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ABSTRACT: Multidimensional techniques that combine fully or partially orthogonal
characterization methods in a single setup often provide a more comprehensive description of
analytes. When applied to nanoparticles, they have the potential to reveal particle properties not
accessible to more conventional 1D techniques. Herein, we apply recently developed 2D
characterization techniques to nanoparticles using atmospheric-pressure ion mobility-mass
spectrometry (IM-MS), and demonstrate the analytical capability of this approach using
ultraporous mesostructured silica nanoparticles (UMNs). We show that IM-MS vyields a 2D
particle size-mass distribution function, which in turn can be used to calculate not only important
1D distributions, i.e. particle size distributions, but also nanoparticle structural property
distributions not accessible by other methods, including size-dependent particle porosity and the
specific pore volume distribution function. IM-MS measurement accuracy was confirmed by
measurement of NIST-certified polystyrene latex particle standards. For UMNSs, comparison of
IM-MS results with TEM and N, physisorption yield quantitative agreement in particle size and
qualitative agreement in average specific pore volume. IM-MS uniquely shows how within a
single UMN population, porosity increases with increasing particle size, consistent with the
proposed UMN growth mechanism. In total, we demonstrate the potential of IM-MS as a
standard approach for the characterization of structurally complex nanoparticle populations, as it

yields size specific structural distribution functions.



Accurate size and structural characterization of nanoparticles is essential to quantify and
understand functionality and performance,*® to assess the risks associated with nanoparticle
application,* and to improve the repeatability of synthesis methods.”” To this end, numerous
microscopic and spectroscopic characterization methods have been developed for nanoparticles.®
811 Nonetheless, the increasing structural complexity of newly developed nanoparticles, coupled
with the increasing quantities of nanomaterials produced, often poses challenges to existing
characterization techniques. Nanoparticle structural analysis is often labor-intensive, and in many
instances does not provide a comprehensive picture of the sample population under scrutiny. As
an example, both diameter and aspect ratio are critical to the functionality of gold nanorods.*
Conventionally, transmission electron microscope (TEM) image analysis is employed to
characterize these parameters; with TEM, it is exceedingly laborious to obtain a complete, two-
dimensional distribution function for the nanorod length and diameter distribution in a
population. Similarly, for porous nanoparticles utilized in medical applications,*™ both particle
size and porosity are of interest; size governs transport and fate of particles, while porosity or
pore size distribution determine the maximum loading capacity and active compounds which can
be loaded into particles. Unfortunately, most current methods cannot measure any of these
properties simultaneously,™® and those that do involve sophisticated experimental and data

reconstruction efforts*’ 8

which are not applicable to an entire sample population composed of
variable size and variable porosity particles.

There is a need to develop not only new techniques, but also new frameworks to describe the
distributions of structurally complex nanoparticles, such as porous particles. In most instances,

nanoparticle function and performance are not assessed at the single particle level. Experiments

are instead performed on sample populations, i.e. batches, which can exhibit batch-to-batch



variation, and within which heterogeneity can influence data interpretation.’® Characterization of
particle populations needs to move beyond reporting of a mean size (or one-dimensional size
distribution), and a single porosity value or single aspect ratio for the entire population. Several
recent studies”®® have noted this shortcoming in current nanoparticle characterization
approaches and advocated for the use of two-dimensional characterization techniques, in which
orthogonal or partially-orthogonal measurement techniques are coupled in a single measurement
setup. Data inversion with such approaches can yield two-dimensional distribution functions.?
While this principle has been discussed in recent work,? robust methods to collect multi-
dimensional data and to invert multidimensional distribution functions still remain to be
developed for nanoparticle populations in liquid suspension. In the past decade, an analogous
methodology development has occurred for structural characterization of large proteins and
multi-protein complexes through the advent of ion mobility-mass spectrometry (IM-MS). M-
MS has enabled characterization of the compositions and structures of macromolecular
complexes where the traditional tools of structural biology, e.g. X-ray crystallography, nuclear
magnetic resonance spectroscopy, and electron microscopy often cannot be employed because of
the large sizes of analytes, their low concentrations, intrinsic heterogeneity of samples, and time-
consuming sample preparation.”*?® Carried out in the gas phase, ion mobility spectrometry
relates mobility of the ionized analytes in a buffer gas to their structures, while mass
spectrometry enables determination of the molecular composition and charge state. IM-MS
hence efficiently provides simultaneous information on topology (structure) and chemistry.?”
Gas-phase particle measurement systems operated at atmospheric pressure, i.e. those applied for

