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Abstract 

 

In an effort to understand the earliest stages of nanocluster growth in gas phase synthesis 

systems, we apply a flow tube reactor with a differential mobility analyzer-Faraday cage 

electrometer system to examine nanocluster formation and growth in the sub-3.0 nm mobility 

diameter range from the decomposition of titanium tetra-isopropoxide (TTIP) in air.  Measured 

mobility distributions are inverted accounting for the DMA transfer function, tubing losses, and 

the charging efficiency, estimated from a non-steady state charge model within a bipolar ion 

source.  Measurements reveal two types of species in spectra.  First, we detect discrete (narrow) 

peaks falling in the 0.5 nm – 1.5 nm size range which appear at different locations for positive 

and negative measurement modes.  Second, we observe a larger, broadly distributed peak, which 

is similar in intensity for both positive and negative modes after data inversion, and which 

increases in intensity (concentration) and peak diameter with increasing precursor flow rate, 

increasing reactor temperature, and increasing residence time.  We conclude that the latter broad 

peak arises from growing nanoclusters in the reactor.  The narrower, sub 1.5 nm peaks, are most 

likely attributable to specific reactive intermediates from the decomposition of TTIP.  We find 

that increasing TTIP concentration, reactor temperature, or increasing residence time, which 

furthers the extent of nanocluster formation, leads to the depletion of the sub 1.5 nm ions.  

Because of the large step size in diameter between neighboring sub 1.5 nm peaks, we also find it 

is unlikely that these peaks arise from small TiO2 clusters.  Therefore, our measurements suggest 

that nanocluster growth from TTIP is facilitated by surface growth of reactive intermediates from 

TTIP decomposition, with reactive intermediates detectable via mobility analysis.   Furthermore, 

while nanocluster formation and growth is clearly detected, measurements do not make clear that 

the nanoclusters are fully oxidized TiO2 nanoclusters for the synthesis temperature range 

examined.   
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1.   Introduction 

 The nucleation and growth of metal and metal oxide nanomaterials in the vapor phase in 

reactors including but not limited to flames (Meierhofer & Fritsching, 2021), flow tubes (Wergen 

et al., 2019), spark discharge systems (Meuller et al., 2012; Němec et al., 2020), non-thermal 

plasmas (Kortshagen et al., 2016; Mangolini, 2017) and laser vaporization sources (Kim et al., 

2017)  enables continuous, scalable material production, typically with high purity in comparison 

to liquid phase approaches (Swihart, 2003; Schulz et al., 2019; Meierhofer & Fritsching, 2021).  

While spark discharges and laser vaporization systems may make use of bulk metals as 

precursors, the remaining techniques in large part utilize organometallic precursors, which have 

modest-to-high vapor pressures at the synthesis temperature and pressure. Nanomaterials in these 

systems are presumably formed via the decomposition of the precursor into partially-oxidized 

intermediates (Wang, 2011; Lindberg et al., 2019), which then react to form nanoclusters, i.e., 

metal, metal oxide, or partially-oxidized organometallic species whose physical diameters (if 

approximated as spheres) fall into the sub-nanometer or single nanometer range.  Qualitatively, 

current understanding of these reactors is that the extent of nanomaterial formation and growth 

increases with increasing reactor temperature, residence time, and precursor concentration.  

However, in nearly all gas phase organometallic precursor synthesis systems, the reaction 

steps leading to the formation of nanoclusters are not well understood.  This appears to be 

predominantly because of difficulties in detecting both reactive intermediates and nanoclusters 

themselves, simultaneously.  Only a handful of studies (Kumar et al., 2014; Wang et al., 2014; 

Carbone et al., 2016; Tang et al., 2017) have probed nanocluster formation in gas phase systems 

and been successful in detecting growing sub-nanometer and nanometer scale clusters.  

Detection in such studies is frequently carried out via mobility analysis or mobility analysis 
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coupled with mass spectrometry, and in a number of instances peaks in mobility spectra related 

to the presence and decomposition of organometallic precursors have been detected (Fang et al., 

2014; Wang et al., 2015; Vazquez-Pufleau et al., 2020), but simultaneous nanocluster formation 

and growth beyond one nanometer in characteristic diameter has only been observed in limited 

circumstances (Wang, et al., 2014).   

 The nanocluster formation and growth process is critical in gas phase systems, as it 

defines the lower size limit of nanomaterials which can be synthesized, and if there is an energy 

barrier of nanocluster formation (i.e. nucleation), then it can be the rate limiting step in 

nanomaterial production (Girshick, 1997).  There is therefore continued interest in refining and 

utilizing measurement systems which can detect nanocluster formation and nanocluster growth 

in gas phase synthesis.  In this work, we have constructed and utilized a flow tube reactor system 

coupled with a differential mobility analyzer (DMA)-Faraday cage electrometer system to detect 

growing nanoclusters from the decomposition of titanium tetra-isopropoxide (TTIP) in air; TTIP 

decomposition is an established, scalable route for the production of TiO2 nanoparticles (Jiang et 

al., 2007), hence the earliest steps of nanoparticle formation are of interest.  Measurements 

permit the detection of both negatively and positively charged ions and nanoclusters in the 

effective diameter range of 0.5 nm – 3.0 nm.  The subsequent sections describe the measurement 

system in detail, including data inversion procedures accounting for charging efficiencies prior to 

mobility analysis, followed by presentation of both raw data and inverted size distributions.  We 

demonstrate that both reactive intermediates and growing nanoclusters can be detected, with 

depletion of the mobility peaks attributed to reactive intermediates corresponding to further 

growth of nanoclusters.   

