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Abstract:

The irreversible dimerization of polycyclic aromatic hydrocarbons (PAHs) — typically pyrene (CisHio)
dimerization - is widely used in combustion chemistry models to describe the soot particle inception step.
This paper concerns itself with the detection and identification of dimers of flame-synthesized PAH
radicals and closed-shell molecules and an experimental assessment of the role of these PAH dimers for
the nucleation of soot. To this end, flame-generated species were extracted from an inverse co-flow flame
of ethylene at atmospheric pressure and immediately diluted with excess nitrogen before the mixture was
analyzed using flame-sampling tandem mass spectrometry with collision-induced fragmentation. Signal
at m/z = 404.157 (CszHa0) and m/z = 452.157 (CseH20) were detected and identified as dimers of closed-
shell CigHi0 and CigsHio monomers, respectively. A complex between a Ci3Hg radical and a CysH1z closed-
shell PAH was observed at m/z = 465.164 (Cs7H21). However, a rigorous analysis of the flame-sampled mass
spectra as a function of the dilution ratio, defined as the ratio of the flow rates of the diluent nitrogen to
the sampled gases, indicates that the observed dimers are not flame-born, but are produced in the
sampling line. In agreement with theoretical considerations, this paper provides experimental evidence

that pyrene dimers cannot be a key intermediate in particle inception at elevated flame temperatures.



Introduction:

Soot formation remains an intriguing phenomenon that covers a broad range of physical-
chemistry aspects. In a simplified scheme, chemical reactions in the gas phase lead to polycyclic aromatic
hydrocarbons (PAHs) and, following the transition from gas-phase species to solid particles, the so-called
particle inception, multi-phase surface growth reactions and physical coagulation become important.*
Significant progress has been made towards understanding the gas-phase chemistry of PAH formation in
the high-temperature environment of flames.>® It is well understood that the chemistry is governed by

> although the details about reaction rates, product

radical-radical and radical-molecule reactions,®*
branching ratios, and their implementation in chemically detailed mechanisms are still being worked
Out.16-23

A similar level of understanding has not been achieved for the chemistry and physics of the
particle inception step and several hypotheses are awaiting experimental validation and are still discussed
controversially.™* The most widely accepted hypothesis is based on the irreversible dimerization of
polycyclic aromatic hydrocarbons, which has been implemented in many combustion chemistry models
using pyrene as the dimerizing intermediate. This proposed scenario, in which stacked pyrene (or more
generally, PAH) dimers are irreversibly formed and bound by van der Waals forces, originates from the
seminal work of Frenklach and co-workers.? 1024

Despite the lack of strong experimental evidence supporting this hypothesized nucleation step,
the inclusion of the dimerization reaction helps to explain the nuclei formation at low temperatures and
the observed mean particle size of soot particles. However, experimental and theoretical evidence is
emerging now that challenge the general results of the PAH dimerization model.>>%® For example,
theoretically determined equilibrium constants and lifetimes of the PAH dimers at these high flame

temperatures indicate that pyrene dimerization is unlikely to play a role in the particle inspection step.

PAHs larger than 600 to 800 amu would be needed to form dimers that can sustain flame temperatures.?*-



30 However, given the fact that the concentrations of large PAHs in flames are kinetically limited, the low
concentrations of these intermediates cast doubt on a dominant role in soot nucleation and consequently
this theory of PAH dimerization is widely disputed.?”

To overcome the simplifying assumption of irreversibility in the hypothesized dimerization model,
Miller and Eaves et al. introduced the concept of reversibility.3*32 They added a chemical bond formation
term that describes the formation of chemical bonds between PAHs and thus the scientific discussion
currently shifts towards aliphatically bridged PAHs.? 333% These hypothesized compounds have only
recently been identified in flame-sampling tandem mass spectrometry experiments.?® In the same work,
aliphatically substituted PAHs were identified, which might be of significance for particle inception as Violi
and coworkers have shown that their dimers are more likely to survive elevated flame temperatures.? 3¢

While the importance of these recently detected aliphatically substituted and bridged PAHs for
particle inception remains to be determined in future modeling work, many mechanisms still rely on
irreversible dimerization of PAHs as small as pyrene as the nucleation step. In this work, we use flame-
sampling tandem mass spectrometry to critically assess the role of PAH dimers in the process of soot
nucleation. Because of the need to sample out of the high-temperature environment of a flame, the
immediate dilution of the sampled species is discussed as an important factor to avoid risk of
misinterpretation of the observed mass spectra. We show how tandem mass spectrometry can be used
to detect and identify PAH dimers, and then provide experimental evidence supporting earlier theoretical

work?627:37-40 that pyrene dimers do not exist in flames.

