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Multi-photon UV photolysis of gaseous polycyclic aromatic hydrocarbons:

Extinction spectra and dynamics

A. J. Walsh,"? A. A. Ruth,"2:®) E. W. Gash,' and M. W. D. Mansfield'
! Physics Department, University College Cork, Cork, Ireland
2Environmental Research Institute, University College Cork, Cork, Ireland

(Received 7 March 2013; accepted 4 July 2013; published online 5 August 2013)

The extinction spectra of static naphthalene and static biphenylene vapor, each buffered with a noble
gas at room temperature, were measured as a function of time in the region between 390 and 850 nm
after UV multi-photon laser photolysis at 308 nm. Employing incoherent broadband cavity enhanced
absorption spectroscopy (IBBCEAS), the spectra were found to be unstructured with a general lack
of isolated features suggesting that the extinction was not solely based on absorption but was in
fact dominated by scattering from particles formed in the photolysis of the respective polycyclic
aromatic hydrocarbon. Following UV multi-photon photolysis, the extinction dynamics of the static
(unstirred) closed gas-phase system exhibits extraordinary quasi-periodic and complex oscillations
with periods ranging from seconds to many minutes, persisting for up to several hours. Depending on
buffer gas type and pressure, several types of dynamical responses could be generated (classified as
types I, I, and III). They were studied as a function of temperature and chamber volume for different
experimental conditions and possible explanations for the oscillations are discussed. A conclusive
model for the observed phenomena has not been established. However, a number of key hypothe-
ses have made based on the measurements in this publication: (a) Following the multi-photon UV
photolysis of naphthalene (or biphenylene), particles are formed on a timescale not observable using
IBBCEAS. (b) The observed temporal behavior cannot be described on basis of a chemical reaction
scheme alone. (c) The pressure dependence of the system’s responses is due to transport phenomena
of particles in the chamber. (d) The size distribution and the refractive indices of particles are time
dependent and evolve on a timescale of minutes to hours. The rate of particle coagulation, involving
coalescent growth and particle agglomeration, affects the observed oscillations. (e) The walls of the
chamber act as a sink. The wall conditions (which could not be quantitatively characterized) have
a profound influence on the dynamics of the system and on its slow return to an equilibrium state.

© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816003]

. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) and their
cationic forms are involved in a significant part of the
chemistry governing the natural environment as well as
the interstellar medium (i.e., the matter that exists in the
space between star systems). The combination of the mu-
tagenic and/or carcinogenic properties of many PAHs'?
and their efficient formation during the incomplete com-
bustion of organic materials, has resulted in a large effort
to understand the fundamental role of PAHs in combustion
chemistry.>* Hence, their physical and chemical properties
have been extensively studied under a variety of environmen-
tally relevant experimental conditions, e.g., in shock-tube
pyrolysis>»® and flame combustion studies.”® Due to their
strong affinities to carbonaceous matter, such as coal or
soot, the occurrence of PAHs in fine particulate matter in
the atmosphere and their formation, e.g., in the context of
black carbon particles,’ is of significant interest in atmo-
spheric/environmental sciences.!®!! Gaseous (monomeric)

®)Present address: Sackler Laboratory for Astrophysics, Leiden Observatory,
University of Leiden, The Netherlands.

b) Author to whom correspondence should be addressed. Electronic mail:
aruth@ucc.ie.

0021-9606/2013/139(5)/054304/15/$30.00

139, 054304-1

PAHs (notably naphthalene!®) are an important class of
tropospheric pollutant, whose role for the generation of
secondary organic aerosol has also been recently addressed.'?

In the context of astrochemistry, PAHs are thought to be
ubiquitous in the interstellar medium since they carry the in-
frared emission features that dominate the spectra of most
galactic and extragalactic sources.'> The absorption of PAH
ions in the visible has made them prime candidates as poten-
tial carriers of the diffuse interstellar bands,'*!® a series of
broad absorption lines in the visible; they are also potentially
causing the omnipresent emission bands in the 3.3—-11 um
region.!713

In the present work, the UV photolysis products of static
room temperature gaseous PAHs, buffered with a noble gas,
were studied by measuring their wavelength-dependent ex-
tinction between 390 and 850 nm, using incoherent broadband
cavity enhanced absorption spectroscopy (IBBCEAS).!%-20
The photolysis products were found to cause strong optical
losses in this region, with complex time-dependence, ranging
from simple growth/decay dynamics, via quasi-oscillatory to
more complex time-dependent behavior. The time-dependent
behavior of the extinction of naphthalene—buffer gas mix-
tures after UV photolysis represents an intriguing new obser-
vation that has not been investigated systematically before.

© 2013 AIP Publishing LLC
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This gas-phase system exhibits oscillatory behavior with pe-
riods on a timescale of many minutes, while being initiated
on a timescale of nanoseconds. In the past systems, exhibit-
ing oscillatory dynamics have largely been based on chem-
ical reaction mechanisms in the condensed phase.?! Oscil-
lations in the gas-phase are, to the best of our knowledge,
only known for flow reactors and combustion chambers with
spontaneous oxidations of small compounds.?>?3 In Ref. 24,
we published initial results and observations of this unusual
gas-phase system. The work presented here is the continua-
tion of this investigation, therefore, the most important ex-
perimental findings of Ref. 24 are briefly summarized in the
following.