aerosols, provide the opportunity to extend IM-MS characterization to nanomaterials.** Both
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liquid nebulization and electrospray-based aerosolization can be employed to convert



nanoparticle liquid suspensions to aerosols, preserving size and shape distributions. With such
aerosolization procedures, atmospheric pressure IM-MS instruments have been previously
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utilized to quantify ligand adsorption to nanoparticles, to measure the effective density
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of airborne particles, to determine particle shape,*”® and to assess size resolved
chemical composition.”® However, work to date has only focused on one-dimensional
characterization of size distributions or identification of a single mass for mobility-selected
particles from liquid suspensions; multidimensional analysis has not been attempted or fully
exploited. Here, we demonstrate that atmospheric-pressure IM-MS instruments can be used for
multidimensional distribution determination for populations of structurally complex
nanoparticles in liquid suspension. After testing the instrument performance with particles
standards (polystyrene latex and silica nanoparticles), we apply our method to characterize
aqueous ultraporous mesostructured silica nanoparticles (UMNS), which are nanoscale materials
presenting hierarchical porosity that have shown potential as perfluorocarbon delivery vehicles
for non-invasive oximetry.”> Such samples are challenging to quantify because porosity depends
upon size, even within a single synthesized population. A mean particle porosity value therefore
does not fully describe a given sample. We show that atmospheric-pressure IM-MS, with a
differential mobility analyzer-aerosol particle mass analyzer-condensation particle counter
(DMA-APM-CPC) system, can yield a two-dimensional size-mass distribution function®*°? for
particles from liquid suspension and that two-dimensional distribution functions can be used to
detect porosity variations among UMN batches synthesized with the same method. Additionally,
from the 2D distribution function we can directly calculate specific pore volume distributions

and average specific pore volume as a function of UMN diameter, i.e. information beyond that

obtained from more standard physisorption techniques.



Experimental Section

Materials and Sample Preparation. Polystyrene latex particles (catalog number 3100A)
with a diameter of 100 £ 3 nm were purchased from Thermo Fisher Scientific Inc. (Waltham,
USA). Silica nanoparticle standards (Product Part No. AP-Silica-100nm) were purchased from
Applied Physics Inc. (Monte Vista, USA). UMNs were synthesized via the sol-gel approach as

reported  previously.”™

In  20-mL  scintillation  vials, 0.145 g of
cetyltrimethylammoniumbromide (CTAB) were mixed with 10 mL of ultrapure water, 150 uL of
dimethylhexadecylamine (DMHA), and 116 pL of decane. The solutions were stirred for 1 hour
at 50 °C; afterwards, the solutions were sonicated for 1-3 hours in a sonication bath (Branson
2510). After sonication, the newly formed micelles were added to 150 g of 0.256 M NH,OH.
Next, 2.5 mL of 0.88 M tetraethylorthosilicate (TEOs) were added dropwise, the solution was
allowed to stir for an hour at 50 °C. The surfaces of the newly formed UMNs were modified by
adding 450 uL of 2-[methoxy(polyethyleneoxy)q.1opropyl]trimethoxysilane (PEG-silane), stirring
for 30 min, and then addition of 68 puL of chlorotrimethylsilane in a dropwise manner. The
suspension of UMNs were aged at 50 °C for 16-18 hours until the final volumes were below 50
mL. The suspensions were transferred to glass media bottles and incubated in a 90 °C oven for
24 hours. The UMN suspensions were then removed from the oven, vacuum filtered, and
centrifuged seven times for 35 minutes, 4 °C, and at 66,000 x g (Beckman Coulter Optima L-100
K Ultracentrifuge) with two intermediate ion-exchange steps in a reflux apparatus. The CTAB
was removed in the ion-exchange steps by dispersing UMN pellets in 6 g/LL NH;NO;3 (dissolved

in 190 proof ethanol) and stirring solutions in a 100 mL round-bottom flask at 50 °C for 1 hour.