Experimental Methods:

The results on the PAH dimers discussed here were obtained using the flame-sampling tandem
mass spectrometer implemented by Adamson et al. for the detection of alkyl substituted and aliphatically

bridged PAHs.%® The details of the experimental set-up were described in that earlier work and only a short



description is given here: The mass spectrometer consists of an atmospheric pressure photoionization
(APPI) source, a quadrupole mass filter, a collision cell filled with Ar for the collision induced dissociation
(CID) process, and a reflectron time-of-flight spectrometer to separate the ions. In the APPI source the
flame-sampled species are ionized using 10.0 eV photons from a continuous vacuum-ultraviolet (VUV) Kr
discharge lamp. This energy is sufficient to ionize the aromatic species and their dimers as discussed in
the next Section. The resulting ions are subsequently sampled into the high vacuum of the mass
spectrometer. The quadrupole mass filter can be operated in either an ion guide mode when an overview
spectrum was to be collected, or in a mass-selective mode (Am ~ 1), when MS-MS spectra were to be
obtained. To the first mode, we refer here as “TOF” mode, whereas the second mode of operation is
referred to as “MS-MS” mode. After the quadrupole mass filter, the ions of the respective flame-sampled
components are accelerated into the argon-filled CID cell, where they can undergo fragmentation into a
neutral and an ion fragment. The velocity of the ions, i.e. the collision energy, can be scanned
automatically to allow for an assessment of the respective strength of the breaking bond. The fragment
ion is then extracted into a high-resolution reflectron time-of-flight mass spectrometer (m/4Am ~ 8000)
and these fragment mass spectra can be used to extract structural information on the sampled flame
components. Given the discriminator settings on the multi-channel scaler, almost background-free mass
spectra can be recorded leading to signal-to-noise ratios that are sufficient to clearly revealing the PAH
dimers and their monomers as described below.

For the experiments described here, we used the same inverse co-flow diffusion flame of ethylene
(C2Ha4) as described in the earlier work.?®> The burner geometry and the gas flows were as follows: The
stainless-steel burner consists of three concentric tubes with inner diameters of 14, 20, and 50 mm,
respectively. The respective gas flows were: 240 sccm O; diluted in 960 sccm N; through the inner tube,
310 sccm C;H,4 diluted with 1000 sccm of N, through the second concentric ring, and 20 slm of a sheath

N, flow through the outer ring. The gases were purchased from Matheson with a purity of more than



99.99%. The flame was kept at atmospheric pressure, with the entire burner assembly housed in a fixed
chimney on a motor-controlled x-y translational stage. With an accuracy of £0.05 mm, this assembly
allowed for sampling of flame species at all positions in the flame through a 0.1 mm pin hole in a stainless-
steel tube and, before flowing into the APPI source, they were diluted immediately with N, at various flow
rates, spanning a dilution ratio of 200 to 1500. The sampling position is ~40 cm away from the ionization
region in the APPI and the transfer tube was not heated.

While in Ref. [*] we described that the observed flame-sampled MS-MS spectra are consistent
with alkyl-substituted and aliphatically bridged PAH structures, in this paper we describe how flame-
sampling tandem mass spectrometry allows for gaining insights into soot nucleation and particle

inception.

Results and Discussion:

The present paper has two main objectives, which are (a) to describe the detection and
identification of dimers of flame-generated PAH molecules and radicals and (b) to assess the role of PAH
dimers for soot nucleation. In the first part of this project, we used flame-synthesized PAH molecules to
develop a detection method for PAH dimers based on tandem mass spectrometry. Based on this

knowledge, in the second part, we explore the role of pyrene dimerization in the formation of soot.

(a) Detection and Identification of PAH Dimers:

Using the tandem mass spectrometer, we were able to detect and identify PAH dimers after
sampling from the laboratory flame. Because of the wide-spread use of pyrene dimerization in many
combustion chemistry soot models, we start our discussion with the identification of the observed mass

spectral signal at m/z = 404.157 (Cs2Hao).