 



5 

 

2.  Experimental Methods 

 

2.1.  Differential Mobility Analysis Measurements 

 

 A schematic diagram of the nanocluster formation and measurement system is provided 

in Figure 1. The system is similar to that used by Wang et al (2015), but is operated at higher 

volumetric flow rates.  Titanium (IV) isopropoxide (TTIP, 97%, Sigma-Aldrich, Saint Louis, 

MO, USA) was placed inside of a mineral oil bubbler (Chemglass, Vineland, NJ, USA) at room 

temperature, and vaporized through the bubbler as a precursor to synthesize nanoclusters. The 

precursor concentration was controlled by a nitrogen (N2) flow going through the bubbler at a 

rate of 23-68.5 sccm (standard cubic centimeters per minute).  The TTIP vapor-saturated N2 flow 

(with a nominal vapor pressure of 0.15 Torr, (Siefering & Griffin, 1990)) exiting the bubbler was 

diluted with 10 L min
-1

 of filtered air.  To further vary the residence time in the furnace aerosol 

reactor without requiring a higher flow rate mass flow controller and without mixing a larger 

flow rate with the TTIP laden flow directly, a recirculating pump (model 48114_00, AMETEK 

Inc., Berwyn, PA, USA) was utilized with HEPA (high efficiency particulate air) filters to supply 

an extra 0-15 L min
-1

 of dilution air entering at the inlet of the furnace reactor; this flow was also 

pulled from the outlet of the furnace reactor when utilized.  The recirculating flow rate was 

controlled by a needle valve and monitored by a mass flow meter (Model 4140, TSI Inc., 

Shoreview, MN, USA).  The flow rates of N2 and dilution air applied for all experiments 

reported are listed in Table S1 of the supporting information. After combining the TTIP-laden 

N2, the dilution air, and the recirculating flow, the resulting gas mixture was directed into a 

nonporous alumina ceramic tube (Inner Diameter: 9.5mm; Length: 609.6 mm), placed inside of a 

tube furnace (Lindberg Blue Model: 55035A). The furnace was operated at nominal temperature 

settings of 350
o 

C, 475
o 

C, and 600
o 

C, also listed in table S1 for each experiment.  The 



6 

 

temperature profile along the centerline of the flow within the furnace was measured by a type K 

thermocouple for all examined temperature-setting flow rate combinations, at 2.54 cm axial 

distance increments. 27 total measurements were made along the tube, and the temperature for 

each measurement point was recorded after the reading of the thermocouple reached a steady 

state.  The temperature profiles are provided in Figure 2.  As evidenced in the figure, peak 

temperatures were found to be above the nominal value set point for all conditions where the 

total flow rate was near 10 L min
-1

 (i.e. without the recirculating flow rate).  Therefore, while we 

refer to furnace settings via their nominal temperatures, the furnace reactor had a temperature 

profile under all conditions varying more than 100
o 

C as the flow traversed the furnace.  The 

furnace served to drive decomposition of TTIP, and the chemical nucleation of TiO2 

nanoclusters.  We note that the temperature ranged examined in this study is in a much lower 

range than that where TTIP decomposition kinetics have been examined theoretically (Buerger et 

al., 2015; Buerger et al., 2017).  Temperature measurements were performed to a location where 

the flow passed through a counter-current water jacketed heat exchanger.  The heat exchanger 

had an inner tubing (304 Stainless Steel, ID: 2.88 mm, Length: 304.8 mm) and an outer tubing 

(304 Stainless Steel, ID: 11.45 mm, Length 304.8 mm) that are separated by spacers 

(Polytetrafluoroethylene (PTFE)). Within the heat exchanger, the flow temperature was near 0
o
C 

because of the high flow of recirculating water from a recirculating, temperature controlled (at 

0
o
C) chiller (Model 6105PE, PolyScience, Niles, IL, USA).  The heat exchanger served to 

quench gas phase reactions of TTIP and gas-phase intermediates, though does not cease the 

nanocluster growth process as nanoclusters may still coagulate (Ouyang et al., 2012; Sharma et 

al., 2019) and possibly grow by uptake of remaining reactive intermediates 

(condensation/surface growth).  Furthermore, the heat exchanger ensured that the flow was not at 
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an elevated temperature before passing through the bipolar ionizer, which was a tube housing  

Po-210 source (0.5 mCi, NRD LLC, Grand Island, NY, USA).  Also, evidenced in Figure 2, at 

distance of 60 cm downstream in the reactor, the temperature increases; this coincides with the 

presence of a metal fitting which was radioactively heated via the tube furnace heating elements. 

