Cluster formation mechanisms of titanium dioxide during
combustion synthesis: observation with an APi-TOF
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Abstract
Few studies reported the formation of Ti-containing clusters in the initial stages of TiO2 flame
synthesis. The conversion from synthesis precursor to TiO2 monomers was commonly assumed
to take place through global reaction such as thermal decomposition and/or hydrolysis at high
temperatures. More recent studies have been able to identify stable intermediates of Ticontaining monomers, most commonly Ti(OH)4, as the final step before the formation of TiO2.
However, no larger Ti-containing cluster formation mechanisms or interactions between these
monomers have been tracked. To investigate cluster formation pathways of TiO2 during flame
synthesis, Charged clusters were measured in an atmospheric pressure interface time-of-flight
(APi-TOF) mass spectrometer. TiO2 nanoparticles were synthesized by adding titanium
tetraisopropoxide (TTIP) precursor to a premixed CH4/O2/N2 flat flame aerosol reactor. Pure
TiO2 clusters were not detected by the APi-TOF. Results from measured mass spectra and mass
defect plots show that for positively charged clusters, the abstraction of CH2 groups occurs
simultaneously with the clustering of larger intermediate organometallic species. For negatively
charged clusters, NOx formation pathways in the flame may play a role during the initial stages
of TiO2 formation, since a lot of Ti-containing clusters were attached with nitrate-related species.
These research findings provide insights on quantum dot synthesis and molecular doping where
rapid dilution of the flame synthesized nanoparticles is needed to better control the particle size
and chemical composition. The possible influences of and potential artifacts brought by the
dilution system on observing the incipient particle formation in flames were also discussed.

1. Introduction
The mechanisms of initial particle (clusters) growth from gaseous precursors is not well
understood. These mechanisms are especially important for the combustion synthesis of
nanoparticles such as TiO2, which is most commonly manufactured through this route for use as
a photocatalyst, semiconductor, or pigment (Swihart 2003; Hu et al. 2016; Li et al. 2016;
Pratsinis 1998; Liu et al. 2015). Although significant work has focused the nucleation
mechanisms of particles in the atmosphere, aerosol nucleation and growth in flames that occurs
at high temperatures (up to 2400K) at extremely high rates of production have not been studied
extensively. Early stage mechanisms are critical in accurately modeling overall particle growth,
especially for multicomponent systems. It is well understood that particle growth beyond 2 nm
in flames occurs through collision, condensation, and sintering processes. Applications of
combustion synthesis to novel materials, such as battery anodes, catalysts, and solar cells have
been difficult to scale up since particle growth cannot be modeled accurately from first principles
and must rely on empirical approaches. In the case of combustion synthesis of metal oxides,
calculations based on classical nucleation theory predict that the critical monomer size is a single
monomer of TiO2 (Ulrich 1971). The validity of this assumption has yet to be experimentally
proven.

Various approaches have been developed to track particle formation and growth in flames. For
example, laser-induced breakdown spectroscopy (LIBS) is a non-invasive method for in situ
diagnostics both for pristine (Zhang et al. 2013) and doped metal oxide (Liu et al. 2016)
nanomaterials in flames which can differentiate between particle and gas phase atoms (Ren et al.
2015). Laser Induced Fluorescence (LIF) spectroscopy has been successfully applied to

premixed flames to study the synthesis of iron oxide-silica composites and compared to aerosol
growth models (Biswas et al. 1997; McMillin et al. 1996). However, these techniques do not
provide sufficient detail regarding the chemistry of particle formation. Molecular beam mass
spectrometry (MBMS) is the most widely used direct sampling technique for mapping the
chemistry and kinetics of hydrocarbon combustion (Hansen et al. 2009) and oxide formation in
hydrogen flames (Kluge et al. 2016; Shmakov et al. 2013), but this technique typically requires
low-pressure conditions to conduct combustion, and is unable to provide size resolved chemistry
or track larger cluster formation mechanisms.