The system consisted of gaseous naphthalene buffered
with a noble gas in a static gas chamber at room tempera-
ture. The unstirred gas mixture was exposed to a small num-
ber of strong, focused UV laser pulses (at 308 nm, 15 ns dura-
tion), leading to resonance-enhanced multi-photon ionization
and fragmentation of naphthalene. Immediately after this pho-
tolysis, the extinction of the photoproducts generated in the
chamber was measured as a function of time at 650 nm, using
the sensitive cavity ring-down (CRD) absorption method®
(note: at 650 nm neutral naphthalene is completely transpar-
ent, the observed extinction was solely due to the unknown
photoproducts formed during the photolysis; the potential
absorption of the naphthalene cation will be discussed in
Sec. VI A). The time-dependence of the extinction was found
to be strongly dependent on the specific experimental con-
ditions. Depending on the type of buffer gas and its partial
pressure (He between 5 and 120 mbar, Ar between 4 and 30
mbar) as well as the number and energy of the UV pulses
used in the multi-photon photolysis, three types of temporal

extinction responses could be distinguished:?*2°

Type L. Simple growth and decay: At “low” partial pres-
sures of the buffer gas, fast growth-decay behav-
ior in the extinction was observed with typical du-
rations of 5-25 s (FWHM). The term low partial
pressure refers to the range of ~5—~70 mbar in
He and ~5—~7.5 mbar in Ar. This type of tempo-
ral extinction response of the system is most repro-
ducible; the reproducibility is subject to the degra-
dation of the initial gas mixture. An example of
growth and subsequent decay at low pressures is
shown in Figure 1(a).2°

Quasi-periodic oscillations with one or more com-
ponents: At “medium” partial pressures of the
buffer gas, oscillations in the extinction of the pho-
tolysis products are observed with long periods
ranging from many seconds up to many minutes.
The oscillatory behavior can persist for several
hours (Figure 1(b)). The term medium partial pres-
sure refers to the range of ~70 to ~80 mbar in He
and ~7.5 to ~12 mbar in Ar. The extinction during
oscillations can be an order of magnitude larger
than in simple growth/decay responses (type I);
amplitudes can be as large as Aa ~3x 107> cm ™.
The oscillatory response often consists of more
than one independently varying component.

Type II.

J. Chem. Phys. 139, 054304 (2013)
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FIG. 1. Extinction coefficient at 650 nm as a function of time. (a) Example
of type I dynamic behavior. Arrows indicate the excitation of the gas mixtures
with n (=1...10) focused UV pulses. Epuise ~ 24 mJ. (b) Example of type
II dynamic behavior. The arrow indicates the time of excitation with 20 fo-
cused UV pulses; Epyise ~ 18 mJ. (c) Example of type III dynamic behavior.
The arrow indicates the time of excitation with 10 focused UV pulses. Epylse
~ 10 mJ. Respective buffer gases and pressures are stated in the panel. UV
repetition rate 10 Hz.

Type III. Complex dynamic behavior: At “high” partial
pressures of the buffer gas, and on certain occa-
sions also at pressures which were categorized as
“medium,” complex temporal responses were ob-

served (an example is shown in Figure 1(c)).

Quasi-periodic oscillations and complex temporal re-
sponses (types II and III) are strongly dependent on all rele-
vant experimental parameters and are only reproducible qual-
itatively, i.e., amplitudes (and also periods in case of type II)
can vary significantly from measurement to measurement.>*
There is, however, no evidence yet that chaotic properties can
be attributed to the system. Under several experimental con-
ditions, no extinction was observed after multi-photon UV
excitation:

(1) When the UV laser beam was not focused.

(2) With only the buffer gas present in the chamber — helium
or argon (no naphthalene vapor).

(3) With only naphthalene present in the cell (no buffer gas).

(4) Stirring of the gas mixture with a fan (the effect of
stirring the gas mixture will be further discussed in
Sec. VI C 3).

Additionally, it was established that for conditions when
the system was continuously exposed to UV pulses, a slow but
continuous increase of extinction was observed, followed by
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k+k=8 (k,k’=0..8), m+m‘=10 (m,m‘=0..10)

Photoproducts C,Hy, + CH,
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FIG. 2. Resonance-enhanced n-photon absorption processes of (a) naphthalene (left) and (b) biphenylene (right) upon excitation at ¥y = 32468 cm~! (308 nm),
illustrated in two schematic Jabtoniski diagrams. The energies of the 1- to 4-photon processes in the singlet manifold are indicated by horizontal dashed blue

lines with the corresponding values on the right. IP = ionization potential.

strong oscillatory behavior only when the UV irradiation was
stopped (see Sec. SII in the supplementary material).”’ This
observation shows that the UV radiation inhibits the mech-
anisms that enable the occurrence of oscillatory extinction
behavior, probably by preventing the formation of relevant
types of photoproducts or other essential components. The
most striking feature of this gas-phase system is the remark-
ably long time that it is able to remain away from an equilib-
rium state. The time scale on which it evolves appears unique
for a gas-phase system. No experimental results, which can
be directly compared with the presented data, could be found
in the literature.

Naphthalene and also biphenylene are the target
molecules of this study. Thus, in Sec. II, we will briefly re-
view the photophysics and photo-fragmentation of naphtha-
lene and biphenylene as far as this is relevant for the exci-
tation process. The experimental cavity enhanced absorption
setup will be described in Sec. IIl. In Secs. IV and V, new
results on the time-dependent extinction spectra of the multi-
photon UV photolysis products of naphthalene- and bipheny-
lene noble gas mixtures will be outlined, respectively. We will
then present a discussion in Sec. VI concerning the interpre-
tation of the results based on the considerations what species
are formed in the photolysis. Additional information will be
presented in support of a hypothesis that carbonaceous par-
ticles are generated upon multi-photon excitation (note: the
description of spectra by a Mie scattering model in the con-
text of particle formation will be the subject of future work
(unpublished)?®). The experimental parameters governing the
system’s temporal response will then be discussed (Secs. VIC
and VI D) based on some additional observations and general
features characterizing the dynamics of the system.