In all experiments, 10 L min
-1

 of sample flow was passed through a Po-210 source (0.166 

mCi at the time measurements were performed).  The Po-210 source was used to impart a bipolar 

charge distribution onto nanoclusters and facilitate size distribution analysis via electrical 

mobility measurements (Wiedensohler, 1988; Gopalakrishnan et al., 2015; Maißer et al., 2015).  

After exiting the bipolar charger, the nanocluster-laden flow passed into a custom-made half-

mini DMA (Fernández de la Mora & Kozlowski, 2013; Wang, et al., 2014) whose voltage was 

stepped in the 5-800 V range with a recirculating sheath flow (blower Model 497.3.267-17, 

DOMEL,  Železniki, Slovenia), in order to obtain mobility spectra for the nucleated and grown 

nanoclusters. Because nanoclusters were largely below 2 nm in size (below the cut-off size of 

most condensation particle counters), nanoclusters transmitted through the DMA were sent into a 

Faraday cage electrometer (Model 642, Keithley Instruments, Cleveland, OH) and the current 

was used to infer the number concentration of charged nanoclusters transmitted for each applied 

DMA voltage (calculated as 
𝐼

𝑄𝑒
, where 𝐼 is the current measured by the electrometer, 𝑄 is the 

aerosol sampling flow rate going through the electrometer, and 𝑒 is the electron charge of 

1.602 ∗ 10−19𝐶).  The DMA voltage was stepped in 26.5 V increments and measurements were 

stabilized for 5 s at each voltage (from 5 V to 800 V).   For each measurement condition, three 

mobility spectra were collected and averaged for subsequent processing.  Both negatively- and 

positively-charged nanocluster mobility spectra were collected with the DMA-electrometer 

combination, though in separate experiments.  While efforts were made to have precisely equal 
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TTIP bubbler flow rates for positive and negative mode spectra, changing liquid levels in the 

bubbler frequently led to drift of this flow rate and the need to constantly tune it, hence these 

flow rates would slightly vary from one another.   DMA calibration was carried out under all 

measurement conditions using an electrospray of methanol with several millimolar (nominally) 

of dissolved tetra-heptyl ammonium bromide (THAB, 99.6% titration, Chem-Impex 

International, Wood Dale, IL, USA).  The electrospray was a custom-made source using a 

sharpened-tip silicon capillary (ID: 40um, Polymicro Technologies, Phoenix, AZ, USA) with 3 

kV applied to the liquid by a metallic wire submerged into the THAB solution. The tetra-heptyl 

ammonium (THA
+
) ions generated yielded the spectra displayed in Figure S1, and used to 

convert applied voltage to mobility using the published mobility for THA
+
 ions (Ude & de la 

Mora, 2005).  Calibration with the THA
+
 was also used to determine the DMA sheath flow rate, 

as described in the supporting information. 

Figure 1.  A schematic diagram of the TiO2 nanocluster formation and measurement system, 

wherein TTIP vapor is passed into a furnace aerosol reactor and a DMA-electrometer 

combination is used to examine nanocluster mobility distributions. 
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Figure 2.  Centerline temperature profiles within the furnace aerosol reactor.  Zero distance 

corresponds to beginning of the ceramic tube, which was outside the furnace.  The labelled 

temperatures correspond to nominal set point temperatures on the furnace (a) without the 

application of recirculating flow, and (b) with application of recirculating flow, when a nominal 

temperature of 475
o
 C was utilized, with the total flow rate through the furnace provided in the 

legend. 
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2.2.  Charge Distribution Modeling and Data Inversion 

The goal of DMA measurements was to determine the mobility based size distribution 

function for the formed nanoclusters.  While standard methods are well-developed using DMAs 

for this purpose, particular care is needed inverting DMA measurements of nanoclusters 

(Kangasluoma et al., 2020).  First, in the current system, a sample flow rate of 10 L min
-1

 passes 

through a bipolar ionizer; such ionizers are conventionally utilized near 1 L min
-1

 or less.  As the 

purpose of bipolar ionization in mobility measurement is to bring particles (or nanoclusters) to a 

known charge distribution (usually assumed to be a steady-state distribution), here we examine 

the charge distribution a priori in order to apply it in data inversion.   

We solve a system of differential equations describing the evolution of the number 

concentration (𝑛𝑝) of nanoclusters (of a specific diameter 𝑑𝑚, assumed equal to the mobility 

diameter, defined subsequently) of a specific charge state (𝑝) (Marlow & Brock, 1975): 

𝑑𝑛0

𝑑𝑡
= 𝛽−1

+ 𝑛−1𝑁𝑖
+ + 𝛽+1

− 𝑛+1𝑁𝑖
− − 𝛽0

+𝑛0𝑁𝑖
+ − 𝛽0

−𝑛0𝑁𝑖
−    (1a) 

𝑑𝑛𝑝

𝑑𝑡
= 𝛽𝑝−1

+ 𝑛𝑝−1𝑁𝑖
+ + 𝛽𝑝+1

− 𝑛𝑝+1𝑁𝑖
− − 𝛽𝑝

+𝑛𝑝𝑁𝑖
+ − 𝛽𝑝

−𝑛𝑝𝑁𝑖
−   (1b) 

