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ABSTRACT: The ionization of large, megadalton (MDa) and
gigadalton (GDa), nanoparticles leading to their mass spectro-
metric analysis has been an interesting challenge in the past
decades. In this work, the charging behavior of 20 nm sized gold
nanoparticles (AuNPs) protected with 11-mercaptoundecyl-
N,N,N-trimethylammonium bromide (MUTAB) ligands of ∼50
MDa was studied by using Charge Detection Mass Spectrometry
(CDMS) interfaced with electrospray ionization. The findings
indicate that these nanoparticles can achieve a charging state higher
than the Rayleigh limit for a 20 nm solvent droplet. However,
citrate-protected 60 nm sized AuNPs of ∼1.3 GDa charge only
∼0.45 times the Rayleigh limit, under identical electrospray
conditions. The higher efficiency of charging in Au−MUTAB nanoparticles may be correlated to the higher ligand binding
energy of the gold−sulfur interface compared to the gold−citrate interface. This work showcases the impact of ligand selection on
the electrostatic behavior, stability, and charging of nanoparticles in electrospray ionization mass spectrometric applications.

Ligand-protected metal nanoparticles are a class of
materials well-known for their diverse applications.1−7

Understanding the composition of these materials is crucial for
tuning their properties.8 However, nanoparticles have an
intrinsic size dispersion leading to high heterogeneity in both
mass and charge, which prevents their analysis by conventional
mass spectrometry techniques.9 Indeed, as heterogeneity is
very high, resulting m/z spectra are highly congested and do
not provide useful information.10 Single-ion MS methods11

overcome these limitations by directly measuring the mass for
each individual ion. In the past decade, charge detection mass
spectrometry (CDMS), a single-ion MS method, has evolved
as an alternative technique for weighing heterogeneous
samples12 with masses in the megadalton (MDa) range.13

CDMS (and related orbitrap-based CDMS) combines mass
spectrometry (MS) with (direct or indirect) charge detection
to measure the charge and m/z ratio of individual particles.14,15

Further, all the individual nanoparticle measurements are
compiled into histograms to obtain the charge and mass
distribution of the sample.16 Werts et al. first demonstrated the
importance of CDMS in a low mass resolution mode for the
determination of the size distribution and composition of gold
nanoparticles, where the mass can be directly translated to
particle size, if the density and shape of the particle are
known.17 Advancements in CDMS instrumentation further
demonstrated its application in characterizing assemblies of

larger nanoparticles, providing insights into their shape, surface
properties, etc.18−20

In the past, charging of nanoparticles through electrospray
ionization (ESI) has been a topic of significant interest.21,22 In
ESI, highly charged droplets are generated from solutions,
followed by solvent evaporation and droplet fission, leading to
particles (or analytes) carrying multiple charges.23 In ESI, the
maximum charge a liquid droplet could accommodate without
undergoing Coulombic fission is driven by the Rayleigh limit.24

This limit originates from the competition between the bulk
electrostatic repulsion and the interfacial surface tension.
Beyond this limit, the droplet becomes unstable and splits into
smaller droplets with lower charges. The Rayleigh limit serves
as a benchmark for assessing the charging capacity of charged
analytes transferred into the gas phase by the electrospray
process.25 The charging phenomenon is dependent on various
factors, such as the size and shape of the analyte and
instrumental settings, etc. In the past decade, several studies
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were reported on increasing charging of analytes in ESI. The
commonly used strategies include, changing solvent composi-
tion, pH, addition of supercharging agents, etc.26,27 However,
for nanoparticles, these strategies were limited to polymeric
nanoparticles21 and such efforts were not very successful in
achieving high charging for ligand-protected metal nano-
particles.

In this work, we utilize ligand engineering as a strategy to
achieve a high charging capability of gold nanoparticles. The
limit of charge detection has drastically improved from ∼350 e
(elementary charges) in the first generation of CDMS
instrument28 to ∼70 e in the present CDMS instrument
which uses cool field-effect transistor (coolFET) based
detection.29 Here, we have performed the CDMS analysis of
a 20 nm sized gold nanoparticle protected with a cationic thiol
ligand, i.e., (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide (MUTAB). These results were compared with that of
a 60 nm citrate-protected Au nanoparticle to demonstrate the
role of the MUTAB ligand in the charging. The MUTAB
ligand provides electrostatic stabilization and enhances the
charge-carrying capacity of the nanoparticles, boosting the
charging capabilities of the NPs. The higher efficiency of
MUTAB in enhancing nanoparticle charging may be correlated
to the strength of the thiol-gold binding (leaving the
ammonium group free), which is stronger than gold−citrate
interaction. A simple model is derived to evaluate the ligand
binding strength of gold nanoparticles by charge and mass (or
size) measurements through CDMS.

