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We present a new experimental configuration for the study of size-dependent, angle-resolved photoelectron and photoion spectra of weakly bound ultrafine aerosol particles targeted at particle sizes
below ∼20 nm. It combines single photon ionization by a tunable, table-top vacuum ultraviolet laser
at energies up to 18 eV with velocity map imaging detection and independent size determination of
the aerosol particles using the Na-doping method. As an example, the size-dependence of the valence
photoelectron spectrum of dimethyl ether clusters and ultrafine aerosols is investigated. Up to a mean
particle diameter of ∼3–4 nm, the first ionization energy (value at band maximum) decreases systematically (up to ∼1 eV) and the corresponding band broadens systematically (up to a factor of ∼3)
with increasing aggregate size. Plateau values for band positions and bandwidths are reached beyond
a diameter of ∼3–4 nm. Experimental evidence for the dominance of the fast intermolecular proton
transfer over monomer fragmentation reactions upon ionization is presented via photoion imaging.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788620]
I. INTRODUCTION

Photoelectron and photodissociation studies from the
cluster regime to the bulk phase provide detailed information
on fundamental processes with relevance to biological or atmospheric systems (see Refs. 1–22, and references therein).
One of these processes is nucleation from the gas phase,
which is widely discussed especially in connection with
aerosol and cloud formation in the earth’s atmosphere.23, 24
Clusters and ultrafine particles with sizes from subnanometers to tens of nanometers are of particular interest for nucleation and new-particle formation processes. In the following
we will refer to aggregates with radii <1 nm as clusters and
to larger ones as ultrafine aerosol particles.
We describe here a new experimental setup for photoelectron and fragment photoion imaging studies of size-dependent
properties of neutral, weakly bound clusters, and ultrafine
aerosol particles in an attempt to diversify experimental methods that are available in laboratory environments for the characterization of this type of matter. Our major focus is on
molecular aggregates with sizes below ∼20 nm, for which intrinsic size-dependent effects are particularly pronounced.25
For the simultaneous detection of electron/ion kinetic energies and their angular distributions, we use velocity map
imaging (VMI).26 Photoionization by a single photon is performed with a tunable, nanosecond, table-top vacuum ultraviolet (VUV) laser light source that provides photon energies up
to 18 eV. This allows us to investigate the outer valence region
a) Author to whom correspondence should be addressed. Electronic mail:
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of molecular aggregates. Although many other setups use
more intense light sources for photoelectron/photoion studies, often at large-scale light source facilities (see, for example, discussion in Ref. 27), the present system has the advantage that the laser system is comparatively simple to operate
and that measurements can be performed in the laboratory.
Nonetheless, the quality of the spectra obtained is sufficient
for the study of size-dependent effects in clusters and ultrafine aerosol particles.
One of the major issues in cluster/aerosol research is the
determination of the size of the aggregates. Most often it is a
whole size distribution and not only a single size that needs
to be characterized. Without independent, accurate information on the cluster/particle size distribution the investigation of size-dependent effects remains an elusive task. While
size specific studies can be readily performed on charged
clusters/particles,9, 28 for neutral aggregates even size determination is still a major challenge. Most experimental techniques that have been proposed for particle sizing are not adequate for weakly bound ultrafine aerosols for various reasons
(see discussion in Refs. 29 and 30 for details and references).
Among them are mass spectrometric methods that use photons or electrons to ionize the cluster/particle itself. These
methods are not soft enough for the weakly bound systems
considered here.30–32 Another approach is the use of scaling
laws.12–16 However, these approaches only provide an approximate average size for a few specific systems, not a detailed
size distribution, and no “in situ” information. The latter is
particularly important for aggregates produced in supersonic
expansions where the cluster/particles size varies sensitively
with the distance from the nozzle (evaporation) and the exact
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FIG. 1. Drawing of the experimental setup consisting of the source chamber
(A), the Na-oven chamber (B), the ionization/detection chamber (C), and the
four-wave mixing chamber (D), and the diffraction grating chamber (E). See
text for details.

position in the expansion. In the present contribution, we
determine the cluster/particle size distributions with the
Na-doping method29, 31, 32 in situ (i.e., where the VUV experiment is performed), but independently from the VUV experiment. As previously explained,29–33 the Na-doping method
provides accurate size distributions for larger weakly bound
aggregates.
As an example, we study the condensation of dimethyl
ether (DME) as a function of increasing aggregate size and
compare it with previous results from photoemission studies
of water clusters and liquid water jets.14–16, 21, 22, 34–37 The focus is on the energetically lowest lying transition, i.e., the ionization from the HOMO, which in both cases corresponds to
the non-bonding orbital localized on the oxygen. The comparison of DME and H2 O aggregates is particularly instructive because both systems exhibit a fast intermolecular proton
transfer upon ionization, while the hydrogen-bonding in DME
and H2 O condensates is very different.
II. EXPERIMENT

A sketch of the experimental setup is shown in Figure 1.
It is based on previous setups from our group,29, 33 which were
modified to allow for velocity map imaging.
A. Cluster/particle formation and inlet

Cluster and aerosol particles of volatile and semi-volatile
compounds are formed in vacuum in the source chamber (A)
by pulsed (10/20 Hz) neat or seeded supersonic expansion
through temperature-controlled (Tnozzle > 78 K) nozzles (orifice diameters of ∼100–1000 μm). Alternatively, low-volatile
aerosol particles can be introduced into the source chamber
through an aerodynamic lens. During operation, the chamber pressure is typically maintained below ∼5 × 10−4 mbar
(Pfeiffer TPH 2301 turbomolecular pump, 1900 l/s). After
passing the source chamber, the cluster/particle beam enters
the Na-oven chamber (B) through a 1 mm diameter nickel
skimmer (Beam Dynamics, Inc.). For the imaging studies, the
Na-oven is turned off and simply acts as a differential pump-