Electrical mobility measurements, a well-established method of measuring particle size
distributions, have allowed detailed measurements of particle growth and coagulation. However,
resolution limitations and diffusion losses below 2 nm make the technique unsuitable for
tracking smaller clusters (Wang et al. 2014). Significant advances in high resolution differential
mobility analyzers (HRDMAs) have allowed measuring and tracking cluster growth during the
combustion synthesis of TiO2 for the first time (Fang et al. 2014). HRDMAs have been applied
to studying mass-mobility relationships of particles below 3 nm experimentally (Larriba et al.
2011) along with direct comparisons to computational predictions of electrical mobility (Larriba
and Hogan Jr 2013). These techniques can now provide insights into cluster formation
mechanisms in flames (Wang et al. 2017a; 2017b; 2017c). As pointed out by a recent study
conducted with these instruments, the fraction of natively charged particles in total particles in
the size range below 3 nm may be extremely high (Wang et al. 2017b). Advancements in
atmospheric pressure interface time of flight mass spectrometers (APi-TOF) have allowed for
high resolution identification and detection of ions directly at atmospheric pressure (Junninen et

al. 2010), with applications in areas such as the study of atmospheric nucleation events (Kulmala
et al. 2013).

This paper is focused on understanding the initial stages of TiO2 particle formation in a premixed
flat flame, as measured by an APi-TOF. Measurements are taken through a Venturi dilution
probe which draws a sample of charged clusters into the APi-TOF at a dilution ratio of 180.
Probable pathways and cluster formation mechanisms are presented for the first time on the
initial stages of particle formation in the combustion synthesis of TiO2.

2. Material and Methods
2.1 Experimental Setup
[Figure 1 here]
A premixed flat flame aerosol reactor (FLAR) generated clusters of TiO2 (Figure 1). Details of
the FLAR are described in previous work (Fang et al. 2014). Briefly, a radially symmetric flat
flame was stabilized over a 1.91 cm diameter honeycomb burner head inside a concentric 2.54
cm diameter tube which provided a sheath flow of N2 gas (>99.95%, Linde AG). Gas flow rates
for methane (>99.95%, Linde AG), oxygen (>99.95%, Linde AG), nitrogen carrier gas and TTIP
precursor (Sigma Aldrich Inc., >97%) were metered by mass flow controllers (MKS
Instruments). A stainless-steel feed tube from the precursor bubbler was heated to prevent
precursor wall condensation. A sealed glass bubbler (MDC Vacuum Products, LLC) supplied
TTIP precursor to the premixed flame using nitrogen as the carrier gas. The feed rate was
calculated based on relationships from (Siefering and Griffin 1990). The precursor molar feed
rate ranged from 0.07 mmol/hr to 0.22 mmol/hr (2.8 to 8.8 ppm). Flow conditions for the FLAR

are listed in Table 1. The flame equivalence ratio was 0.7. All of the gases were premixed prior
to entering the burner head creating a stable flame sheet at the burner-head.
[Table 1 here]

To quench further chemical reactions and particle growth in the flame, a venture dilution probe
using nitrogen as a dilution gas at a dilution ratio of 180:1 (dilution flow rate : sample flow rate)
was used. Flame-generated clusters were sampled 5 mm above the burner head. The dilution
flow rate was maintained at 25 lpm by a mass flow controller (MKS Instruments). The
temperature profile above the burner without the insertion of the dilution probe can be found in
Fig. S1. With the addition of the sampling probe, the local temperature will be inevitably
reduced. Existing studies showed that a difference of 500 K was expected due to the
perturbation of inserting the dilution probe (Zhao et al. 2003). Due to this temperature decrease,
combustion and reaction of TTIP may be interfered. Natively charged flame ions and clusters
were injected into an APi-TOF mass spectrometer (Tofwerk AG, Thun) where the mass to
charge ratio (m/z) was measured in the unit of Thomson (Th). The inlet flow rate to the entrance
of the APi-TOF mass spectrometer was 0.81 lpm and the excess flow was exhausted. The APiTOF was operated without additional ionization sources, so only natively charged clusters were
sampled into the mass analyzer. This system is capable of measuring both positive and negative
ions with a resolution of 3000 Th/Th (M/ΔM), a mass accuracy better than 20 ppm, and a
detection range of up to 2500 Th. Further details of this instrument can be found in previous
publications (Junninen et al. 2010). The confirmation of molecular compositions considers both
the highly accurate mass and isotope distribution of a probable species. Speculated chemical
formulae were assumed to contain C, H, O, N, S, and Ti. By limiting the maximum and

