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ABSTRACT: Recent studies of new particle formation events in the atmosphere
suggest that nanoclusters (i.e, the species formed during the early stages of particle
growth which are composed of 101−103 molecules) may consist of amines and sulfuric
acid. The physicochemical properties of sub-10 nm amine-sulfuric acid clusters are
hence of interest. In this work, we measure the density, thermostability, and extent of
water uptake of <8.5 nm eﬀective diameter dimethylamine-sulfuric (DMAS)
nanoclusters in the gas phase, produced via positive electrospray ionization.
Speciﬁcally, we employ three systems to investigate DMAS properties: ion mobility
spectrometry (IMS, with a parallel-plate diﬀerential mobility analyzer) is coupled with
mass spectrometry to measure masses and collision cross sections for <100 kDa
positively charged nanoclusters, two diﬀerential mobility analyzers in series (IMS−
IMS) are used to examine thermostability, and ﬁnally a diﬀerential mobility analyzer
coupled to an atmospheric pressure drift tube ion mobility spectrometer (also IMS−
IMS) is used for water uptake measurements. IMS−MS measurements reveal that dry
DMAS nanoclusters have densities of ∼1567 kg/m3 near 300 K, independent of the ratio of dimethylamine to sulfuric acid
originally present in the electrospray solution. IMS−IMS thermostability studies reveal that partial pressures of DMAS
nanoclusters are dependent upon the electrospray solution concentration ratio, R = [H2SO4]/[(CH3)2NH]. Extrapolating
measurements, we estimate that dry DMAS nanoclusters have surface vapor pressures of order 10−4 Pa near 300 K, with the
surface vapor pressure increasing with increasing values of R through most of the probed concentration range. This suggests that
nanocluster surface vapor pressures are substantially enhanced by capillarity eﬀects (the Kelvin eﬀect). Meanwhile, IMS−IMS
water uptake measurements show clearly that DMAS nanoclusters uptake water at relative humidities beyond 10% near 300 K,
and that larger clusters uptake water to a larger extent. In total, our results suggest that dry DMAS nanoclusters (in the 5−8.5 nm
size range in diameter) would not be stable under ambient conditions; however, DMAS nanoclusters would likely be hydrated in
the ambient (in some cases above 20% water by mass), which could serve to reduce surface vapor pressures and stabilize them
from dissociation.

■

INTRODUCTION
There is strong evidence that new particle formation events in
the ambient atmosphere lead to the formation of clusters
composed of amines in combination sulfuric acid;1−3 though
amines have lower atmospheric concentrations than ammonia,4,5 because of their stronger basicity than ammonia,6 aminesulfuric acid clusters are more stable in ambient conditions than
are ammonium sulfate/ammonium bisulfate clusters. In
particular, dimethylamine molecules [(CH3)2NH) in combination with sulfuric acid molecules (H2SO4) form condensed
phase species (dimethylamine-sulfuric acid clusters, DMAS,
which are combinations of dimethylammonium sulfate and/or
dimethylammonium bisulfate], which have been found to be
more stable than their methylamine- and trimethylaminesulfuric acid cluster counterparts.6,7 As a result, DMAS are
highly likely to be the seeds for nanoparticle growth in many
new particle formation events in the atmosphere.1,8−11
Of considerable interest are thus the physicochemical
properties of DMAS in the 1−10 nm size range. Such entities
are typically composed of 101−103 molecules and are
© 2015 American Chemical Society

henceforth referred to as nanoclusters here. Though in the
initial stages of new particle formation clusters composed of a
smaller number of molecules (<101) form,6,12 these smaller
clusters must grow into nanoclusters and it is nanocluster
properties (namely their density, thermostability, and capacity
to uptake water) which govern subsequent growth to larger
nanoparticles [i.e., to eventually act as CCN (cloud
condensation nuclei)]. The nanoclusters must not dissociate
under atmospherically relevant conditions and further must be
able to grow by vapor uptake (via condensation). When input
into models of condensational particle growth in the ambient
atmosphere,13,14 nanocluster physicochemical properties will
have a direct inﬂuence on the model output particle growth
rate. Of concern for nanoclusters is that although modeling
them as spheres is likely acceptable, the properties of
nanoclusters can, and presumably do, deviate from bulk
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solutions were used for nanocluster generation with all three
employed measurement systems.
For ESI, a 40 μm i.d. silica capillary (360 μm o.d., Polymicro
Technologies, Phoenix, AZ) was used, as was used previously in
cluster ion generation experiments.18,27 An applied pressure
was used to drive the solution through the capillary, while a
positive voltage was applied directly to the solution to run the
electrospray in a cone-jet mode,34 which was observed to be
stable visually with a magnifying lens. DMAS nanoclusters with
either single or multiple excess positive charges were formed via
ESI; for IMS−MS measurement, the ESI voltage was ﬂoated
over the outer electrode of the parallel-plate diﬀerential
mobility analyzer employed, and no charge reduction scheme
was employed prior to measurements. Conversely, for tandem
diﬀerential mobility analyzer experiments and diﬀerential
mobility-analyzer-drift tube experiments a 0.5 mCi Po-210
source was used to reduce the charge level of nanoclusters; after
charge reduction most nanoclusters were neutral and those that
were observed were singly charged.35,36
Diﬀerential Mobility Analysis−Mass Spectrometry.
Diﬀerential mobility analysis-mass spectrometry,29 a form of
ion mobility spectrometry−mass spectrometry (IMS−MS)37,38
was used for measurement of the collision cross sections of
mass-identiﬁed nanoclusters in air. From these measurements,
nanocluster densities can be inferred.39,40 The parallel plate
diﬀerential mobility analyzer (model p5 SEADM, Boecillio,
Spain, with a resolving power in mobility near 60) and QSTAR
XL time-of-ﬂight mass spectrometer (Applied Biosystems,
Framingham, MA) combination has been described in detail
previously18,27,29 and was operated in a similar manner to these
prior works. Brieﬂy, to specify the mobilities of the nanoclusters
which can traverse the diﬀerential mobility analyzer, a potential
diﬀerence was generated between the two electrodes by
applying a voltage on the outer electrode. Singly and multiply
charged nanoclusters were drawn into the classiﬁcation region
electrostatically, with the inlet operated in counterﬂow mode
(∼0.1 L min−1 of counterﬂow). High purity air (Air Gas, Ultra
ZeroG1 ppm, St. Paul, MN) was used as the sheath ﬂow gas,
and the sheath ﬂow was operated in recirculating mode using a
vacuum blower (Domel Inc., Ž elezniki, Slovenia) with the
sheath gas temperature in the measurement zone near 303 K
and close to atmospheric pressure. ∼0.2 L min−1 was drawn
into the mass spectrometer inlet (at the outlet of the
classiﬁcation region of the mobility analyzer), to continuously
supply air for the outlet and for the counterﬂow a mass ﬂow
controller (MKS instruments, Andover, MA) was set at 0.3 L
min−1.
To collect combined mass-mobility spectra, a potential
diﬀerence of 1000−4000 V was applied in steps of 10 V, and
mass spectra were collected at each voltage for an accumulation
time of 2 s. For mass spectra measurements, the quadrupole
mass ﬁlters were operated in radiofrequency-only mode, and
the time-of-ﬂight section was employed. Between the mobility
analyzer outlet and the ﬁrst quadrupole of the mass
spectrometer, there are several applied declustering and
focusing potential diﬀerences; all of these diﬀerences were set
to minimal values to mitigate the dissociation of nanoclusters in
the mass spectrometer inlet (i.e., to reduce collision induced
dissociation). Prior IMS−MS measurements where the IMS
was operated at atmospheric pressure have revealed that in the
inlets (where ions/nanoclusters are exposed to high pressure
drop as well as strong electric ﬁelds) of mass spectrometers