In equation (1a-b), 𝛽𝑝
± is the collision kernel between a nanocluster of charge state 𝑝  and of ion 

of ± polarity (Fuchs, 1963), 𝑁𝑖 is the ion concentration.  We restrict our scope to diameters 

below 3 nm in solving this system of equations.  In this case, particles exiting the DMA are 

singly charged, and equation (1b) can be simplified by neglecting doubly charged terms: 

𝑑𝑛0

𝑑𝑡
= 𝛽−1

+ 𝑛−1𝑁𝑖
+ + 𝛽+1

− 𝑛+1𝑁𝑖
− − 𝛽0

+𝑛0𝑁𝑖
+ − 𝛽0

−𝑛0𝑁𝑖
−    (2a) 

𝑑𝑛+1

𝑑𝑡
= 𝛽0

+𝑛0𝑁𝑖
+ − 𝛽1

−𝑛1𝑁𝑖
−        (2b) 

𝑑𝑛−1

𝑑𝑡
= 𝛽0

−𝑛0𝑁𝑖
− − 𝛽−1

+ 𝑛−1𝑁𝑖
+       (2c) 
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We assume the concentration of both positive and negative ions are equivalent, and based 

upon measurements (presented in the Results & Discussion section) we estimate 𝑁𝑖
− = 𝑁𝑖

+ =

4.81 x 1010 𝑚−3.  For the collision kernel, 𝛽𝑝
±, we apply the models of  Li et al (Li et al., 2020; 

Li & Gopalakrishnan, 2021; Suresh et al., 2021) which are an extension of the charging model of 

Gopalakrishnan et al (2013) to include unlike charged nanocluster-ion collisions.  We remark 

that these collision kernels have recently been shown to yield steady charge distributions in 

better agreement with measurements for nanoparticles (Li, et al., 2020; Husmann et al., 2021; 

Suresh, et al., 2021) than the commonly employed Happel & Frick (1986) modification to Fuch’s 

(1963) limiting sphere theory, which was used in developing Wiedensohler’s (1988) regression 

expression for calculating the steady-state charge distribution of nanoparticles during bipolar 

ionization.  Details on the functional form of the collision kernels utilized are provided in the 

supporting information. The peak values of electrical mobilities (𝑍𝑖)  for positive and negative 

ions were measured using the DMA by passing air through the bipolar ionizer to be 𝑍𝑖
+ =

1.43 𝑐𝑚2𝑉−1𝑠−1 and  𝑍𝑖
− = 1.88 𝑐𝑚2𝑉−1𝑠−1 (also presented in the Results & Discussion 

section). For collision kernel calculations, we approximated the ion masses (𝑚𝑖) using the 

mobility-mass regression of Mäkelä et al. (1996): 

𝑍𝑖 = exp [−0.0347(𝑙𝑛(𝑚𝑖))
2

− 0.0376𝑙𝑛(𝑚𝑖) + 1.4662]    (3) 

𝑚𝑖 is the ion mass in Da and 𝑍𝑖 is input in 𝑐𝑚2𝑉−1𝑠−1.  At the same time, we remark that there 

is not a singular relationship between mass and mobility for ions generated by bipolar ionization 

sources in air (Maißer, et al., 2015), as the mobility is dependent upon the ion structure and its 

interaction with surrounding air molecules (Larriba & Hogan, 2013b; Larriba-Andaluz & 

Carbone, 2021), and not strictly the ion mass.  The lack of independent mass measurements for 

mobility-identified ions hence introduces some ambiguity into calculations.     
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Following the conversion from DMA set voltages to particle mobilities 𝑍𝑚, we infer peak 

transmitted mobility diameter 𝑑𝑚 using the equations (Larriba & Hogan, 2013a; Larriba-

Andaluz & Carbone, 2021): 

1

𝑍𝑚
=

4𝜌𝑔𝑎𝑠𝑐𝑟𝑒𝑑Ω

3𝑒
         (4a) 

Ω =
1.36π

4
(𝑑𝑚 + 𝑑𝑔)

2
𝜉        (4b) 

𝑐𝑟𝑒𝑑 = √
8𝑘𝑏𝑇

𝜋𝑚𝑟𝑒𝑑
         (4c) 

In equations (4a-c), Ω is the collision cross section, 𝜌𝑔𝑎𝑠 is the gas mass density, 𝑐𝑟𝑒𝑑 is the mean 

thermal speed of the reduced mass (𝑚𝑟𝑒𝑑, assumed equivalent to 29 Da), 𝑘𝑏 is Boltzmann’s 

constant, 𝑇 is the temperature, 𝑑𝑔 is the effective gas molecule diameter (assumed to be 0.3 nm), 

𝑒 is the unit electron charge, and  𝜉 is a correction factor to account for the effect of the ion-

induced dipole potential on the drag force on nanoclusters (Fernández-García & Fernández de la 

Mora, 2013).  For simplicity 𝜉 = 1 is assumed in conversion of 𝑍𝑚 to 𝑑𝑚.  

