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Abstract: Droplets provide unique opportunities for the
investigation of laser-induced surface chemistry. Chemical
reactions on the surface of charged droplets are ubiquitous
in nature and can provide critical insight into more effi-
cient processes for industrial chemical production. Here, we
demonstrate the application of the reaction nanoscopy tech-
nique to strong-field ionized nanodroplets of propanediol
(PDO). The technique’s sensitivity to the near-field around
the droplet allows for the in-situ characterization of the
average droplet size and charge. The use of ultrashort laser
pulses enables control of the amount of surface charge by
the laser intensity. Moreover, we demonstrate the surface
chemical sensitivity of reaction nanoscopy by comparing
droplets of the isomers 1,2-PDO and 1,3-PDO in their ion
emission and fragmentation channels. Referencing the ion
yields to gas-phase data, we find an enhanced production of
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methyl cations from droplets of the 1,2-PDO isomer. Density
functional theory simulations support that this enhance-
ment is due to the alignment of 1,2-PDO molecules on the
surface. The results pave the way towards spatio-temporal
observations of charge dynamics and surface reactions on
droplets.

Keywords: nanodroplets; near-field enhancement; strong-
field physics; surface chemistry.

1 Introduction

Over recent years, it has been repeatedly demonstrated that
chemical reactions on charged droplets can be orders of
magnitude more efficient compared to bulk reactions [1-5].
This makes charged droplets a possible candidate for the ori-
gin of prebiotic polymers [6-8] and relevant for the chem-
ical and pharmaceutical industry [9, 10]. The underlying
mechanisms responsible for the accelerated reactions are,
however, still debated. While earlier studies suggested sol-
vent evaporation as the main explanation for the enhance-
ment [11-13], recent studies emphasize the role of the
droplet surface [1, 14, 15]. The surface gives rise to high
molecular concentrations and a high degree of molecular
alignment [6-8, 16, 17], a high charge density and acid-
ity [18-20], as well as a strong electric field [21-23]. While
all of these effects are important factors in the acceleration
of chemical reactions, elucidating their individual contribu-
tions is still a subject of active research [4, 23].

In experimental studies, charged droplets are usually
generated from electrospray ionization sources. Despite the
widespread use of such sources, the ion emission mech-
anisms from electrospray-generated droplets are still not
fully understood [24, 25]. A major reason is the complex-
ity of the electrospray ionization mechanism itself. Elec-
trospray droplets have wide distributions in both size and
charge that strongly depend on the electrospray source [24,
26]. In combination with solvent evaporation, droplets gen-
erated by electrospray may become unstable as their size
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becomes smaller and their charge approaches the Rayleigh

limit [27]:
qr = 7\/8y€o D, o))

where y is the surface tension, d is the droplet diameter,
and g, is the vacuum permittivity. Due to this complexity,
a simpler injection system with a more well-defined initial
state is beneficial for the study of droplet chemistry.

This is addressed by the application of reaction
nanoscopy to droplets. The technique holds great poten-
tial for the control and direct observation of nanodroplet
surface reactions and may help to elucidate the mecha-
nisms behind the enhancement of reaction rates. Reac-
tion nanoscopy enables the measurement of the three-
dimensional momentum distribution of ions generated by
a strong laser pulse from the surface of an isolated nanosys-
tem injected into ultra-high vacuum (see Figure 1a). For
solid silica nanoparticles, it was demonstrated that the laser-
induced proton emission strongly correlates with the optical
near-field distribution on the particle surface [28, 29], and
that the emission region on the surface can be controlled
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on a nanometer scale by tailored laser fields [30]. The tech-
nique was recently shown to provide information about
surface chemistry in a study on the formation of trihydro-
gen cations from water-covered isolated silica nanoparti-
cles [31].