Il. PHOTOPHYSICS OF NAPHTHALENE
AND BIPHENYLENE

A. Naphthalene

Naphthalene (CsHjg) is an extensively studied polycyclic
aromatic hydrocarbon with a singlet electronic ground state,
So. Upon exposure to high UV photon fluences, naphtha-
lene will undergo a resonance-enhanced n-photon absorption
process (n > 1) as schematically shown in Figure 2(a).
The first photon at §y = 32468 cm™! (308 nm) is in reso-
nance with a vibronic state 81, 438 cm™~! into the vibrational
manifold of the first electronically excited singlet state S; at
32020 cm™!.%* The vibronic state S ,(8}) is known to have
a lifetime of ~270 ns in the collision free limit.>* The energy
deactivation rate of the S; state of naphthalene in 70 mbar
of helium is ~3.8 x 1073 ns~'. Direct absorption S,/
<« S1.,(8}) of a second photon brings the molecule very close
to the well-known ionization threshold of (65666 %+ 5) cm™!
(=(8.141 £ 0.001) eV), which was determined, e.g., in a two-
color photoionization experiment® using the same S;,/(8()
resonance as in the present case. Since the two-photon energy
is only 730 cm ™! below the ionization threshold, ~3% of hot
naphthalene molecules at 7= 298 K are ionized by this two-
photon resonance-enhanced absorption process in the singlet
manifold. Due to the high density of states S, below the
ionization threshold the absorption of a third photon is again
resonance-enhanced promoting naphthalene well above the
ionization potential (IP).

A fraction of the naphthalene can also be ionized via the
triplet manifold (Sec. SI B in the supplementary material?’).
Experiments by Gattermann and Stockburger® suggest that
in the vibrational S; manifold intersystem crossing (ISC)
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is dominating the nonradiative relaxation. For the vibronic
state Sl,v(g})), quantum yields of prompt fluorescence and
intersystem crossing were reported to be ~0.36 and ~0.64,
respectively.*?

To estimate the percentage of naphthalene molecules
which undergo photolysis, via the singlet manifold, at the fo-
cus of the UV excitation beam, the excitation process of the
naphthalene molecule was modelled on basis of a scheme,
containing Sy, S;, S,, and the cationic electronic state Dy,
as well as five possible transitions. The assumptions used
for this calculation and the results of time dependent popu-
lations of states involved in the model is outlined in detail in
Figure S1 in the supplementary material.>” Despite the fact
that ionization through the triplet manifold was not explic-
itly considered, it was found that naphthalene cations were
created efficiently at the focus of the UV pulse. Assuming
a Gaussian laser beam in time and space with a beam waist
r < 50 pum at the focus ~100% of molecules are photolyzed
through the resonance-enhanced absorption of three photons.
Thus, further excitation of the cation through absorption of
a fourth photon leads to fragmentation. As the intramolecu-
lar dynamics and dissociation energies of C1oHg™ are similar
to those of neutral C;yHg,* from the estimated percentage of
cations formed, the fragmentation probability of the naphtha-
lene cation is large. The electron recombination rate for the
CoHst cation is (8 + 2) x 10*> cm®ns~!.3° The time be-
tween excitation pulses at the maximum laser repetition rate
(50 Hz) used in this work was much longer than the recom-
bination time, therefore, only neutral species were present for
each UV photolysis pulse, which is confirmed by an estimate
of a typical diffusion time of products away from photolysis
zone (Sec. SV in the supplementary material).>’

1. Fragmentation of naphthalene

The low lying electronic states of the naphthalene cation
(D1 ... DS5), which are connected to the ionic ground state
Dy by m—m transitions have attracted much attention in the
past’’=3? due to their relevance in absorption studies involving
compounds which may potentially cause the so-called “dif-
fuse interstellar bands” that are observed in the line of sight
of many stars,'>40-4!

The photodissociation of gas-phase naphthalene well
above the ionization threshold has been extensively stud-
ied experimentally in the past,*>~* using mass spectrome-
try in conjunction with a variety of ionization techniques
such as electron-impact® and collision induced methods,*®
multi-photon photoionization in ion-traps*’*° and in super-
sonic molecular jets,”® and single-photon ionization in effu-
sive beams using synchrotron radiation.**3"-3 There are also
a number of theoretical studies on that topic,53‘55 some of
them considering subsequent reaction pathways with other
neutral or ionized compounds®>7 or in the context of nucle-
ation reaction and soot formation, see Sec. VI B.

A variety of fragmentation channels at different activa-
tion energies (AE) have been established (listed in Table 1),
which can be divided into a group of low- and high-energy
processes.*? The unimolecular dissociations fall mainly into a

J. Chem. Phys. 139, 054304 (2013)

TABLE I. Summary of appearance energies of naphthalene fragments.

Cationic Neutral Average appearance

product product energy [eV] Reference
CioH7 " H 154 42,45, 47,51
CgHe™ CyH, 15.4 42,45, 47,51
CgHg™ C4Hy 15.5 42,45, 51
CioHg™ Hy 159 42,45
C7Hs™ C3Hj3 16.0 42,51
CgHs™ CH, + H 18.5 42,45
CeHy™ 2CH; 18.5 42,45
CeHs™ CHy + CH 18.6 42,45, 51
C3H3T C3Hs + C4H; 19.3 42, 51
C4H4+ C4H; + CoHy 19.5 42,45
CsH3™ CyH, + C3H3 19.7 51,42
C;H;™ CsHs + Hp 20.7 51
C4Hy™ 3CH; 20.7 42
CeHz™ 20.8 45
C4H3* 2C,H; + CH 22.3 42

“low energy” group, (AE < 16 eV) and a “high energy” group
(AE > 18 eV). The reactions in the “low energy” group have
the bicyclic precursor CjoHg™ in common, which decays via
rupture of one ring. The “high energy” group reactions in-
volve rupture of both rings to give an open chain precursor,
the 1,6-bis-ethinyl-hexatriene radical cation. All of the low-
energy dissociation channels, which dominate the fragmenta-
tion of naphthalene, are energetically possible upon 4-photon
excitation (16.1 eV). Among the most prominent low-energy
fragmentation pathways, the most important comprises
-H (15.35 eV), -H, (15.6 e¢V), and —C,H, loss reactions,
which are considered in detail by Ref. 42. The appearance
energy for the C,H, channel was reported to be between
14.3 and 15.63 eV.42:4:47:51 In Ref. 48, the complete photo-
destruction of the naphthalene cation is reported, which is
suggested to proceed via subsequent C,H, loss: CjoHg"
+ hv — C10H8+ —n (Csz) with (n =1.. 4)