 While equations (4a-4c) enable estimation of the mobility diameter for nanoclusters 

transmitted through the DMA for each applied voltage (yielding nanocluster concentration for 

each applied voltage), we also make effort to account for the DMA transfer function width in 

converting concentration measurements to size distribution functions.  To do so, the DMA 

transfer function, 𝜃𝐷𝑀𝐴, is approximated as triangular (neglecting diffusion, (Stolzenburg & 

McMurry, 2008)) with a FWHM (full width at half maximum) of 1/10.8, based upon the ratio of 

the aerosol flow rate to sheath flow rate (Knutson & Whitby, 1975).  This ratio was determined 

as described in the supporting information using the DMA dimensions from Wang et al (2014).  

Using equations (4a-c) to link mobility diameter to electrical mobility, we define upper (𝑑𝑢) and 

lower limit (𝑑𝑙) mobility diameters for each DMA voltage applied.  Then, with the inferred 
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nanocluster concentration for each DMA setting (𝑁(𝑑𝑚)), the transfer function, and the charge 

fraction (𝑓𝑝(𝑑𝑚), where 𝑝 = ±1, determined via equations (2a-c)), the nanocluster size 

distribution function is estimated as: 

𝑑𝑁

𝑑𝑙𝑛(𝑑𝑚)
=

𝑁(𝑉𝑖,𝑑𝑚)

𝜃𝑡(𝑑𝑚)𝑓𝑝(𝑑𝑚) ∫ 𝜃𝐷𝑀𝐴𝑑𝑙𝑛(𝑑𝑚)
𝑙𝑛(𝑑𝑢)

𝑙𝑛(𝑑𝑙)

      (5) 

In equation (5), 𝜃𝑡(𝑑𝑚) is the penetration of nanoclusters of the selected mobility diameter 

through the system tubing, from the furnace outlet to the DMA inlet.  This was calculated as 

described in the supporting information (Figure S2) using classical diffusion-convection mass 

transfer relationships for both laminar (Gormley & Kennedy, 1948) and turbulent flows (Dittus 

& Boelter, 1985).  While approximate, we remark that charge correction and DMA transfer 

function influences have only been accounted for in several prior studies (Wang, et al., 2014; 

Carbone, et al., 2016; Tang, et al., 2017) wherein high sheath flow rate DMAs (often termed 

“high resolution DMAs”) were used examine nanocluster formation in high temperature (Fang, 

et al., 2014; Vazquez-Pufleau, et al., 2020; Sharma et al., 2021) and non-thermal plasma reactors 

(Kumar, et al., 2014).  Furthermore, to our knowledge, no prior efforts have dealt explicitly with 

the non-steady state nature of the charge distribution (though efforts to do so are found in 

(Carbone, et al., 2016)), resulting from high transport flow rates needed for nanocluster 

measurements.   

 

3. Results & Discussion 

 In total, measurements yield positively and negatively charged nanocluster concentrations 

as well as ion concentrations for variable furnace temperature settings, TTIP injection rates, and 

system residence times.  We first discuss the charge distribution calculations needed to apply 
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equation (5) to invert size distributions from concentrations, followed by presentation of raw 

concentration results, and finally, inverted size distributions.   

 

3.1.  Nanocluster Charge Distribution 

 The charge distribution on nanoclusters passing through the bipolar charger is dependent 

on nanocluster diameter, the residence time within the charger, ion properties, including mobility 

and mass, as well as ion concentrations relative to nanocluster concentrations (Adachi et al., 

1985).  The mobility diameter distributions and inverse square root of the mobilities of Po-210 

generated ions in air, in the absence of TTIP vapor introduction are shown in Figure 3a.  Data are 

reported in terms of ion concentration at the DMA outlet, assuming singly charged ions.  Both 

positive and negative ions are monomodal, with the negative ion peak mobility at  𝑍𝑖
− =

1.88 𝑐𝑚2𝑉−1𝑠−1 with a corresponding mobility diameter of 0.74 nm, and a positive ion peak 

mobility at  𝑍𝑖
+ = 1.43 𝑐𝑚2𝑉−1𝑠−1 with a corresponding mobility diameter of 0.89 nm.  In 

Figure 3b, we plot inverted distributions using equation (5), but neglected diffusion losses in 

tubing (because the ions are generated in the bipolar ion source) as well as the charge efficiency.  

Integrating this distributions yield positive and negative ion concentrations of 6.47 x 10
10

 m
-3

 and 

3.14 x 10
10

 m
-3

, respectively, hence the choice to use an ion concentration of 4.81 x 10
10

 m
-3

 in 

charge distribution calculations. 