Extending these prior investigations, the objective of
this work is to demonstrate the application of reaction
nanoscopy to the liquid phase using polydisperse droplets of
PDO as the model system. We analyze the ion spectra from
1,2-PDO and 1,3-PDO targets, and demonstrate that reaction
nanoscopy’s near-field sensitivity is preserved for droplets
allowing in-situ characterization of the droplets size and
charge. The droplet-specific reaction nanoscopy data indi-
cate a high relevance of fragment protonation for the gen-
eration and emission of ions. Furthermore, by comparing
the single-molecule fragmentation of the PDO isomers to the
ions emitted from the PDO droplets, we find that the molec-
ular alignment on the surface of 1,2-PDO droplets enhances
the production of CH; ions. This interpretation is confirmed
by density functional theory (DFT) calculations.
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Figure 1: Experimental Setup and typical field enhancement around droplets. (a) Droplet source and reaction nanoscope. The propanediol (PDO)
droplet source consists of an atomizer operated with argon (Ar), an impactor, a damping volume (1 L), and a high-efficiency particulate air (HEPA) filter.
An aerodynamic lens (AL) was used to inject a collimated aerosol stream into the reaction nanoscope where the droplets were ionized in the focus of
the laser (polarization along y). The electrons and ions were directed to their detectors by an electric field generated by a high voltage (HV). (b)
Electron signal distribution. The signal is the time integral of the voltage pulse from the e~ detector. (c) The pulse symbol indicates the propagation
direction (x) and the polarization direction (y) and of the laser. (c-e) Field enhancement factors calculated from the Mie solution [32] as a function of

position in the x-y plane for 1,2-PDO droplets at the origin with different diameters d. The angle &

distance of 1 A from the droplet surface.

max 1S the angle of maximum field enhancement at a
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2 Experimental

2.1 Laser system

We used a home-built laser system based on optical parametric chirped-
pulse amplification [33]. The system features central wavelength of 2
pm, maximum pulse energy of 100 pJ, pulse duration of 25 fs, and repeti-
tion rate of 100 kHz. The pulse energy was adjusted by a combination of
abroadband half-wave plate and a wire-grid polarizer. The pulses were
compressed by maximizing the ion count rate detected in the reaction
nanoscope while changing the dispersion with a pair of fused silica
wedges. Inside the nanoscope, the pulses were back-focused using a
spherical silver mirror with a focal length of 75 mm. The peak intensity
in the interaction region reached up to 5 X 102 W/cm?.

2.2 Droplet source

In order to investigate the influence of the molecular structure on the
ion emission from the droplet surface, we compared droplets of 1,2-PDO
(Thermo Scientific, 99.5%) and 1,3-PDO (Thermo Scientific, 99%). Since
both liquids are highly hygroscopic, all experiments were carried out
with samples from freshly opened bottles. The droplet source is shown
in Figure 1a. We produced a polydisperse PDO-argon aerosol using an
atomizer (TSI inc., model 3076) with 20 psi (1.4 bar) of argon pressure
for 1,3-PDO. In order to aerosolize 1,2-PDO, a pressure of 30 psi (2.1 bar)
was required. The polydispersity was reduced by an impactor (TSI
inc., part no. 1035900) with an aperture of 0.71 mm (TSI inc., part no.
390170) and a gap of 2 mm. As instructed by the atomizer manual, a 1
L bottle was used after the impactor to dampen flow instabilities and
to collect excess PDO from the impactor. After the damping volume,
a high-efficiency particulate air (HEPA) filter connected to the aerosol
line on the inlet side and to ambient air on the outlet side was used
to ensure a pressure of 1 atm inside the line. The pressure of 1 atm
is required by design [34] at the inlet of the aerodynamic lens, which
was used to introduce the aerosol stream into the ultra-high vacuum of
the reaction nanoscope. The aerodynamic lens collimated the droplet
stream and further reduced the polydispersity [34]. The lens assembly
was followed by three stages of differential pumping to minimize the
gas load in the experimental chamber. The average size of the nan-
odroplets was determined to be (590 + 50) nm (see results section).

