose and
fructose based on the molecular mass. Since current detectors used for APT have an e�ciency around
80%, it is still doubtful, whether current reconstruction algorithms could assign the original molecule even
when it evaporated atomically. This would require a more sophisticated analysis of the data, and likely
statistical comparison with a database of fragments, as is done in proteomics44 . Whether the observed
frequency distribution of fragments as described in table 2 is unique for glucose and allows a clear
distinction from other monosaccharides is unknown and must be evaluated in the future. Typically, the
respective evaporation �eld scales with the sublimation energy, which is increasing with the melting
temperature of the substance 2,45. The monosaccharides at least differ in their melting temperatures
(glucose 146°C, fructose 106°C, galactose 164°C). In a �rst view, one may speculate that the melting
point mostly affects the probability to evaporate the complete molecule, while the probability to split OH
or H in both cases covalently bond might be less in�uenced.  Thus, the relative fractions of the high-mass
peaks would change, which may result in a distinguishable pattern.

The exact identi�cation of fragments for lower masses is even more complicated. For all lower mass
peaks combinations of different CxHy / CxOyHz permutations in various charge state modi�cations can be
found. A full interpretation list can be found in Table A 1 of the supplementary part.

Comparison of a saturated glucose solution to bulk glucose

In the measurements presented before, water is the majority component. Thus the situation becomes less
transparent, as signals stemming from water claim the same positions within the spectrum than the
sugar molecules. To avoid such superposition, we also investigated pure bulk glucose sample to identify
peak positions of probably highest overlap. Still,  the ionization �eld strength of frozen water is rather low
(2 – 6 V/nm) 17,28,46 while we can expect for solid sugar �eld strengths of some tens of V/nm which may
hinder a direct comparison.

Samples were prepared from pure solid bulk glucose by FIB lift-out (see Materials and Methods section)
47. Comparing the mass spectrum of bulk glucose plotted in Fig. 5 with that of glucose in aqueous
solution (Fig. 1), signi�cant differences are readily visible. First, for bulk glucose no signals above m/q =
80 u e-1 are detected, indicating that the average �eld condition is su�cient to split the pyranose rings
from the glucose molecule. Focusing on lower mass signals, most peaks pertain to molecular ions,
although small but signi�cant C (12 u e-1) and H (1 and 2 u e-1) atomic signals are present as reported for
other carbon-based system with varying �nger prints 48–51
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Nevertheless, series of peaks appear that are spaced by 1 u e-1 up to a mass-to-charge state ratio of m/q
= 80 u e-1. A full interpretation list can be found in Table A2 of the supplementary part.  The most intense
peaks are at m/q = 15 u e-1, corresponding to CH3

+, m/q = 29 u e-1 attributed to C2H5
+ or COH+, and at

m/q = 44 u e-1 giving multiple identi�cation options (C3H8
+, C2OH4

+ or COO+). 

Various peaks can be explained by combinations of carbon, oxygen and hydrogen (CxOyHz). For example,

in the range of m/q = 28 - 31 u e-1 COHz combinations can �t. The interpretation is not univocal, many
possibilities exist for each peak (see table A 2 supplementary part), and because of the electric �eld
conditions, only singly charged molecules are considered. However, a comparison of all shown
measurements reveals a very different fragmentation behaviour of the glucose depending on whether it is
dissolved in water or evaporated as bulk material. Bulk glucose shows a high fragmentation rate,
whereas glucose dissolved in water has a lower fragmentation rate and frequently evaporates as a
complete molecule. This observation must be traced back to the different bonding conditions in the solid
and dissolved state and the respective electrical �eld strength necessary to cause �eld evaporation.

A further difference can be observed regarding the intensities of the detected molecules H2O+ and H3O+.

In the aqueous medium the molecule H3O+ is dominant, but in the solid state the molecule H2O+ is much
more present, which could be due to a cleaving effect of the HO and H parts of the pyranose ring.

This signi�cant difference in the ratio of H2O+ to H3O+ seems to be a reasonable marker in between the
discussed measurements. Generally, the mass signals stemming from the solid samples display sharper
peaks and less tailing compared to the aqueous solution samples. A simple explanation by a difference
in heat conductivity λ is not feasible, since the reported values for a saturated aqueous glucose solution
and glucose crystals are both in the range of 0.5 ± 0.1 Wm-1K-1 52,53 while the reported value for ice are
about 5 -10 times higher depending on the crystal structure with the lower limit given by low-density
amorphous ice to be 0.6 Wm-1K-1 54. The increased tailing has to be attributed to a more direct in�uence
of the ice 15.

It is insightful to discuss and interpret the correct determination of the oxygen content. The interpretation
of all signals stemming from pure bulk glucose as carbohydrates CxHz results in an extreme
underestimation of oxygen (Table 3), which cannot be simply explained by the loss of neutral oxygen
during the APT measurement.
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Instead, one may favour the interpretation of the mass signals as CxOyHz molecules. In this case the
amount of available oxygen is overestimated by 18.31 %. Thus, the reality seems to be a convolution
between both possibilities. Further experiments are needed to resolve the sources of uncertainty.