lon-exchange washes were followed by washing with 190 proof ethanol. UMNs were washed



once in 200 proof ethanol, centrifuged, and then redispersed in 200 proof ethanol. Dried UMNSs
were then resuspended in ultrapure water and diluted with methanol (water:methanol = 50:50)
before being used directly for electrospray based aerosolization without any modification. Figure

S1 shows a TEM image of the UMNS, prepared by drop-cast on a TEM grid.
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Figure 1. (a) Schematic diagram of the aerosolization-DMA-APM-CPC system for IM-MS
measurements. (b) A hypothetical, bimodal distribution of porous nanoparticles. (c) Normalized

1D number-based particle size distribution. (d) Size-dependent specific pore volume (ﬂ(dp)).

The dashed lines correspond to 95 plus/minus one standard deviation of 9, which is defined as
the mass weighted deviation of 9, from O, at a given particle dimeter. (e) Normalized specific
pore volume distribution. Its magnitude indicates the abundance of particles with a given specific
pore volume.

DMA-APM-CPC Measurements. Figure la displays a schematic diagram of the IM-MS
system employed in this work. The UMNSs were dispersed into the gas phase by an electrospray
apparatus (Model 3480, TSI Inc.) with charge reduction,> operated with a 75 pum inner diameter
silica capillary and a pressure driven flowrate of ~2.35 puL min™ (calculated correcting for
gravitational effects in the ~15 cm long capillary with a ~5 cm vertical rise and an applied

pressure difference of 10342 Pa). Assuming a modestly electrically conducting suspension (0.1



mS cm™), droplet diameter scaling theories™

suggest that with this flow rate a 50:50 water-
methanol mixture yields droplets 1.2 um in diameter and smaller. At this droplet size, the
average number of nanoparticles per droplet was less than 1.0 (particle liquid phase mass

7
36, 5 In

concentrations were near 1.25 mg/mL), reducing aerosolization based aggregation.
addition to UMNSs, size standard polystyrene latex particles (PSL) and SiO, particles with a
reported size of 100 nm were aerosolized with a home-built pneumatic atomizer for IM-MS
analysis. Aerosolization was followed by charge conditioning with a Kr-85 radioactive source,
bringing the particles to a charge state distribution which is largely material independent, and at
which the majority of particles have charge states of -2, -1, 0, +1, or +2.°**° The particles
subsequently entered an atmospheric-pressure ion mobility instrument, i.e. a differential mobility
analyzer (DMA\) that spatially separates particles by ion mobility.®® The particles that exited the
DMA passed into an aerosol particle mass analyzer (APM, Model 3602, Kanomax Inc.) that
isolates particles by mass-to-charge ratio (hence performing low resolution mass spectrometry
but without pressure reduction). Finally, a condensational particle counter® (CPC, Model 3776,
TSI Inc.) was utilized to measure the gas phase concentration of the incident particles by
optically counting individual particles after the condensation of solvent vapor. A more detailed
schematic diagram is shown in Figure S2 in the supporting information, along with further

details on measurements, including the relevant instrument settings, gas flow rates, and voltage

stepping method employed for both the DMA and APM.

Data Interpretation
With the DMA-APM-CPC configuration, we aim to retrieve the two-dimensional (2D) size-

0%n

mass distribution function of the particle population, denoted as and defined as the gas
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phase number concentration of particles within the diameter range of (d,,d, + dd,) and the

9%n

dpam

mass range of (m,, m, + dm,), divided by both dd,, and dm,,. We remark that 5 IS not

D

directly measured, but is related to CPC-determined particle concentrations by the combined

system transfer function.®%®®

2D size-mass distribution function evaluation hence requires
application of a data inversion algorithm to experimental data. We employ the 2D data inversion
algorithm developed by Buckley et al.>® The relation between applied DMA/APM voltages and

particle diameter/mass, as well as the description of the combined system transfer functions, is

provided in the supporting information.