properties as well as from the properties of larger nano- to
submicrometer particles, with such deviations not necessarily
predictable from classically derived theories (though such
theories are used almost universally in modeling nanocluster
growth13). For example, the capillarity model (i.e., the Kelvin
eﬀect)15,16 leads to the prediction that nanoclusters are much
less thermostable than larger species of the same chemical
composition and have substantially higher vapor pressures than
their bulk counterparts. While qualitatively this is true, the
capillarity model is based upon a bulk deﬁnition of surface
tension; simulations17 show that for pure phase nanoclusters
whose radii are ≤7 van der Waals radii, quantitatively the
capillarity model leads to extremely inaccurate vapor pressure
predictions. Additional deviations from the capillarity model are
to be expected for the vapor pressures of multicomponent
nanoclusters, such as DMAS. Furthermore, size dependencies/
deviations from bulk behavior are also expected and have been
observed for the density18 and extent of water uptake of
nanoclusters.19−21
DMAS nanoclusters and larger nanoparticles have been
studied experimentally and theoretically by several diﬀerent
approaches. An overview of the properties of amines and
studies of atmospheric amine chemistry was recently provided
by Qiu and Zhang.22 Speciﬁcally for DMAS particles, Qiu and
Zhang also measured the thermostability, density, and extent of
water vapor uptake for particles in the 80 to 240 nm size
(diameter) range.7 Ab initio calculations have been performed
by several research groups to study the formation of neutral or
charged DMAS clusters with or without water molecules.9,12,23−26 However, experimental measurements in the
nanocluster size range are lacking (beyond measurements of
clusters composed of ≤10 sulfuric acids, above a size of ∼1.1
nm in diameter). In this study, we thus focus on measurements
of the properties of DMAS nanoclusters in the size (eﬀective
diameter) range of 2−8.5 nm, produced in a laboratory setting
via electrospray ionization (ESI). Of speciﬁc interest are the
density, thermostability, and extent of water uptake by such
nanoclusters, properties which are amenable to laboratory
investigation. Three unique measurement systems are employed for measurements of these properties, which are
described in detail in the subsequent sections: for density
measurement ion mobility spectrometry−mass spectrometry
with a high-resolution diﬀerential mobility analyzer coupled to
a mass spectrometer is applied;18,27−29 for thermostability a
tandem diﬀerential mobility analyzer system30,31 using modestto-high resolution diﬀerential mobility analyzers32 is utilized;
and for heterogeneous water uptake experiments, a diﬀerential
mobility analyzer-drift tube mobility analysis system is
applied.21,33 The overarching goal of this work is to better
understand what the properties of DMAS nanoclusters would
be under atmospherically relevant conditions.

■

EXPERIMENTAL METHODS
Materials. As a source of gas phase DMAS nanoclusters, we
used ESI of methanol based solutions, which, upon methanol
evaporation, yielded nanoclusters. Solutions were prepared by
adding sulfuric acid (99.999%) and dimethylamine (40 wt % in
H2O) to HPLC-grade methanol. All chemicals were purchased
from Sigma-Aldrich (Saint Louis, MO). Variable molar
concentrations of sulfuric acid and dimethylamine were used,
which are denoted as [H2SO4] and [(CH3)2NH] respectively.
Seven molar concentration ratios, R = [H2SO4]/[(CH3)2NH]
were employed, speciﬁcally, R = 10, 5, 4, 3, 2, 1, and 0.5. These
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Figure 1. (a) A depiction of the tandem diﬀerential mobility analyzer system employed in thermostability experiments (IMS: diﬀerential mobility
analyzer; CPC: condensation particle counter; Po-210: bipolar ion source). (b) The temperature proﬁles measured axially in the microfurnace
chamber. The position of the furnace heating chamber and the sampling tube are also depicted.