Determination of compositional information for the aqueous solution

In general, compositional information is of tremendous interest. Identi�cation of compositions, and
therefrom phases, diffusion coe�cients, segregations factors are important cornerstones to identify
processes and underlying mechanisms. In our case, the initial composition of the solution is well known.
Since glucose and other sugars act as cryoprotectants and form glasses for highly concentrated
solutions55 it can be used to judge the peak identi�cation and to identify open questions and problems to
be addressed in the future.

A bijective identi�cation of the retrieved mass information is di�cult due to the already discussed
overlapping mass signals and the large number of possible explanations. Various combinations of
(H2O)nH, CxHy, CxOyHz molecules would deliver reasonable explanations. Though a combination of all
sources is highly likely and increases the complexity and leads to uncertainty and loss of local spatial
resolution.

For stoichiometry calculations, all peaks are identi�ed, and the resulting number of individual events
counted. Different interpretation approaches are used, and the unfolding molecule was split into its
atomic components carbon (C), oxygen (O) and hydrogen (H). In addition, a baseline correction was
performed to obtain an accurate determination of the atomic ratios.

All obtained carbon atoms are assumed to be originating from glucose molecules. By dividing the total
number of carbon atoms by a factor of six, the total amount of glucose molecules is calculated. In a next
step the total number of glucose molecules is multiplied by six and subtracted from the total number of
oxygen atoms. The remaining oxygen atoms are assumed to stem from water molecules. The saturated
glucose solution should exhibit a mass fraction of glucose to water of 0.47, which corresponds to 21.27
water molecules per glucose molecule for a saturated solution. For the calculation of the stoichiometry
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different peak interpretation approaches were used (Table A 3,4 supplementary part) and the results are
listed in Table 4.

Interpreting the signals at m/q = 17, 18 and 19 u e-1 as HO, H2O and H3O, respectively, and all other peaks
as molecules by various combinations of CxHy results in a glucose to water mass-ratio of 519.94. The
ratio deviates massively from the theoretical value by a factor of 1100.

Using our earlier measurements of pure water 15 as a footprint, all peaks visible in the water spectrum are
attributed to water, while large molecules are assumed to be large glucose molecules. Signals at masses
below 91 u e-1 which were not visible in the water measurements are assumed to be hydrocarbons with
the formula CxHy. The mass-ratio of glucose to water is calculated to be 1.40. In this case, this
corresponds to 7.17 water molecules per glucose molecule. The ratio still deviates from the theoretical
value by a factor of 3. However, it shows that the ratio has improved by a factor of 366 with only the pure
re-interpretation of the water molecules. Nevertheless, there is also an underestimation of oxygen, which
is caused by the overlapping of peaks or by wrong interpretation of the carbon chains.

As already mentioned, various signals can also be explained by CxOyHz. Using this interpretation only for
signals not stemming from water leads to a ratio of 0.61, which deviates by a factor of only 1.3 from the
theoretical value of 0.47. This corresponds to 16.36 water molecules for each glucose molecule.

Since we observe the evaporation of large and mostly intact glucose rings, it seems unlikely from
previous considerations and DFT calculations, that the pyranose ring is cracked and fragments of CxOyHz

are observed. However, DFT calculation for the fragment with mass m/q = 91 u e-1 reveal a chain like
structure with unsaturated carbon atoms. The bond energy between a C-O bond 56 is slightly higher than
that of a C-C bond 56. HxO molecules of water can possibly recombine with the adjacent glucose
fragment and therefore CxOyHz fragments would allow to explain the observed mass signals.

To achieve a result close to the correct stoichiometry, the results from bulk glucose (Fig. 5) are
considered. Especially in the mass range from m/q = 27 to 36 u e-1 and m/q = 41 to 48 u e-1 signi�cant
overlap with water signals occurs. By assigning 33% of the signals to CxOYHz fragments and 67% to
water clusters the mass-ratio of 0.48 is achieved. This is very close to the theoretical value, but
demonstrates the ambiguity of the correct determination of the stoichiometry at the moment. The excess
of hydrogen is reduced by a factor of 1.3 if only the reinterpretation of the protonated water clusters was
considered. However, the hydrogen content of still 25.15% is clearly too high, which is due to a wrong
interpretation. Only with the assumption of CxOyHz molecules and protonated water cluster the proportion
is reduced by a factor of 5.2 and is about 4.28%. This overestimation of hydrogen can be attributed to
residual hydrogen from the stainless-steel chamber and cannot be quanti�ed exactly, but it is a very likely
reason for the overestimation of the hydrogen content in APT measurements.

Correlative information sources have to be used to support the APT analysis.
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Three-dimensional structural analysis

The unique feature of APT is the reconstruction of the measured volume in 3D with a near atomic
resolution. With the dominating evaporation of molecular species, the principal resolution limit is
controlled by the size of the individual fragments. Desorption maps for selected molecules are depicted in
Figure 6.  While the distribution especially for larger protonated water clusters and glucose molecules is
homogenous, local density changes for H3O+ molecules are apparent. The occurrence of line features

seems to be related to the laser incidence direction, as reported for pure water 15.