For the experiments discussed here, we sampled from the ethylene co-flow diffusion flame with
low dilution and operated the mass spectrometer in the mass-selective MS-MS mode, selecting m/z = 404
using the quadrupole mass filter. A three-dimensional plot of the flame-sampled MS-MS spectra of m/z =
404.157 (CszH20) is shown in Fig. 1 (left). In this plot, the ion intensity is shown as function of the mass-to-
charge ratio (x-axis) and the collision energy (on the y-axis). The plot clearly reveals signal at m/z = 404.157
is stable at low collision energies but then it fragments at relatively low collision energy into m/z=202.078

(CieH10) fragments, supporting the identification of the detected Cs;Hao component as CigHio dimer.
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Figure 1: Left: Flame-sampled MS-MS of m/z = 404.157 (Cs;H»0). Fragmentation into m/z = 202.078
(CisH10) at low collision energies is visible. Also, the MS-MS reveals that Cs;H; consists of C14H10 + C1sH1o
dimers. Right: High-resolution integrated mass spectra at low collision energies from 0-10 eV/z.

Especially the very low collision energy needed to break the m/z = 404.157 complex, indicates that Cs;Hzo
is a weakly bound complex. As seen in Fig. 1 (left), the signal of the parent ion at m/z = 404.157 disappears
below 20 eV/z. It is shown in Ref. [*°] that collision energies of 20 eV/z are typically required to break C-C
single bonds on the ion potential energy surface and that even higher energies of at least ~40 eV/z are
needed to fragment the aromatic ring. Because in these experiments the PAH-PAH* dimer is fragmented,
it is important to note that the observed appearance energies of the fragment ions cannot be easily
correlated to the binding energies of the neutral PAH-PAH dimer.

Furthermore, the MS-MS also revealed that the m/z = 404.157 complex contains PAH dimers of

monomers at m/z =226.078 (CisH1o) — with a m/z = 178.078 (C1sH10) counter fragment. Because the charge



of the ion is most likely to stay on the larger fragment, in this case the m/z = 226.078 fragment, the
different signal intensities of the C14H10 and CisHio fragments are important, as it indicates that indeed the
dimers are ionized according to Eq. 1 and not that ions are forming dimers as shown in Eq. 2:
PAH + PAH - Dimer > Dimer* (Eq. 1)
PAH* + PAH - Dimer* (Eq. 2)
Further evidence for this interpretation is shown below when the dilution experiments are discussed.

Fig. 1 (right) shows the high-resolution tandem mass spectra integrated over low collision energies
from 0-10 eV/z. Clearly visible are the parent ion of m/z =404.157 and the collision-induced fragment ions
at m/z = 202.078 (CisH10) and 226.078 (CigH1o).

Additional conformation for the m/z = 404.157 signal originating from PAH dimers can be found
in the two-dimensional intensity profiles of m/z = 178.0178, 202.0178, and 226.0178 as function of the
collision energy as shown in Fig. 2. This figure clearly reveals that (a) the constituents are bound relatively
weakly as the respective fragment ions are clearly formed at low collision energies and that (b) the
respective signals are highly correlated to each other. The observed oscillations are caused by

experimental instabilities, but they turn out to be really useful to prove the point that the signal is heavily
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Figure 2: lon intensities of m/z = 202, 226, and 178 as a function of the collision energy.



1.3 have shown in their previous work that m/z = 202.078 (CicH10)

correlated. Furthermore, Adamson et a
ions tend to dissociate at collision energies beyond ~40 eV/z, which is consistent with the results shown
in Fig. 2, thus explaining the decrease in ion signal with higher collision energies. In summary, the provided
experimental results are consistent with the signal being attributed to weakly bound complexes.

The identity of the m/z = 202.078 signal cannot be revealed given the current knowledge of the
collision-induced MS-MS spectra of Ci¢H1p isomers, but pyrene and fluoranthene are likely components as
they have been identified in other experiments using gas-chromatography and laser induced
fluorscence.*** Given the observed large collision energies needed for fragmentation, the experimental
results indicate that the respective molecules are peri-condensed polycyclic aromatic hydrocarbons. To

facilitate the discussion, Fig. 3(a) depicts structures for the plausible CisHio isomers anthracene and

phenanthrene, the pyrene and fluoranthene (CisHio), and cyclopentalcd]pyrene (CisHio). The sandwich-

(a) Conceivable monomer structures:

C14H10 chHlo C18H10
m/z=178.078 m/z = 202.078 m/z = 226.078

¢ Q

phenanthrene fluoranthene

cyclopenta[cd]pyrene

(b) Conceivable structures of observed dimers:
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Fig. 3: (a) Conceivable monomer structures of CisH1o (m/z = 178.078) Ci6H10 (m/z = 202.078) and CisH1o
(m/z = 226.078) intermediates. More CigHio isomers are shown in Fig. 5. (b) conceivable structures of
observed dimers at Cs;H (m/z = 404.157)



like structures of the pyrene dimer and the cyclopenta[cd]pyrene-phenanthrene dimer are shown in Fig.
3b.