ing stage (pressure ∼2 × 10−7 mbar; Pfeiffer TPH 1201 turbomolecular pump, 1250 l/s). Particle sizing with the Na oven
on is performed before and after the imaging studies and is
described below in Sec. II D.
For this work, dimethyl ether gas (DME; Specialty Gases
of America, >99.7%) was condensed into a sample cylinder containing desiccant (anhydrous calcium sulfate) to remove traces of water from DME. Monomer, cluster and
ultrafine aerosol beams were generated by supersonic expansion through a temperature-stabilized pulsed nozzle (ParkerHannifin, General Valve series 9) with a diameter of 250 μm
operated at 10 Hz repetition rate with a pulse duration of
500 μs. Helium (He, Praxair, >99.999%) carrier gas was
flowed through the sample cylinder containing condensed
DME in equilibrium with gas phase DME to maintain a constant stagnation pressure. The DME partial pressure was held
at 45 mbar, 2.65 bar, or 5.2 bar by cooling the sample cylinder in a bath of dry ice (195 K), water ice (273 K), or by
allowing the sample cylinder to equilibrate to the laboratory
temperature (294 K), respectively. For this work, we used expansions of DME in He with total stagnation pressures of
7.2–7.4 bar. The degree of condensation in the expansions
was controlled by changing the seeding ratio of DME in He
and by probing the pulsed cluster/particle beam in different
regions (e.g., rising edge or center of pulse). Table I summarizes the experimental conditions for the production of all
monomer/cluster/particle beams used in this work. The “delay” in Table I describes the position in the pulsed expansion where the monomer/cluster/particle beam was probed.
In the present work, we used three different seeding ratios
(DME:He), and have set a zero-delay corresponding to the
timings that produced the largest clusters/particles for each
DME:He ratio independently. A negative delay is an indication of probing the cluster/particle beam pulse between its
coldest point (defined as zero) and its rising/leading edge. The
Roman numerals I-VI denoting experimental conditions are
consistent throughout the text and all figures presented in this
article. The temperature of monomer and clusters/particles
is not known (presumably <200 K for all conditions).
We have, however, verified for the monomer that different
formation conditions (and thus temperatures) have no

TABLE I. Experimental conditions for the formation of DME momomer/cluster/particle beams used in this work. The Roman numerals used in
this table are used throughout the text and all figures to refer to the respective
cluster/particle distributions. pvapor is the DME partial pressure in the sample
gas mixture. Tnozzle is the nozzle temperature. See text for the explanation of
the “delay.”

Condition

pvapor
(bar)

% DME in He

Tnozzle
(K)

Delay
(μs)

I
II
III
IV
V
VI

0.045
0.045
2.65
2.65
2.65
5.20

3.5
3.5
37.5
37.5
37.5
70.3

293
293
283
283
283
283

− 61
0
− 300
− 260
0
0
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influence on the bandwidths and positions in the photoelectron spectra.

B. Ionization by VUV laser light source

After traversing the Na-oven chamber the clusters/particles enter the ionization/detection chamber (chamber C in Fig. 1) through a 4 mm diameter aperture where
they are first ionized and then detected (see Sec. II C below). Typical pressures in the ionization/detection chamber
during operation amount to ∼2 × 10−7 mbar (Pfeiffer TPH
521 turbomolecular pump, 440 l/s). A custom-built, pulsed
(10/20 Hz), tunable, nanosecond VUV laser light source is
used for single photon ionization of the monomer, cluster,
and ultrafine aerosol particle beams.33, 38, 39 The light source
is tunable from 6 to 18 eV photon energy with a bandwidth of
≤0.7 cm−1 ; however, the light intensity can strongly vary as
a function of the photon energy (see Ref. 39 for more information). The VUV light is generated by resonance enhanced
2-color 4-wave-mixing in a jet of pure Krypton (Kr) or pure
Xenon (Xe) gas from a pulsed nozzle (Parker-Hannifin, General Valve series 9) operated with a stagnation pressure of
∼1.2 bars. The nozzle located in the four-wave mixing chamber (D in Fig. 1) can be translated laterally in two directions
as well as vertically in order to optimize the 4-wave-mixing
efficiency. Typical pressures in the four-wave mixing chamber during operation amount to ∼1 × 10−4 mbar (Pfeiffer
TPH 521 turbomolecular pump). The following 2-photon resonances can be used: Kr 4p5 (2 P1/2 )5p [1/2](J = 0) ← 4p6 1 S0
transition at 98855.071 cm−1 ; Kr 4p5 (2 P3/2 )5p[1/2](J = 0)
← 4p6 1 S0 transition at 94092.862 cm−1 ; Xe 5p5 (2 P1/2 )6p
[1/2](J = 0) ← 5p6 1 S0 transition at 89860.038 cm−1 ; and Xe
5p5 (2 P3/2 )6p[1/2](J = 0) ← 5p6 1 S0 transition at 80118.974
cm−1 .40 These resonances are pumped by the doubled or
tripled output (ν 1 ) of a first dye laser (Sirah Cobra-stretch
SL or Radiant Dyes Narrow Scan). The third tunable (220–
850 nm) pump photon (ν 2 ) for sum (2ν 1 + ν 2 ) or difference
(2ν 1 − ν 2 ) frequency mixing is generated by a second dye
laser (Sirah Cobra-stretch SL or Radiant Dyes Narrow Scan).
The two dye lasers (ν 1 , ν 2 ) are pumped either with the 2nd
(532 nm) or with the 3rd (355 nm) harmonic output of a single
Nd:YAG (Continuum Powerlite PR 9010 or Spectra Physics
Pro-290) having ∼8 ns pulse duration FWHM (full width at
half maximum). For our experimental setup, the VUV photon
flux is estimated to be in the nJ/pulse range with a spot size
of <1.5 mm at the ionization point (defocused).39 The desired VUV light is separated from other frequencies generated
in the non-linear medium (e.g., 3ν 1 ) and the fundamentals
(ν 1 , ν 2 ) by a servo-motor driven, toroidal diffraction grating
(Horiba Jobin Yvon) in the grating chamber (E in Fig. 1). Typical pressures in the grating chamber during operation are ∼3
× 10−7 mbar (Pfeiffer HiPace 300 turbomolecular pump). An
electron multiplier tube (Hamamatsu R5150-10) installed in
the line of sight of the VUV beam in the ionization/detection
chamber monitors the VUV light intensity. It was verified that
there is no appreciable electron signal on the VMI detector
due to the VUV light being incident on the electron multiplier
when the electron multiplier is switched off. The VUV laser
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and the cluster/particle beam intersect at 90◦ as depicted in
Fig. 1.
For the DME studies in this work, we used linearly polarized VUV light of 13.318 eV photon energy generated by
sum frequency mixing using the 2 P3/2 2-photon resonance
in Kr (ν 1 = 212.6 nm) and ν 2 = 750.6 nm. Photons of
13.318 eV lie ∼3.3 eV above the lowest ionization potential
of DME monomer.41 The propagation direction of the VUV
light and the polarization vector lie in a plane parallel to the
detector (Fig. 1).