B. Biphenylene

Biphenylene (Ci;Hg) is a molecule exhibiting features
which are typical for both, aromatics and anti-aromatics. Con-
sidering only the outer perimeter, biphenylene corresponds to
an anti-aromatic annulene,’® however, due to the weak inter-
action between the two ring systems it can also be regarded
as a coupled pair of benzene rings and should be aromatic.
Neither description is fully appropriate, and the behavior of
biphenylene is often considered as an intermediate between
aromatic and anti-aromatic.>

The absorption spectrum of biphenylene has been stud-
ied in the vapor phase.%>-%! With an even number of electrons
biphenylene possesses a singlet ground state, So. The origin
of the lowest excited singlet state, Sy, in gaseous bipheny-
lene lies at 25320 cm™' (3.14 eV). The second excited sin-
glet state, S,, in the gas phase lies at 28 170 cm™! (3.49 eV).
The first photon, of the photolysis pulse, at Tip = 32468 cm™!
(308 nm) will excite the molecule in the S, vibronic manifold.
The relaxation from the excited singlet states of biphenylene
is dominated by fast internal conversion (IC) transitions.%?-64



054304-5 Walsh et al.

TABLE II. Summary of appearance energies of biphenylene fragments.

Cationic Neutral Average appearance

product product energy [eV] Reference
CioH7 ™ H 14.48 44
CioHet H, 17.30 44
CioHe™ C2H, 15.57 44
CioHs™ CyH3 18.66 44
CeHs™ CeHa 19.68 44
CeHs ™ Ce¢Hs 21.87 44

1. Fragmentation of biphenylene

The IP of biphenylene was measured in the gas phase to
be (7.56 %+ 0.05) eV.® Therefore, after absorption of a sec-
ond photon, biphenylene will undergo photolysis. Photo-ion
mass spectrometry was used to obtain the parent and fragment
photo-ion yields in the 8-35 eV range, using monochroma-
tized synchrotron radiation.**>> Biphenylene fragments were
found to form at excitation energies > 14.48 eV (Table II).
H, C;H,, and H, are the first neutral products formed from
fragmentation, at 14.48 eV, 15.57 eV (which is less than the
4-photon excitation energy), and 17.3 eV respectively. The
vacuum ultraviolet peak energy of parent photo-ion yield
spectra was measured to be 17.3 eV.**

Among the similarities between naphthalene and
biphenylene, the resemblance of the fragmentation channels
after photolysis is most relevant for the results presented here.
The appearance energies of fragments formed from naph-
thalene and biphenylene are summarized in Tables I and II.
H, H,, and C,H; fragments can form following high en-
ergy monochromatized synchrotron radiation of naphthalene
and biphenylene.*>*+31:52 The energies at which most frag-
ments appear, differ for naphthalene and biphenylene, how-
ever, the energies at which C;H, fragments are produced are
comparable. C,H, fragments appear at excitation thresholds
of 15.40 and 15.57 eV for naphthalene and biphenylene, re-
spectively. C,H, fragments can be formed from naphthalene
through eight different channels below 22 eV. However, only
one channel has been established for biphenylene. The ion
fragments CjoHg*, C¢Hy™, and C¢H;™ have also been ob-
served after photolysis of naphthalene and biphenylene in
Refs. 42, 44, and 51. Even though the formation thresholds
of the two smaller ion fragments differ, the minimum forma-
tion energies of CjoHg™ are similar (15.90 and 15.57 eV for
naphthalene and biphenylene, respectively), and as low as that
for C,H, abstraction. The similarities of specific fragmenta-
tion energies are important for the discussion in Sec. VI B,
where the growth of the hydrocarbon fragments into particles
will be discussed.

lll. EXPERIMENT

The experimental setup is shown schematically in
Figure 3. The gas mixtures were kept in an unstirred
static vacuum chamber (V ~ 5.3 dm?), which was filled
with a small amount of naphthalene vapor (scintillation
grade, >99% Aldrich, CAS 91-20-3) buffered by a noble

J. Chem. Phys. 139, 054304 (2013)
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FIG. 3. (a) Experimental schematic (top elevation). AL;: achromatic lens,
M;: aluminium mirrors, W;: fused silica windows, CM;: (high reflectivity)
cavity mirrors, JM: Joule (energy) meter. (b) Side elevation: Schematic of the
six-way cross center piece (V ~ 3.8 dm?) of the static unstirred gas chamber
(V~5.3dmd).

gas. The partial pressure of naphthalene, Py.p, was kept
at the vapor pressure of naphthalene at room temperature
(~0.068 mbar)®® in most experiments. The buffer gases used
were helium (grade 5) and argon (grade 4.8) at typical pres-
sures between 5 < Py < 135 mbar for He and 5< P,
< 30 mbar for Ar. The pressure and temperature inside
the chamber were monitored by a membrane gauge (Ley-
bold, Cervac CTR 90) and a platinum resistance thermometer
(Lakeshore, PT-11), placed ~10 cm above the center of the
chamber. Naphthalene was excited at 308 nm using a pulsed
excimer laser (Lumonics EX-700, XeCl). The UV light was
focused with a quartz lens (focal length 30 cm) into the cen-
ter of a six-way cross-piece (Figure 2) where photolysis of
the PAH vapor took place. The laser pulse energies, Epuse,
were typically between 2 and 100 mJ measured with a Joule
meter (Gentec, ED-500L). At a pulse duration of ~15 ns
(FWHM), these energies correspond to maximum photon
fluences of ~0.01-0.34 x 10'> Wcm™2, assuming a beam
waist of roughly ~50 um in the focal plane of the lens. At
these high fluences, resonance enhanced n-photon absorption
(n > 1) can become very efficient, leading to ionization and
fragmentation of naphthalene (see Sec. IT A). It is important
to note that the range of excitation irradiances is still signif-
icantly below the laser induced breakdown thresholds of he-
lium and argon. The breakdown limits for argon and helium
were measured in Ref. 67 as a function of the gas pressure
using 18 ns pulses of an excimer laser (KrF) at 248 nm. The
breakdown threshold of argon under these irradiation condi-
tions increases monotonically from ~0.05 x 10'> Wcm™2 at
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~1000 mbar to ~20 x 10'2 W cm~2 at ~10 mbar. For helium,
the breakdown limits are even higher, i.e., &1 x 1012 Wem™—2
at ~4000 mbar, and ~20 x 10'2 W ecm~2 at 240 mbar.%” The
reported lower limits of the breakdown irradiance in the low
pressure regime are hence >60 times larger than those applied
in our measurements at approximately the same gas pressures.
Since a shorter excitation wavelength was used in Ref. 67, it is
safe to assume that no laser induced breakdown of the buffer
gas took place during the experiments. Furthermore, field ion-
ization due to the local electric field generated by the focused
laser pulse is not operative at our maximum power densities of
0.2 x 10'> W cm™2, which corresponds to ~1.23 Vnm~!.#