outer electrode is grounded. Positively charged nanoclusters
were hence selected and measured. The sheath ﬂows were
operated in a recirculating mode with Domel Inc. vacuum
blowers, and again, the THA+ ion was used for calibration. The
ﬁrst diﬀerential mobility analyzer was operated at a ﬁxed voltage
to transmit nanoclusters of a speciﬁc mobility (and hence
radius, as nearly all charged nanoclusters were singly charged).
To evaluate thermostability, a microfurnace (UltraCoil Robust
Radiator, Micropyretics Heaters International Inc., Cincinnati,
OH) was placed between the two diﬀerential mobility
analyzers, and nanoclusters transmitted through the ﬁrst
diﬀerential mobility analyzer were sent through the microfurnace via a 12 in. long sintered silicon carbide round tube (the
evaporation tube) with 1/2 in. o.d. and 3/8 in. i.d. (Ortech Inc.,
Sacramento, CA). Nanocluster evaporation occurred in the
heated zone of the microfurnace, which was a 1.5 in. diameter
and 3.5 in. length cylindrical chamber. Two insulating caps with
the thicknesses of 0.75 in. were used to seal the heating
chamber, and a PID controller was connected to a
thermocouple embedded in the heated zone. The temperature
proﬁle was varied in the furnace by adjusting PID controller
values. Four speciﬁc temperatures were set with the PID
controller: 200, 300, 350, and 400 °C. However, because the
ﬂow within the silicon carbide tube was laminar, and heating
was nonuniform, an axial temperature proﬁle was developed in
the silicon carbide tube (i.e., the PID controller set temperature
was not the temperature in the evaporation tube). Temperature
proﬁles along the length of the evaporation tube were hence
measured for all experiments and are displayed in Figure 1b.
The temperature increased ﬁrst and then decreased, with the
highest temperature appearing at an axial location two-thirds
downstream in the microfurnace (because of convective heat
transfer). After the evaporation tube, an alumina sampling tube,
which only sampled the center streamlines of the evaporation
tube (3 L min−1 sampled), transmitted particles exiting the
microfurnace to the second diﬀerential mobility analyzer (IMS2). The second diﬀerential mobility analyzer was operated with
a stepping applied voltage in the 0 to 4000 V range, with a step
rate of 10 V s−1, in order to determine to what extent the
selected nanoclusters evaporated when passing through the
microfurnace. The ﬂow at the second diﬀerential mobility
analyzer outlet was split, with half entering a condensation

with atmospheric pressure ionization, collision-induced dissociation of nanoclusters is commonplace.18,28,41,42
As in prior studies using high sheath ﬂow rate (in excess of
100 L min−1) parallel-plate diﬀerential mobility analyzers, we
did not measure the sheath ﬂow rate directly. Instead, as
diﬀerential mobility analyzers are linear spectrometers (i.e., the
applied voltage is linearly proportional to the inverse mobility
of the selected ions/nanoclusters), we employed a single-point
calibration technique. Prior to all experiments, we measured the
electrical mobility of the tetraheptylammonium+ (THA+) ion,
produced via ESI of a tetraheptylammonium bromide-methanol
solution. The mobility of this ion (ZTHA), measured by Ude and
Fernández de la Mora43 at 293 K was used to determine
mobility of observed nanoclusters (Znc) through the relationship: Znc = (VTHA/Vnc) × ZTHA, where VTHA is the applied
voltage at which the THA+ ion was maximally transmitted, and
Vnc is the voltage at which the nanocluster in question was
maximally transmitted. Neglecting the inﬂuence of the ioninduced dipole potential, for calibration, ZTHA was adjusted
from Ude and Fernandez de la Mora’s measured value because
of the diﬀerence in temperatures used in measurement here and
in their work (303 K vs 293 K, leading to a 1.6% shift in the
mobility).
IMS−IMS Investigation of Thermostability. Tandem
diﬀerential mobility analysis, a form of IMS−IMS,44 has been
successfully used in thermostability studies for over two
decades.30,45,46 We applied a similar measurement principle
here, using two diﬀerential mobility analyzers of modest-to-high
resolving power (typically above 20) for measurements. The
tandem diﬀerential mobility analysis system employed is
depicted in Figure 1a. In it, industrial-grade dry nitrogen was
used as a carrier gas, and DMAS nanoclusters were generated as
described by an electrospray, with subsequent charge reduction
in a Po-210 source. A ﬂow of dry nitrogen was subsequently
mixed with the generated nanocluster ﬂow, with a 3.87 L min−1
of aerosol ﬂow entering the ﬁrst diﬀerential mobility analyzer
(labeled as IMS-1 in Figure 1a).
Both diﬀerential mobility analyzers were cylindrical 1/2 mini
models (Nanoengineering Corp., Boca Raton, FL), the design
of which is described by Fernandez de la Mora and
Kozlowski.32 In both, a negative voltage was applied to the
inner electrode where the aerosol exit slit is located, while the
2028
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as a function of both mass-to-charge ratio (m/z) and inverse
mobility (1/Znc, which is directly proportional to the applied
voltage in the diﬀerential mobility analyzer). In IMS−MS
experiments, ﬁve solutions with diﬀerent molar ratios, R =
[H2SO4]/[(CH3)2NH] were used to generate DMAS nanoclusters, and each gave rise to their own mass-mobility spectra.
Such data can be represented via contour plots; a contour plot
for R = 1 is displayed in Figure 2. In it, signal intensity for each