The 20 nm sized Au−MUTAB nanoparticles were
synthesized using a reported procedure.30 The size distribution
of the nanoparticle was studied by transmission electron
microscopy (TEM), and the images were collected at a lower
beam intensity to reduce beam-induced aggregation, as shown
in Figure 1c. The images showed that the Au−MUTAB
nanoparticles are spherical in shape. The diameter distribution
of the particles ranged from 10 to 30 nm, where most of the
particles were close to 20 nm in diameter. These nanoparticles
were subjected to CDMS analysis, and we obtained a spectrum

(Figure 1a) showing the peak maximum at 50 MDa. We have
translated the mass obtained from CDMS to the size of the
particle by considering their density and shape. The obtained
size from these calculations was 20 nm, which corresponds to
the mass of 50 MDa for a spherical gold particle with a density
of 19.3 g/cm3 (Figure 1b). This was further verified by using
dynamic light scattering (DLS) measurements, as shown in
Figure 1d. The measurements were performed using water as
the solvent medium. The size distribution showed a similar size
range of 10 to 30 nm, which showed a maximum at 20 nm.

The CDMS analysis of the Au−MUTAB nanoparticles was
conducted under two different ionization conditions, i.e.,
nanospray and macrospray. Both of these techniques primarily
differ in terms of the scale of the spray, the ionization
technique, and the sample volumes that they handle. The
samples used for the measurements were diluted in a water/
methanol (1:1) mixture to a concentration of 50 μM (in terms
of elemental gold concentration). Figure S1 shows the data
obtained from the CDMS analysis under both spray
conditions. Figure S1a shows the mass versus charge data
obtained for the sample under nanospray ionization con-
ditions. Each point in the graph represents the measurement of
a single ion. The streak extends from 100 e (elementary
charges) to around 450 e. Figure S1b shows the typical mass
distribution from CDMS, with a broad peak centered at 50
MDa. Figure S1c shows the charge distribution for each ion
observed in the analysis, which shows a broad peak centered
around 250 e due to the main peak of 50 MDa in mass
distribution. The broad distribution in the mass distribution
accounts to the polydispersity in the sample which is evident
from their TEM and DLS measurements. The mass versus
charge data obtained for the sample under macrospray
ionization conditions are shown in Figure S1d. Here the
streak extends from 100 e to around 500 e. Figure S1e shows a
similar mass distribution, with a broad peak centered at 50
MDa that is more intense than the nanospray results. Figure
S1f shows the charge distribution having a more intense peak
centered at around 250 e only.

The data obtained from both nanospray and macrospray
conditions were compared, as shown in Figure S2, to better
understand the data. The mass distribution plot (Figure S2a)
illustrates that in both cases the peaks are centered at 50 MDa.
But for macrospray, the intensity of the peak at 50 MDa is
more than in nanospray. This hints that, in macrospray, the
analyzed sample has a greater number of species with 50 MDa
mass, which can be due to the larger volume of the sample
used. In the case of nanospray, we can observe more intense
peaks in the higher mass region above 100 MDa. This slight
increase in the intensity might be due to the formation of
aggregated dimers. The particle size estimation from CDMS
also shows similar results in both spray conditions (Figure
S2b), which further supports the precision of our results.

The maximum charge deposited on a spherical ion can be
predicted from the Rayleigh charge limit for a water droplet
with the same diameter as the analyte. The charge
corresponding to the Rayleigh limit, ZR, is given by eZR =
8π(ε0γR3)1/2 where R is the droplet radius, γ is the surface
tension of droplets (72 nN/m), and ε0 is the permittivity of the
surrounding media.31 The theoretically calculated Rayleigh
limit is illustrated in Figure 2a, where the dotted line indicates
the limiting charge at the corresponding size distribution. To
further understand this, we plotted the histogram of the
fraction of the Rayleigh limit in the sample (Figure 2b). The