minimum number of atoms (50 and 0), probable chemical compositions and regarding
differences in ppm were calculated. The speculated chemical compositions shall have low mass
differences compared to the measured mass values, possess appropriate isotope distributions, and
be chemically stable. Before the measurement of flame-generated charged clusters, calibration
of measured mass was performed using NO3− (61.9878 Th), HNO3 NO3− (124.9835 Th) and
(HNO3 )2 (NO3 )−
3 (187.9791 Th) for negative clusters. Positively charged clusters were
calibrated using NH4+ (18.0344 Th), ((CH3 )2 CO)H + (59.0497 Th) and
((CH3 )2 CO)2 H + (117.0916 Th). These negative or positive ions were either generated from a
radioactive neutralizer (Kr-85, Model 3077, TSI Inc.) or by feeding acetone vapors through the
radioactive neutralizer. The switch of the detection polarity was done by altering the acquisition
methods in the software (TofDaq, TOFWERK AG, Thun). The APi-TOF has the same
characteristics, for example, resolution and sensitivity, for negatively and positively charged
clusters. The data analysis was conducted with tofTools, a Matlab software developed by
Junninen et al. (2010) The particle loss in the system took place predominantly in the APi-TOF,
which was reported to have a transmission efficiency of 0.1 to 0.5% (Junninen et al. 2010). It
should be noted that sampling in flames with a probe will inevitably alter a sample. Although it
has been carefully calibrated, the dilution sampler used in this study may not be sufficient to
quench all reactions and particle dynamics. Regarding influences of and potential artifacts
brought by the dilution sampling system are discussed in section 3.4.

2.2 Experimental plan
[Table 2 here]

Table 2 presents the experimental plan. Four different tests were performed, starting with the
measurement of background ions in the methane-air flat flame without any precursor (Test 1).
Following Test 1, TTIP precursor was added to the flat flame to measure Ti-containing clusters
for both positively charged clusters (Test 2) and negatively charged clusters (Test 3). Finally,
the effect of feed rate was studied by adjusting the feed rate of the precursor (Test 4).

2.3 Reaction mechanisms of TiO2 in flames
Particle formation of TiO2 from the decomposition of TTIP is assumed to occur through thermal
decomposition and/or hydrolysis at high temperatures. Although TTIP is a commonly used
precursor for the study of TiO2 combustion synthesis, detailed chemical mechanisms of
conversion have only recently been explored (Shmakov et al. 2013). The kinetics of thermal
decomposition of TTIP have been measured by(Okuyama et al. 1990) by assuming the following
first order reaction mechanism:
𝑇𝑖 (𝑂𝐶3 𝐻7 )4 → 𝑇𝑖𝑂2 + 2𝐻2 𝑂 +4𝐶3 𝐻6

(1)

By measuring sub 2nm cluster size distributions with a Half-Mini DMA, revised first order
reaction rates were derived assuming the same mechanism (Wang et al. 2015). At low
temperatures (< 400 oC), the thermal decomposition of TTIP (Ahn et al. 2003) may also take
place through
𝑇𝑖 (𝑂𝐶3 𝐻7 )4 → 𝑇𝑖𝑂2 + 2𝐶3 𝐻7 𝑂𝐻 +2𝐶3 𝐻6

(2)

Finally, water in flames results in rapid hydrolysis of TTIP. Hydrolysis has been recognized to
be the dominant pathway of TTIP conversion to TiO2 (Tsantilis et al. 2002):
𝑇𝑖 (𝑂𝐶3 𝐻7 )4 + 2𝐻2 𝑂 → 𝑇𝑖𝑂2 +4𝐶3 𝐻7 𝑂𝐻

(3)

Molecular beam mass spectrometry (MBMS) in a hydrogen flat flame with TTIP precursor
addition has provided a more detailed conversion mechanism for the hydrolysis of TTIP to TiO2.
Ti(OH)4 has been shown to be the most stable intermediate byproduct of hydrolysis (Shmakov et
al. 2013). It should be noted that although these reactions are written in global reaction
formulae, the they were not single-step reactions. Detailed reaction pathways of titanium
isopropoxide has been simulated with ab initio calculations to evaluate the rate constants of
separate steps, suggesting that the thermal decomposition reactions of TTIP and isopropanol
were similar (Buerger et al. 2005, 2017). The flux analysis done by Buerger et al. (2017)
showed that the sequential release of C3H6 groups was the major reaction pathway of TTIP, and
Ti(OH)4 was the most stable product before its final conversion to TiO2.