particle counter (CPC, TSI model 3776, Shoreview, MN) and
the other half entering a custom-made Faraday cage electrometer. The CPC was used primarily for thermostability
measurements (nanocluster detection), while the electrometer
was used for THA+ detection and, hence, mobility calibration
(which was repeated at all PID controller set temperatures).
IMS−IMS Investigation of Water Uptake. While tandem
diﬀerential mobility analyzers can be used to examine the
sorption of vapor molecules to nanoparticles, maintaining high
sheath ﬂow rates at constant vapor concentrations (i.e.,
constant relative humidities) can be diﬃcult. As an alternative,
our group has recently developed a drift tube ion mobility
spectrometer (DT-IMS, described in detail previously33) which
can be uniquely coupled to a CPC for nanoparticle and
nanocluster measurements. When using the DT-IMS in tandem
with a diﬀerential mobility analyzer upstream, by controlling
the relative humidity of its counterﬂow (∼0.2 L min−1), shifts
in nanocluster mobilities brought about by vapor uptake can be
directly observed. Following the experimental setup described
by Oberreit et al.,21 ESI generated and charge reduced DMAS
nanoclusters were ﬁrst passed through a 1/2 mini diﬀerential
mobility analyzer, which was again operated at a constant
applied voltage to isolate nanoclusters of a speciﬁc mobility.
The selected nanoclusters then entered the DT-IMS, which was
operated with clean air as the counterﬂow and humidiﬁed with
a custom ﬂow rate controlled nebulizer-heater system. The
relative humidity in the DT-IMS was calculated from dew point
and temperature measurements with a hygrometer (General
Eastern Hygro M4, Fairﬁeld, CT) and a K type thermocouple,
respectively.
Without any applied voltage, all nanoclusters entering the
DT-IMS were immediately swept out of the inlet by the
counterﬂow. However, upon timed application of a voltage (3
kV in this study) at the inlet, a near-linear electric ﬁeld forms
axially, driving positively charged nanoclusters down the tube at
a speed equal to the diﬀerence between their electrophoretic
velocities and the counterﬂow velocity. Therefore, nanocluster
arrival times at the CPC placed downstream of the DT-IMS are
solely a function of nanocluster mobilities. Speciﬁcally, the
inverse mobility (Z−1
nc ) of a nanocluster is linked to its arrival
time (ta) as measured by a CPC via the equation: Z−1
nc = ata + b,
where a and b are constants dependent upon the delay time in
CPC detection, the counterﬂow velocity, the applied voltage,
and the drift tube geometry. To minimize signal broadening, a
fast response CPC (WCPC, model 3786, TSI, Shoreview, MN)
was employed in all measurements.
The diﬀerential mobility analyzer-DTIMS system enabled
the investigation of water vapor uptake by nanoclusters via
observation of uptake facilitated shifts in inverse mobilities,
which was directly inferred from shifts in mobility classiﬁed
nanocluster arrival time distributions. Again, we used ESI
generated THA+ to calibrate the 1/2 mini diﬀerential mobility
analyzer, and subsequently, mobility classiﬁed particles were
used to determine the values of a and b in DT-IMS calibration.
For uptake experiments, ﬁve voltages were applied to the 1/2
mini diﬀerential mobility analyzer (5 nanocluster sizes) and
arrival time distributions were measured correspondingly for 10
diﬀerent relative humidity settings in the 3%−52% range.

Figure 2. A mass-mobility contour plot inferred from IMS−MS
measurement of multiply charged DMAS nanolcusters, with measured
signal intensity expressed via color intensity on a logarithmic scale,
with blue the most intense and yellow the least intense. Bands of ions
of diﬀerent charge states are labeled, from z = 1 to 7.

ion is displayed via a logarithmic color scale, with blue denoting
the most intense signal and yellow denoting the faintest signal
above a prescribed threshold. Signal intensities were mass
averaged over 0.3 Da. In the displayed contour plot, short line
segments appear; each line segment denotes an ion of a speciﬁc
m/z and 1/Znc, and the width of the line represents the
resolution of the ion mobility spectrometer. As discussed in
detail previously, line segments for electrospray generated
nanoclusters are grouped into charge-state speciﬁc
bands.18,27,47−49 Bands for seven charge states (z = 1 to 7)
are labeled in the ﬁgure. For several of the singly charged
nanoclusters, a zoomed-in plot is inserted in Figure 2.
Apparent in this plot is that nanoclusters diﬀer in m/z from
one another by either 98 or 143 Da. For doubly charged
species, the mass diﬀerences observed are half of these values;
together these indicate that nanoclusters are composed
predominantly of [(CH3)2NH·H2SO4] and [H2SO4] base
units. In several instances, nanoclusters of the same m/z ratio
but varying inverse mobility appear. Such line segments are
attributable to neutral ion-pair ([(CH3)2NH·H2SO4] or
[H2SO4]) evaporation in the inlet of the mass spectrometer
(after mobility classiﬁcation).28 Charge loss in the mass
spectrometer inlet (in particular for z = 2 nanoclusters)
additionally complicates spectra, giving rise to wider line
segments which appear at neither the m/z nor the inverse
mobility of the parent nanoclusters.27 Fortunately, neutral
evaporation and charge loss are minimal for most multiply
charged nanoclusters, hence the m/z and 1/Znc values, as well
as z, are readily determined from measurements for these
nanoclusters. Subsequently, collision cross sections (CCSs, Ω)
can be calculated for nanoclusters from mass-mobility data:

■

RESULTS AND DISCUSSION
Nanocluster Collision Cross Sections and Inferred
Densities. IMS−MS measurements directly lead to massmobility spectra, in which measured signal intensity is displayed
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Ω=