Figure 1. (a) Mass distribution of Au−MUTAB nanoparticles
obtained from CDMS analysis; (b) size distribution estimated from
the CDMS data obtained under two different spray conditions; (c)
TEM image of Au−MUTAB nanoparticles; and (d) size distribution
of Au−MUTAB nanoparticles obtained from DLS measurements.
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histogram shows that Z/ZR ratio is centered around 2.1. It was
already observed that ions from nanoparticles in the
megadalton range were charged higher than the Rayleigh
limit,18,32 demonstrating that the charging capability of
nanoparticles cannot be necessarily driven by the charging of
a water droplet with the same diameter as the analyte, which
makes sense since nanoparticles may have different morphol-
ogy, charging nature and origin as water droplets (they can be
coated by ligands with permanent charges as it is the case in
this study). The fact that MUTAB-capped AuNPs (20 nm
size) have charging exceeding the Rayleigh limit means that the
charging of electrosprayed NPs is not driven by the charging of
a water droplet with the same diameter as the analyte. The
charging capability is, in fact, driven by the stability of capping
ligands on the NP surface, possessing permanent charges.

To understand the role of MUTAB ligands on the charging
behavior of nanoparticles, we have also studied 60 nm sized
gold nanoparticles protected with a citrate ligand. The size
distribution of the particles obtained from TEM is shown in
Figure S3. The size of the particles ranged from 40 to 80 nm,

and centered at 60 nm. The data obtained from the CDMS
analysis of 60 nm sized Au−citrate nanoparticles are shown in
Figure 3. The mass distribution shows a broad peak ranging
from 700 to 2500 MDa, centered around 1300 MDa (Figure
S4). The corresponding charge analysis shows a peak centered
at 300e, with a broad distribution from 200 to 600e (Figure
3a). The charging capacity of the Au−citrate nanoparticle was
compared with the Rayleigh limit of a 60 nm sized 1:1 water:
methanol droplet, as illustrated in Figure 3b. The dotted lines
imply that the charging capacity of the nanoparticle is much
less than the limiting charges. A histogram of the fraction of
Rayleigh limit in the sample was plotted (Figure 3c), which
inferred that the Z/ZR is centered around 0.45, with the
maximum charge reaching ∼70−80% of that corresponding to
the Rayleigh limit, confirming their low charging capacity.

The spray conditions under negative ion mode using the
standard pressurized electrospray inlet were much more
difficult to reproduce and maintain than those under positive
ion mode. Hence, the charging studies for both gold
nanoparticles (AuNPs) were done in the positive ion mode.

Figure 2. (a) Charge vs size plot of Au−MUTAB nanoparticles. The dotted curve shows the calculated Rayleigh limit. (b) Plots of the fraction of
the Rayleigh limit (z/zR) for Au−MUTAB nanoparticles.

Figure 3. CDMS plots of a 60 nm sized Au−citrate nanoparticles showing the (a) charge distribution, (b) charge vs size plot, and (d) size
distribution. The dotted curve in panel (b) shows the Rayleigh limit. (c) Plots of the fraction of the Rayleigh limit (z/zR) for Au−citrate
nanoparticles.
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Our results confirm that the MUTAB ligand plays a crucial role
in increasing the charge-carrying capacity of the ligand-
protected AuNPs. The long alkyl chain of MUTAB contributes
to steric stabilization, preventing nanoparticle aggregation and
maintaining colloidal stability even under high-charge con-
ditions. However, the citrate-capped AuNPs only achieve
charge states much lower than the Rayleigh limit due to limited
surface charge density and weaker electrostatic stabilization.
Hence, the nature of the protecting ligand is crucial in
developing methodologies for charging a nanoparticle under
electrospray ionization. To understand whether there is a role
for the negative charge of citrate ligands in the lower charging
behavior of Au−citrate nanoparticles, we analyzed different
sizes of citrate-capped AuNPs with 40, 60, and 80 nm
diameters. The size distribution of these particles obtained
from DLS measurements is shown in Figure S5. The charge
and mass data obtained from CDMS are shown in Figure S6.
The average charge increases from 270e to 297e to 358e for
40, 60, and 80 nm diameter particles, respectively. For 80 nm
AuNPs, we succeeded in measuring the ESI-CDMS in both
positive and negative ionization modes (Figure S7). However,
in negative mode, we observed that the particles appear to
carry slightly higher charges than in positive mode (Figure
S7e,f). The reason for this difference is that in the negative
ionization mode, the source is prone to discharges, and it leads
to two effects: (i) ion efficiency in ESI negative mode was
severely reduced (by at least 1 order of magnitude), and (ii)
unstable spray conditions may lead to incomplete desolvation
and/or fragmentation (leading to broader mass and charge
distribution). To better understand this, we have made a 2D
plot of charge vs mass distribution for 80 nm AuNPs in both
modes (Figure S7a,b). While comparing the charging for the
same mass (expected for 80 nm AuNPs, e.g., ∼3.11 GDa), we
find that the charges are similar in both positive and negative
modes of ionization. Hence, the charge distributions in both
modes are similar, suggesting that charging capability is not
driven by the charge state of the ligands in nanoparticles.