3. Results and discussion
3.1 Background ions measured in methane-air premixed combustion
[Figure 2 here]
To study background ions in the flame, positively and negatively charged clusters were measured
in a premixed fuel lean methane-air flat flame without any precursor addition. The results are
displayed in Figure 2. Previous studies of ions in flames have focused on lower molecular
weight species which have undergone further ionization steps (e.g., electron ionization or
vacuum ultraviolet ionization) (Fialkov 1997; Jones and Hayhurst 2016). Recently, HR-DMAs
have been used to measure the mobility spectra for natively charged flame ions in a fuel-lean
methane-air flat flame, however further steps need to be taken to measure the exact mass of ions
(Fang et al. 2014). The mass spectra in Figure 2 represent natively charged clusters sampled
from the flame. The peaks from the positively charged mass spectrum are mostly organic

radicals commonly measured during methane-air combustion, for example, the most prominent
peak was measured with an m/z of 124 with probable molecular composition of
C4 H14 O3 N + (m/z=124.0974 Th). Because of the high abundance of hydrogen atoms in this
formula, this molecule may be a nitrogen-containing hydrocarbon clustered with one or several
water molecules. However, it is difficult to speculate the molecule structures based on the
limited information on molecular mass. In the case of negatively charged species, the ions were
−
identified as nitrate radicals and nitric acid clusters of NO−
3 (m/z= 61.9878 Th), HNO3 NO3

(m/z=124.9835 Th), and (HNO3 )2 (NO3 )−
3 (187.9791 Th), which might be generated through the
combustion pathways of NOx formation. NOx is long established as a combustion pollutant
playing an important role in emissions from hydrocarbon flames. Three main pathways of
combustion induced formation of NOx include fuel-NOx, thermal NOx and prompt NOx (Nicol et
al. 1995). Since the fuel and precursor do not contain any nitrogen species and the flame
temperature is on the order of 1300-1800K, prompt NOx is likely the primary mechanism of NOx
formation from collisions of N2 gas molecules with the high concentration of radicals in the
flame. Similarly, significant concentrations of NOx has also been detected in previous studies for
premixed CH4/O2/N2 flames (Debrou et al. 1980). The presence of diverse ion species in flames
complicates the particle formation in early stages, as previous work studying particle formation
and growth in flames do not account for electrostatic interactions among ions and particles.
Thus, understanding the role of various charging mechanisms and their interaction with particle
coagulation will be important for understanding and modeling clustering interactions in flames
(Jiang et al. 2007; Wang et al. 2017c; Nie et al. 2017).

3.2 Titanium dioxide particle formation during combustion synthesis

[Figure 3 here]
[Figure 4 here]
The addition of TTIP precursor in the flame resulted in the generation of charged titanium
species providing insight into the initial stages of particle formation for TiO2 during combustion
synthesis. Figure 3 displays the mass spectra for negatively charged clusters, while Figure 4
displays the positive ion spectra. The feed rates of 0.07, 0.15, and 0.22 mmol/hr correspond to
TTIP concentrations of 2.8, 6.0, and 8.8 ppm. Ti contains five naturally occurring stable
isotopes: 45.9526Ti (10.8%), 46.9518Ti (9.9%), 47.9480Ti (73.8%), 48.9479Ti (7.5%), 49.9448Ti (7.3%),
allowing for the identification of Ti-containing clusters through this isotopic pattern. For the
negative ion mass spectra, distinct monomer ions with Ti could be identified as TiO2 (NO3)3 at
m/z of 266 Th. Additional peaks of TiO2 with multiple NO3 species attached were also present in
the mass spectra, while Ti species with varying levels of oxidation were also measured in the
form of TinOxNy. Peak assignments for negatively charged Ti-containing clusters, listed in Table
3, are an indication that flame ions participate in the conversion from TTIP to TiO2, with NOx
playing an important role. Furthermore, a previous study using an enhanced particle counter
coupled with a charged particle remover indicated that the charge fraction of incipient particles
generated from flame synthesis was high (may be as high as 80% when TTIP concentration was
below 8.8 ppm) (Wang et al. 2017b). This high charge fraction further signified the influence of
ion environment during particle synthesis. Recent studies using plasma-assisted combustion and
electric field-assisted combustion also utilized the electrical properties of combustion (Park et al.
2016; Xiong et al. 2017a; Xiong et al. 2017b; Ren et al. 2017). We should note that it is also
possible that the attachment of nitrate species may be completed in the sampling system, where
the rapid cooling altered the equilibrium of reactions. However, the obtained knowledge can be

applied to molecular doping and the synthesis of quantum dots during combustion, where rapid
dilution is needed in these scenarios.
[Table 3 here]