2.3 Reaction nanoscopy with droplets

The reaction nanoscopy technique was described in previous publi-
cations [28-31, 35]. Briefly, a strong laser pulse ionizes a nanoscale
target and the released ions and electrons are forced towards detectors
on opposing ends of a spectrometer by a static homogeneous elec-
tric field, as shown in Figure 1a. The ion detection and momentum
reconstruction schemes are the same as for the reaction microscopy
technique [36], where the ion recoil momentum is reconstructed from
the time-of-flight and the arrival position of the ions, which are detected
by a combination of a microchannel plate stack with a delay-line anode.

The electron detector of the reaction nanoscope is a channeltron
electron multiplier. The voltage signal from the channeltron is time-
integrated for every laser shot and used as a measure of the number
of emitted electrons. The integrated electron signal is used to assign
all ions of a laser shot to either the ionization of a single gas-phase
molecule or to the ionization of a droplet (see Figure 1b). A small or
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zero value is indicative of a gas-phase ionization event, whereas a large
value corresponds to the ionization of a droplet, which releases many
electrons. The ideal threshold value is determined by a gas-only mea-
surement in the absence of droplets. This categorization of laser shots
helps to remove pure gas-phase ionization events from the droplet data.
However, due to the partial evaporation of the droplets in vacuum and
the large focal volume compared to the droplet size, the ionization of a
droplet is frequently accompanied by ions from single molecules. These
are identified by a comparison with the gas-phase data, and are rejected
based on their arrival position on the detector as shown in Figure 2 and
the Supplementary Material.

3 Theoretical

To interpret the experimental results, we performed DFT
calculations for the minimum energy configuration for bulk
1,2-PDO and 1,3-PDO. The simulations were performed with
VASP [37, 38], which uses the plane wave DFT formula-
tion [39]. The exchange correlation term is handled using
the Perdew—Burke—Ernzerhof functional [40], and the Pro-
jector Augmented Wave method [41] is used to represent the
interaction between atom cores and electrons. To describe
the interface at the droplet surface, we consider a pla-
nar slab of molecules, neglecting curvature effects on the
equilibrium interface structure owing to the large droplet
radius. The simulation cell is 8 A x 90 A x 12 A in dimen-
sion and has periodic boundaries along the direction of the
surface interface. Along the surface-normal direction, we
approximate the liquid phase by sixlayers of molecules with
rotational symmetry around the center of the simulation
cell. See the Supplementary Material for more details. The
symmetry constraint is used for an unambiguous definition
of the droplet-vacuum interface. The edge length of the cell
in the normal direction is kept sufficiently large to avoid
any effect of periodicity. A 7x1 X7 I'-centered mesh is
used to sample the Brillouin zone. For energy minimization,
the energy convergence criterion is set to 107 eV and the
norm of the forces acting on the ions is less than 0.01 eV/A.

4 Results and discussion

4.1 Intensity-dependent near-field response

The time-of-flight spectra for typical measurements of 1,2-
PDO and 1,3-PDO are shown in Figure 2. While we observe
a multitude of fragments, we will first concentrate our
analysis on the most abundant species in the droplet spec-
tra, the protons, and discuss the other fragments in detail
in the later sections. The high abundance of protons is
analogous to previous reaction nanoscopy studies on solid,
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Figure 2: Droplet-specific time-of-flight spectra for 1,2-PDO and 1,3-PDO. (a) Time-of-flight spectra (in mass units) for ions generated from single
gas-phase molecules (blue) and on the surface of droplets (orange) obtained from a single measurement with 1,2-PDO at a laser intensity of approx.
5% 10" W/cm?. The insets (i) and (i) contain a zoomed-in and normalized view of the mass ranges indicated by the dashed boxes. The mass of the
PDO molecule (or PDO* ion) is m = 76 u. (b) Same as panel a using 1,3-PDO as the target. Gas-phase and droplet data were separated based on the
electron signal (see Figure 1b). The droplet data was further cleaned from gas-phase ions by removing ions with a small deflection from the center of
the ion detector along the polarization direction of the laser. Pseudo-color plots: position-resolved (along polarization direction y) time-of-flight
histograms for ions with high electron signal. Only the counts outside the white-shaded regions (|y| > 11 mm) are contained in the droplet histograms
of panel (a) and (b). The time-of-flight histogram for counts with |y| < 11 mm is practically identical to the gas-phase case (see