C. Velocity map imaging detection

In this work, the two-dimensional (2D) VMI experiments
of the photoelectrons/ions formed upon VUV ionization of
the DME aggregates were carried out with the experimental
setup shown in Figure 1; i.e., using an “on-axis configuration,” where the molecular beam is directed along the axis
of the 58 cm long time-of-flight tube. Alternatively, an “offaxis configuration” can be installed, where the beam axis and
time-of-flight axis are perpendicular. The perpendicular arrangement is useful for studies of non-volatile or low-volatile
compounds, which could cause deposition on the detector in
the on-axis configuration. In 2D VMI experiments, a 3D distribution of electrons or ions is projected onto a 2D position sensitive detector (PSD) by a set of electrostatic lenses.26
Lens voltages are optimized such that charged particles with
the same mass-to-charge ratio (m/z) and initial velocity component parallel to the detector impinge on the PSD at the
same point independently of their “birth” position. If the 3D
distribution contains an axis of cylindrical symmetry parallel to the detector plane, it can be readily retrieved from the
measured 2D projection.26, 42–44 In our experiment, the required symmetry is provided by the linearly polarized VUV
light.
After ionization, the resulting electrons/ions are accelerated by a Wiley-McLaren type extractor optimized for velocity map conditions with a variable extraction voltage (0 to
±15 kV). The repeller, extractor, and ground ion optics are
each spaced by 15 mm with an aperture diameter of 20 mm.
In the current setup, we are able to image photofragments with
kinetic energies ≤6 eV in the plane of the detector. The 58 cm
field-free drift region is shielded for 40 cm by concentric mumetal cylinders (Fig. 1). The PSD is comprised of a pair of
40 mm diameter multichannel plates (MCPs) in a chevron
stack that are coupled to a P43 phosphor screen (Photonis
USA, Inc.; APD 2 40/12/10/8 I 60:1 MGO 6 FM P43) followed by a CCD camera. The front of the MCP assembly
is held at ground and the back plate is used to “gate” the
detector. We use a high voltage (HV) pulse generator (Directed Energy Inc.; PVX-4140) to vary the MCP bias voltage
by 500 V, so that the gain is only high when the photoelectrons/ions of interest are impinging on the detector. In the current setup, we are able to achieve gate widths of ∼200 ns with
∼80 ns (10%-90%) rise times. A charge coupled device
(CCD) camera (FOculus FO432SB) is used to record the
luminescence of the phosphor screen as a 16 bit grayscale
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The electron/ion KE is related to the image radius via
Eq. (1),26
KE =

FIG. 2. (a) Xenon photoelectron image obtained upon ionization with photons of 13.318 eV energy. (Left) Raw image. (Right) Reconstructed image.
The sharp ring arises from photoelectrons from ionization to the 2 P3/2 spin
orbit state of the ion. The double-headed arrow (pol.) denotes the linear polarization of the VUV light. The direction of the cluster/particle beam is perpendicular to the detector plane. (b) Electron kinetic energy (KE) distribution in
the region of the 2 P3/2 spin orbit state corresponding to the speed distribution
of the reconstructed photoelectron image in (a).

image. The CCD camera has a 12  sensor and a 1388 × 1040
pixel array.
As a first test of our setup, we have recorded Argon
monomer and Xenon monomer photoelectron images at VUV
photon energies of 16.058 eV and 13.318 eV, respectively.
The two rings corresponding to the 2 P3/2 and 2 P1/2 ionic states
of Ar and the ring of the 2 P3/2 ionic state of Xe agree well
with previously published photoelectron imaging data.27, 45
An example for Xe is shown in Fig. 2. Note that this data was
recorded at the same photon energy as used in section III for
the DME studies. The Xe photoelectron image in trace (a) is a
background subtracted composite of 36000 laser shots. Image
reconstructions and speed/radial distributions were calculated
with two separate programs, BASEX43 and pBASEX.44 The
two programs gave similar results, but we have chosen to display the reconstructed images from pBASEX and the speed
distributions (converted to kinetic energy (KE) distributions)
from BASEX. The reason for both choices is that image noise
is more pronounced toward the center spot in pBASEX as opposed to along the centre line in BASEX. This makes pBASEX better for visualizing low intensity rings at high KEs,
but BASEX better for determining speed distributions near
zero KE.

VR r 2
,
k

(1)

where VR is the voltage on the repeller, r is the image radius, and k is a setup dependent calibration constant (determined to ±2% accuracy from Xe calibration). The calibrated
KE distribution for Xe depicted in Fig. 2(b) has a KE value
at the peak maximum of 1.22 ± 0.03 eV with a FWHM of
0.07 eV. This corresponds to a KE resolution, E/E, of 5.7%.
The estimated uncertainty of the KE value at its maximum
mainly represents uncertainties associated with the image reconstruction and voltage measurements of the extraction optics (statistical errors or uncertainties from laser resolution are
much smaller). We recorded images at various extraction voltages to verify the KE calibration. Furthermore, we predict a
R
8.0 simulations46 of our
KE resolution of 5% from SIMION
experimental setup for the specific example image shown in
Fig. 2, which agrees well with the experimental value of 5.7%.
The SIMION value was obtained for a molecular beam diameter of 1 mm and a uniform VUV flux over a diameter of ∼1
mm centered between the first two plates of the HV extractor.
Note that a change in KE resolution from 5% to 7% was observed in the simulation either by increasing the VUV beam
diameter by 0.5 mm or by varying the VUV beam position by
2 mm toward the repeller plate.
Because the ionization occurs in a static (DC) electric
field between our repeller and extractor ion optics there is a
lowering of the ionization energy (IE). The lowering of the IE
due to the Stark effect can be approximated by Eq. (2),47

IE
F
= −6.12
cm−1 ,
(2)
hc
V cm−1
where F is the electric field (V/cm) at the ionization point.
For the Xe example in Fig. 2, the repeller was set to
−6022 V (±2%) and the extractor to −2812 V (±2%). The
resulting shift in the IE relative to the field-free IE of the Xe
2
P3/2 ionic state of 12.130 eV was −35 meV (−283.1 cm−1 ).
The field-free KE value at the peak maximum would thus be
1.19 ± 0.03 eV (which corresponds to the difference between
the photon energy and the field-free IE of Xe).
For direct ionization by linearly polarized light, the angular distribution of electrons ejected from a randomly oriented sample can be characterized in the laboratory frame by
an anisotropy parameter, commonly referred to as the asymmetry parameter β.48 We have determined the β parameter for
the image produced by single photon ionization of Xe with a
13.318 eV photon to be 0.69 ± 0.10. Again, the estimated
uncertainty is dominated by uncertainties associated with the
image reconstruction (not the statistical error due to fitting).
This value for β seems consistent with previous published
work that used similar photon energy for ionization49 which
determined β for photoionization of Ar, Kr, and Xe at several
photon energies between 13 and 25 eV. For Xe photoionization with 13.05 or 13.40 eV light, the authors determined β
to be 0.54 ± 0.12 and 0.78 ± 0.12, respectively. However, it
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is important to note here that a direct comparison of β values
determined at different energies is problematic in this energy
range. Values can vary strongly as a function of the energy
because of the many Rydberg states that converge to the 2 P3/2
ionic state. Furthermore, one must be careful to compare values recorded at different electric field strengths because of
the Stark-effect and its influence on the asymmetry parameter. Ernst, Softley, and Zare studied the Stark spectra of autoionizing Rydberg states of Xe converging to the second ionization limit 5p5 2 P1/2 in the energy range of 13.36–13.39 eV
as a function of electric fields in the range 26–2362 V/cm.50
This provides an idea of the degree of field-induced splitting
and mixing of the Rydberg states and thus of the potential
influence of fields on the β parameter (the field-dependence
of β has not been reported to the best of our knowledge).
In our experiments, we used similar magnitude electric fields
(>1000 V/cm) at a slightly lower photon energy (13.318 eV).
For mass spectrometric studies (see Secs. II D and III C),
we had to switch from the imaging mode to the mass spectrometric mode. This was done by disconnecting the MCP gating circuit and using the phosphor screen as a capacitively
decoupled anode. The extraction voltages were optimized for
time-of-flight conditions and the signal was recorded with a
500 MHz oscilloscope (LeCroy WaveRunner 6050A). The
mass resolving power of the current setup is ∼150 m/m
(FWHM).