For positively charged clusters, protonated clusters in the form of Ti(OH)4H+ and Ti(OH)3H+
were identified in addition to TiO(OH)4+ (Figure 4). These were the most prominent monomer
Ti- containing species in the positive mass spectra, which is in agreement with previous
literature, showing titanium hydroxide to be the most stable intermediate from TTIP hydrolysis
(Buerger et al. 2015; Shmakov et al. 2013). Larger peaks could not be identified due to
significant isotope overlap and multiple possible molecular compositions at higher masses. The
peak assignments contained many possible organic species, thus complicating the positive mass
spectra and indicating the incomplete decomposition of TTIP. Furthermore, these intermediates
may have interacted with organic radicals and flame ions. Previous studies on flame ions have
concluded that chemical ionization mechanisms are important in hydrocarbon flames near the
flame sheet and many unburnt hydrocarbons can also contribute to ionization and charging
mechanisms (Fialkov 1997).

Beyond 300 Th, periodic humps with distinct cluster isotope patterns become increasingly
prevalent with increasing precursor concentration (Figure 4). Each hump was a combination of
isotope distributions of Ti-containing clusters with close atomic mass values. In this size range,
isotopic patterns of titanium clusters ions begin to overlap, making the spectra complicated to
interpret. Previous studies using TOF mass analyzers studying pure TiO2 nanoparticles have
experienced similar issues with peak assignments (Guan et al. 2007). Cluster peaks can be

grouped together by their isotope patterns. Each cluster is separated by 14 Th, indicating the
abstraction of CH2 groups. The separation of each hump was approximately 140 Th,
representing the abstraction of CH2 groups by ten times during the removal of organic groups in
TTIP molecules. This phenomenon can be seen more clearly from the mass defect plot shown in
the next section. Since there are twelve CH2 groups in a TTIP molecule, this band of 140 Th
suggested that not all of the CH2 groups were removed from the precursor molecule, or the
precursor molecules lose several CH2 groups to become positively charged. Each hump peaked
in the middle, indicating clusters with moderate number of CH2 groups were more stable. These
periodic peak patterns also show that intermediates from TTIP decomposition may polymerize or
aggregate into larger clusters prior to conversion to pure TiO2. In Figure 4c, beyond 300 Th,
these patterns resemble organic cluster formation as observed in previous atmospheric nucleation
studies. Organic molecule attachment on the larger Ti-containing clusters further complicates
the assignment of mass spectral peaks. There are two potential sources of such organics:
methane combustion may generate a high concentration of organic ions that attach onto TTIP
clusters, while TTIP is an organometallic precursor with 4 propyl groups which can be charged
through chemical ionization in the flame. The attachment of organic ions on Ti-containing
clusters can be evaluated through the comparison of characteristic charging time and transport
time of flame-generated charged and neutral species. Existing measurements of ion
concentrations (n) in flames report values in the order to 1017 /m3 (Fialkov 1997), while the ion
attachment coefficient (k) on particles below 2 nm at temperatures above 1000 K was in the
order of 10-14 m3/s (Wang et al., 2017c). These parameters result in a characteristic charging
time (2/nk) in the order of 2 ms. The particle residence time in the first 5 mm from the burner to
the sampling probe was approximately 1.5 ms (by considering the thermal expansion and by

assuming an average temperature of 1600 K). The similar magnitude of these two time scales
indicate that the detected large organics may be a result of ion attachment on Ti-containing
precursor clusters. Based on the ratios of isotopic peaks to the main peak, we can conclude that
the clusters contain multiple titanium atoms. Apart from the more prominent band pattern at
higher m/z with the increased TTIP feed rate, stronger signals at 438, 450, and 462 Th were also
detected. Based on the high-resolution mass differences among these clusters, these three
clusters may have the formulae of CxHyOzNaTib, Cx+2Hy+4Oz-1NaTib, and Cx+2Hy+4Oz-1Na+2Tib.
Due to isotope peak overlap and the multiple combinations of potential compounds at high mass
ranges, exact peak assignments could not be performed, thus mass defect techniques were used
to provide further insight into the mass spectra.