In calculating charge distributions, we neglect nanocluster concentration influences and 

treat ion concentrations for both polarities as constant and equal to one another, although we 

subsequently show this assumption is violated as nanocluster concentrations are likely similar in 

magnitude or greater than ion concentrations.  We also further neglect differential losses of 

positive and negative ions in the bipolar charger (which likely leads to the lower observed 
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negative ion concentrations than positive) as well as heterogeneity in ion mobilities and masses, 

effects which are discussed in detail elsewhere (Hoppel & Frick, 1990; de La Verpilliere et al., 

2015; Carsí & Alonso, 2020; Ibarra et al., 2020).    Despite the inaccuracies introduced by 

making these assumptions, they drastically simplify charge distribution estimation (including the 

ability to neglect ion-ion recombination), enabling conversion of measured concentrations to 

nanocluster size distribution functions.  It is likely that the inaccuracies introduced by the charge 

distribution calculation approach employed predominantly affect the absolutely values of the 

inferred size distributions, but have a lessened influence on the relative intensities of peaks in 

size distributions with respect to one another.  Furthermore, accounting for ion depletion, as well 

as additional nanocluster collisional growth in sampling lines and the bipolar ion source, would 

require use of a detailed population balance model, tracking nanocluster size and charge 

distribution evolution.  Such models are not trivial to accurately construct, and for the size range 

of interest further would require an estimate of the influence of potential interactions on 

nanocluster-nanocluster coagulation rates (Goudeli et al., 2020).     

Estimates of the bipolar ionization source dimensions yield a residence time in the 

ionization zone of 0.57 s.  Using this residence time, the measured peak ion mobilities, 

calculated ion masses with equation (3), and estimated ion concentrations, the bipolar charge 

distribution calculated is provided in Figure 4a for 0.57 s residence in the bipolar ion source.  As 

is universally the case in atmospheric pressure ionization with bipolar ions of similar mass and 

mobilities, the fraction of charged particles is extremely low (below 1%) in the nanocluster size 

range but increases with increasing nanocluster diameter.  The expected higher fraction of 

negatively charged nanoclusters is the result of inputting higher electrical mobilities and lower 

masses for negative ions than for positive ions.  As evidenced in Figure 4b, for constant assumed 
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ion concentration, the residence time appears to be insufficient time for nanoclusters to achieve a 

steady-state charge distribution, and overall ion characterization and charge distribution 

calculation confirms that while charge distributions for mobility measurement inversion can be 

calculated in the nanocluster size range, standard practices in mobility based size distribution 

inversion need to be substantially modified for this size range, and should be improved in the 

future to enable more quantitative measurements.   
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Figure 3. Measured ion inverse square-root of the mobility and mobility diameter spectra in 

terms of ion concentration at the DMA outlet for positive and negative Po-210 source-generated 

ions in air (a).  Inverted ion size distributions accounting for the DMA transfer function in 

equation (5), but without any charge distribution correcting or tubing losses considered (b).    
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Figure 4.  The neutral and charged nanocluster fractions for a residence time of 0.57 s (a) as well 

as the neutral and charged fractions as functions of time for 1 nm and 2 nm diameter 

nanoclusters with 10 L min
-1

 flow rate (b). 

         

3.2.  Nanocluster Concentration Measurements 

Without inversion, the measured charged nanocluster concentrations for 10 L min
-1

 flow 

rate through the furnace with temperature settings of 350
o 

C, 475
o 

C, and 600
o 

C are shown in 

Figure 5 for both positively and negatively charged nanoclusters.  In general, we observe two 

classes of species detected.  First, in all circumstances, narrow peaks in spectra are observed in 

the diameter range from 0.50 nm to 1.5 nm. At lower temperatures, in both the negative and 

positive modes, the locations of these peaks coincide with the peaks observed in the absence of 

TTIP, and they are hence attributable to small molecular mass, high mobility ions generated from 

air (which are usually derived from chemical impurities in atmospheric pressure systems 

(Maißer, et al., 2015)).  However, at higher temperatures, peaks at larger mobility diameters 
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become evident (and at smaller mobility diameters, in selected instances), which, like the air ion 

peaks, differ in position between the negative and positive modes.  This first set of mobility 

peaks, both from air ions and those at higher temperature, can be contrasted with the second type 

of species detected, which all fall into a broadly distributed peak in the > 1.0 nm range for most 

negative spectra and > 1.25 nm range for most positive spectra.  The broadly distributed peak is 

similar in magnitude and position when comparing different charge states for the same TTIP 

injection rate and temperature.  We hence attribute this larger, broader peak, to formation and 

growth of nanoclusters, composed of TiO2, or possibly partially-oxidized organometallic 

molecules.    

First examining the smaller, discrete location peaks in spectra, we denote the peak 

positions with vertical lines in Figure 5.  While earlier efforts have detected such peaks and 

interpreted them as multimeric TiO2 species (Fang, et al., 2014), the inferred diameters, step size 

between peaks, and the finding that different mobility species are detected in the positive and 

negative mode are not consistent with these ions being attributable to TiO2 nanoclusters.  

Approximating nanoclusters as bulk density spheres, discounting the polarization correction, a 

1.0 nm nanocluster would correspond to approximately (TiO2)17.  Ionized TiO2 monomers and 

dimers would appear nearly indistinguishable from one another with mobilities close to the 

polarization limit.  We hence suggest that in line with suggested mechanisms of TiO2 nanocluster 

formation, such the discrete ions detected result from intermediate decomposition of TTIP 