A second example of PAH dimers that were detected by the flame-sampling tandem mass
spectrometer is shown in Fig. 4 for m/z = 452.157 (CseH20). As for the previous example, the mass spectra
were recorded with a small dilution ratio and in the MS-MS mode, specifically filtering out m/z = 452 ions.
The left diagram in Fig. 4 shows the signal intensities as a function of mass-to-charge ratio (x-axis) and the
collision energy (y-axis). The plot on the right shows the high-resolution integrated mass spectra at low
collision energies from 0-10 eV/z. The collision-induced fragmentation patterns clearly reveal that the
Cs6Ho species at low collision energies mainly fragment into m/z = 226.078 (CisHio) isomers, thus
supporting the interpretation of m/z = 452.157 being due to PAH dimers. A complete interpretation of
the MS-MS spectra shown in Fig. 4 is currently not possible and outside the scope of this work. However,
we noticed that the additional fragments at higher collision energies appear at lower masses than m/z =
226.078, thus indicating that these signals are likely due to collision induced fragmentation of the

monomeric structure.
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Figure 4: Left: Flame-sampled MS-MS of m/z = 452.157 (CssH20). Among others, the dissociation into
m/z = 226.078 (CysH10) is apparent. Right: High-resolution integrated mass spectra at low collision
energies from 0-10 eV/z.
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Without a more fundamental understanding of the dissociation dynamics of the respective
fragment ions at m/z = 226.078, a complete analysis seems rather impossible. Nevertheless, we noticed
that the observed peaks at large collision energies are identical to the observed core-PAH structures that
were reported by Adamson et al.3> However, the complexity of the MS-MS spectra also indicates that the
CisHio signal is likely not due to only the stabilomer grid as proposed by Stein and Fahr.* The presence of
non-stabilomer molecules has been widely accepted now in PAH growth chemistry.* Conceivable
monomeric structures are shown in Fig. 5, to increase awareness of the complexity of structures that can
be involved in PAH formation chemistry. This figure contains structures that are not included in Fig. 3, but

by no means should be considered complete.

cyclopentalcd]pyrene 4-ethynylpyrene 1-ethynylfluoranthene
cyclopent[fglaceanthrylene  benzo[ghi]fluoranthene benz[mno]aceanthrylene

Figure 5: Conceivable monomer structures of CisHio (m/z = 226.078) intermediates. This figures shows
isomeric structures of the Ci3Hi0 isomer, cyclopenta[cd]pyrene , shown in Fig. 3.

In addition to the described detection of dimers of closed-shell PAH molecules, under the same
experimental configuration, we detected PAH radical-molecule dimers. As evidence we show in Fig. 6 the
integrated flame-sampled MS-MS fragmentation mass spectrum of m/z = 465.164 (Cs7H>1). The small peak
at m/z = 165.070 (Ci3Hs) is likely to be a monomeric PAH radical resulting from a loss of a CisH12

counterpart. Typically, CisH1; is considered to be coronene, a very stable and peri-condensed PAH
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Figure 6: Integrated flame-sampled fragmentation mass spectrum of m/z = 465.164 (Cs7Hz1) in the

collision energy range from 0-10 eV. The fragment at m/z = 165.070 (C13H,) corresponds to a loss of a
neutral C2;H1> molecule.

molecule at m/z = 300.094. Interestingly, the mass spectra indicate that for the dissociative collision, the
charge stays with the ion and not with the larger fragment, as has been seen for the closed-shell dimers.
The Ci3Hs radical species has been observed before in flame-sampling mass spectrometry experiments.
Its prominent appearance in flame environments is probably a result of its resonance-stabilization. A few

possible isomeric forms are shown in Fig. 7 together with two conceivable m/z = 300.094 (C,4H1>) isomers.

(a) m/z = 165.070 (C;3Ho) (b) m/z = 300.094 (C,4H,)

O

fluorene radical 1H-phenalene radical coronene

‘ ()
oy &y

1H-benz[f]indene radical  3H-benz[e]indene radical dibenzo[def,mno]cyclopentalhi]chrysene

Figure 7: Conceivable monomer structures of (a) CisHs and (b) C24H1; intermediates.
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These three examples discussed here clearly demonstrate our capabilities to detect PAH-PAH
dimers and PAH radical-PAH dimers. Next, we will apply this knowledge for assessing the role of these

dimers in soot nucleation processes.