In order to investigate the distribution of the solvated glucose molecules inside the water matrix the
measurement data are reconstructed (see materials and methods section for more details) (Fig. 7). As
majority component the signal from water and related water clusters is dominating. Small local density
imperfections become visible which are related to the line structures in the desorption maps. Their origin
has to be further investigated.

The distribution of HO, H2O and H3O molecules is probed by a cylinder, dimension of 20 x 100 nm, along
the tip axis (Fig. 7a) and perpendicular to the axis (10 x 50 nm) (Fig. 7b).  While the relative ratio of the
water signals is relatively constant in tip direction, a change of relative abundance from H3O+ to H2O+ is
recorded perpendicular to the tip axis. Since asymmetric with respect to the tip symmetry axis, again, the
laser incidence direction can be made responsible. A suggested explanation would refer to the local
heating of the sample due to the laser matter interaction leading to local change in tip curvature. As a
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result, the effective �eld at the impact side of the laser is usually less than at the opposite. A lower �eld,
appears  to favour H2O molecules evaporating.

The glucose fragments show a homogeneous distribution in the 3D volume as observed in the desorption
maps, which can be attributed to a very fast cooling of the sample, therefore no segregation zone is
observed, caused by recrystallization of the water (Fig. 8).

By determining the radius of a sphere around an identi�ed glucose molecule (masses m/q = 109 -181 u e-

1) that includes a given number of nearest neighbouring (NN) glucose molecules, the distribution of the
glucose inside the solution can be investigated. The number of included nearest neighbours’ scales with
the radius to the power 3.

Here ρ denotes the glucose density and is determined to 0.5 ± 0.1 molecules nm-3. As initially described,
about 1.57 glucose molecules are expected per cubic nanometre. Taking the detection e�ciency of 50%
into account a partial fragmentation of a distinct number of molecules into smaller fragments, the value
represents quite well the expected density distribution (Fig. 9).  

In a saturated glucose solution, there are 21 water molecules available to solvate each glucose molecule.
 In order to visualize the hydrate shell around a solvated glucose molecule, two isosurfaces in a small
volume of 5 x 5 nm, 2 x 3 nm, and 2 x 2 nm are plotted (Fig. 10 a-c). The position of evaporated glucose
molecules is indicated by a second iso-surface. The surrounding water molecules/clusters are
represented by the blue iso-surface with a water concentration around 67% (Fig. 10 a-c). The glucose
molecules are surrounded by water molecules and homogenously distributed inside the volume. The
structural information of the individual molecules is of course not directly retrievable from the APT data.
In Fig. 10c the DFT calculated structure is placed at the position of a detected glucose molecule implying
a higher resolution than technically achieved. More advanced reconstruction algorithms combined with
suitable simulation packages and DFT calculations might be able to derive the likely structure on an
atomic scale from the purely molecular data sets, if of course other problematic sources of error are
excluded. Any alteration of the sample structure by the freezing process has to be excluded. This is a
necessary precondition like for all characterisation methods.

Summary:

Equipped with the knowledge for pure water, we now have provided �eld evaporation measurements for a
saturated glucose solution. Due to the low evaporation �eld of water the glucose molecules evaporated
as large, partially intact, molecules. Smaller fragments overlap with the signals related to water. However,
overlap and ambiguity of mass peaks leaves room for various approaches of chemical interpretation.
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The APT data of pure bulk glucose differ strongly from the data of the glucose solution. The solid bulk
material exhibits a higher fragmentation rate of the molecule rings as compared to the solution, probably
caused by a high evaporation �eld of bulk glucose. Other causes may be different absorption coe�cients
and/or different binding conditions between bulk glucose and the solution. Nevertheless, with
comparison of both measurements and the a-priori knowledge of the overall composition, a suitable
interpretation of the mask peaks could be suggested.

A reasonable matching of the measured stoichiometry with the known one can be achieved by
interpreting the overlap in the range m/q = 27-36 u e-1 and m/q = 41-48 u e-1 as a ratio of 33% of CxOyHz

to 67% (H2O)1-5H+. Resulting in a total mass fraction about 0.48, which agrees reasonably with the
theoretical value of 0.47. However, there is also a certain overlap with many other peaks, which makes it
exceedingly di�cult to calculate them exactly, since the exact fractions are not yet known. A signi�cant
loss of oxygen or hydrogen cannot be excluded. The identi�cation of glucose molecules within the matrix
is only possible by the existence of nearly complete ionic molecules. These allow an unambiguous
identi�cation also locally in the volume space. The effective detection e�ciency of the solute molecules
results in only one molecule out of three identi�ed with certainty.

What sounds like a disadvantage in comparison to the analysis of metals and semiconductors enables
APT to retrieve distinguishable information’s of solutes in aqueous solutions, if a sample modi�cation by
the freezing process can be excluded. A breakdown of the solutes into smaller molecular parts would
render them invisible against the background of the matrix signals. 

A better understanding of the measurement conditions is necessary with regard to the solutes, laser
power, �eld strength, temperature. The change of molecular fragmentation in dependence of the local
environment has to be understood. Furthermore, the in�uence of the evaporation of large clusters on the
accuracy of the reconstruction is not known and must be examined and in the best case attributed by an
improved reconstruction algorithm. Nevertheless, the possibility to detect certain molecules within an
aqueous solution, opens the opportunity to inject suitable markers and biological molecules, to study
their distribution in various reactions in 3D with sub-nanometre resolution.