Extinction before and after UV photolysis was measured
using IBBCEAS.!” In IBBCEAS, an optically stable cavity
formed by two highly reflecting mirrors (with geometric mean
reflectivity R) is continuously excited with incoherent light.
The intensity of light transmitted by the cavity is measured
first without sample losses (/) and then with a sample in the
cavity (/). For small losses per pass and high reflectivities of
the mirrors, the extinction (absorption and scattering) of the
sample (¢) is given by'®

1 —R(}) (10()») _ 1)
d I ’

where d is the length over which light inside the cavity inter-
acts with the sample, i.e., with the UV photolysis product(s).
It is important to note that this path length d is not necessarily
equal to the separation of the cavity mirrors (88 cm); d is not
known for the present experiments and can only be estimated.
Since spatial and time-dependent variations of the photoly-
sis products in the photolysis chamber are also unknown, the
loss per pass L = ed was measured as the most appropriate
quantity in this context.

The cavity was set up along an axis perpendicular to the
UV photolysis beam (see Figure 3). Losses induced by the
naphthalene/buffer gas mixture before and after UV excitation
were measured in two different wavelength regions: region
(a) 390-620 nm and region (b) 550—-850 nm. Between 390
and 850 nm, the absorption of neutral naphthalene is far too
weak to be observed. Two pairs of mirrors (Layertec, radius
of curvature = 2 m) with reflectivities R = (R;R»)%> = 0.995
4 0.003 and R = 0.990 £ 0.003 were used to cover regions
(a) and (b), respectively. An important experimental aspect of
IBBCEAS is the calibration of the cavity mirror reflectivity
as a function of wavelength. In the 390-620 nm region (a), an
antireflection-coated optical flat of well defined loss was used
for reflectivity calibration (see Refs. 68 and 69); in the 550—
850 nm region (b), a double beam absorption spectrometer
(Perkin-Elmer, Lambda 1050) was used to verify the mirror
reflectivity.

The broadband light source for all measurements was
a light guide coupled halogen lamp (Leica, KL1500 LCD).
Light exiting the light guide was focused with an achromatic
lens (focal length 20 cm) into the center of the cavity. Fluctua-
tions in the lamp intensity were monitored using a photodiode
(Thorlabs, DET210); not included in Figure 3. For the short
wavelength range (390-620 nm), a colored glass filter (Thor-
labs, BG40) was used in front of the cavity, and a short pass
filter (Edmund Optics) behind the cavity. For the long wave-

e()) = (1)
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length range (550-850 nm), only a long pass filter (Schott,
0OG550) was used in front of the cavity. Light exiting the opti-
cal cavity was collected with an achromatic lens (focal length
7 cm) and coupled into an optical light guide (1 mm diam-
eter, 2 m length, transmission ~80%), which was connected
to a spectrometer (Ocean Optics, USB4000). The wavelength
range of the spectrometer was 200-850 nm, with a resolu-
tion of 1.65 nm (FWHM) as measured using a low pressure
mercury lamp. The integration time for light transmitted by
the cavity was typically between 10 and 500 ms (depending
on the combination of filters and mirrors utilized). To mini-
mize sweep-to-sweep fluctuations (especially at short integra-
tion times), the time-integrated transmission was additionally
averaged over several data acquisition duty cycles.

In a standard experiment, the stainless steel vessel was
evacuated (1073 mbar) by a rotary pump (Edwards, E2M8)
before an appropriate amount of naphthalene was sublimed
into the chamber at room temperature, which was subse-
quently filled with an appropriate amount of buffer gas.”® The
sample mixture was given time to equilibrate, possible tem-
perature variations were generally smaller than 0.5 K (when
the chamber temperature was controlled it was <=+0.1 K).
The sample was then exposed to a predefined number of UV
laser pulses (typically between 10 and 1000) at repetition rates
between 2 and 25 Hz. The loss spectra after multi-photon
ionization/fragmentation were then recorded as a function of
time, exhibiting unexpected dynamics.

Please note: In Ref. 24 (see also Sec. I), the time-
dependent optical loss caused by the UV photolysis prod-
ucts was measured by means of the pulsed CRD method?
employing a tunable dye laser (Lumonics, HD300) that was
pumped by the same excimer laser (see Figure 1 in Ref. 24).
The loss was measured at one fixed wavelength (typically at
650 nm), until the system was considered to be in equilibrium
again. Ring-down times in the non-absorbing gas mixture be-
fore photolysis were typically t.q ~ 14 us for a 66 cm cavity
length. The range of the smallest to the largest detectable ex-
tinction was ~1.0 x 1077 cm™! to 1.8 x 107> cm™!, respec-
tively. For each data point, at least ten ring-down transients
were averaged, yielding a minimum time resolution of 3 s for
our experiments. Only data presented in Sec. VI C 3 were
measured using the setup in Ref. 24, all other data were taken
using IBBCEAS with a time resolution as low as 10 ms.