Supplementary Material).

monodisperse nanoparticles [28, 29, 31, 35]. These studies
demonstrated that the local near-field on the particle sur-
face and the angular distribution of the proton yield were
highly correlated and that the birth angles on the parti-
cle surface are practically identical with the final proton
detection angles [30].! The same effect would be expected
for a monodisperse stream of nanodroplets. In our experi-
mental setup, however, the droplet size distribution is not
easily controllable. It is determined by the atomizer (see,
for example, Ref. [42]), the size selective elements further
downstream (the impactor and the aerodynamic lens) and
the evaporation of molecules from the droplet surface due
to the ultra-high vacuum of the instrument. Since the opti-
cal response of a sub-wavelength nanosphere (particle or
droplet) strongly depends on its size (Figure 1c—e), and the
proton emission is a highly non-linear process, the pro-
ton angular distribution in reaction nanoscopy follows the
near-field distribution [28]. In order to investigate how
this affects the averaged proton momentum spectra for
the polydisperse droplet stream, we carried out a series of
measurements on 1,2-PDO at different laser intensities.

1 These angles are defined with respect to the laser polarization in a
coordinate system with the center of the droplet at the origin.

Panels (a—d) of Figure 3 contain the corresponding momen-
tum distribution of protons emitted from PDO droplets. At
low intensity, we find that the protons are mostly emitted
in the forward direction along the laser propagation direc-
tion (p, > 0), and that there is only a minor contribution
of protons emitted along the polarization direction of the
laser (p,) which is distributed in two lobes and symmet-
ric with respect to p, = 0. This dipolar part of the emis-
sion pattern becomes more dominant as the intensity is
increased, shifts to higher momenta (Figure 3b and c) and
eventually stabilizes (Figure 3d). Simultaneously, the rela-
tive strength of the momentum component in the forward
direction diminishes. We interpret this observation in terms
of the difference between the maximum field enhancement
factors of droplets of different sizes. As shown for a set
of exemplary sizes in Figure 1c—e, the field enhancement
factor increases with increasing droplet size. In combina-
tion with the highly nonlinear process of strong-field ion-
ization and proton emission [28, 35], this causes a size-
selectivity as a function of laser intensity where ionization
and ion emission only take place on the larger droplets in
the size distribution when the intensity is low. The fact that
larger droplets (with diameters on the order of the laser
wavelength), however, only make up a small fraction of
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Figure 3: Intensity-dependent proton emission from polydisperse droplets. (a) The pulse symbol indicates the propagation direction (x) and the
polarization direction (y) and of the laser. (a-d) Proton momentum histograms for the plane p, - p, for different laser intensities. The momenta are
given in atomic units (au). (e-h) Distributions of the final proton emission angle a ; with respect to the laser propagation axis in the x-y plane, defined
asa; = arctan(lpyl/px), as indicated in panel d. (h) The dashed vertical line shows the mean (83°) of a Gaussian fit (dashed curve) to the angular

distribution, representing the most likely proton emission angle.

the aerosol stream can be deduced from the high-intensity
measurement (Figure 3d) where the forward-emitted part
of the momentum distribution is relatively small (see Sup-
plementary Material for details).