To better appreciate this issue, we aim to develop a simple
model to link the charging capability of ligand-protected gold
NPs with energetic considerations and particularly the ligand-
gold binding properties. Let us assume that citrate- and
MUTAB-capped gold nanoparticles are uniformly charged
spheres. In these nanoparticles, we have a distribution of
charges specified by a charge density, ρ = Q/V (with Q = Ze
total charge and V is the volume of the sphere of radius R) and
corresponding total electrostatic energy (where the sum of the
energies of all possible pairs of charges to be replaced by an
integral).

The total energy of a particle, expressed in terms of the total
charge of the sphere is

U
Q

R
3
5 4

2

0
=

(1)

The isopotential (R, Z) map of the electrostatic energy U (in
eV) for a nanoparticle of charge Z and radius R is given in
Figure S8.

In 1882, Lord Rayleigh theoretically estimated the maximum
charge QR a liquid droplet could carry; it is known as the
Rayleigh limit, above which a charged, incompressible
spherical droplet of radius R and surface tension γ becomes
unstable:

Q R8R 0
3= (2)

This criterion was particularly powerful to model electrospray
processes (e.g., charged residue model (CRM) where
Rayleigh-charged nanodroplets that contain a single analyte
evaporate to dryness). In particular, the observed agreement
between the charges on the proteins and the charges on water
droplets of the same size at the Rayleigh limit was attributed
because of the multiply charged proteins being formed by
CRM.

Let us assume now that for citrate- and MUTAB-protected
gold nanoparticles, the limiting factor to charge them by
electrospray process is given by the balance between the
Coulomb repulsion energy (U) and the Ligand binding energy
(Elb) of the capping ligands to the gold surface, assuming that
the charges reside on the ligands. Then the limit for charging
will be given by

U Elb= (3)

The total ligand binding energy (Elb) is a product of the
number of ligands (N) and the binding energy of each ligand
bound to the gold surface (EL‑Au), such that Elb = N × EL‑Au. By
knowing the values of N, R, and Q, it is possible to estimate the
binding energy EL‑Au as

E
Q

RN
3
5 4L Au

2

0
=

(4)

The values of Z and R are estimated from the present
CDMS analysis and DLS measurements, respectively. The
value of N is calculated knowing the surface coverage of ligands
(∼5/nm2 for thiolates35 and 0.8−4.5/nm2 for citrate36−38) on
the sphere. The estimated EL‑Au energies from the CDMS
analysis (see Table 1) are in fair agreement with binding
energies reported in the literature for thiolates and citrates.
One can argue that the charging capability of gas-phase
monolayer-protected metal particles generated by electrospray
is driven by the binding energy of ligands, and therefore,
charge detection mass spectrometry might be a pertinent probe
of the ligand binding strength. The assumption here is that the
ligands desorb as integrated units (-SR for MUTAB), although
other bond dissociations can also occur. This channel (-SR
loss) is most common in nanoparticles, although they dimerize
to form RS-SR, R-S-R, and other units during thermal
desorption.

Table 1. Summary of the Findings for Citrate-Capped and MUTAB-Capped Gold Nanoparticles by CDMS and DLS Analysis,
Leading to the Estimation of the Binding Energy, EL‑Au

Type of nanoparticles Z R (nm) N U (eV) EL‑Au (eV) Present work EL‑Au (eV) Literature

MUTAB- capped gold nanoparticles 250 10 6280 6590 1.05 1.7 (Au−S)33

Citrate-capped gold nanoparticles 270 19 6280−35343a 2907 0.06−0.36a 0.09 (Au−OCOOH)
34