Materials And Methods
Materials. As sample material, glucose (EP, BP, JP, USP testing speci�cations, anhydrous, from Sigma
Aldrich) was used. For the supersaturated glucose solution, water which was ionized and �ltered through
a Milli-Q system (Millipore) was used. By careful cleaning of all materials and the usage of pure
constituents overlapping in the ToF-mass spectrum from impurities is avoided, since this would lead to
an even more challenging peak analysis. To create a saturated glucose solution, glucose was added to
water until the solubility limit was reached a sediment formed on the bottom of the test glass. Tungsten
was chosen as a substrate material.  To create a rough and reproducible surface we followed the
approach described in 15.  For the Lift-Out process, tungsten wires were �rst etched in 2mol NaOH
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solution by applying an AC voltage. Afterwards the tip was cut down to a �at post by using the Focused
Ion Beam (FIB).

Freezing Process: As reported in previous work 15, a solution droplet was dipped with a micro pipette on a
precooled tungsten post, which is located within a liquid Nitrogen bath to create droplets on top (60-250
µm). Subsequently, the sample holder is transferred as fast as possible into the cooled body of the
modi�ed transfer shuttle VCT500 from Leica (T = -184 °C) and pumped to a pressure of 6·10-1 mbar.
Shortly after, the shuttle is attached to the high vacuum-coater (Leica EM ACE600), to carry out a freeze
etching process to remove ice crystals that were formed by the contact of the sample with air. By heating
up the sample very precisely to a temperature of -90 °C and a pressure of 9·10-7 mbar for 30 minutes, a
sublimation process from solid ice to vaporous ice occurs, which is necessary for the controlled removal
of condensed ice from the sample. In addition, the Leica EM ACE600 high vacuum coater is useful to
improve the vacuum condition inside the shuttle (10-4 mbar), which is necessary to enable the transfer of
the sample into the Focused-Ion-Beam (FIB) Microscope.

Cryo FIB Preparation: In order to prepare cryogenic samples in the FIB (FEI Scios) into a nano-shaped tips
with an apex radius less than 100 nm, which is required for the APT method, the FIB has to be equipped
with a custom made cryo-stage, which is cooled down to a temperature of -150 °C by copper bands
connected to a N2 Dewar attached to the microscope. The sample itself is transferred into the microscope
using a dedicated VCT500 load lock. This load lock was mounted at the back side of the SEM to the port
intentional designed for the STEM detector, which allows an easy sample transport into the cryo-stage.
Cold surfaces act as a trap for surrounding gas or molecules. To avoid re-deposition of material onto the
shaped sample, a cryo-shield was installed in the chamber additionally.

Cryo APT specimen preparation. SEM imaging was typically performed with low energy (5 kV 25 pA) to
prevent melting of the sample by electron bombardment.  For the milling process, the sample has been
tilted to 52°, which aligns it vertically towards the ion beam. A circular ring pattern was used for
azimuthal milling. Initial milling steps were performed at 30 kV acceleration voltage and an ion beam
current of 50 nA until the tungsten substrate became visible again. After reaching a radius of 30 µm, the
beam current is gradually reduced with decreasing radius, down up to an inner ring diameter of 300 nm
and a beam current of 0.1 pA. The thinning process is monitored by taking snapshots using the electron
beam. The shaping process continues until a very sharp tip with a radius <100 nm (Fig. 11 a-d) is
obtained. The �nished tip is then transferred back into the shuttle and can be attached to the APT. To our
experience reproducible measurements with su�cient throughput require a high aspect ratio of the tip. A
tip length of several tens of µm is desirable. The preparation way for a cryo-APT specimen is depicted in
Figure 11 a-d.

 APT specimen preparation: The glucose crystals were glued with a silver glue (RS pro silver conductive
glue) on a SEM grid. For better conductivity and to minimalize the charging effect, 50 nm copper was
sputtered on top with the high vacuum-coater (Leica EM ACE600) by glow discharge sputtering.
Deposition parameter were 60 mA current and an Ar pressure of 2.0·10 -2 mbar and an effective sputter
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rate of 0.15 nm/s. Afterwards a normal APT specimen Lift-Out method was used 47 (see Fig. 11 e-l)
followed by a shaping process.

APT Measurements: Using a custom-made atom probe 57 equipped with NOPA to continuously change
wavelength in the range between 350 and 900 nm, measurements were conducted with a laser
wavelength of 355 nm. The pulse length was chosen to 250 fs. The spot size in the focus point accounts
to a diameter of 50 microns. As detector a 120 mm diameter delay line detector with chevron MCP setup
with an open area ratio (OAR) of 50% is used. The �ight length accounts to 130 mm and the effective half
angle of the �eld of view to 38°.  The system is equipped with a custom made cryo-transfer port to accept
a standard VCT500 from Leica for the transfer of cryogenic samples. The exchange of the sample in the
buffer chamber uses a PEEK isolated storage position to avoid melting of the sample during transfer. The
obtained datasets were analysed and reconstructed using the Scito 58 software package.