IV. RESULTS ON NAPHTHALENE

The time-dependent optical losses reported in Ref. 24
were sensitive to the partial pressure of the buffer gases used,
but also to that of naphthalene. Different buffer gas pressure
regimes were used to classify the type of dynamic loss that
can be expected from a certain gas mixture (cf. Sec. I). It is
important to note that it was essential to saturate the cham-
ber walls with photolysis product(s) (or potentially also naph-
thalene, or both) for the observed dynamic loss behavior to
occur.”! Depending on the level of wall contamination, the
boundaries of the partial pressure regimes which are used
to characterize the time-dependent behaviors types I, II, and
III are not really well-defined. For example, quasi-oscillatory
losses (type II) of gas-mixtures at helium partial pressures
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FIG. 4. (a) Sample mono-exponential decay behavior at 650 nm (dots) mea-
sured using the CRD setup; fit of mono-exponential function to data (red
line) and the corresponding residuals. Fit parameters: decay time 4.7 s, max
height 11.4 x 10™* s~!, offset 7.5 x 10~* s~!. Conditions: Excitation of
naphthalene in 57.2 mbar of helium with 30 pulses at 20 Hz (Epuise &~ 25 m)).
(b) Sample growth and decay behavior at 650 nm (dots) measured using the
IBBCEAS setup; fit of Gaussian function to data (blue line) and the corre-
sponding residuals. Fit parameters: center time 6.3 s, FWHM 3.9 s, loss am-
plitude 0.0043, loss offset 8.6 x 107°. Conditions: Excitation of naphthalene
in 5.9 mbar of helium with 120 pulses at 50 Hz (Epyise ~ 24 mJ).

below 75 mbar were not observed previously,24 however, re-
sults obtained since then have produced quasi-oscillatory be-
havior below 75 mbar.

A. Type I: Growth and decay of optical loss
(naphthalene)

At low buffer gas pressures (<75 mbar in helium), a
“fast” rise in optical loss at 650 nm followed by a mono-
exponential decay of the loss, with lifetimes between ~2 and
~23 s was reported in Ref. 24, using a CRD setup. This dy-
namical behavior was the most reproducible response of the
system. The decay of the loss per pass at 650 nm was empiri-
cally described by a mono-exponential function (Figure 4(a)).
The time ¢ = 0 s was chosen as the time of the first UV pulse.
The excitation time period is indicated in Figure 4. The data
acquisition duty cycle of the CRD measurements was ~4 s.24

Due to the improvement in data acquisition speed by
virtue of the IBBCEAS approach, with integration times as
low as 10 ms, the time dependence of type I responses was
revisited and enabled the monitoring of the growth of the op-
tical loss as well as the decay at 650 nm (note: for the CRD
experiment, only the decay could be monitored). It was found
that the type I temporal behavior is best empirically described
by a Gaussian function as exemplified in Figure 4(b). The
Gaussian profiles fitted to the time dependent loss generally
exhibited a somewhat larger rate of loss-increase than subse-
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quent loss-decay, leading to a slight asymmetry in the tempo-
ral Gaussian profiles. This effect can be attributed to the fact
that the duration of the UV excitation, which depends on the
number of pulses and the repetition rate, is much larger than
the time resolution of 10 ms in the IBBCEAS experiment.
The better time resolution in comparison to the duty cycle of
the CRD measurements (4 s) enabled the monitoring of the
growth of loss, but also leads to an uncertainty in defining
t = 0 s properly on the improved time scale. The Gaussian
description of the time dependence worked, however, rather
well in the vast majority of cases. Especially at lower buffer
gas pressures (<10 mbar in helium), type I Gaussian profiles
became increasingly symmetric with improved fit residuals. It
was also established that in oscillatory type II responses the
time dependence of the loss in many cases also followed a
Gaussian behavior (an example is shown in Sec. SIII in the
supplementary material’’). At present there is no conclusive
model that predicts the observed time dependence, the Gaus-
sian description is purely heuristic.

B. Type II: Optical loss spectra with oscillatory
time-dependence

1. Spectral region (a) 390-620 nm

A time-dependent loss measurement at 550 nm and loss
per pass spectra between 390 and 620 nm, taken at four
times (A...D) after laser photolysis are shown in Figures 5(a)
and 5(b), respectively. The time-dependent loss per pass os-
cillates for ~70 min in the example shown in Figure 5(a).
The initial extinction maximum (A) after excitation was fol-
lowed by three maxima of increasing magnitude. After 20 min
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FIG. 5. (a) The first 75 min of time-dependent loss per pass at 550 nm.
500 pulses at 10 Hz with an average energy of 12.7 mJ began excitation of
naphthalene, in 102 mbar of helium, at zero min. (b) Loss per pass spectra in
the 390-620 nm region, A-D, as measured at times marked in panel (a). The
lack of isolated features suggests that the source of loss is likely to be due to
particles.
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FIG. 6. (a) Time-dependent loss per pass at 650 nm. 25 pulses at 10 Hz with
an average energy of 78.9 mJ began excitation of naphthalene, in 107 mbar
of helium, at zero min. (b) Loss per pass spectra in the 550-850 nm region,
A-D, as measured at times marked in panel (a). The lack of isolated features
suggests that the source of loss is likely to be due to particles.

(fourth maximum), the magnitudes of the maximal extinction
started to decrease.

As exemplified in Figure 5(b), the loss per pass spectra
generally increase monotonically with decreasing wave-
length. Small features appear at ~471, ~531, and ~565 nm
in some spectra (see C and D in Figure 5(b)). These features
correlate with the calibrated wavelength-dependent reflec-
tivity and are considered artefacts within the accuracy of the
measurement. Spectra were measured using helium, neon,
and argon buffer gases, at pressures of up to 400 mbar and at
temperatures between 13.1 and 35.0 °C. Measurements were
initiated using between 1 and 2000 UV pulses, with energies
of up to ~100 mJ and repetition rates up to 25 Hz (the typical
conditions used are outlined in Sec. III). The absence of
isolated features in all spectra suggests that the source of
loss inside the chamber is unlikely to be due to absorption of
molecular species but rather due to absorption and scattering
by particles, concurring with measurements made in spectral
region (b) (550-850 nm).