⎛ πmred ⎞0.5 3ze
⎜
⎟
⎝ 8kT ⎠ 4ρ Znc
gas

(1a)

where mred is the reduced mass of the nanocluster−gas
molecule pair (approximated as the gas molecule mass for all
nanoclusters, 28.8 Da), k is Boltzmann’s constant, T is
temperature, e is the elementary charge, and ρgas is the bath
gas mass density. In examining smaller clusters, structural
analysis via IMS is best accomplished via comparison of
measured CCSs to predictions based upon gas molecule
scattering calculations;18,39,41,50−52 the asphericity of such
entities, combined with the non-negligible inﬂuence of the
ion-induced dipole potential (for measurements in air) and
some ambiguity in the manner in which gas molecules impinge
and are re-emitted from clusters surfaces (i.e., diﬀuse versus
specular) often prohibits the use of simple relationships to link
the CCS to physical structure. However, nanoclusters are
suﬃciently large, such that they can be approximated as
spheres.47 For spherical entities in diatomic gases,41 considering
the free-molecular limit of the Stokes-Millikan equation39,40,50,53 as well as the inﬂuence of the polarization
potential between gas molecule and charged nanocluster,54 the
following relationship can be applied to link the CCS to a
nanocluster’s radius, rnc:
Ω = ξ × π × (rnc + rgas)2 × L

Figure 3. Measured mass of nanoclusters as a function of their
collision cross sections to the 3/2 power, which is approximately
proportional to nanocluster volume. Diﬀerent symbols represent
diﬀerent molar concentration ratios of initial solution used in ESI
solutions.

Figure 3, we infer a density, ρDMAS = mnc/(4/3πr3nc), of 1567 kg
m−3. Although this value is slightly higher than the 97 nm
diameter particle DMAS density reported by Qiu and Zhang7
(1408 kg m−3), it is bounded by bulk densities of dimethylamine (670 kg m−3) and sulfuric acid (1840 kg m−3) and
further increases in density for nanoclusters (due to capillarity
eﬀects, provided charged clusters are not Coulombically
stretched)47 are expected.
Nanocluster Thermostability. For tandem diﬀerential
mobility analysis experiments, we additionally use eq 1b to infer
nanocluster radii, rnc for the nanoclusters transmitted by both
the ﬁrst and second diﬀerential mobility analyzers, respectively.
For all results, L = 1 was assumed, as for the singly charged
nanoclusters examined in these experiments, polarization
inﬂuences are negligible. Measurements result in plots of
measured signal intensity (CPC signal) as a function of rnc for
each selected rnc,0 by the ﬁrst diﬀerential mobility analyzer and
each set temperature proﬁle in the furnace. Such plots are
displayed in Figure 4 for rnc,0 = 3.00, 3.30, 3.66, and 3.95 nm
with 4 diﬀerent PID settings. Evidenced in this ﬁgure, in all
instances, as the PID set temperature was increased, (1) the
absolute detected signal decreased, (2) distributions became
noticeably broader and asymmetric, and (3) peaks in
distributions shifted to smaller inferred radii. The ﬁrst
observation is attributable to thermophoretic deposition in
the furnace, while the second and third are attributable to
evaporation (monomer dissociation) of nanoclusters at elevated
temperatures, with broadening presumably arising because of
variations in the temperature−time history by transmitted
nanoclusters (spatial eﬀects). Although attempts were made to
minimize such broadening and spatial inﬂuences on the
evaporation process by sampling along the evaporation tube
centerline only, such eﬀects are diﬃcult to completely
mitigate31 in a system for sub 10 nm charged entities.
While we nonetheless proceed to infer surface vapor
pressures for nanoclusters (Pnc) from these measurements, we
caution that the absolute values obtained have not been
corrected considering a detailed analysis of the temperature
proﬁle in the evaporation tube and the nanocluster trajectories
(i.e., an averaging approaching is taken), and further, the
analysis approach itself utilizes several approximations.

(1b)

where rgas is the eﬀective gas molecule radius (1.5 Å for air near
300 K47), ξ is a dimensionless momentum scattering
coeﬃcient, found to be ≈1.36 in many instances and taken
to be so here (though exception have been observed18), and L
is a dimensionless polarization correction factor (a correction
factor of the ion induced-dipole potential), the calculation of
which is described in detail by Larriba-Andaluz and Hogan:39
⎡
⎛ 1
1⎛ 1
4 ⎞⎞⎤
+ ⎜
+
ϕ⎟⎟⎥ if ϕ ≤ 1
L = ⎢1 + ϕe⎜
⎝ 3.1
ξ ⎝ 16
33 e⎠⎠⎦ e
⎣

(1c)

⎡
⎛1
2.3
1⎛ 9
6.8 ⎞⎞⎤
ϕe + ⎜
−
ϕ⎟⎟⎥ if ϕ
L = ⎢1 + ϕe⎜ −
⎝4
ξ ⎝ 56
1000
1000 e⎠⎠⎦ e
⎣
>1

(1d)

where ϕe = Upol/kT (potential energy to thermal energy ratio),
and Upol = −αz2e2/[8πϵϵ0(rnc + rgas)4], with ε0 the permittivity
of free space, ε the dielectric constant of the background gas,
and α the polarizability of the background gas molecules (∼1.7
Å3 in air).
For each nanocluster measured, we infer rnc with eqs (1−4).
Additionally, in Figure 3, the masses of all multiply charged
nanoclusters are plotted as functions of Ω3/2; for these clusters,
polarization inﬂuences (though considered in rnc inference) are
small, and additionally rnc is considerably larger than rgas.
Therefore, Ω3/2 scales approximately with nanocluster volume,
and the observed linear relationship between nanocluster mass
and Ω3/2 suggests that the measured nanoclusters are of a
constant density, which is found relatively independent of the
sulfuric acid to dimethylamine concentration ratio R in ESI
solutions. As discussed in prior studies,47 high-resolution ion
mobility spectrometry of mass-identiﬁed ions enables density
inference to within several percent; however, density inference
alone does enable quantiﬁcation of nanocluster internal
structure or surface structure changes which may be brought
about by changing R ratios. Via linear regression with all data in
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Figure 4. Nanocluster number concentrations, as measured by a CPC, measured as a function of rnc based on the second diﬀerential mobility
analyzer settings in tandem diﬀerential mobility experiments for diﬀerent temperatures (distinguished by PID setting) and for four initial radii.