3.3 Mass defect plots
[Figure 5 here]
Mass defect plots from the positive and negative mass spectra were constructed from Figure 3b
and 4c to provide another visual basis for analyzing the complex mass spectrum (Figure 5). Here
peaks with a signal higher than 0.25 counts per second (cps) were each assigned a calculated
mass defect and plotted with the mass defect on the y-axis and isotope mass on the x-axis. A
mass defect is defined as the difference between a compound’s exact mass and nominal mass.
For example, the isotopes of Ti have mass defect values of -0.0474, -0.0482, -0.0520, -0.0521,
and -0.0552 Th for 45.9526Ti, 46.9518Ti, 47.9480Ti, 48.9479Ti, 49.9448Ti, respectively, resulting in a spread
of data points with a negative slope in the mass defect plot. Plotting the mass defect allows for
visualization of complex mass spectra and has been successfully applied towards analyzing mass
spectra from crude oil (Hughey et al. 2001) and atmospheric organic molecules (Schobesberger

et al. 2013), where similar repeating peak patterns have been observed. In the case of
combustion synthesis of TTIP, the mass defect plot spans from positive to negative mass defect
ranges, which helps identify the class of compounds in the spectrum. Positive mass defects
indicate the presence of organics (e.g. CH2 has a mass defect of +0.0156), and negative mass
defects indicate oxidized species of titanium clusters (e.g., TiO2 has a mass defect of -0.062).

Figure 5a displays several distinct bands for positively charged clusters (labeled as “Cluster X”).
In each band, there are clusters lining up with a constant negative slope, as shown by the dashed
lines. This is caused by the spread of Ti isotopes in a same molecule as discussed in the above.
The width of the spread also becomes larger at higher m/z values, resulting from the existence of
multiple Ti atoms in the larger clusters. The gap between each cluster in each band is 14.016 Th,
representing the abstraction of CH2 groups in each band. The abstraction of CH2 groups
happened 10 times in a precursor molecule, since the length of each band is approximately 140
Th. Based on this result, the left end of each band corresponds to a Ti-containing cluster with the
fewest hydrocarbon groups. The mass defect values of the left end in each band become more
negative, resulting from the significant mass defect through the addition of a Ti atom (-0.047
Th). However, the mass difference between the left ends of each band was approximately 150
Th, not the value corresponding to Ti or TiO2. This result suggested that the primary “building
block” during the clustering of incipient particles contain species other than Ti and O, for
example, hydrocarbon and nitrogen. Above the Cluster 2 in Figure 5a, there is another band of
clusters showing a similar slope to Cluster 1. This band show that Cluster 1 may be attached
with multiple propyl groups, so that CH2 abstraction started from clusters with higher molecular
masses. It should be noted that at higher masses, the mass defect plot distorts to progressively

more negative slopes, indicating that the TOF calibration has drifted in this mass range. This
may be caused by the fact that the calibration was conducted with species of smaller m/z values
(< 200 Th). Further studies will require more sophisticated calibration procedures to ensure
accurate peak identification at higher masses.

For the negative mass defect plot (Figure 5b), the spectrum does not have the same distinct
groupings of clusters, but the overall negative slope indicates strong clustering interactions of
(TiO2)x (NO3)y. Identifiable peaks in Figure 4 are mostly a class of negatively charged TinOxNy
clusters. Due to the different possible oxidation states of Ti, the assignment of oxygens to either
Ti or N is ambiguous. However, the band structure spacing as seen in the positive mass defect
plot with spacing’s of 16 Th also indicate the addition of O to TinOxNy complexes, providing
further evidence for strong clustering interactions between NOx and Ti species. A dashed line
with a slight upward slope also highlights that OH- radical-driven interactions participated in the
growth of Ti-containing clusters. Further studies are needed to fully understand the contribution
of chemi-ionization pathways during combustion synthesis.

Based on the data presented in Figures 3-5, we can see that collisional growth of TiO2 molecular
ion clusters at the initial stages of particle formation may not be a suitable assumption to capture
the growth mechanisms. Previous studies have concluded that Ti(OH)4 is the most
thermodynamically stable monomer. Based on positive mass spectra similar conclusions can be
drawn since Ti(OH)4 and TiO(OH)4 had the highest intensities. Negative mass spectra revealed
the presence of TinOxNy species demonstrating the importance of chemical ionization. For
example, single monomer ions of Ti contained varying number of O atoms. Even for dimers and

trimers of Ti, the ratio of Ti to O varied. Nevertheless, many other stable intermediates were
also measured, and clusters containing more than a single Ti atom were detected in significant
concentrations. Thus there is a need to further understand how these larger clusters form and
how they affect downstream pathways. Previous approaches to aerosol modeling neglected the
role of chemistry and intermediate species during cluster growth, where it was assumed that
discrete clusters had a uniform chemical composition. More accurate models should aim to
couple chemical reactions beyond monomer formation, which may take place after the initial
precursor decomposition step as larger clusters begin to form. Intermediate species may continue
to form during cluster growth, thus future work should aim to understand how intermediate
species may interact and at what point physical aerosol growth processes take over

3.4 Discussion on the dilution sampling system
The sampling of incipient particles from high temperatures is challenging, because the dilution
probe should sufficiently quench all particle growth dynamics and gas-phase reactions during the
particle transport in the sampling line. On the other hand, the perturbation to flames caused by
the insertion of the dilution probe should also be minimized. Concerns may be raised regarding
the validity of the measurement, especially in such a minuscule size range, where the particles
may be very unstable.