Reconstruction: The volume was reconstructed using a geometrical reconstruction algorithm 59  based on
the original point projection method by Bas et al. 60. SEM pictures were used to determine the initial
radius of the tip. This radius and the taper angle were used to optimize the calculated evaporation-�eld
curve. All necessary parameters, like �eld and image compression factors were determined in earlier
experiments. For the z-axis reconstruction the respective densities of each molecular fragment were
calculated to achieve the correct density values after splitting of the assumed molecule in its atomic
constituents.

DFT Calculation: To explain the obtained fragments, we performed calculations with density functional
theory (DFT) to study the stability of several ions that can explain the observed m/q ratios. All energies
reported were obtained with the functional BP86 61,62 and the basis set def2-SVP 63,64 with D3 dispersion
correction 65. The calculations were performed with Turbomole 66,67 run through ChemShell 68,69.
Harmonic frequency calculations con�rmed the structures as minima on the potential energy surface.
The energies include the harmonic zero-point vibrational energy. All calculations were performed in the
absence of an external electric �eld. Partial charges were analysed using natural bond orbitals (NBO)70.

The starting geometry for the calculation was an α-D-glucopyranose molecule. The geometry at m/q =
181 u e-1 is equivalent to a glucose molecule with an additional proton. The proton was attached to
different atoms in the molecule in order to �nd the most likely binding site. The geometry with the lowest
energy found the additional H to be bound between two oxygen atoms.

By adding a hydronium cation to glucose, the geometry for m/q = 199 u e-1 is obtained. The hydronium
can approach the glucose molecule from several different directions, thereby resulting in a multitude of
possible molecular structures. The structure with the lowest energy is chosen as the most likely and
serves as the starting geometry for the calculation of the next structure at m/q = 217 u e-1 in which case
H2O is added. The structure of glucose+(H2O)16H+ is the result of an MD simulation with GFN-xTB 71,
followed by an energy minimization with BP86/def2-SVP.
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The simulation of structures at mass-to-charge state ratios of m/q = 163 u e-1 and below progressed in a
similar fashion. One hydrogen and an OH group were removed from the glucose molecule. Several
different possible combinations were investigated. Each structure with the lowest energy served as
starting point for the structure with the next lower mass-to-charge state ratio.

Declarations
Acknowledgements: 

The authors gratefully acknowledge funding by the German Research Foundation
(Deutsche Forschungsgemeinschaft, DFG)-Project-ID 358283783 - SFB 1333. 

Contributions:

P.S conceived the idea of the research plan and the experiment. T.M.S and J.O produced the samples and
performed the experiment with APT, supervised by P.S. Data Analysis was carried out by T.M.S, P.S and
E.M.W. E.H and H.S helped with FIB sample processing. R.L programmed analysis tools for data
evaluation. C.A.D and J.K carried out DFT calculations. B.G and G.S reviewed the manuscript. T.M.S and
P.S wrote the paper with input from all authors.

Competing interests:

The authors declare no competing interests.

References
1. Gault, B., Moody, M. P., Cairney, J. M. & Ringer, S. P. Atom Probe Microscopy . (Springer).

2. Miller, M. & Forbes, R. Atom-Probe Tomography - The Local Electrode Atom Probe (Springer US,
2014).

3. Kelly, T. F. & Larson, D. J. Atom Probe Tomography 2012. Annu. Rev. Mater. Res. 42, 1–31 (2012).

4. Lefebvre.Ulrikson,W., Vurpillot, F., Sauvage, X., Atom Probe Tomography .(Elsevier, Academic Press,
2016).

5. Schmitz, G. Nanoanalysis by Atom Probe Tomography. in Nanotechnology (Wiley-VCH Verlag GmbH
& Co. KGaA, 2010). doi:10.1002/9783527628155.nanotech069.

�. Stender, P., Heil, T., Kohl, H. & Schmitz, G. Quantitative comparison of energy-�ltering transmission
electron microscopy and atom probe tomography. Ultramicroscopy 109, (2009).

7. Rusitzka, K. A. K. et al. A near atomic-scale view at the composition of amyloid-beta �brils by atom
probe tomography. Sci. Rep. 8, 17615 (2018).

�. Kelly, T. F., Nishikawa, O., Panitz, J. A. & Prosa, T. J. Prospects for Nanobiology with Atom-Probe
Tomography. MRS Bull. 34, 744–750 (2009).



Page 20/33

9. Adineh, V. R., Marceau, R. K. W., Velkov, T., Li, J. & Fu, J. Near-Atomic Three-Dimensional Mapping for
Site-Speci�c Chemistry of ‘Superbugs’. Nano Lett. 16, 7113–7120 (2016).

10. Perea, D. E. et al. Tomographic mapping of the nanoscale water-�lled pore structure in corroded
borosilicate glass. doi:10.1038/s41529-020-0110-5.

11. Schreiber, D. K., Perea, D. E., Ryan, J. V., Evans, J. E. & Vienna, J. D. A method for site-speci�c and
cryogenic specimen fabrication of liquid/solid interfaces for atom probe tomography.
Ultramicroscopy 194, 89–99 (2018).