4.2 Droplet size characterization

As shown in the bottom panels of Figure 3, the peak of the
angular distribution in the p,—p,, plane stays at a constant
value of a, = 83° for intensities above 3 x 10 W/cm”
Based on the one-to-one mapping between an ion’s birth
angle and its final angle [30], we can perform an angle-
based estimate of the most prominent droplet size con-
tributing to the ion signal. On a droplet, the most likely
birth angle a,., of an ion is simply determined by the
point of maximum field enhancement on the surface (see
Figure 1c—e). For a certain range of droplet diameters, the
angle a,., can be related to the droplet size, as shown
in Figure 4a. The relation between the angle a,, and
the droplet diameter is obtained from the Mie-Solution of
Maxwell’s equations (see, for instance, Refs. [32, 43]) for
PDO spheres of different sizes. Carrying out this size estima-
tion with the experimental data taken at a laser intensity
of approx. 4.0 X 10®* W/cm?, we obtain a mean droplet
diameter of (d) = (590 + 50) nm. The error of Ad = +50
nm was determined based on an uncertainty of Aa; = +2°
for the determination of the peak of the proton angular
distribution (see Figure 3h).

4.3 Droplet charge and stability

The results presented here demonstrate that the concepts
of reaction nanoscopy with solid nanoparticles can also
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Figure 4: Droplet characterization. (a) Relation between the droplet
diameter d and «a,,,, calculated from the Mie solution by numerical
optimization. The color of the line indicates the max. field enhancement
for every droplet diameter. The shaded region in gray indicates the
estimate of the most frequent droplet size in our experiment ((590 =+ 50)
nm) based on the angular distribution of proton momenta (Figure 3h).
See main text for details. (b) The black solid line shows the relation
between ion energy and droplet charge for a homogeneous charge
distribution. The color map shows the measured distribution of proton
energies (below the line) and the corresponding estimate for the droplet
charges (above the line). The red dashed-dotted line indicates the
Rayleigh charge limit g, for a 1,2-PDO droplet with a diameter of 590 nm.

be applied to droplets. This suggests that in the range of
intensities investigated here, the physics of the ion emission
process from droplets are comparable to the case of solid
nanospheres. Solid nanoparticles are, however, very stable
and can hold a high (surface) charge without disintegrating.
In contrast, for droplets this is not necessarily the case and
may require different modeling.

The stability of charged droplets can be determined
from the Rayleigh charge limit (see Eq. (1)). Its derivation is
based on the idea that the maximum amount of charge a
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droplet can hold is limited by its surface tension. Once the
Coulomb energy E. = ¢*/8xe,R of a droplet with radius R
exceeds the surface energy Es = 47yR? (with surface ten-
sion y) by a factor of two (E, > 2E;), the droplet is no longer
stable and will start fragmenting into smaller droplets [44,
45]. Even though the Rayleigh limit does not provide an
exact criterion as to when droplet fission sets in Ref. [46],
droplet charges far below and above the limit can be safely
called stable or unstable, respectively. Evaluating the stabil-
ity of the droplets in our experiment requires knowledge
about their total surface charge. Since the final ion energy
measured with the reaction nanoscope is dominated by
the Coulomb repulsion of the ions from the charge on the
surface [28, 29], a charge estimate can be directly obtained
from:

q = E4negR/e. ()]

Here, E is the ion energy obtained from measured ion
momentum. We neglected the inhomogeneous charge distri-
bution due to the near-field and assumed a homogeneously
charged droplet instead. The assumption of a homoge-
neous charge density overestimates the total droplet charge,
which is acceptable for determining droplet stability as long
as the estimated charge turns out to be below the Rayleigh
limit.

In Figure 4b, we show a charge estimate using the
energy distribution of protons emitted from 1,2-PDO
droplets. We find that the distribution of droplet charges is
centered at approximately 6000 e and does not overlap with
the Rayleigh charge limit for a 590 nm PDO droplet of g ~
16,000 e. We therefore conclude that the droplets studied
here did not undergo droplet fission after the ionization by
the laser pulse. We observed different energy distributions
for different ion species (see Supplementary Material) and
therefore used the most energetic ions, the protons, as an
upper limit for determining the droplet stability.