However, we will only focus on estimating the surface vapor
pressures to within an order of magnitude, which such
approximations should not mitigate.
To analyze tandem diﬀerential mobility analyzer data, we
determine the peak rnc values for each measured distribution
and assume that all of these nanoclusters were transmitted
through the evaporation tube with near identical residence
times (t). The number of vapor molecules evaporating from the
surface of a single nanocluster per unit time (the evaporation
rate, dN/dt, in units of molecules per second) is given by the
equation:
dN
= −βnv,nc
dt

dVnc(t )
8kT (t )
2 Pnc(T , rnc) mv
=−
·πrnc
·
·
dt
πmv
kT (t )
ρ

(2b)

In eq 2b, the nanocluster volume and the temperature are
denoted as functions of time, while the nanocluster vapor
pressure is denoted as a function of temperature and the
nanocluser radius. Measurements provide the initial and ﬁnal
nanocluster volume, respectively, and the temperature−time
relationship for the centerline of the evaporation tube was
measured as discussed previously (at 16 discrete axial
distances). These two pieces of information, combined with
eq 2b, enable inference of Pnc(T,rnc). Isolating dVnc on the lefthand side of eq 2b and integrating over the residence time t in
the furnace leads to

(2a)

4
3
3
π (rnc,0
− rnc,
f ) = ΔV
3
2
rnc,0
8πmv
≈
·
·
ρ
k

where nv,nc is the vapor molecule number concentration on the
surface of a nanocluster, and β is the collision kernel/collision
rate coeﬃcient, which for nanoclusters in the ballistic regime
can be approximated as (8kT/πmv)1/2×πr2nc, where (8kT/
πmv)1/2 is the mean thermal speed of the evaporating vapor
molecules, and mv is the mass of vapor (assumed to be 98 Da,
the mass of sulfuric acid, for reasons elaborated upon later on).
The surface concentration of vapor molecules, in turn, can be
converted to a nanocluster surface vapor pressure via the
relationship nv = Pnc/kT. With the number of vapor molecules
in a nanocluster given by ρVnc/mv, where Vnc is the nanocluster
volume [assuming they are spheres Vnc = (4/3)πr3nc] and ρ the
density (measured in IMS−MS experiments), it then follows
that dN/dt = (ρ/mv)(dVnc/dt). This relationship coupled with
the assumption that the density and vapor molecule mass are
nanocluster size invariant leads to

∫0

t

Pnc(T , rnc,0)
T (t )

dt
(2c)

where rnc,f is the ﬁnal peak radius of the transmitted
nanoclusters and ΔV is the volume change due to evaporation.
In integrating 2b, for simplicity, we assume that r2nc ≈ r2nc,0 (i.e.,
the projected area of an evaporating nanocluster did not change
substantially during experiments). In addition, vapor pressures
inferred are assumed to apply for clusters of radius rnc,0.
To subsequently determine Pnc(T), for each rnc,0 we used the
ﬁtting function:
⎛
B2
C2
D2 ⎞
Pnc(T ) = exp⎜A2 −
− 1.5 − 0.5 ⎟
T
⎝
T
T ⎠
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Figure 5. (a) Extrapolated surface vapor pressures, Pnc, as a function of R = [H2SO4]/[(CH3)2NH]. (b) log10(Pnc) inferred from experiments, based
on ﬁtting eq 2d to experimental results, as a function of 1/T. Diﬀerent symbols represent diﬀerent initial particle radii: ◆ (2.68 nm), ▲ (3.05 nm),
● (3.38 nm), ■ (3.68 nm), ▼ (3.97 nm) and × (4.23 nm).

where A, B, C, and D are ﬁtting coeﬃcients, the temperature T
is in Kelvin, and the resulting pressure is in Pascals. This
function is similar in construction to the Antoine equation55 or
Riedel equation,56 though it is simply used because of its
ﬂexibility in ﬁtting our results and is not derived from
thermodynamic relationships (i.e., the third and fourth terms
are ad-hoc corrections, introduced only to provide ﬂexibility in
ﬁtting results). With substitution of eq 2d into eq 2c, combined
with the trapezoidal rule for integration, eq 2c can be
rearranged to give:
⎧⎛ ⎛
B2
⎪⎜ exp⎜A2 − T −
⎪
j,i
⎝
ρ
πk
ΔVi · 2 ·
≈ ∑ ⎨⎜
⎜
πrnc ,0 8mv
T j0.5
⎪
,i
j=1 ⎜
⎪⎝
⎩
15