12. Qiu, S. et al. Three-Dimensional Chemical Mapping of a Single Protein in the Hydrated State with
Atom Probe Tomography. Anal. Chem. 92, 5168–5177 (2020).

13. Qiu, S. et al. Graphene encapsulation enabled high-throughput atom probe tomography of liquid
specimens. Ultramicroscopy 216, (2020).

14. Qiu, S. et al. Direct Imaging of Liquid-Nanoparticle Interfaces with Atom Probe Tomography. J. Phys.
Chem. C 124, 19389–19395 (2020).

15. Schwarz, T. M. et al. Field evaporation and atom probe tomography of pure water tips. Sci. Rep. 1–14
(2020) doi:10.1038/s41598-020-77130-x.

1�. El-Zoka, A. A. et al. Enabling near-atomic-scale analysis of frozen water. (2020).

17. Stintz, A. & Panitz, J. A. Cluster ion formation in isothermal ramped �eld-desorption of amorphous
water ice from metal surfaces. Surf. Sci. 296, 75–86 (1993).

1�. Tsong, T. T. & Liou, Y. Cluster-ion formation in pulsed-laser-stimulated �eld desorption of condensed
materials. Phys. Rev. B 32, 4340–4357 (1985).

19. Beckey, H. D. Massenspektrometrische untersuchungen über ionen-molekülreaktionen und über die
assoziation des wassers mit hilfe einer feldemissions-lonenquelle. Zeitschrift fur Naturforsch. - Sect.
A J. Phys. Sci. 15, 822–827 (1960).

20. Karahka, M. & Kreuzer, H. J. Water whiskers in high electric �elds. in Physical Chemistry Chemical
Physics vol. 13 11027–11033 (The Royal Society of Chemistry, 2011).

21. Dirks, J. The interaction of synchrotron light with water adsorbed on a Ag-�eld emitter in the presence
of a high electric �eld. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 10, 231 (1992).

22. Marko, M., Hsieh, C., Moberlychan, W., Mannella, C. A. & Frank, J. Focused ion beam milling of
vitreous water: Prospects for an alternative to cryo-ultramicrotomy of frozen-hydrated biological
samples. J. Microsc. 222, 42–47 (2006).

23. Medeiros, J. M. et al. Robust work�ow and instrumentation for cryo-focused ion beam milling of
samples for electron cryotomography. Ultramicroscopy 190, 1–11 (2018).

24. Stoffers, A., Oberdorfer, C. & Schmitz, G. Controlled �eld evaporation of �uorinated self-assembled
monolayers. Langmuir 28, 56–59 (2012).

25. Gruber, M., Oberdorfer, C., Stender, P. & Schmitz, G. Laser-assisted atom probe analysis of sol-gel
silica layers. Ultramicroscopy 109, (2009).



Page 21/33

2�. Perea, D. E. et al. Atom probe tomographic mapping directly reveals the atomic distribution of
phosphorus in resin embedded ferritin. Sci. Rep. 6, 1–9 (2016).

27. Dirks, J. The interaction of synchrotron light with water adsorbed on a Ag-�eld emitter in the presence
of a high electric �eld. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 10, 231 (1992).

2�. Anway, A. R. Field ionization of water. J. Chem. Phys. 50, 2012–2021 (1969).

29. Karahka, M., Xia, Y. & Kreuzer, H. J. The mystery of missing species in atom probe tomography of
composite materials. Appl. Phys. Lett. 107, (2015).

30. Silaeva, E. P., Karahka, M. & Kreuzer, H. J. Atom Probe Tomography and �eld evaporation of
insulators and semiconductors: Theoretical issues. Current Opinion in Solid State and Materials
Science vol. 17 211–216 (2013).

31. Gault, B. et al. Behavior of molecules and molecular ions near a �eld emitter. New J. Phys. 18,
033031 (2016).

32. Yao, L., Gault, B., Cairney, J. M. & Ringer, S. P. On the multiplicity of �eld evaporation events in atom
probe: A new dimension to the analysis of mass spectra. Philos. Mag. Lett. 90, 121–129 (2010).

33. Peng, Z. et al. On the detection of multiple events in atom probe tomography. Ultramicroscopy 189,
54–60 (2018).

34. Thuvander, M. et al. Reduction of multiple hits in atom probe tomography Reduction of multiple hits
in atom probe tomography. Ultramicroscopy 81–85 (2013) doi:10.1016/j.ultramic.2012.12.005.

35. Meisenkothen, F., Steel, E. B., Prosa, T. J., Henry, K. T. & Prakash Kolli, R. Effects of detector dead-time
on quantitative analyses involving boron and multi-hit detection events in atom probe tomography.
Ultramicroscopy 159, 101–111 (2015).

3�. Saxey, D. W. Correlated ion analysis and the interpretation of atom probe mass spectra.
Ultramicroscopy 111, 473–479 (2011).

37. Hans, M. & Schneider, J. M. Electric �eld strength-dependent accuracy of TiAlN thin �lm composition
measurements by laser-assisted atom probe tomography. New J. Phys 22, 33036 (2020).

3�. Blum, I. et al. Dissociation Dynamics of Molecular Ions in High dc Electric Field. J. Phys. Chem. A
120, 3654–3662 (2016).