D. Particle size determination

The cluster/particle size distributions are determined
in situ, but independently from the actual VUV experiment,
by the “Na-doping method”29, 31, 32 just before and/or just after the VUV experiment. The Na-doping method is a viable method to determine accurate size distributions of larger
weakly bound clusters and ultrafine aerosols (see Refs. 29, 31,
and 32 for details). It provides accurate size information for
the analysis of size-dependent effects in VUV electron/ion
images. An important aspect of our setup is the possibility of in situ sizing. Since clustering in molecular beams
strongly depends on the exact position in the beam and the
type of nozzle used, it is crucial that the size analysis is performed in the same beam section as the actual experiment
(here where the ionization by VUV light happens) using the
same nozzle. The present setup therefore allows for more accurate particle sizing than previous methods12–16 which are
based on scaling laws that were deduced from experiments
performed in other experimental setups. Furthermore, in contrast to previous methods the in situ sizing with the Na-doping
method does not only provide an average particle size but a
detailed size distribution. The widths of a size distribution or
its special shape (see, for example, the bimodal distribution in
Sec. III A) can in principle be important in the analysis of
size-dependent effects.
For cluster/particle sizing, the Na oven in chamber B
(Fig. 1) is typically held at a temperature of ∼480 K (pressure in chamber B ∼4 × 10−7 mbar). As the cluster/particle
beam traverses the Na-oven, clusters/particles are doped with
a single Na atom (multiple Na-doping of a cluster/particle is
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FIG. 3. (a) Size distribution of DME clusters determined from a mass spectrum of Na-doped DME clusters recorded after ionization with UV light of
4.66 eV energy (Na-doping method). (b) Size distribution of the same original cluster distribution as in trace (a), but recorded after ionization with
13.318 eV VUV light instead of UV light. The mass peaks after VUV ionization in trace (b) correspond to protonated cluster masses, which are formed
by the fast intermolecular proton transfer given in Eq. (3). Note that this reaction does not take place upon UV ionization of the Na-doped clusters (trace
a). N: number of monomer units per cluster. Ø: cluster diameter.

still negligible under these conditions). After entering the ionization/detection chamber the Na-doped clusters/particles are
ionized in the extraction region by a pulsed (10 Hz) UV laser
(Quantel Ultra 50 Nd:YAG) at a fixed wavelength of 266 nm
(4.66 eV). Note that 266 nm light has enough energy to ionize the Na-doped species, but not enough energy to ionize the
undoped clusters/particles. As Fig. 1 shows, the UV laser (enters chamber C from the bottom), the VUV laser, and the cluster/particle beam intersect at 90◦ . Typically, UV ionization is
performed with energies of 0.5–2.5 mJ/pulse with a pulse duration of 8 ns and an unfocused spot size of ∼2 mm. It is
always ensured that the VUV laser and the UV laser probe
the same section of the cluster/particle beam. As mentioned
above, this is important because the cluster/particle size distribution varies across the beam pulse. The Na-doped ions
are accelerated by a Wiley-McLaren51 type extractor (up to
15 kV DC extraction) toward the MCP detector where the
mass spectra are recorded (Fig. 1). The measured cluster/particle mass distributions can (after subtraction of 23
mass units for the Na) be converted to cluster/particle size
distributions if the density is known.
Figure 3(a) provides an example of a cluster size distribution for DME clusters recorded with the Na-doping method.
The number of monomer units N (lower scale) and the cluster diameter Ø (upper scale) were determined from the mass
spectrum. For the latter, we assumed spherical particles and
a DME density of 0.70 g/cm3 .52 Figure 3(b) shows the mass
spectrum recorded for the same original cluster size distribution as in trace (a), but with ionization by VUV light instead
of UV light. Obviously, the VUV light causes extensive cluster fragmentation so that the corresponding mass spectrum
in trace (b) cannot be used for particle sizing. This example
demonstrates that mass spectra recorded after VUV ionization
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cannot in general provide accurate information about the original cluster size distribution and shows the need for an independent, accurate in situ sizing method such as the Na-doping
method. The decay of DME clusters upon VUV ionization is
likely the result of post-ionization intracluster chemistry as
explained in Ref. 30. The first step is a fast intermolecular
proton transfer which happens once per cluster/particle and
results in the formation of a methoxymethyl radical (Eq. (3)).

Ø (nm)
1.01

1.28

Intensity (a.u.)

0

I

+
CH3 OCH+
3 + CH3 OCH3 → CH3 OCH2 + CH3 OHCH3

r H ∼ −0.37eV.

II

(3)
5

0

The radical can either leave the cluster or catalyze the decay
of DME molecules into neutral fragments through a chain reaction (Eq. (4)).
r H ∼ −0.01eV.

0

N
Ø (nm)
3.47

10

15
4.37

(4)
Intensity (a.u.)

CH3 OCH3 = H2 + CO + CH4

1.46

While the energy released by a single proton transfer cannot explain the substantial cluster decay, the essentially thermoneutral radical catalyzed reaction (4) can occur many times
and in this way explain the breakup of the original cluster.
(See Ref. 30 for details on the reaction mechanism and the
kinetics of the steps involved.)