2. Spectral region (b) 550-850 nm

A time-dependent loss measurement at 650 nm and loss
per pass spectra between 550 and 850 nm, taken at four times
(A...D) after laser photolysis are shown in Figures 6(a) and
6(b), respectively. The time-dependent loss per pass oscillates
for ~17.6 min and consists of five extinction maxima; the
first exhibiting two individual peaks. As exemplified in Fig-
ure 6(b), the loss per pass spectra generally increase mono-
tonically with decreasing wavelength; a broad (weak) feature
between ~660 and ~810 nm appears in virtually all spectra.
Spectra were measured using helium, neon, and argon buffer
gases, at pressures ranging from 5 to 120 mbar. Measurements
were initiated using between 1 and 5000 UV pulses, with en-
ergies ranging from ~2.5 to 92 mJ and repetition rates rang-
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ing from 5 to 25 Hz. Spectra recorded in the 550-850 nm
range exhibit qualitatively the same wavelength dependence
as those shown in Figure 5(b). The absence of isolated fea-
tures again suggests that the source of loss inside the chamber
is due to absorption and scattering by particles which must be
formed after multi-photon photolysis. It proved impossible to
overlap and concatenate the spectra in Figure 5(b) with the
spectra in Figure 6(b) in a meaningful way. Due to the differ-
ent responses of the gas mixture after UV photolysis, joining
of spectra to cover 390-850 nm would not have been justi-
fied; arbitrary normalizations without quantitative knowledge
of the source of the loss was deemed meaningless. A brief
discussion of the potential photolysis products will be given
in Sec. VI A; a more detailed analysis will be presented in a
subsequent publication (unpublished).?®

V. RESULTS ON BIPHENYLENE

In order to get an indication whether the observed be-
havior of naphthalene gas mixtures following photolysis is
unique or indeed a more general phenomenon for different
polycyclic hydrocarbons, experiments were performed using
a different compound with appropriate vapor pressure, i.e.,
biphenylene (C;,Hg). As saturation of the chamber walls with
photolysis products in the naphthalene experiments was cru-
cial for dynamic behavior to occur, care was taken to thor-
oughly clean the chamber (including baking) before exper-
iments with biphenylene commenced. In test measurements
made to verify the cleanliness of the chamber, it was estab-
lished that any effects that could potentially be due to vestiges
of contaminants were negligible. Experiments performed us-
ing biphenylene were made over a period of less than three
months, where initially the chamber had to be “passivated”
with biphenylene.

Experiments on biphenylene were performed at four
buffer gas pressures, ~30, ~50, ~80, and ~100 mbar.
Comparable dynamic behavior, to naphthalene gas mixtures,
was observed in biphenylene—helium mixtures following UV
photolysis.

A. Type I: Growth and decay of optical loss
(biphenylene)

Simple growth in optical loss followed by decay, type
I behavior, was measured at helium buffer gas pressures of
~30 mbar.

B. Type IlI: Optical loss spectra with oscillatory
time-dependence

At the higher pressures, quasi-oscillatory behavior, type
II, was observed. Figures 7(al) and 7(a2) show two examples
of type II dynamic behavior of loss per pass, at 550 and 650
nm, respectively.

The loss per pass spectra in the region (a) (400-620 nm)
and region (b) (550-850 nm) are shown in Figures 7(b1) and
7(b2). The corresponding times of measurement are marked
in panels (al) and (a2) of Figure 7. In general, the loss per
pass increased monotonically with decreasing wavelength.
Weak features between 473 nm and 531 nm occurred in
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FIG. 7. Sample time-dependent loss per pass at 550 nm, panel (al), and 650 nm, panel (a2), for biphenylene buffered with ~80 mbar of helium. 100 UV pulses
at 5 Hz began excitation of biphenylene, at 0 min in both measurements. The average pulse energies for (al) and (a2) were 18.2 and 96 mJ. Panels (bl) and (b2)
show loss per pass spectra in regions (a) and (b), measured at times marked in panels (al) and (a2). The lack of isolated features suggests that the source of loss
is likely to be due to particles, similar to naphthalene mixtures following photolysis.

region (a), however, these features correlated with the mea-
sured root mean square reflectivity curve and were considered
artefacts within the accuracy of the measurement. The broad
feature between 775 nm and 840 nm occurred in some mea-
surements in region (b). This latter feature was correlated with
the root mean square reflectivity of the mirrors and was due
to low lamp intensity in this wavelength range and thus does
not represent genuine structure in the spectrum. The almost
structureless extinction spectra of biphenylene after photol-
ysis resemble those measured for naphthalene between 400
and 850 nm. The absence of isolated features suggests again
that the observed loss is likely to be due to absorption and
scattering by particles formed after photolysis. The study of
biphenylene illustrates that the time-dependent behavior re-
sulting from UV photolysis of naphthalene—buffer gas mix-
tures is not an isolated phenomenon among PAHs.

The buffer gas pressures of helium at which oscillations
occur in biphenylene are similar to the pressures identified in
Ref. 24 for naphthalene before the chamber became highly
contaminated with species from previous experiments; i.e.,
no oscillations were found to occur at 30 mbar. This demon-
strates the influence of the buffer gas pressure on the time-
dependent behavior. Different PAHs at different pressures
may result in oscillations; however, they will only occur de-
pending on transport conditions in the chamber which depend
on the buffer gas pressure. The ratio of the amount of con-
taminant on the wall to buffer gas pressure is also a factor
that influences the dynamic extinction behavior, as the system
becomes more complex with successive measurements.

VI. DISCUSSION

A. Considerations regarding molecular
photoproducts

Molecular species that could potentially form in the UV
excitation and cause or contribute to the spectra in Figs. 5

and 6 (Sec. VI) were considered,?® but no obvious match
or assignment could be made. A brief discussion is given
here.