9%n
0dy,0my,

itself can be visualized via a contour plot/heat map; for illustrative purposes we

constructed a hypothetical, bimodal particle size-mass distribution of porous SiO, nanoparticles
in Figure 1b. Also shown in Figure 1b is a constant density scaling curve that was calculated by
the relationship, m, = p%d3, where p is approximately the average density of the second
particle mode. 2D size-mass distribution function visualization enables assessment of the
modality and polydispersity of a sample population. Of additional utility is the transformation of
the 2D distribution function into one-dimensional functions which are not measurable by a single
instrument, yet are of interest as they influence nanoparticle performance and can be optimized
by modifications of the synthesis method.?* For UMNs, we elect to calculate the following one-

dimensional distribution functions, affecting the performance of porous particles: (1) the one-

dimensional particle size distribution function (:Tn, analogous to results of a dynamic light
P

scattering measurement); (2) the size-dependent specific pore volume (zi(dp), analogous to a

density measurement for size-selected particles); and (3) the specific pore volume distribution



function (%, which is not directly measurable using conventional 1D approaches). These

parameters can be calculated via the relations given by equations (1-4):
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19s(dp,mp) is the specific pore volume of an individual particle with diameter d, and mass my,
Pesy is the effective particle density, and p,.r is a reference particle density representative of
solid structure of the porous particles, n(J9;) is the number concentration of particles with
specific pore volume smaller than 9. Using p,..; = 2650 kg/m® for SiO,, calculation results

given by equations (2) and (3) are shown as 1D distributions in Figures 1c and Figure 1d,

respectively, for the hypothetical 2D distribution function. The specific pore volume distribution

function, :T", is shown in Figure 1e, and is calculated by further differentiation of n(9;) with

s

respect to 9. Figure 1c shows that after collapsing the 2D data, the bimodal nature of the
distributions is still visible, though in a less evident manner. This underscores the advantage of
utilizing the 2D distribution function in distinguishing particles modes with distinct properties.
Figure 1d shows that average specific pore volume depends on particle diameter, with dashed
lines corresponding to 9 +/- one standard deviation in specific pore volume, which is defined as
the mass weighted deviation of 9 from 9, at a given particle dimeter. A local maximum exists

in this figure; this corresponds to the first particle mode with smaller density (thus higher

10



specific pore volume according to equation 1). Lastly, Figure 1e shows the specific pore volume
distribution function of the hypothetical porous nanoparticles, suggesting particles with specific
pore volume near 0.5 are the most abundant in particle number concentration. Figures 1c-e
collectively highlight the rich information inherent in the 2D size-mass distribution function and

the structural information that can be extracted from it, e.g., size-dependent porosity.

Results and Discussion

Characterization of Particle Standards. While the advantages of multidimensional IM-MS
characterization are most evident for structurally complex polydisperse particle populations, two-
dimensional data inversion first needs to be validated through the examination of monodisperse
“size standard” particles. Figure 2 displays contour plots of the normalized (dimensionless) 2D
distribution functions of 100-nm-diameter polystyrene latex particles (3100A, Thermo Scientific
Inc.) and 100-nm-diameter silica nanoparticle standards (AP-Silica-100nm, Applied Physics
Inc.). The PSL standards have a measured peak diameter of 103 nm, in excellent agreement with
the manufacturer-reported particle diameter (100 + 3nm). A constant density scaling curve
(calculated with m, = p%dg) crosses the peak particle concentrations in Figure 2a with
= 1.08 g/cm? , which differs by 2.8% from the nominal density (1.05 g/cm?) of PSL particle
standards. The detection of this scaling between diameter and mass is noteworthy as it is evident
after data inversion even for highly monodisperse particles whose standard deviation in diameter
approaches the resolution of the mobility analyzer. To our knowledge, this is the first time that
size-mass scaling on a 2D size-mass contour plot is fully observed and used to deduce densities
of particle standards. At d, ~ 135 nm, low concentrations of dimer particles (two aggregated