III

IV
0

III. RESULTS AND DISCUSSION

0

5.93

200
N
Ø (nm) 7.47

400
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Traces I-VI in Fig. 4 show the size distributions of the different DME aggregates that are studied in this work recorded
with the Na-doping method. The corresponding conditions for
cluster/particle formation are listed in Table I. The bottom
scale of each panel displays the number of DME monomer
units (N) per cluster/particle. The top scale shows the corresponding particle diameter (Ø), assuming spherical particles
and a DME density of 0.70 g/cm3 .52 The distributions cover
the size range from the monomer (condition I) to ultrafine
aerosols with geometric mean diameters of 6 nm (condition
VI). When only monomer is present in the molecular beam
(condition I), no significant ion signal can be detected with
the Na-doping method because of the short lifetime of the NaDME monomer complex (see Ref. 33 for typical lifetimes).
However, the presence of DME monomer could clearly be
confirmed via ionization with the VUV light source.
Table II lists the geometric mean diameter (dg ) and the
geometric standard deviation (σ g ) that were obtained by fitting each size distribution to a lognormal distribution. In addition, mass mean diameters (dm ) and maximum diameters
(dmax ) that mark the upper limit of the detectable distribution are given. For the fitting of the larger aggregates (III-VI),
we excluded the contribution from the smaller clusters (“excluded range”), which are always present in supersonic expansions. Two separate lognormal distributions were used to
fit the bimodal distribution recorded under condition V.
B. DME photoelectron imaging

As an example, Figs. 5(a) and 5(b) show the raw (left)
and the reconstructed (right) photoelectron velocity map images of DME monomer (condition I) and ultrafine DME
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FIG. 4. Size distributions of DME clusters and ultrafine aerosol particles determined in this work for the investigation of size-dependent effects in photoelectron spectra (Sec. III B). Data were recorded with the Na-doping method.
Conditions I-VI: see Table I. Note that individual cluster/particles ion signals
are only resolved up to about N = 100. N: number of monomer units per
cluster/particle. Ø: cluster/particle diameter.

TABLE II. Geometric mean diameter (dg ), geometric standard deviation
(σ g ), mass mean diameter (dm ), and maximum diameter (dmax ) from lognormal fits to the size distributions of DME clusters/particles shown in
Fig. 4. Conditions: see Table I.

Condition
I
II
III
IV
V
VI

dg
(nm)

σg

dm
(nm)

dmax
(nm)

Excluded range

Monomer
0.8
1.4
1.9
3.0/4.7
6.0

...
1.2
1.3
1.3
1.4/1.2
1.2

...
0.9
1.8
2.4
4.5/5.3
6.7

...
1.4
3.2
4.3
6.3
8.1

...
...
N<7
N < 20
N < 20
N < 20
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FIG. 6. Experimental size-dependent photoelectron spectra of DME
monomer/clusters/particles for beam conditions I-VI (see Table I) as a function of the electron binding energy (BE). Ionization was performed with light
at 13.318 eV. The lines under the spectra correspond to fits of the experimental spectra using Gaussian functions. The asterisks label the positions (maxima) of the energetically lowest band (transition from 2b1 ). The maximum of
the monomer 2b1 band is marked with a dashed line.

light propagation

FIG. 5. Photoelectron image of (a) DME monomer (condition I) (b) ultrafine DME aerosol (condition V) obtained upon ionization with VUV light
at 13.318 eV. The double-headed arrow denotes the linear polarization of the
VUV light. Conditions I and V: see Table I. Note that the absolute color scales
are different in panels (a) and (b).

aerosol (condition V), respectively, recorded after ionization
by 13.318 eV light. The notable features in the monomer
image in panel (a) are a bright spot in the center corresponding to near-zero KE photoelectrons, an inner ring centered about a KE of ∼1.4 eV and an outer ring at a KE of
∼3.3 eV. These features correspond to ionization from the
4b2 , 6a1 , and 2b1 electronic states of the neutral DME
monomer, respectively.53, 54 For the monomer, we determined
an average β-parameter of −0.11 ± 0.19 for the 2b1 valence
orbital (averaged over the electron binding energy (BE) region
from 9.7–10.2 eV; see Fig. 6 condition I). The estimated uncertainty is dominated by uncertainties from the reconstruction (not the statistical error due to fitting). To the best of
our knowledge, no β-parameter has been reported so far for
the non-bonding n(O) orbital of DME monomer at 13.318 eV
photon energy. Corresponding values for the n(O) orbitals of
water, methanol, and formaldehyde monomer at similar photoelectron energies are ∼0.3 < β < ∼0.7, β ∼ −0.1, and
β ∼ −0.3, respectively.55, 56 (Note that the β value for
formaldehyde around ∼13 eV is influenced by shape resonances.) The value we determine for DME monomer is
identical to the one previously measured for methanol.