(Buerger, et al., 2015; Boje et al., 2017; Buerger, et al., 2017), and may be particularly stable 

multimeric species formed via collisions of these intermediates; this is also suggested by 

previously DMA (Wang, et al., 2014; Wang, et al., 2015) and DMA-MS measurements (Wang et 

al., 2017).  At higher TTIP injection rates, such intermediates appear to be incorporated into 
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growing nanoclusters via surface growth, as they are more prominent in spectra at reduced 

injection rates, wherein the nanocluster “collision sink” is less pronounced (i.e. there are fewer 

nanoclusters available to deplete reactive intermediates via uptake).  We remark that efforts were 

made to minimize any polymeric tubing within the measurement system, which has been shown 

previously to “out-gas” organic and siloxane species which act as a source of contamination in 

atmospheric pressure electrical mobility measurements (Maißer, et al., 2015), further increasing 

the likelihood that these peaks arises from intermediate decomposition products and not from the 

vaporization of any system components.  It is also interesting that the appearance of the larger 

mobility diameter, narrowly distributed peaks coincides with the depletion of the air ion peak; as 

alluded to in the prior section this does draw into question the assumption of constant ion 

concentrations in charge distribution estimation, an effect which will need to be addressed in 

future work further refining nanocluster size distribution measurement methods.   

The inversion approached utilized here, similar to those conventionally used in inverting 

size distributions, assumes charging efficiencies are not sensitive to nanocluster chemical 

compositions.  However, the presence of distinct ions in the positive and negative mode at 

disparate mobilities from one another suggests that these ions arise from molecules or molecular 

clusters which are ionizable solely as either cations or anions.  Therefore, while we apply data 

inversion across the entirety of collected mobility spectra, inversion is specifically intended for 

examination of the second, broad peak of nanoclusters attributable to nucleation and growth.  

Figure 6 displays inverted size distribution functions for variable furnace temperature settings 

(variable profiles) and TTIP precursor flow rates, all for system flow rates of 10 L min
-1

 through 

the tube furnace.  Inverted distributions from positive and negative mode measurements are not 

in perfect coincidence with one another, as the spectra were collected at different times and with 
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slightly different precursor flow rates, due to fluctuations in the mass flow rate into the bubbler 

resulting from changes in liquid content and the pressure drop through the bubbler.  Nonetheless, 

there does not appear to be any obvious bias towards the positive or negative polarities, i.e. 

inverted size distributions resulting from both polarities are similar in peak location and 

magnitude when similar TTIP precursor flow rates and furnace temperature settings are applied.  

This suggests the charge distribution calculation approach we apply largely corrects for the 

observed higher concentrations of negatively charged nanoclusters than positively charged 

nanoclusters, and that the asymmetry in the raw data is due to the higher mobilities and higher 

charging efficiency for negative ions than positive ions. 

Both negative and positive size distributions consistently show that the nanocluster peak 

increases in both mode diameter and in concentration as precursor concentration is increased, 

which is generally expected in gas phase synthesis systems (Chen et al., 2018; Chen et al., 

2020).  This is quite simply attributable to a greater extent of nucleation (a larger number of 

nanoclusters formed), larger extents of surface growth, and with higher number concentrations, 

increased levels of coagulation.  The extent of reaction and nanocluster growth further increases 

with increases in reactor temperature.  This is presumably because of the influence of gas 

temperature on TTIP decomposition rates.  Hard-sphere theories do suggest that collisional 

growth rates for nanoclusters scale with square root of the temperature.  However, more recent 

molecular dynamics simulations (Yang et al., 2018; Goudeli, et al., 2020) show that because 

short-range attractive interactions appreciably increase collisional growth rates beyond hard-

sphere estimates, yet potential influences are diminished with increasing temperature, 

temperature only weakly effects collisional growth rates in most nanoparticle-laden aerosols.  

Overall, results are in line with current understanding of gas phase synthesis process from 
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organometallic precursors.  Nonetheless, we believe this is important to have demonstrated via 

measurements in the nanocluster regime, as to our knowledge, the spectra reported here are the 

first instance wherein discrete ion peaks attributable to reactive intermediates from TTIP 

decomposition and a broad peak attributable to nanoclusters are detected in the same mobility 

spectra. Prior efforts have identified the smaller, discrete ion peaks (Fang, et al., 2014; Wang, et 

al., 2015; Wang, et al., 2017; Vazquez-Pufleau, et al., 2020), but did not enable monitoring of the 

TiO2 nanocluster size distribution as it evolves in the 1.5 nm – 2.5 nm size range (though it 

appears peaks corresponding to reactive intermediates and nanoclusters were detected in Wang et 

al (2014)).  Observations were likely possible here because of the larger transport flow rates used 

compared to prior furnace studies (Wang, et al., 2015), and the better control of temperature-time 

history in the reactor in comparison to prior efforts utilizing 2-D flames (Fang, et al., 2014; 

Wang, et al., 2017).   Furthermore, as expanded upon in the supporting information, the larger 

transport flow rates utilized led to less than 1% (and near 0.5%) of the Ti atoms from the TTIP 

precursor incorporated into nanoclusters.  This confirms that in spectra we capture the earliest 

stages of the nanocluster formation and growth process.    