(b) Assessment of the Role of PAH Dimers for Soot Formation:

In the second part of this paper, the knowledge about how to detect and identify PAH dimers
using tandem-mass spectrometry is used to assess the role of such PAH dimers for soot nucleation. For a
meaningful discussion about this important process, a more detailed description of the probe-sampling
experiments seems warranted.

While very detailed chemical insights can be gained from flame-sampling experiments, the
interpretation of the results is certainly not trivial.*” The sampling probe perturbs the flame structure, that
is, most noticeably, the flow field, flame temperature and chemistry are impacted.*° In the experiments
presented here, we used a stainless-steel quarter inch tube with a small pinhole of 100 um diameter facing
the center of the burner outlet. As described previously in the literature for complementary soot sampling

3154 such experimental set-up can create additional potential problems that range from PAH

experiments,
losses in the sample probe through PAH-PAH dimerization and to diffusive wall losses along the sampling
line. To minimize these effects that significantly contribute to the inaccuracies of the experiment, the
sampled flames gases are typically diluted as quickly as possible. A dilution ratio (ratio of the standard
volumetric flow rate of nitrogen to the sampled gases) of up to 1000 is typically used to quench
dimerization and other chemical reactions along the sampling line. In the experiments described here, the
dilution ratio was changed by adjusting the flow rate of the N, diluent while keeping everything else
unchanged.

The results of such dilution experiments are shown in Fig. 8. Here, ion signals for CisHio

(monomer), CszHao (CieH1o dimers), and CsgHao (CisHio dimers) were recorded in the TOF mode and are

13



shown as a function of time. The time responds to different dilution ratios, as for these experiments the
N diluent gas flow was constantly changed over time from large flow rates (left, t = 0 s) to smaller flow
rates (right, t = 200s). That is, the dilution ratio is decreasing from left (~1500) to right (~200). At early
times, i.e. high N flow rates and high dilution ratios, no signal is observed, which is caused by the N; flow
rates and the pumping speed of the APPI source leading to a pressure increase that actually pushes gas
out through the sampling pinhole rather than flame species being sucked in. Once N, flow rates and
pumping speed are balanced, gases are sampled from the flame and the respective ion signal for the
flame-sampled CisHio species relatively quickly reaches a maximum. The observed decrease in ion signal
intensity with decreasing dilution ratios indicates losses on walls, coagulation or any other reaction. The

extent of this loss seems to be linearly proportional to the decrease of the dilution ratio.

........ C16H10
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Figure 8: Dilution curves — ion signal as a function of time, i.e. dilution ratio

For any other flame-sampled species one would expect a similar trend in ion signal intensity.
However, the profiles for the Cs;H,0 and CssH20 dimers are significantly different than the one for the CigH1o
monomer. As seen in Fig. 8, after a slower rise in signal intensity at shorter times (high dilution), the signal

appears to be almost constant for a longer period of time. The observed different trends for monomers
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and dimers indicate that the dimers are not flame-sampled species. The almost constant signal intensity
profiles for the dimers are explained by partial compensation of the expected loss of the dimers (due to
the same reasons as for the monomer) via the formation of additional dimers.

These results clearly indicate that the observed PAH dimers are not flame-generated but are an
artifact of the sampling process. Knowing what to look for, the search for flame-sampled dimers was
unsuccessful, in agreement with previous theoretical predictions.

The observed trends in signal intensities also supports our earlier interpretation of the data being
due to the ionization of the dimer rather than ionization of a monomeric structure and dimerization after

ionization.

Conclusions:

Soot inception in combustion environments remains an intriguing research topic and our
understanding on the dominant species involved in this process is still not complete. Based on the
thermodynamic stability of PAHs and the experimental evidence of aromatic excimers in flames, most
combustion chemistry mechanisms include irreversible pyrene dimerization as the particle inception step.
However, pyrene dimers have never been observed directly and theoretical work questions the dominant
role of such dimers. To add to this discussion, we described here a newly developed experimental
approach based on flame-sampling tandem mass spectrometry to detect and identify PAH dimers.
However, the flame-sampled mass spectra at various dilution ratios indicated that the observed dimers
were generated in the sampling line, thus implying that pyrene dimers do not exist in the elevated
temperature environments of flames and therefore cannot be important species in the particle inception
step under these conditions. A similar conclusion should then also be true for dimers of PAHs smaller than
pyrene given the fact that the forces holding such dimers together would be even weaker. For future work

it is suggested to look for PAH dimers at different conditions, i.e. lower temperatures, and for dimers of

15



larger PAHs. With the focus of this study on the high-temperature environments of flames, the presented
findings explicitly do not rule out the existence of pyrene dimers in cold environments found on other

planets and their moons.
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