+

⎛
exp⎜A2 −
⎝

B2
Tj + 1, i

−

C2
T1.5
j,i

C2
T1.5
j + 1, i

T j0.5
+ 1, i

−

−

D2

Table S1 of the Supporting Information contains lists of
inferred values A, B, C, and D for all measured rnc,0 and R
values. Upon the basis of these values, in Figure 5a we plot the
values of Pnc extrapolated to 300 K as a function of R, and in
Figure 5b we plot Pnc [quantiﬁed by log10(Pnc)] as a function of
inverse temperature. Nanocluster vapor pressures near 300 K
are on the order of 10−4−10−3 Pa for nearly all circumstances.
These values are substantially higher (by multiple orders of
magnitude) than ammonium sulfate surface vapor pressures
inferred by Marti et al.,57 for larger nanoparticles (50−300 nm
diameters) under dry conditions and even larger than surface
vapor pressure of larger DMAS particles inferred by Lavi et
al.,58 who found that DMAS particles have lower vapor
pressures than ammonium sulfate submicrometer particles.
However, our surface vapor pressure extrapolations are only an
order of magnitude larger than the vapor pressure of 50−300
nm sulfuric acid−water nanoparticles (76% sulfuric acid by
mass) estimated by Marti et al. (of order 10−5 Pa). At
atmospheric pressure, our extrapolated vapor pressures
correspond to nanocluster surface vapor concentrations in the
ppbv (parts per billion by volume) range. Ambient sulfuric acid
concentrations are typically in the pptv (parts per trillion by
volume range),3,59 and dimethylamine concentrations are
expected to be in a similar, subppbv range.59 Despite the
approximations employed in analysis as well as the extrapolation used to 300 K, our error in vapor pressure estimation is
presumably not several orders of magnitude, and our
measurements strongly suggest the surface vapor pressures of
dry DMAS nanoclusters are higher than ambient vapor
pressures for their constituents. We also note the vapor
pressures inferred are sensitive to the choice of mv but not to an
extent which alters the order of Pnc values. Such high-surface
vapor pressures suggest that it is excess sulfuric acid evaporating
from dry clusters, and likely arise because of a Kelvin model-like
behavior for nanoclusters; the Kelvin eﬀect53 predicts that the
vapor pressure at the surface of a nanocluster will increase over
the bulk value by a factor of p(2γmv/ρkTrnc), where γ is the
eﬀective surface energy density of the nanocluster (i.e., the
surface tension, expected to high for ionically bonded systems).
High surface energy densities can thus lead surface vapor

⎞
⎟

T j0.5
,i ⎠

D2

⎫
⎞⎞
⎟⎟
⎪
⎪
⎟/2·δt ⎬
⎟
⎪
⎟
⎪
⎠
⎭
(2e)

T j0.5
+ 1, i ⎠

where i = 1, 2, 3, and 4 denotes the four PID set values (200,
300, 350, and 400 °C, respectively), Tj,i denotes the
temperature measured at location j for PID setting i, and δt
= t/15. To ﬁnd the “best-ﬁt” values of A, B, C, and D, for which
the left-hand side and right-hand side of eq 2e are
approximately equal for all PID settings, we use the solver
add-in of Microsoft Excel (version 2010). A global error is
deﬁned as eG = ∑4i=1[1 − (ai/bi)]2, where ai and bi are left-hand
and right-hand sides of eq 2e, respectively. Local errors were
also similarly calculated as ei = |1 − (ai/bi)|. Using initial guesses
of A = 1, B = 10, C = 100, and D = 10, under all circumstances,
the solver minimizes eG while keeping all ei less than 15% as a
constraint, with the exception of the PID setting of 200 °C, for
which no constraint is placed. Diﬀerent initial guess values led
to a negligible change in the resulting Pnc values, and this ﬁtting
procedure is applied for six separate initial sizes, and seven
values of R, hence 42 separate coeﬃcient sets.
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Figure 6. (a−e) Arrival time distributions for ﬁve separate dry nanocluster radii and with 10 separate relative humidities (RHs) in the drift tube ion
mobility spectrometer. (f) The inferred growth factor for nanoclusters of ﬁve diﬀerent dry radii as a function of relative humidity.

fact at large R values an increase in Pnc with increasing radius is
observed. This is likely because of compounding inﬂuences of
size-dependent chemical composition (from the nanocluster
formation process in these experiments) and direct size
inﬂuences on the surface vapor pressure and because the size
range examined itself was relatively narrow. An increase in Pnc is
additionally observed with increasing R, and hence increasing
sulfuric acid content was further evidence that sulfuric acid is
the major evaporating species from DMAS nanoclusters.
Nanocluster Water Vapor Uptake. While our thermostability measurements suggest that dry DMAS nanoclusters
(rnc = 2.5−4 nm) may not grow by condensation purely of
sulfuric acid and dimethylamine under ambient conditions, our
results do not preclude DMAS constituents from being the

pressures enhanced by several orders of magnitude over bulk
values (hence our measurements are in-line with the vapor
pressure estimations of Marti et al.57 for larger, nearly dry
sulfuric acid particles), creating a barrier to dry nanocluster
growth. The observation of high surface vapor pressures for
nanoclusters is further supported by attempts to analyze R = 0
(pure dimethylamine) and R = ∞ (pure sulfuric acid)
nanoclusters; in these circumstances, nanoclusters evaporate
almost completely at room temperature prior to transmission
through ion mobility spectrometers, such that we could not
detect clusters from pure dimethylamine or pure sulfuric acid
solutions. Interestingly, a clear nanocluster size dependency of
the vapor pressure (increasing vapor pressure with decreasing
size) is not observed in the nanocluster size range examined, in
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nanoclusters should be modeled as partially hydrated species.
However, as has been found in quantum mechanical
calculations for smaller DMAS clusters,24 the extent of
hydration is insuﬃcient to permit modeling nanoclusters as
aqueous droplets containing dissolved cations and anions.
Future work, both experimental and computational, will be
necessary to better resolve the internal structures of such
hydrated nanoclusters.