39. Müller, M., Saxey, D. W., Smith, G. D. W. & Gault, B. Some aspects of the �eld evaporation behaviour of
GaSb. Ultramicroscopy 111, 487–492 (2011).

40. Müller, M., Gault, B., Smith, G. D. W. & Grovenor, C. R. M. Accuracy of pulsed laser atom probe
tomography for compound semiconductor analysis. in Journal of Physics: Conference Series vol.
326 012031 (Institute of Physics Publishing, 2011).

41. Mancini, L. et al. Composition of wide bandgap semiconductor materials and nanostructures
measured by atom probe tomography and its dependence on the surface electric �eld. J. Phys.
Chem. C 118, 24136–24151 (2014).

42. Watson, J. D. & Crick, F. H. C. Molecular structure of nucleic acids: A structure for deoxyribose nucleic
acid. Nature 248, 765 (1974).



Page 22/33

43. Robyt, J. F. Essentials of Carbohydrate Chemistry . (Springer, 1998).

44. Timp, W. & Timp, G. Beyond mass spectrometry, the next step in proteomics. Sci. Adv. 6, eaax8978
(2020).

45. Tsong, T.T., Atom-Probe Field Ion Microscopy: Field Ion Emission, and Surfaces and Interfaces at
atomic resolution Tien T. Tsong (Cambrige University Press) 1990.

4�. A Schmidt, V. W., Müller, E. W., auch Zitat, vgl, Inghram R Gomer, M. G. & Chem Phys, J.
Massenspektrometrische Untersuchung der Feldionisation von Wasserdampf an Spitzen aus
Wolfram, Platin und Iridium 1 ’ 2. Z. Naturforschg vol. 19 (1964).

47. Prosa, T. J. & Larson, D. J. Modern Focused-Ion-Beam-Based Site-Speci�c Specimen Preparation for
Atom Probe Tomography. in Microscopy and Microanalysis vol. 23 194–209 (Cambridge University
Press, 2017).

4�. Nishikawa, O., Taniguchi, M. & Ikai, A. Atomic Level Analysis of Amino Acids by the Scanning Atom
Probe. MRS Proc. 1231, 1231-NN06-09 (2009).

49. Nishikawa, O. & Taniguchi, M. Atomic level analysis of carbon �bers by the scanning atom probe.
Surf. Interface Anal. 46, 1231–1235 (2014).

50. Nishikawa, O. & Taniguchi, M. Quantitative evaluation of carbon nanotubes by the scanning atom
probe. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 27, 1076–1079 (2009).

51. Nishikawa, O., Taniguchi, M. & Ikai, A. Atomic level analysis of biomolecules by the scanning atom
probe. Appl. Surf. Sci. 256, 1210–1213 (2009).

52. Werner, M., Baars, A., Werner, F., Eder, C. & Delgado, A. Thermal conductivity of aqueous sugar
solutions under high pressure. Int. J. Thermophys. 28, 1161–1180 (2007).

53. Krokida, M. K., Panagiotou, N. M., Maroulis, Z. B. & Saravacos, G. D. THERMAL CONDUCTIVITY:
LITERATURE DATA COMPILATION FOR FOODSTUFFS. Int. J. Food Prop. 4, 111–137 (2001).

54. Andersson, O. & Suga, H. Thermal conductivity of low-density amorphous ice. Solid State Commun.
91, 985–988 (1994).

55. Thanatuksorn, P., Kajiwara, K., Murase, N. & Franks, F. Freeze-thaw behaviour of aqueous glucose
solutions - The crystallisation of cubic ice. Phys. Chem. Chem. Phys. 10, 5452–5458 (2008).

5�. Olaf Kühl. Organische Chemie für Biochemiker, Lebenswissenschaftler, Mediziner, Pharmazeuten.
(Wiley-VCH, 2012).

57. Schlesiger, R. et al. Design of a laser-assisted tomographic atom probe at Münster University. Rev.
Sci. Instrum. 81, 043703 (2010).

5�. Stender, P., Balla, I. Scito - APT Reconstruction Software., www.inspico.eu

59. Jeske, T. & Schmitz, G. Nanoscale analysis of the early interreaction stages in Al/Ni. Scr. Mater. 45,
555–560 (2001).

�0. Bas, P., Bostel, A., Deconihout, B. & Blavette, D. A general protocol for the reconstruction of 3D atom
probe data. Appl. Surf. Sci. 87–88, 298–304 (1995).



Page 23/33

�1. Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic behavior.
Phys. Rev. A 38, 3098–3100 (1988).

�2. Perdew, J. P. Density-functional approximation for the correlation energy of the inhomogeneous
electron gas. Phys. Rev. B 33, 8822–8824 (1986).

�3. Eichkorn, K., Weigend, F., Treutler, O. & Ahlrichs, R. Auxiliary basis sets for main row atoms and
transition metals and their use to approximate Coulomb potentials. Theor. Chem. Acc. 97, 119–124
(1997).

�4. Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta
valence quality for H to Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys. 7, 3297–
3305 (2005).

�5. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of
density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
134101 (2010).