297 25 8050−47300a 3200 0.09−0.51a

358 35 12315−69272a 3290 0.05−0.27a

aThe range of EL‑Au is due to the uncertainty in estimating “N”, which in turn is due to the uncertainty in estimating the area per ligand.
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Usually, in most modeling studies, the ligands are modeled
as enveloping uniformly the surface of nanoparticles, assumed
as a perfect sphere.36 In our crude electrostatic model, we
assume that MUTAB- and citrate-capped gold nanoparticles
are uniformly charged spheres. The energy of such an
arrangement can be calculated using classical electrostatics
and is shown in eq 1. The effective charge of a nanoparticle can
be deduced from zeta-potential measurements.22 The data
obtained from zeta-potential and size measurements of all of
the nanoparticles are presented in Table S1. With zeta
potentials of 17.6 and −35 mV, the total charge in solution
is respectively 20e and 112e for 20 nm MUTAB−AuNPs and
60 nm citrate−AuNPs. However, the charging capacity
extracted by zeta measurements cannot be directly compared
with gas-phase measurements since zeta potential is the
potential difference between the surface of a solid particle and
the surrounding liquid in which the particles are dispersed.

The ionization energy of a neutral metallic NP in a vacuum
is higher than the corresponding work function of the bulk
metal. Hence, electrons in neutral metallic NPs are at a Fermi
level lower than that in the bulk metal. In a vacuum, the
ionization energy of a neutral AuNP lies somewhere between
that of a gold atom, 9.2 eV, and the work function of bulk gold
metal, which is approximately 5.3 eV. When the NP is charged
due to the presence of adsorbed ionic species or ligands, the
difference between these ionization energies under neutral and
charged conditions is related to the excess charge on the NP.
The excess charge in the nanoparticle is directly related to the
outer potential. Hence, when citrate molecules adsorb onto the
AuNP, the surface potential of the AuNP changes, leading to
the alteration of local Fermi energy levels of the metal
nanoparticle, as was modeled by Girault and coworkers.39 For
instance, a surface atom carrying a nucleophilic molecule
acquires a small positive charge, and the interior of the
colloidal particles receives a corresponding negative charge.
The Fermi potential at equilibrium is shifted to a more
negative value.40 Therefore, the charging energy is related to
the Fermi energy. However, in our crude electrostatic model,
we simplified the gold NP as a uniformly charged sphere, and
the charge of the sphere is given by the number of ligands with
permanent charges. A schematic representation of these
concepts and correlations regarding ligand bond strength
(brought by the gold−sulfur interface), charging energy
(brought by the repulsion of charged ligands), and
modification of the Fermi level of a gold NP due to
chemisorption of thiolated ligands is shown in Scheme S1.

The composition of the highly charged Au−MUTAB
nanoparticles was tentatively assigned using details in the
literature on the surface coverage of ligands on a gold surface.
The number of MUTAB ligands on a 20 nm sized spherical
particle is estimated to be 6280, and the corresponding
number of Au atoms was calculated as 246000, for a 50 MDa
particle. The obtained composition of Au∼246000L∼6280 was
further verified by elemental analysis, using high-resolution
scanning electron microscopy (HRSEM) coupled with energy
dispersive X-ray spectroscopy (EDS), as shown in Figure S9.
The ratio of the number percentages of Au and S atoms is in
good agreement with the assigned composition. Dass et al. had
previously reported a methodology to estimate the number of
metal atoms and ligands using mathematical modeling, which
is termed as the nanoscaling law.41 These reports show that for
nanoparticles protected with linear chain alkyl thiol ligand, the
number of Au atoms (N) and ligands (L) follows a

mathematical relation, L = 1.82N2/3. The 2/3 scaling reflects
the surface area to volume ratio of the Platonic solids.42,43 This
suggests that as the size of the nanomolecule increases, the
surface area to volume ratio decreases proportionally to the
power of 2/3. This is because the volume scales with the cube
of the linear size, while the surface area scales with the square.
A log−log plot of the number of ligands vs gold atoms in linear
alkyl chain thiol-protected gold nanoparticles is shown in
Figure 4. Here, we have compared the tentatively assigned

composition of Au−MUTAB nanoparticles with some known
nanoparticles. The larger-sized nanoparticles whose composi-
tion is determined to date are Au∼2000L∼290,

44 Au∼1400L∼240,
45

Au∼940L∼160,
46 and Au∼500L∼120.

47 Figure 4 shows that the
assigned composition of Au∼246000L∼6280 for the Au−MUTAB
nanoparticle agrees with the nanoscaling law, L = 1.82N2/3.
The linear relation between the points suggests that even at the
megadalton mass regime the nanoscaling law is valid and
enables the assignment of the composition of nanoparticles.