As shown in Fig. S1, the temperature at the sampling location (5 mm above the burner) was
approximately 1800 K without the interference of the sampling probe. With the addition of the
sampling probe, the local temperature will be reduced by approximately 500 K according to
previous studies (Zhao et al. 2003). Due to this temperature decrease, combustion and reaction

of TTIP may be interfered. The characteristic reaction time of TTIP can be evaluated using the
one-step reaction rates of TTIP. The first-order reaction rate of TTIP thermal decomposition is

kg = 3.96 105 exp(−8480 / T ) . The characteristic reaction time is then calculated by  rxn = 1/ k g .
Based on the calculation, the reaction time scale ranged from 0.3 to 1.7 ms, corresponding to a
temperature range from 1800 K to1300 K (considering the effect of temperature reduction due to
probe insertion). The particle residence time (1.5 ms) was comparable to TTIP reaction time,
indicating the measured clusters could be not fully reacted precursor clusters. The comparable
time scales also suggested that the insertion of the cold dilution probe may affect the reaction of
precursor molecules in the high temperature zone.

The performance of the dilution sampling system in quenching the particle growth dynamics can
be evaluated through comparing the characteristic time scales of particle transport and particle
coagulation in the sampling line. The transport time of particles can be calculated through
dividing the volume of the transport line (tube with 4.35 mm diameter and 0.2 m length) by the
gas flow rate (25 lpm), yielding a value of 7 ms. The characteristic coagulation time is
dependent on the coagulation coefficient  and total particle concentration N 0 , where

 coag =

2
.
N 0

(4)

The coagulation coefficient for neutral particles in the free molecular regime is given by

 =（

3 1 / 6 6k b T 1 / 2 1 1 1 / 2 1 / 3
）（
） ( + ) (vi + v1j / 3 ) 2 ,
4
p
vi v j

(5)

where k b is the Boltzmann constant,  p is the particle density, T is temperature, and vi is the
volume of the particle i. Based on this equation, the self-coagulation coefficient of 1 to 2 nm
particles ranges from 1.0  10 −16 to 1.4  10 −16 m3/s at a temperature of 298 K . Further by
assuming each TTIP molecule converted to a particle, the highest particle concentration ( N 0 ) in
the dilution probe after dilution was 1.7  1017 /m3 (in the case of 0.22 mmol/hr, 8.8 ppm). The
minimum characteristic coagulation time of incipient particles (  coag ) was 84 ms, which was
longer than the transport time of 7 ms. This comparison of time scales demonstrates that particle
growth dynamics was sufficiently quenched in the dilution sampling system.

However, the suppression of gas-phase reactions could not be verified through similar
calculations or experimental techniques, since critical information is missing on the reaction
kinetics of incipient particles. Dilution sampling involves the reduction of temperature, which
inevitably alters the equilibrium of reactions in the sampled stream. This influence may be
substantial for the incipient particles that are physically and chemically instable. Due to the
lower stability of nitrate species at elevated temperatures, the detected nitrate-bounded Ticontaining clusters might be formed through a post oxidation step during dilution, or between the
sampling nozzle and the APi-TOF inlet. Furthermore, charged species typically observed in
methane flames, for example, CH*, CHO+, and C3H3+, were not detected by the APi-TOF,
implying the possible conversion of these species in the dilution system. It was possible that this
conversion took place instantaneously, where increasing dilution ratio could not efficiently
suppress the regarding chemical reactions. The chemical composition of the diluent gas (N2)
may also play a role in this rapid conversion of incipient particles. However, the research

findings of this study can still be applied in quantum dot synthesis and material molecular
doping, where rapid dilution is needed to control the small size and uniform composition of
particles. Future work can focus on the design, testing, and evaluation of dilution sampling
systems for incipient particle measurement at high temperatures with various diluent gas species
to ensure the validity of incipient particle measurements.