This similarity might result from the presence of the
methyl group. The photoelectron image of ultrafine DME in
Fig. 5(b) is much more blurry than the monomer image
in panel (a) due to broadening of the ring structures; an
effect that is expected for particles as they evolve toward
bulk-like behavior. For the ultrafine aerosols, an average βparameter of −0.08 ± 0.15 was determined in the binding energy region between 8.3-9.0 eV (see Fig. 6 condition V). The photoemission of DME monomer and DME
particles is essentially isotropic within our experimental
uncertainty.
The photoelectron spectra (PES) of monomer/
clusters/particles for the different conditions I-VI are
shown in Fig. 6 as a function of the electron BE. These
spectra were obtained from speed distributions of the corresponding reconstructed photoelectron images. We have
converted the photoelectron KE distributions to electron BE
and corrected the values for the lowering of the IEs due to
the presence of the dc field in our extraction region to obtain
field-free values in the same manner as outlined for Xe in
Sec. II C. For the DME monomer (condition I), the PES
is in reasonable agreement with the previously published
threshold photoelectron spectrum of DME monomer.41 The
smooth (red) line under the experimental spectrum corresponds to a fit with four Gaussian functions; two Gaussians
for the energetically lowest lying transition from the 2b1
orbital to account for its slightly asymmetric band shape and
one Gaussian for each of the two higher lying transitions
(ionization from 6a1 , and 4b2 , respectively). (Note that
only the first part of the rising edge of the transition from
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4b2 is visible in the spectrum.) For the ionization from the
2b1 orbital, we determine an IE (value at band maximum)
of 9.98 ± 0.13 eV and a FWHM of 0.46 ± 0.10 eV (see
Table III). The value for the IE corresponds to the vertical IE.
It agrees with monomer literature values of 10.04 eV53 and
10.025 eV.41 With increasing size of the aggregates (conditions II-VI in Fig. 6), the position of the lowest lying
band (2b1 ; labeled with asterisks) shifts systematically
toward lower energies. Since all cluster/particle spectra show
varying (decreasing with increasing size) contributions from
the monomer, which is always present in the beam (the
maximum of the monomer 2b1 band is marked with a dashed
line), it is desirable to disentangle the actual cluster/particle
contribution from the monomer contribution in the spectra.
For that purpose, we have fitted the experimental cluster/particle spectra (conditions II-VI) with three Gaussians
(for 2b1 , 6a1 , and 4b2 ) and with a variable contribution from
the fitted monomer spectrum obtained as described above
from the experimental monomer spectrum. (Only the relative
contribution of the monomer spectrum was varied but not its
shape). Note that we use one Gaussian for the 2b1 band of the
clusters and not two Gaussians as for the monomer because
no asymmetry was observed for this band in the cluster case.
The smooth (red) lines in Fig. 6 under the experimental
spectra show the resulting fitted spectra with monomer
contribution. Figure 7 shows the fitted photoelectron spectra
of the clusters/particles for conditions II-VI in the region
between 7 and 11 eV once the monomer contributions have
been subtracted. These spectra represent monomer-free sizedependent cluster/particle PES. The fitted monomer spectrum
(condition I) is also depicted for completeness in the top
trace. Table III lists the first IEs and the FWHMs of the lowest
lying band (2b1 ) in the cluster/particle PES obtained from
the fits. We find a systematic size-dependent lowering of the
IE by nearly 1 eV, from 9.98 ± 0.13 eV for the monomer
(condition I) to 9.01 ± 0.17 eV for ultrafine aerosol particles
with a geometric mean diameter of ∼4 nm (condition V).
Furthermore, the FWHM systematically increases with
increasing size by approximately a factor of three, from
0.46 ± 0.10 eV to 1.37 ± 0.18 eV. No further changes in
the PES were observed for distributions of particles with
geometric mean diameters larger than ∼3–4 nm (∼130–300
molecules/cluster), as exemplified by the data for the 6 nm
particles (condition VI) in Figs. 6 and 7 and in Table III. With
the current nozzle we were not able to produce particles with
diameters larger than ∼8 nm (∼2500 molecules/cluster),
so we cannot make any statements about the behavior of the PES beyond this size based on experimental
data.
To the best of our knowledge, no PES exists for bulk
DME. We therefore do not know whether or not the plateau
values that are reached for the first IE and for the bandwidths
at particle diameters of ∼3–4 nm indicates convergence
to “infinite” bulk behavior. Approximately, the observed
plateaus are reached as soon as the surface-to-volume ratio is
less than 30%–60% (using mass mean diameters and assuming a surface thickness of 0.3-0.7 nm). If the band in the PES
arising from the volume fraction were shifted lower in energy
and were broader than the band arising from the surface frac-
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FIG. 7. Fitted photoelectron spectra from Fig. 6, but with the monomer contributions subtracted for conditions II-VI. The asterisks label the positions
(maxima) of the energetically lowest band (transition from 2b1 ).

tion (which is probably the case16, 57, 58 ) the volume fraction
would dominate the spectrum of all particles with surfaceto-volume-ratios below 30%–60%; considering in particular
that the bands are broad and not really separated in the experimental spectra (Fig. 6). It is therefore not implausible
that the spectra of the largest particles already exhibit essentially the signatures of the “infinite” bulk if this bulk has similar structural properties as these large particles. In this case,
the bulk values for positions and widths would be IE = 9.0
± 0.2 eV and FWHM = 1.4 ± 0.2 eV, respectively. However, if the “infinite” bulk structure is different from the large
particle structure, the observed plateau values might simply
indicate structural convergence within a certain particle size
range (between ∼3 and 8 nm), which of course could change
again for even larger particles. A third explanation for the
plateau behavior should at least be mentioned: the electron escape depth might restrict the accessible information depth to
TABLE III. First ionization energies (IE; values at band maxima) and full
widths at half maximum (FWHM) of the energetically lowest lying band (ionization from 2b1 ) shown in the photoelectron spectra in Fig. 6. (Uncertainties
of the IE represent experimental uncertainties. Uncertainties of the FWHM
represent 3 standard deviations due to statistical errors). Conditions: see
Table I.

Condition
I
II
III
IV
V
VI

IE
(eV)

FWHM
(eV)