100 nm particle standards) are visible in Figure 2a; these dimers may have formed in the
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atomization process when two monomers were in a single droplet or in the liquid phase before

atomization. Figure 2a also contains two smaller peaks that possibly arise from doubly and triply
charged polystyrene latex particles, as they appear at near%and%the mass of the main peak,

respectively. In theory, if the combined system transfer function is known perfectly, the
inversion algorithm will eliminate the peak of charged particles; the fact that this peak is not
completely diminished suggests that improvements can be made to the system transfer function,
or that in this particular case, additional charge conditioning time is required to bring the
aerosolized particles to a true steady-state charge distribution® as is assumed in our data
inversion algorithm.

Measurements with NIST-certified polystyrene latex particles serve to validate IM-MS system
performance. Meanwhile, Figure 2b shows that the 100-nm-diameter silica particles have a peak
diameter 10% lower than the sample nominal value at its peak concentration and a much broader
distribution in diameter and mass than the polystyrene latex particles. The scaling between mass
and diameter leads to an inferred density near 2.00 g cm™, which differs from bulk density by
~25%. Even lower effective densities have been reported for silica nanoparticle standards by
Kimoto et al.”® Furthermore, as is shown in Figure S3 of the supporting information, we directly
synthesized and examined solid silica particles, yielding an IM-MS inferred density of ~2.25 g
cm™®. IM-MS analysis hence shows that the density of silica nanoparticles deviates from bulk,
even for non-porous particles, and the deviation appears to be synthesis method-specific.
Furthermore, examination of “monodisperse” particle standards shows clearly that the
polystyrene latex particles are superior size and mass standards, as they are considerably

narrower in distribution width, with masses in excellent agreement with expectations based on

bulk density.
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Figure 2. Two-dimensional size-mass distribution function contour plots for (a) 100-nm-
diameter polystyrene latex particles and (b) 100-nm-diameter silica particles. The distributions
are normalized by dividing by the peak value in the corresponding plots. The dashed curves

show size-mass scaling calculated with m,, = p%d?,. The values of p are 1.08 g cm™ and 2.00 g

cm’ for the polystyrene latex and silica particles, respectively. Guide lines are added to show the
difference in distribution widths between polystyrene latex and silica particles. The color axis
corresponds to normalized distribution functions on a linear scale.

Characterization of UMNs. We synthesized 3 batches of UMNSs, labelled as A, B and C, and
efforts were made to follow an identical synthesis procedure for each batch. IM-MS
multidimensional characterization, however, can detect subtle batch-to-batch variation. In
Figure S4, we provide TEM images of UMNSs isolated by a DMA to verify the accuracy of DMA
size selection for multidimensional measurements. Raw IM-MS measurement results are
displayed in Figures 3a-c (where color is linked to the measured number concentration and the
mass and diameter are the nominal values from APM and DMA settings, respectively). Constant
density scaling lines, which match well with peak concentrations in the raw spectra, are also
plotted as guidelines with densities of 0.60 g cm™, 0.66 g cm™and 0.66 g cm™in Figure 3a-c,
respectively. Raw data indicate that UMNs range from ~50 nm to a few hundred nanometers in
particle diameter, with batches B and C showing higher mean particle diameter than batch A. At

the peak concentration, particles in batch A are additionally ~10% less dense than B and C
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according to the size-mass scaling. We note that we used a 1.08 mass stepping factor for the
APM (see supporting information for more details) and the 10% density difference can be
resolved by our measurement. Further, to make sure that the observed variation between UMN
batches are due to their inherent properties rather than drift of instrument settings, we performed
replicate measurements with all spectra summarized in Figure S5 of the supporting information.