4.4 Ion emission: gas-phase vs. droplet

The use of droplets for reaction nanoscopy comes at the
advantage that the material of bulk and surface are iden-
tical which makes the origin of the emitted ions unambigu-
ous. For solid particles, this is in general not the case [35].
Besides, the reaction nanoscope can be used for study-
ing single molecules in the gas-phase allowing for a direct
comparison to the ion generation and emission from the
droplet. We next discuss this comparison and then focus on
isomer-related effects. We restrict the discussion to unam-
biguously identifiable ion species. The design of the reaction
nanoscope as a momentum imaging spectrometer results in
wide time-of-flight distributions for energetic ions, which
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leads to overlapping times-of-flight spectra for ions with
similar m/qg-values. This is illustrated by the fragments at
masses close to m = 28 u (C,H} and CH,0%) and m =45 u
(C;H;' and C,H, 0") in Figure 2 where the exact number of H
atoms cannot be determined. We excluded such ambiguous
species from our analysis.

Figure 5 shows the relative ion yields for gas-phase PDO
(panel a) and PDO droplets (panel b). As mentioned above,
the high abundance of protons in the droplet ion spectra
is a feature that was also observed in reaction nanoscopy
studies with (water-covered) silica nanoparticles [28, 31].
We believe that the strong proton signal from droplets is the
consequence of the ionization of the droplet by the ultra-
short few-cycle laser pulse. Within a very short period of
time, the droplet is left in a highly charged non-equilibrium
state and the remaining electrons redistribute. A compari-
son of the electronegativities of the constituents of PDO [47]
suggests that proton emission is favorable for the reduction
of surface charge and the minimization of the total energy
of the droplet.

Another abundant ion in the droplet data is the H;
molecular ion. While it is likely also produced from gas-
phase PDO to some extent, the signal is below the noise floor,
which is why it is not listed in Figure 5a. We assume that
the production of H; is greatly enhanced by the proton-
rich environment around the nanoparticle surface after the
ionization. As for the protons, the H; molecular ion has
been observed in reaction nanoscopy experiments on solid
nanoparticles [31]. This supports the hypothesis that its
production is rather related to the proton-rich environment
on the charged nanosurface than the specific material of the
nanosphere. Our observation of protonated PDO molecules
(m = 77 u) from droplets is also consistent with this hypoth-
esis. In fact, for the droplets, the emission of protonated PDO
outweighs the emission of PDO ions by far.

Finally, we analyze two fragmentation channels of
PDO* that are strongly related to each other as they only
differ by the final placement of a proton. These are the loss of
aneutral water molecule from PDO* (resulting in m = 58 u)
and the emission of an H;0* ion (m = 19 u). Independent of
the specific PDO isomer, we find that the ratio between H,0-
loss and H;0" ion production decreases when going from
the gas-phase to the droplet. This means that the emission
of neutral water molecules becomes less favorable on the
droplet, while the emission of H;0™" (i.e. protonated water)
increases. This finding is also consistent with a proton-rich
environment at the droplet surface which influences the ion
generation and the dissociation pathways.
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Figure 5: Isomer comparison of the fragmentation channels for gas-phase PDO and PDO droplets. (a) The ion yield from gas-phase 1,2-PDO and
1,3-PDO for selected fragments. The data was obtained by filtering the droplet measurements on events with a low electron signal. The yield is
normalized to the total number of counts after filtering. (b) The same measurements as in panel (a) filtered on droplet events (high electron signal).
The data is normalized to the total number droplet ions, i.e. ions with a high electron signal. The raw data for panels (a) and (b) can be found in the
Supplementary Material. The blue rectangles mark the CHJ ion for which we find a significant difference between the gas-phase and droplet data. We
attribute this to the molecular alignment of the PDO molecules on the droplet surface (see text for details). Panels (c) and (d) present density functional
theory results for the molecular alignment of both isomers. Only the top three layers are shown. The gray dotted lines represent hydrogen bonds.