primary species involved in the earlier stages of new particle
formation (as smaller clusters have been found stable).2,6
Further, as pure, dry DMAS nanoclusters were examined, our
results do not preclude other species from condensing onto
DMAS and reducing surface vapor pressures, thus stabilizing
them. One such species that could stabilize nanoclusters is
water vapor. It has been shown (again by Marti et al.57) that the
sorption of water vapor by particles composed of sulfuric acid
or ammonium sulfate decreases by orders of magnitude, even in
instances where the extent of sorption leads to particles which
are still primarily sulfuric acid or ammonium sulfate. We
therefore use diﬀerential mobility analyzer-DT-IMS experiments21,33 to examine the extent of water uptake by DMAS
nanoclusters as a function of nanocluster dry radius. Arrival
time distributions, in which CPC inferred nanocluster counts
per second are plotted as functions of time required for
nanoclusters to arrive at the CPC, are shown in Figure 6
(panels a−e) for R = 2 nanoclusters with 5 selected initial sizes
and at 10 separate relative humidities. Evident is the shift in
spectra to longer arrival times with increasing relative humidity
for all initial nanocluster radii. As a negative control experiment,
electrospray-generated cesium iodide nanoclusters18 were also
measured (results not shown), and no change in the arrival
time distributions was observed for these nanoclusters at any
relative humidity in the range examined. The shift in arrival
time brought about by increasing relative humidity is thus
indicative of a decrease in the electrical mobility of DMAS
nanoclusters (i.e., water vapor did not change the DT-IMS
calibration curve), which, in turn, is indicative of water uptake
by these nanoclusters. Water uptake by larger alkylammonium
salts has been observed in prior studies;7,58 thus, our
observation of water uptake by nanoclusters under subsaturated
conditions is not surprising. To quantify the extent of uptake,
following prior work,60,61 we calculated the growth factor (GF)
for all nanoclusters as a function of relative humidity (RH), via
the equation:
GF =

CONCLUSIONS

■

ASSOCIATED CONTENT

A series ion mobility spectrometry based measured have been
performed to study the physicochemical properties of
dimethylamine-sulfuric acid (DMAS) nanoclusters in the
eﬀective diameter range of <8.5 nm (2*rnc). Independent of
the ratio of sulfuric acid to dimethylamine in electrospray
solutions used in cluster generation from IMS−MS measurements, we ﬁnd that the average density of dry DMAS
nanoclusters is ∼1567 kg m−3, which is inferred from IMS−
MS results through the polarization-corrected free molecular
limit of the Stokes-Millikan equation.39 This value is slightly
(∼10%) higher than has been reported for larger DMAS
nanoparticles and submicrometer particles,7,58 suggesting that
the nanoclusters studied here may have contained excess
sulfuric acid (note that for the multiply charged nanoclusters in
IMS−MS analysis, adducts prevent clear chemical identiﬁcation
from mass measurements alone). Thermostability measurement
inferred vapor pressures for DMAS nanoclusters suggest that
their surface vapor pressures near 300 K are orders of
magnitude higher than the vapor pressures of sulfuric acid or
dimethylamine in ambient air59,62 and are an order of
magnitude higher than the vapor pressure found for larger
sulfuric acid nanoparticles.57 Measurements hence suggest that
it is excess sulfuric acid which dissociates from nanoclusters (as
the vapor pressure increases with increasing sulfuric acid vapor
pressure), and capillarity eﬀects (i.e., the Kelvin eﬀect) enhance
DMAS nanocluster vapor pressure to an extent where dry
nanoclusters would not necessarily be stable in the ambient.
However, IMS−IMS measurements of water uptake show that
DMAS nanoclusters uptake water and are hydrated at relative
humidities beyond 10% (near 300 K). Such water uptake likely
serves to stabilize nanoclusters (reducing surface vapor
pressures). The measurements reported here are for an
important size range between that of clusters and nanoparticles.
These latter two size ranges are studied much more frequently
than nanoclusters; mass spectrometry lends itself to cluster
analysis,2,3 while diﬀerential mobility analysis (and various
forms of aerosol mass spectrometry63,64) are applicable to
larger nanoparticles and submicrometer particles. Unfortunately
nanocluster concentrations are often too low to detect via
cluster mass spectrometry or by aerosol mass spectrometry in
the ambient. Nonetheless, as the properties of species in this
size range ultimately aﬀect particle growth in the ambient (i.e.,
all particles originating in new particle formation events were
once nanoclusters), it is important to develop techniques
amenable to nanocluster characterization. The tandem
techniques utilized here may ﬁnd continued utility in
nanocluster analysis.

(rnc + rgas)RH
(rnc + rgas)RH = 3.7%

■

(3)

We include the gas molecule radius in GF calculations for
consistency with Oberreit et al.,21 and rnc in eq 3 is inferred
using eq 1 as well as the DT-IMS calibration curve with the
peak in arrival time distributions. The baseline relative humidity
of 3.7% was the lowest humidity achievable in experiments.
Growth factors as functions of relative humidity are shown in
Figure 6f. For nanoclusters of all measured initial radii, growth
factors increase with increasing relative humidity but remain in
the 0.98−1.13 range. With the exception of the smallest
nanoclusters examined (rnc = 1.55 nm), we ﬁnd that for a given
relative humidity, growth factors increase slightly with initial
nanocluster radius, suggesting that larger nanocluster uptake
proportionally more water vapor. For example, at a relative
humidity of 29%, measurements suggest that nanclusters with
initial radii of 2.1 nm uptake ∼174 water vapor molecules on
average (based on the change in volume) and correspondingly
are ∼8.2% water by mass, while initially 3.05 nm radius
nanoclusters uptake ∼659 water molecules and are 9.9% water
by mass. At the highest relative humidity examined, measurements suggest that initially 3.05 nm nanoclusters uptake ∼1860
water molecules and are ∼23.7% water by mass. Overall, the
evidence for water uptake under conditions resembling ambient
air is clear in these IMS−IMS experiments, hence such
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A list of A, B, C, and D values, used in inference of nanocluster
vapor pressures (as per eq 2d), is provided in Table S1. This
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