Our work confirms the role of ligand selection in the design
of nanoparticles for applications involving charging in mass
spectrometric analysis. Robust patterning is essential for the
fabrication of nanoparticle-based devices. Charging of particles
is crucial for placing nanoparticles accurately via Coulomb
interactions on a charged substrate. In this work, playing with
the ligand−gold interface strength (by using thiolates) and
permanently charged ligands (trimethylammonium group)
leads to high charging in Au−MUTAB gold nanoparticles.
Even though the charging efficiency of nanoparticles is
enhanced using the MUTAB ligand, it is still challenging to
achieve sufficient charging in particles smaller than 20 nm.
Future research should focus on ligand selection in nano-
particle design to overcome this limitation. In our proposed
electrostatic model, we simplified the gold nanoparticle to a
uniformly charged sphere. However, our model is similar to the
Rayleigh limit calculations, but instead of equilibrating the
electrostatic energy with the surface tension of droplets, here,
we equilibrate the electrostatic energy with the total binding
energy of charged ligands.

In conclusion, the charging behavior of 20 nm sized gold
nanoparticles protected with MUTAB ligands was studied by

Figure 4. Log−log plot of the number of ligands vs gold atoms in
linear alkyl chain thiol-protected gold nanoparticles (AunLm). The
composition (m, n) of previously reported nanoparticles is compared
with the tentatively assigned composition of Au−MUTAB nano-
particles (246000, 6280).
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using charge detection mass spectrometry (CDMS) interfaced
with electrospray ionization. The findings indicate that these
nanoparticles can achieve a charging state higher than the
theoretical Rayleigh limit for a 20 nm solvent droplet. This
charging capability of MUTAB-protected 20 nm particles
strongly contrasts with the charging capability of 60 nm citrate-
protected AuNPs, which reached only 0.45 times the
theoretical limit for similar-sized solvent droplets under similar
electrospray conditions. The higher efficiency of MUTAB in
enhancing nanoparticle charging may be correlated to the
higher ligand binding energy of the gold−sulfur interface as
compared with the gold−citrate interface. The estimated
binding energies from the CDMS analysis are in fair agreement
with the binding energies reported in the literature for thiolate-
and citrate-capped gold nanoparticles. One can argue that the
charging capability of gas-phase monolayer-protected metal
particles generated by electrospray is driven by the ligand
binding energy, and therefore, CDMS might be a pertinent
probe for determining the ligand binding strength of isolated
nanoparticles.

■ EXPERIMENTAL SECTION
Charge Detection Mass Spectrometry Analysis. MS

experiments were performed on the custom-built charge-
sensing mass spectrometer coupled with a nanospray source; a
50 μM concentration of Au−MUTAB in water/methanol (50/
50 v/v) mixture was used for the measurements. The CDMS
instrument was described in detail earlier.48,49 The mass
spectrometer, operating in the positive mode was equipped
with a customized Macrospray (Analytica of Branford)48 and
Nanospray (nESI) Flex Ion Source (Thermo Fisher
Scientific).29 Electrosprayed ions were guided up to the
terminal vacuum chamber, which contained the charge
detection device (CDD), working in a single-pass mode.28,50

The CDD consisted of a conductive tube collinear to the ion
beam and connected to a junction field-effect transistor
(JFET). The collected signal was amplified by a low-noise
charge-sensitive preamplifier (Amptek A250CF CoolFET) and
then shaped and differentiated. The signal was recorded with a
waveform digitizer card. The data were transferred to a desktop
computer, where they were analyzed with an in-house
developed program. Calibration in charge was performed
using a test capacitor that allowed a known amount of charge
to be pulsed onto the pick-up tube. An ionic train device,
composed of multipole radiofrequency (RF) ion guides,
permitted the transfer of ions (in the optimal 100−100,000
m/z window of transmission) through the capillary interface of
the nanoelectrospray ionization source to the charge detection
device. The nanospray ionization was customized to fit the
entrance of the CDMS instrument. The ion source consisted of
a housing with a manual XYZ-manipulator and fittings, a
Direct Junction adaptor for online analysis, and a camera setup
including one LCD monitor. Electrospray Fused Silica
PicoTips (with ∼30 μm tip inner diameter) were used and
changed for each sample analysis.
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