These results demonstrate that many of the ion frag-
ments observed in reaction nanoscopy on droplets appear
to be generated similarly to positive-mode electrospray ions,
where protonation is known to be the main ion generation
mechanism [438].

4.5 Isomer comparison

The two isomers under investigation, 1,2-PDO and 1,3-PDO
show overall a similar fragmentation behavior for both, the
gas-phase and the droplet ion data. However, the production
of one fragment, namely CH;, is greatly enhanced for 1,2-
PDO droplets as compared to droplets of the other isomer.
For the gas-phase data, the ratio of the relative yields of
CH; from 1,2-PDO and 1,3-PDO is about 2:1 (Figure 5a, blue
rectangle). The lower production of CHgr from 1,3-PDO in
this case is likely a consequence of the absence of a methyl
group in the 1,3-PDO isomer, which makes the production
of CH;' a more complex process as compared to 1,2-PDO.
A more pronounced difference between the two isomers
is observed in the droplet ion data. The CH;’ yield ratio
between the isomers increases to a ratio of 6:1 for dropletion

emission compared to the gas-phase case (Figure 5b, blue
rectangle).

To better understand this effect, we carried out density
functional theory calculation for both isomers. Figure 5c
shows the minimum energy configuration of the 1,2-PDO
interface obtained from DFT. We observe that the methyl
groups are pointing away from the interface towards the
vacuum side. The three topmost layers of the simulation cell
are shown in the inset of Figure 5c where the grey dotted
lines represent the hydrogen bonding between neighboring
molecules. The equilibrium configuration is a result of a
steric effect between the methyl groups, which raises the
energy, and hydrogen bonding between OH groups, which
stabilizes the system. These two effects compete with each
other, resulting in the methyl groups pointing outward. See
the Supplementary Material for further details on the steric
effect in 1,2-PDO. The equilibrium interface for 1,3-PDO is
shown in Figure 5d. Unlike its isomer, 1,3-PDO forms a linear
chain, linked by hydrogen bonds between the OH groups.

These theoretical results suggest that the experimen-
tally observed difference in the CH; production from both
isomers and especially the enhancement for droplets is
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a direct consequence of the molecular alignment on the
droplet surface and the intermolecular hydrogen bonds.

5 Conclusions

In this study, we have demonstrated that the reaction
nanoscopy technique can be applied to examine the prop-
erties and the chemical composition of droplets. Using
droplets of propanediol, we have characterized the average
droplet size in our experiment by measuring the near-field
tilt using the correlation between the ion emission and the
optical near-field on the droplet surface. We have shown
that the measured ion energy can be used to estimate the
droplet charge. We find that in all experiments, the total
droplet charges were significantly lower than the Rayleigh
limit, indicating stable conditions at the instance of ion
emission. In addition to the physical characterization of the
droplets as a whole, we have analyzed the relative yield
of ions emitted from propanediol droplets and gas-phase
propanediol. We found evidence for a strong influence of
the proton-rich droplet surface on the emitted ion species.
Moreover, we observed a threefold increase of the CH;r
production on 1,2-propanediol droplets compared to 1,3-
propanediol droplets. Density functional theory revealed
that this enhancement can be explained by the molecu-
lar alignment of 1,2-propanediol molecules on the droplet
surface. These results show that reaction nanoscopy is a
versatile tool for studying ion emission from laser-ionized
droplets. With its combination of spatial resolution due to
the near-field sensitivity and time resolution due to the use
of ultrashort-laser pulses, reaction nanoscopy may enable
the spatio-temporal observation of surface reactions on
droplets in the future, opening up new possibilities beyond
conventional methods like electrospray mass spectrometry.
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