9.98 ± 0.13
9.78 ± 0.14
9.51 ± 0.15
9.23 ± 0.16
9.01 ± 0.17
9.02 ± 0.17

0.46 ± 0.10
0.97 ± 0.09
1.02 ± 0.21
0.98 ± 0.12
1.37 ± 0.18
1.49 ± 0.21
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∼3–4 nm. Electron mean-free paths for DME for low kinetic
energy electrons (∼3.3 eV) are not known. Corresponding
values for water lie around 4 nm.59, 60
It has previously been reported for rare gas clusters57 (N
< 4000) and water clusters16 (N < 108) that the shift of the
HOMO binding energy of the clusters relative to the energy of
the monomer is proportional to the inverse cluster diameter.
If we disregard the above considerations concerning the observed plateaus and simply fit a straight line to the measured
differences (IE(monomer) - IE(aggregates)) as a function of
the inverse diameter (excluding the smallest clusters) we arrive at an “infinite” bulk value of 8.7 ± 0.2 eV instead of IE
= 9.0 ± 0.2 eV. Note that it is not clear how reliable such an
extrapolation is for molecular systems such as DME. Spectral features can be unresolved or structural transitions with
different limiting values can occur.
The valence photoelectron spectra of liquid water jets and
water clusters of different size have been studied experimentally and theoretically in the past (see Refs. 14–16, 21, 22, and
34–37, and references therein), which allows us to compare
size-dependent effects qualitatively with the DME system.
The comparison of PES of H2 O and DME condensates is particularly instructive because of two reasons: (i) their different
intermolecular binding behavior in the neutral and ionic state
and (ii) the occurrence of a fast proton transfer upon ionization in both cases. In contrast to H2 O, DME aggregates show
only very weak hydrogen-bonding. The extended hydrogenbond network responsible for the anomalously high proton
mobility in water is missing in DME both in its neutral and in
its ionic state. Still, the ionization of DME is accompanied by
a fast intermolecular proton transfer (Eq. (3)), which should
have a substantial influence on the bandwidths in the PES as
in the case of H2 O. The absence of an extended hydrogenbond network might actually make it easier for DME than for
water condensates to distinguish between effects in the PES
(in particular bandwidths) that arise from the neutral state versus those coming from the ionic state. This makes DME an
attractive candidate to study the influence of the fast proton
transfer.
We start with a comparison of the size-dependence of
the IE between DME and H2 O condensates. The decrease of
the electron binding energy with increasing aggregate size is
expected to be governed by polarization effects.16, 21, 57 Note
that the comparison between DME and H2 O is complicated
by the fact that none of the studies on water report PES over
the same extended size range as we do here for DME. Either
they provide only values for a single large particle size as in
Refs. 14 and 15 or for only smaller aggregates (N < 108) as in
Ref. 16. Furthermore, these studies used scaling approaches
for the size determination, which might properly represent
trends for the size but hardly accurate absolute values. Up to
a size of a few hundred molecules, we observe a similar trend
in the lowering of the binding energy for DME as reported
in Ref. 16 for water clusters up to N = 108; i.e., a linear
increase of (IE(monomer) - IE(aggregate)) with decreasing
inverse particle diameter. As mentioned above, however, beyond several hundred molecules per aggregate the DME binding energy reaches a plateau and no longer follows the linear
trend. Three potential explanations for the plateau behavior
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are given above (convergence to “infinite” bulk is reached;
structural convergence within a certain particle size range is
reached; the electron escape depth limits the accessible information depth). Since only small clusters were studied in
Ref. 16 no such plateau was observed in this study. However,
if we combine the data from Refs. 14 and 15 where shifts
of ∼1 eV are reported for aggregates with N  100 with
that from Ref. 16 where a shift of ∼1.1 eV was reported for
N ∼ 108, a similar plateau seems to suggest itself for water.
Final clarification of the existence of a plateau for water will,
however, require consistent measurements over the whole size
range up to a few thousand molecules with accurate particle
sizing.
The second size-dependent quantity in the PES is the
bandwidth, which increases with increasing aggregate size
both for DME and for H2 O. The course of the increase for
H2 O, however, is quite different from what we observe for
DME. In water, the bandwidth (FWHM) is reported to essentially reach the “infinite” bulk value of 1.45(8) eV21 already
for clusters that consist of only a few molecules (N < 8).16, 36
The bandwidth of large clusters also lies at ∼1.5 eV,14 which
is consistent with the observation for very small clusters. The
fast convergence of the width to the water bulk value was explained to be due to specific interactions of local character;
with the proton transfer between neighboring molecules as
the most important effect acting only at short distances.36 For
DME we find an increase of the bandwidth essentially in two
steps (see Table III). The first increase by about a factor of
2 occurs from the monomer to clusters with a few molecules
(condition II). For clusters with up to a few tens of molecules
(condition IV) the width remains constant, but increases again
by a factor of 1.4 for aggregates that contain a few hundred
molecules (condition V). Again, the width remains constant
at ∼1.4 eV after this second step; i.e., for particles with up to
a few thousand molecules. In contrast to H2 O, the bulk value
is therefore likely not reached for very small DME clusters,
but might be reached for the large DME particles.
Without detailed modeling we can only speculate on the
reason for the two step increase of the bandwidth with size. It
seems plausible that the fast proton transfer has a major influence on the bandwidth for DME condensates similar to H2 O
condensates.16, 36 However, the lack of hydrogen-bonding
might also be crucial. Even in a small H2 O cluster, the strong
hydrogen-bond network realizes a variety of different ionization sites in between the limiting cases of hydrogen-bond
donor and acceptor.37 Together with the lifetime broadening
due to the fast proton transfer this produces smooth, broad,
bulk-like bands already for small water clusters. This would
explain the fast convergence of the bandwidth to the bulk
value for water. It might also explain why the PES of water in
general do not seem to be particularly sensitive to the details
of the molecular structure as observed in Refs. 16 and 36. In
DME aggregates, there is no strong hydrogen-bond network
and therefore no pronounced difference between donor and
acceptor sites. Therefore, the band remains comparatively
narrow for small DME clusters consisting of a few molecules.
It is plausible that the proton transfer plays a major role for
the broadening here. The second increase in the DME bandwidth at a few hundred molecules per cluster might reflect
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a structural change. It happens at sizes where the volume
fraction starts to dominate over the surface fraction (see
above). If the molecular environment in the volume had a
structure distinct from that in the surface the proton transfer
dynamics in DME might differ in the two regions and thus
lead to different bandwidths. Again, these are hypotheses that
need detailed modeling for confirmation.

Intensity (a.u.)

The mass spectra of DME clusters/particles of any size
recorded after VUV excitation at 13.318 eV are dominated
by protonated species (Fig. 3(b)), which are formed by the
fast intermolecular proton transfer (Eq. (3)); with the dimer
being the smallest entity in which this reaction can take
place. On the other hand, VUV excitation at 13.318 eV of
the gas phase DME monomer results, besides the monomer
parent ions CH3 OCH3 + (m/z = 46), in the formation of the
fragment ions CHO+ (m/z = 29), CH3 O+ (m/z = 31), and
CH3 OCH2 + (m/z = 45; dehydrogenated fragment).41 We will
refer to these monomer fragments as R+ in the following.
The VUV mass spectrum of the gas phase monomer in the
(condition I) upper trace of Fig. 8 displays the monomer
fragment m/z = 45 together with the monomer parent ion
m/z = 46. If monomer fragmentation were not only a significant pathway for energy dissipation in the monomer, but
also in the DME clusters/particles, one would detect corresponding mass peaks under cluster/particle conditions (conditions II-VI). Inspection of the cluster/particle mass spectra
did not reveal any detectable contributions from aggregates of
the type (CH3 OCH3 )N R+ , where N is the number of DME
molecules in the aggregate. This observation speaks against
monomer fragmentation as a significant reaction pathway in
the clusters/particles after photoionization. However, as the
VUV mass spectrum in the lower trace in Fig. 8 demonstrates
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FIG. 8. Time-of-flight mass spectrum in the region of the DME monomer
fragment ion CH3 OCH2 + (m/z = 45), the DME monomer parent ion
CH3 OCH3 + (m/z = 46), and the protonated DME ion CH3 OHCH3 + (m/z
= 47) recorded under (a) monomer condition (condition I), and (b) cluster
condition II. Note that the protonated ion cannot appear under condition I.
Ionization was performed with light at 13.318 eV. Conditions I and II: see
Table I.
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C. DME fragment ion imaging
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FIG. 9. Kinetic energy (KE) distributions of (a) the dehydrogenated DME
ion m/z = 45, and (b) the DME parent ion m/z = 46. Upper traces: recorded
under monomer condition (condition I). Lower traces: recorded under particle
condition V. Ionization was performed with light at 13.318 eV. Conditions I
and V: see Table I.