Overall, replicate measurements show that the results are highly repeatable.
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Figure 3. Selected size-mass spectra prior to data inversion (a-c) and the inverted 2D
distribution functions (d-f) for three batches of UMNSs. Each column of figures is labelled by the
UMN batch used in the measurement. The data in (a-f) are normalized by dividing by the
maximum value in each respective plot. The color axis corresponds to logyy values of the
normalized data. Constant density scaling lines that match with peak concentrations in the
uninverted spectra (a-c), are plotted with densities of p = 0.60 g cm™, p = 0.66 g cm?and p =
0.66 g cm™, respectively. These constant density lines also serve as guide lines in (d-f) to
facilitate visual comparison of the 2D spectra before and after data inversion.

Figures 3d-f show the normalized 2D distribution function obtained via data inversion. Data

inversion leads to a considerable shift of particle diameters to smaller values, indicating the
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actual concentration of small particles is higher than that indicated by the raw spectra alone. We
find that two major factors contribute to the discrepancy between raw and inverted data. First,
small particles have low charging efficiencies™ as well as low transmission efficiencies through
the measurement system; this makes their apparent concentration biased toward lower values.
Second, aerosolization yields smaller particles formed from non-volatile residue in liquid
suspensions. While aerosolized UMNSs are presumably coated in such residue, coating leads to a
negligible shift (< 1 nm) in UMN size and mass. However, residue particles remaining in
droplets devoid of UMNs can be high in number concentration. Proper fitting of distribution
functions can be utilized to account for these residue particles and correct for their presence. In
Figure S6a in the supporting information, we compare equation 2 calculated size distribution
functions to those inferred from TEM images (via manual measurements), showing how to
account for the residue particle peak. Good agreement is observed between TEM-inferred
distribution functions and IM-MS functions, both in terms of mean diameter and distribution
width. Meanwhile, Figure S6d shows the mean diameter and polydispersity calculated for IM-
MS based size distribution functions compared to those from dynamic light scattering (DLS,
Brookhaven BIC ZetaPals). DLS yields mean particle sizes larger than both IM-MS and TEM

measurements; this has been shown previously **

in comparison of TEM and DLS, supporting
the use of IM based methods over DLS for accurate nanoparticle diameter assessment.

We now apply equation 3 to calculate the size-dependent specific pore volume of UMNSs. In
doing so, for simplicity we assume that the UMNSs are spherical,>® with solid regions of the
particles having a density identical to bulk silica (pref = 2.65 g cm™). A question arising in

specific pore volume calculation is the extent of particle drying in the aerosol phase; dry N, was

employed as the gas, yet it is possible that a monolayer of water remained on particles during
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measurement. Therefore, we consider two cases regarding liquid layers on the nanoparticle
surfaces post aerosolization. First, we assume that the particle surface was completely free of
water during measurements; second, we assumed that the UMNs are coated by a water
monolayer and utilized the specific surface area measured by N, physisorption to correct the
particle mass for this excess water. The method employed for N, physisorption measurement and
the water monolayer correction are described in the supporting information. The correction has
similar influence on results to shifting the bulk density to a lower value. Such assumptions only
serve to shift the absolute values of the specific pore volume and have no influence on the batch-
to-batch comparison or on the variation of specific pore volume with particle diameter. Figure 4
shows that for all three UMN batches, the specific pore volume of the UMNSs increases with
particle diameter. This finding is in good agreement with the inferred UMN growth process,
which begins with a dense solid core onto which porous layers are added.™ In line with analysis
of the 2D distribution functions, UMNs from batch A have higher specific pore volumes. We
remark that typically, evaluation of specific pore volume variation with size would require
synthesis of multiple batches of particles, each with a narrow size distribution function yet using
highly similar synthesis processes. Alternatively, time consuming size fractionation efforts
could be utilized post- UMN synthesis. Here, however, such information can be obtained for a
single particle population, providing useful insight into the UMN growth mechanism for an

entire population.
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Figure 4. Size-dependent specific pore volume () of the UMNs. Figures 4a-c show
integrated from the 2D distribution presented in Figures 3d-f using equation 3. The red and blue
solid curves correspond to results with and without water monolayer mass correction. The
boundary of the shaded areas correspond to 94 plus/minus the standard deviation of 9, which is
defined as the mass-weighted deviation of 9, from 9 at a given particle dimeter within a given

UMN batch.
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Figure 5. (a) Normalized specific pore volume distribution functions for all three UMN batches.
(b) N, sorption isotherms. (c) Pore size distribution from the BJH method.