��. Ahlrichs, R., Bär, M., Häser, M., Horn, H. & Kölmel, C. Electronic structure calculations on workstation
computers: The program system turbomole. Chem. Phys. Lett. 162, 165–169 (1989).

�7. University of Karlsruhe, and, Forschungszentrum Karlsruhe, G. Turbomole.

��. Sherwood, P. et al. QUASI: A general purpose implementation of the QM/MM approach and its
application to problems in catalysis. J. Mol. Struct. THEOCHEM 632, 1–28 (2003).

�9. Metz, S., Kästner, J., Sokol, A. A., Keal, T. W. & Sherwood, P. ChemShell-a modular software package
for QM/MM simulations. Wiley Interdiscip. Rev. Comput. Mol. Sci. 4, 101–110 (2014).

70. Reed, A. E., Weinstock, R. B. & Weinhold, F. Natural population analysis. J. Chem. Phys. 83, 735–746
(1985).

71. Bannwarth, C., Ehlert, S. & Grimme, S. GFN2-xTB - An Accurate and Broadly Parametrized Self-
Consistent Tight-Binding Quantum Chemical Method with Multipole Electrostatics and Density-
Dependent Dispersion Contributions. J. Chem. Theory Comput. 15, 1652–1671 (2019).

Figures



Page 24/33

Figure 1

Mass spectrum of a supersaturated glucose solution with a mass-to-charge state ratio from 0-100 u e-1
as logarithmic plot. The protonated water molecules/clusters are highlighted and the respective
molecular structure of (H2O)nH+ with n = 1-5 are shown. b.) Mass spectrum of a supersaturated glucose
solution with a mass-to-charge state ratio from 100-220 u e-1 as linear plot. The peaks stemming from
glucose from m/q = 91 up to 217 u e-1 are marked and the respective molecular structures are shown.
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Figure 2

Comparison of the mass spectra of pure water and a saturated glucose solution. In a.) from the mass-to-
charge state ratio of m/q = 0-100 u e-1 and in b.) from m/q = 100-220 u e-1 as logarithmic plot. In b.) the
mass spectrum of the supersaturated glucose solution was shifted upwards by a factor of 10 to make
both spectra more visible.
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Figure 3

In a.) the relative peak intensity of the water molecules (H2O)nH+ with n = 1-5 from a pure water
measurement and the glucose solution, in b.) the peak distribution of the peaks of the glucose ring from
m/q = 91 up to 217 u e-1 and in c.) the calculated probabilities and the reaction energy calculated by DFT
to remove one HO+H from a glucose ring-/fragment are plotted against the respective mass-to-charge
state ratio.
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Figure 4

a.) Molecular structures corresponding to the mass-to-charge state ratios of m/q = 181 – n∙18 u e-1 with
n = 0 to 5 until m/q = 91 u e-1. All structures shown here represent the isomers with the lowest energy.
Alternative molecules at m/q = 145, 127 and 109 u e-1 are marked with (*). However, they are deemed
unlikely, because they would require the simultaneous removal of one carbon along with several H atoms.
b.) Molecular clusters formed by adding cations to glucose: left to right: glucose molecule (α-D-
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glucopyranose) with addition of H+, H3O+ and H5O2+ until (H2O)6H+, which form water clusters bound
to glucose via hydrogen bonds (dotted lines). The structure shown for C6O6H12 + (H2O)16H+ is the
result of an MD simulation with GFN-xTB, followed by an energy minimization with BP86/def2-SVP. It is
obvious that the glucose molecule locates on the surface of a water cluster. The additional atoms are
emphasized by depicting them in a different style.

Figure 5

The mass spectra of the glucose bulk specimen. In a.) from the mass-to-charge state ratio of m/q = 0-80
u e-1 as linear in b.) from m/q = 0-80 u e-1 as logarithmic plot.
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Figure 6

Desorption maps; a.) all events b-o.) desorption maps of different protonated water and glucose
fragments ordered by increasing masses and size. Laser incidence direction is marked with a red arrow.



Page 30/33

Figure 7

a.) Representative 3D reconstruction of a measured specimen with a total length of 285 nm. A cylinder
with a dimension of 50 x 50 x 100 nm was selected vertical and in b.) horizontal to the tip from the total
volume in order to analyse the composition pro�le of the HxO molecules with x = 1-3 and the glucose
fragments from m/q = 91 until 217 u e-1.
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Figure 8

Individual maps of the reconstructed volume for different molecules are shown.



Page 32/33

Figure 9

a.) Radius distribution to include the NN other glucose molecules around a glucose molecule. b.) Increase
of the mean radius with number of nearest neighbours.
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Figure 10

Isosurfaces of water in blue 67% and the complete glucose molecule at m/q = 181 u e-1 in orange are
shown to visualize the hydrate shell of the solvent glucose molecules.

Figure 11

FIB preparation – a.) Frozen droplet of a saturated glucose solution on top of a tungsten post. b-d.)
Milling process with an annular pattern with decreasing inner diameter until a tip radius <100 nm (d.)
occurs. From e.) to l.) the lift-out procedure from a glucose bulk sample is shown, followed by an annular
milling process to the �nal obtained tip (l.)
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