4. Conclusions
Through the measurement of natively charged clusters during the combustion synthesis of TiO2,
the clustering interactions between intermediate species of TTIP decomposition in a methane-air
flat flame towards the formation of TiO2 nanoparticles was studied. Measurements were made
using an atmospheric pressure interface-time of flight mass spectrometer. Results show newly
detected negatively charged species which include NOx species attached to titanium species with
different oxidation states and stable positive monomers of Ti(OH)4 and TiO(OH)4. Evidence
from these measurements indicate the importance for intermediate clustering interactions which
may be specific to precursor chemistry of flame condition. Through these series of
measurements, we have observed several new phenomena: 1) The abstraction of CH2 group
dominates the mechanism of hydrocarbon removal in positively charged precursor clusters; 2)
Intermediate organic species in the form of TinOxCyHz may form lager complexes prior to
complete conversion to TTIP; 3) Ti(OH)4, TiO(OH)4, and TiO2(NO3)3- are the most stable
monomeric Ti species that are natively charged; 4) Chemi-ionization can play a principle role in
the initial stages of particle formation.
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FIGURE CAPTIONS
FIG. 1. Experimental setup of the flat flame aerosol reactor for measurement of natively charged
clusters in an atmospheric pressure interface time-of-flight mass spectrometer.
FIG. 2. Background ions measured in a flame aerosol reactor for naturally charged positive (left)
and negative (right) ions, with nominal masses of major peaks labeled. For negatively charged
flame clusters, larger peaks beyond 100 Th were scaled by multiplying the signal intensity by 20
(20X).
FIG. 3. Negative TTIP spectra at two different precursor feed rates of 0.07 mmol/hr (top) and
0.15 mmol/hr (bottom). Colored spectra refer to portions of the mass spectra where signal
intensities were scaled by a factor of 2 (2X), 5 (5X) and 10 (10X).
FIG. 4. Positively charged clusters during the combustion synthesis of TiO2 at three different
feed rates of 0.07, 0.15, and 0.22 mmol/hr.
FIG. 5. Mass defect plots for positively charged clusters (a) and negatively charged clusters (b)
during the combustion synthesis of TiO2.

Figure 1: Experimental setup of the flat flame aerosol reactor for measurement of natively
charged clusters in an atmospheric pressure interface time-of-flight mass spectrometer.

Figure 2: Background ions measured in a flame aerosol reactor for naturally charged positive
(left) and negative (right) ions, with nominal masses of major peaks labeled. For negatively
charged flame clusters, larger peaks beyond 100 Da were scaled by multiplying the signal
intensity by 20 (20X).

Figure 3: Negative TTIP spectra at two different precursor feed rates of 0.07 mmol/hr (top) and
0.15 mmol/hr (bottom). Colored spectra refer to portions of the mass spectra where signal
intensities were scaled by a factor of 2 (2X), 5 (5X) and 10 (10X).

Figure 4: Positively charged clusters during the combustion synthesis of TiO2 at three different
loading rates of 0.07, 0.15, and 0.22 mmol/hr.

Figure 5: Mass defect plots for (a) positively charged ions and (b) negatively charged ions
during the combustion synthesis of TiO2.

Table 1: Characteristics of the methane-air flat flame aerosol reactor
Property
Value
CH4flow rate
1.00 lpm
O2 flow rate
2.85 lpm
N2 flow rate
6.50 lpm
Sheath N2 flow rate 3.00 lpm
Dilution ratio
180:1
Precursor feed rates 0.07 – 0.22 mmol/hr
(2.8 – 8.8 ppm)
Flame diameter
1.91 cm
Table 2: Experimental plan for measuring cluster formation pathways
Test #
Objective
1
Background natively charged clusters in the flame
2
Positive ion mass spectra for TTIP
3
Negative ion mass spectra for TTIP
4
Effect of loading rate on resultant mass spectra
Table 3: Proposed molecular compositions for identified peaks in a negative mass spectrum
Negatively Charged Clusters
Molecular Formula Exact Mass Measured Mass ppm
TiO8N2
203.9140
203.914
-1.67
TiO9N2
219.9089
219.908
3.78
TiO10N2
235.9038
235.903
3.31
Ti2O8H2N
239.8745
239.873
2.45
TiO11N3
265.9012
265.901
0.88
Ti2O11N
285.8430
285.843
1.89
Ti2O11CHN
298.8509
298.851
-1.14
Ti2O12N2
315.8410
315.838
10.60
Ti2O13N
317.8329
317.830
9.12
Ti3O9C2 H5N
330.8403
330.838
6.95
Ti3O11H4C2
347.8192
347.819
9.28