for condition II, the monomer fragments R+ themselves are
observed under cluster/particle conditions. Since it is for energetic reasons unlikely that the charged species R+ arise from
evaporation/fragmentation of (CH3 OCH3 )N R+ aggregates
they most probably originated from gas phase monomers
which are omnipresent in all cluster/particle beams. Evidence
for this can be gained from a comparison of the KE distributions of the monomer fragment ions R+ recorded under conditions where only monomer is present in the beam
(condition I) with those recorded under cluster/particle conditions (conditions II-VI). If under cluster/particle conditions a
fragment ion R+ originated as expected from the omnipresent
gas phase monomer and not from the clusters/particles its KE
distribution must be identical to the KE distribution measured
under monomer conditions. If, instead, the respective fragment ion R+ indeed originated from the clusters/particles and
not from the gas phase monomer one would expect its KE distribution to be different from the one recorded under monomer
conditions.
To clarify this aspect, we measured VMI images of
different monomer fragment ions R+ under monomer
conditions as well as under cluster/particle conditions, and
determined the respective KE distributions. Figure 9(a)
shows as an example the KE distribution of the fragment
R+ = CH3 OCH2 + (m/z = 45) under condition I (upper
trace) and condition V (lower trace). As expected, the two
distributions look identical, which is a clear hint that under
cluster/particle conditions the dehydrogenated fragment ion
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originates from the gas phase monomer contribution in the
beam and not from the clusters/particles. This leads us to the
conclusion that monomer fragmentation is not a significant
post-ionization reaction pathway in DME clusters/particles.
Monomer fragmentation cannot compete with the fast intermolecular proton transfer reaction. In other words, the fast
proton transfer inhibits the formation of monomer fragments
in the clusters/particles upon ionization.
For the CH3 OCH2 + ion, we observe a KE distribution
with a maximum at 6 ± 1 meV and a FWHM of 12 ± 2 meV
(Fig. 9(a)) for all beam conditions studied. The maximum
KE this ion takes lies according to Fig. 9(a) between 30 and
45 meV. This maximum value is close to the value of
∼48 meV one calculates for a VUV photon energy of 13.318
eV, a reported 0 K fragmentation threshold of this ion of
11.115 ± 0.010 eV,41 and under the assumption that all the
available energy of 2.203 eV is converted into KE of the fragments CH3 OCH2 + and H. For comparison, we also show in
Fig. 9(b) the KE distributions of the parent ion CH3 OCH3 +
(m/z = 46) recorded under monomer (upper trace) and under
cluster/particle (lower trace) conditions. Its narrow KE distribution (maximum KE < 0.8 meV) is limited by our experimental resolution and is consistent with the photoelectron taking essentially all of the available kinetic energy. The fact that
the KE distributions of the CH3 OCH3 + ion under monomer
(upper trace) and under cluster/particle (lower trace) conditions look very similar means that under cluster/particle conditions these parent ions arise from the ionization of cold gas
phase monomers in the beam and not from fragmentation of
ionic clusters/particles. Again, this observation is not surprising because the fast intracluster proton transfer prevents the
formation of stable (CH3 OCH3 )N + cluster/particle ions that
could potentially fragment and contribute to the CH3 OCH3 +
ion signal. Ions that indeed arise from the fragmentation of ionic clusters/particles and not from the gas phase
monomer exhibit broad distributions, as exemplified by the
KE distribution of the protonated monomer ion CH3 OHCH3 +
(m/z = 47) in Fig. 10. This particular protonated ion can only
be formed in the dimer or in larger clusters by fast intermolecular proton transfer and subsequent fragmentation of the ionic
aggregate. Its KE energy distribution shows a maximum at
34 ± 4 meV and a FWHM of 85 ± 7 meV; i.e., a distribution that is much broader than those of the m/z = 45 and
m/z = 46 ions in Fig. 9. In summary, the ion imaging data
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FIG. 10. Kinetic energy (KE) distribution of the protonated DME ion m/z
= 47 recorded under particle condition II (see Table I). Ionization was performed with light at 13.318 eV.

provide a consistent picture and show the importance of the
fast proton transfer in the photoionization dynamics of DME
aggregates.
IV. CONCLUSION

We have shown that the combination of single photon ionization by a tunable, table-top VUV laser with velocity map imaging and independent size determination by
Na-doping allows for detailed size-dependent photoelectron/photoion studies of weakly bound clusters and ultrafine
aerosol particles. The spectral quality obtainable with the
table-top VUV laser light source is satisfactory and allows
us to extract angle-dependent information.
As an example, we have studied the evolution of the valence photoelectron spectrum and various fragment photoion
spectra of dimethyl ether from the gas phase monomer toward the bulk phase. The fragment photoion spectra confirm
the dominance of the fast proton transfer upon ionization of
DME aggregates. Gas phase monomer fragmentation pathways seem to be efficiently inhibited in DME aggregates by
the proton transfer. The photoelectron spectra show a continuous lowering of the first ionization energy (value at band
maximum) by ∼1 eV from the monomer to particles with
mean diameters of ∼3–4 nm. The corresponding bandwidth
increases by a factor of ∼3 to a value of ∼1.4 eV over the
same size range. However, its change happens stepwise and
not continuously with a first increase by a factor of ∼2 from
the monomer to cluster with only a few molecules and a second increase by a factor of ∼1.5 for aggregates that contain a few hundred molecules. Beyond ∼3–4 nm, the band
position and the bandwidth seem to reach a plateau value.
The plateau begins where the volume fraction starts to dominate over the surface fraction. The observed plateau might
indicate a structural convergence reached in this size range.
Whether it is already the “infinite” bulk structure or rather
a specific particle structure remains unclear because no bulk
data exists. It should also be kept in mind that such a plateau
could be the result of the finite electron escape depth limiting the accessible probing depth in the particle (no data
is available for DME). Finally, we have determined asymmetry parameters β for photoemission from the outermost
valence orbital for DME monomer and for ultrafine DME
aerosol particles at a photon energy of 13.318 eV. The photoemission is essentially isotropic within the experimental
uncertainty.
Further experimental work on DME photoemission will
focus on extending the size range to particles larger than
∼8 nm to clarify the plateau behavior. Bulk data for DME
will also be needed in this context, for example, from liquid
jet measurements as for water.21, 22, 34, 35 In particular, detailed
modeling is required to obtain a more reliable understanding of the size-dependent features observed in the photoelectron spectra of DME, similar to those performed for water
aggregates.16, 36, 37 This would put our hypothetical interpretation on a firmer footing or provide alternative explanations.
The comparison with the water system is of particular interest in this context. We suggest that the difference between
the DME and the H2 O photoelectron spectra as a function
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of aggregate size could be largely determined by the different intermolecular bonding situation: The strong hydrogenbond network in the neutral and ionic state of H2 O might
be responsible for the “insensitivity” to the structural details of the molecular environment. By contrast, the minor
hydrogen-bonding in DME might lead to more characteristic
features arising from structural variations (for example, more
bulk-like and more surface-like behavior).
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