As shown in Figure 7, increasing the flow rate through the tube furnace, which 

simultaneously leads to dilution of the precursor TTIP, reduction of the residence time in the 

furnace, and reduced temperatures, yields reduced nanocluster growth, and higher relative signal 

for the discrete ion peaks in comparison to the larger nanocluster peak.  At the highest flow rates 

and shortest furnace residence times, formation of nanoclusters appears to be almost completely 

suppressed, with the mobility spectra and inverted size distributions dominated by small ions 

peaks, i.e., the proposed precursors to nanoclusters.  This is again consistent with the existing 

depiction of metal oxide nucleation from organometallic precursors in the gas phase, and with 
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calculations it suggests most of the organometallic precursor remains unreacted in the 

measurement system.   

Although measurements do provide insight into metal oxide nanocluster nucleation and 

growth via the simultaneous detection of distinct precursor ions and a growing size distribution 

of nanoclusters, more work will be needed to better verify proposed reaction pathways for 

organometallic precursor decomposition and nanocluster nucleation and growth, i.e., the 

chemical composition of precursor ions needs to be more clearly defined.  Efforts towards 

chemical identification along these lines were made in Wang et al (2017); however, the authors 

excluded the possibility of residual organic groups within ions, and in doing so, they used ion 

identifications which are not chemically possible (e.g. Ti2O11
-
).  However, the densities inferred 

for precursor ions in their work (1.75 g cm
-3

) would be consistent with that expected for 

organometallic intermediates. 

  We also remark that because the broad nanocluster peak does not clearly extend to 

below ~1.2 nm in either the positive or negative modes, we do not have evidence that 

nanoclusters with fewer than ~10 molecules are formed; the nanocluster peak appears 

unambiguously only at larger diameters.   This suggests that at least for the case of TTIP 

decomposition, nanocluster formation and growth may not be initiated at atmospheric pressure 

by sub-nanometer, purely TiO2 nanoclusters.   For comparison, to date, metal oxide and noble 

clusters composed of fewer than 10 molecules have been analyzed from low pressure laser 

vaporization sources (Zemski et al., 2002; Wu et al., 2017; Abdul Latif et al., 2018) and spark 

discharge systems (Maisser et al., 2015; Domaschke et al., 2019; Maisser et al., 2021), hence it 

is certainly possible to detect such species via mobility analysis and mass spectrometry.   
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4.  Conclusions 

 We have utilized differential mobility analysis to examine the formation and growth of 

nanoclusters via the decomposition of TTIP in a flow tube reactor with tuned TTIP precursor 

concentrations, system flow rates and residence times, and temperature profiles.  Results show 

clearly that TTIP decomposition yields two distinct types of products detectable in mobility 

spectra; ions of specific mobilities largely in the sub-nanometer size range, with different peak 

locations for cations and anions, and a broadly distributed peak falling in the 1.5 nm – 2.5 nm for 

most examined reactor conditions. We attribute the first set of peaks to reactive intermediates 

from the decomposition of TTIP, for which atmospheric pressure chemical ionization yields 

either cations or anions (but not both), while the broad peak is attributable to growing 

nanoclusters, which are of unclear chemical composition.  The extent of nanocluster formation 

and growth increases with increasing precursor concentration, reactor temperature, and residence 

time, qualitatively consistent with the standard picture of metal oxide synthesis from 

organometallic precursors.  By simultaneously detecting reactive intermediates and growing 

nanoclusters in a flow tube reactor for the first time, this work contributes to the growing body of 

literature examining metal and ceramic nanocluster nucleation and growth in spark discharge 

(Maisser, et al., 2015; Domaschke, et al., 2019), non-thermal plasma (Kumar, et al., 2014; Chen, 

et al., 2020), flame (Carbone, et al., 2016; Tang, et al., 2017; Sharma, et al., 2021), and flow tube 

systems (Wang, et al., 2015; Vazquez-Pufleau, et al., 2020).    This work also points to the need 

to better link the appearance and subsequent decay of reactive intermediates and identification of 

the precise species involved in nucleation of TiO2 nanoparticles and their surface growth.  This 

will likely require further refinement of mobility spectrometry coupled to mass spectrometry, 

which has yielded limited information about organometallic precursor decomposition in prior 
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work (Wang, et al., 2017), but has not yet enabled unambiguous detection of metal oxide 

nanoclusters resulting from organometallic decomposition.  Future studies will also benefit from 

the development of models which explicitly propose schemes not only for precursor 

decomposition to intermediate species, but for nanocluster nucleation (Buerger, et al., 2015; 

Buerger, et al., 2017) as well as surface growth reactions involving decomposition intermediates 

across a wide temperature range. 
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Figure 5.  Measured nanocluster concentrations as a function of mobility diameter (based upon 

DMA peak voltage) for variable furnace temperature setting with 10 L min
-1

 flow rate.  Saturated 

TTIP flow injection rates are provided in each sub-figure legend.   
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Figure 6.  Nanocluster size distribution functions for variable furnace temperature setting with 

10 L min
-1

 flow rate.  Saturated TTIP flow injection rates are provided in each sub-figure legend.   
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Figure 7.  Nanocluster size distribution functions for variable furnace temperature setting with 

variable flow rate flow rate for both negative (a) and positive (b) charged nanoclusters.  The 

nominal furnace temperature was 475
o
 C while the flow rate through the TTIP bubbler was 58.4 

sccm. 
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