Figure 5a shows the number based specific pore volume distributions calculated by
differentiating equation 4 with respect to 9, and normalized for better comparison between
different batches. In Figure 5a and the average pore volume calculations discussed subsequently,
we only considered particles with diameters greater than 70 nm. As is shown in Figure S6a-c,
doing so avoids counting particles formed by non-volatile residue and only slightly influences
statistics of the UMNSs. In this plot it is clear that batch A has a higher fraction of particles with
higher specific pore volume. For comparison to more traditional measurements for porous
particles, Figures 5b and 5¢ show N, physisorption isotherms and pore size distributions from the
BJH (Barrett, Joyner, and Halenda) method, respectively. Mean pore volumes are given by the
equation:

dz
fooo fooomgs(dp,mp)mpdmpddp
fOO d?n (5)
0

———m,dm,dd
ddpdmp' P my,addy

s,total =

lo-
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In equation 5, the denominator is the total mass concentration of all particles, the nominator is
the total pore volume within the sample, and 9,(d,,, m,,) is related to d,, and m,, via equation
(1). For quantitative comparison, mean pore volumes determined for all three batches from
physisorption data are summarized in Table 1, together with mean specific pore volumes from
IM-MS. The table shows that 9 ;..q; Calculated with equation 5 qualitatively agrees with N,
physisorption results; despite the small variations between replica measurements, batch A
displays a higher porosity than the other two batches. However, quantitatively 5S_t,,m, values
based on IM-MS data are 20%-30% lower than those given by physisorption. This discrepancy is

possibly attributable to imperfections in instrument transfer functions (the APM transfer

d*n
dd,dm,

function), altering In spite of these differences, comparison shows that in addition to

size distribution characterization, IM-MS yields comparable information to N, physisorption, in

particular the porosity differences between different batches of UMNSs.
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Table 1. Summary of N, physisorption results and IM-MS results. For the mean specific pore
volume (Js torq;) Measured by IM-MS, multiple values corresponding to replicate measurements
are reported for each batch of UMNSs.

Parameter A B C
BJH Surface Area (m“g™) | 578.0 510.2 492.9
BJH Pore Size (nm) | 13.29 11.05 11.37

ﬁs,total from
1.92 141 1.4
N, physisorption (cm® g%

ﬁs,total from
1.40,1.48,1.49 | 1.12,1.19 | 1.17,1.17
IM-MS, corrected for water layer(cm® g™

ﬁs,total from
1.19,1.25,1.26 | 0.96,1.02 | 1.01,1.00
IM-MS, uncorrected for water layer(cm® g)

Conclusions

In this work we demonstrate that atmospheric-pressure IM-MS vyields the 2D size-mass
distribution function for structurally complex nanoparticles. With appropriate data inversion and
manipulation, a single IM-MS measurement for porous particles yields information on
nanoparticle size and mass distributions, specific pore volume variation with size, and specific
pore volume distribution functions. A suite of hydrodynamic diameter and N, physisorption
measurements would be necessary to determine comparable one-dimensional information, yet
still would not yield size-dependent specific pore volume. Further developments of the aerosol
based IM-MS approach, such as coupling a DMA and APM with an ICP-MS, could extend
analysis to even higher dimensionality distributions, yielding size-mass-chemical composition
distribution functions for particle populations. We suggest that future exploration of serial

measurement approaches, coupled with appropriate data inversion routines will be necessary to
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better optimize complex nanoparticle synthesis approaches and to establish improved links

between nanoparticle structure and functionality.
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