1. Naphthalene cation (CoHg*)

CoHg™ was formed with high probability’? in the multi-
photon excitation at 308 nm, but only as an intermediate con-
sidering the time scale of the experiments. Due to its ionic
nature, it is not expected to be stable for the duration of many
minutes in a stainless steel chamber. The absorption spectrum
of the naphthalene cation was measured in an argon matrix’3
and in a supersonic jet,”* however, none of the strongly al-
lowed m—m transitions with strong absorption bands around
613 nm, 649 nm, and 671 nm were observed in the spectra.
Hence, the naphthalene cation was discarded as the carrier of
the oscillating extinction.

2. Azulene (CmHg)

Azulene is a stable isomer of naphthalene containing a
five member and a seven member ring. In Ref. 75, a conver-
sion from naphthalene to azulene by a 2 UV-photon (193 nm)
absorption buffered in a 1000 mbar nitrogen atmosphere has
been reported. In Ref. 49, the potential energy for the cationic
naphthalene/azulene isomerization was estimated. The iso-
merization takes place below the energy required for the dis-
sociation of the ion by C,H; loss. Under the experimental
conditions for which oscillations can be observed, it is con-
ceivable that an isomerization may occur during the UV exci-
tation phase of the experiment. However, a comparison of the
spectra in Refs. 19 and 76 with the spectra here shows that
azulene is not observable. Either the amount of azulene pro-
duced is too small to be detectable, or azulene is not formed
due to photo-dissociation processes which may dominate for
certain excitation energies.”’
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3. Other potential carriers

Absorption of four photons (*16.1 eV) can cause the
naphthalene molecule to fragment (Sec. II A 1). The benzene
ion (CgHg™) is one of the possible products appearing at the
average energy of 15.7 eV.>! The benzene ion is known’® to
have several strong absorption lines at ~553 nm but none of
them were observed in the spectrum. After recombination of
the benzene ion, the electronic w—m* transition (S; < Sp)
of benzene (C¢Hg) are in the UV region (~266 nm). In the
visible region, there are only very weak CH stretch over-
tones (4th, 5th, and 6th overtones at 711, 604, and 529 nm,
respectively),” which were not observable in the extinction
spectra in accordance with expectation.

Since the ionic fragments that may be formed in the UV
excitation (C10H+7, C8H+6, C6H+6, C10H+6, C7H+5, C8H+5,
C6H+4, C6H+5, C3H+3, C4H+4, C5H+3, C7H+3, C4H+2,
CeH™3, and C,H*3)! are very diverse, potentially a substan-
tial number of stable species could form after the photolysis
due to chemical reactions among them.

Even if none of the produced electrons recombines with
an ion, the lifetime of the ions should be less than the diffu-
sion time (~10 s)* to the walls of the steel chamber. Thus,
the amount of ions in the chamber is too small to be detected.
An estimation of the number of naphthalene molecules in the
photolysis region indicates that the oscillating absorption («
~ 1073 cm™!) is not only due to primary photolysis products
since the maximum concentration (2.3 x 10° molecules/cm?)
obtainable from photolysis is too low for such strong ab-
sorptions, assuming typical absorption cross-sections for al-
lowed transitions of & ~ 107!7...107'® cm?. This explains
why neither azulene nor benzene absorption structures are ob-
servable in the measured spectra. The species produced upon
UV multi-photon excitation must be either (i) a catalyst for
the chemical production of absorbing species in a reaction
scheme involving naphthalene (which is most abundant in the
chamber), or (ii) particles which fulfill the condition of pos-
sessing sufficiently large cross-sections. We consider the lat-
ter possibility to be most likely and therefore discuss particle
formation in the following Sec. VI B and outline additional
observations supporting this hypothesis in Sec. VI C.

B. Considerations regarding particle formation

Chemical pathways to particle formation from PAHs has
been studied greatly in the context of soot formation in com-
bustion processes.“’gO’81 In such cases, the motivation to un-
derstand the chemical pathways leading to the formation of
soot is mainly to avoid its generation, as soot generally rep-
resents an unwanted accumulating contaminant and potential
health hazard. The majority of studies on soot formation con-
cern shock-tube pyrolysis and laminar flame techniques.>®
There is considerable evidence that PAHs play a key role
in soot formation, although other reaction pathways involv-
ing polyacetylenes and ionic species have been suggested.®?
There are several comprehensive reviews on the chemical
pathways of soot formation;*8%3! generally four phases (P)
in soot formation can be distinguished
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P1: The phase in which small molecular precursors to soot
(such as small aromatic species like benzene or naphtha-
lene) are either present or formed.

P2: The growth phase of (aromatic) species, up to 500-1000
amu, by H-abstraction-C,H,-addition (HACA).

P3: The transition phase from gaseous species to solid parti-
cles (2000 amu) of diameters up to ~< 1.5 nm.

P4: The phase of surface aging and particle coagulation.

In the current experiments, naphthalene or biphenylene
molecules around the photolysis zone are abundant and the
most likely (small) aromatic precursor to soot formation.®
The growth phase of the initial aromatic species (here naph-
thalene or biphenylene) can be qualitatively described by
HACA, which involves the repetitive reaction sequence of two
principle steps:

Step 1. The abstraction of atomic hydrogen from the react-

ing hydrocarbon by a gaseous hydrogen atom,
Ai+H — A;_ +Hy, 2

where A; represents an aromatic molecule with i
peri-condensed rings, and A;_ is its radical.

Step 2. Addition of gaseous acetylene to the radical formed,

Ai_ + CH; — products. 3)

For naphthalene, the first two neutral species formed
from the photolysis are H and C,H; at 15.4 eV and there are
a total of eight known channels for the formation of H and
C,H,. The abundance of these neutral species in the chamber
increases with each photolysis pulse. Hence, with increasing
number of pulses the probability of soot formation increases
and the increase in optical losses inside the cavity becomes
detectable.

For biphenylene, the first two neutral species formed
from the photolysis are also H and C,H, at 14.48 eV and
15.57 eV, respectively.** Even though no definite reaction
pathway is known for biphenylene, HACA is considered to
be a generally applicable growth process of PAHs to soot. The
key feature of the HACA steps is the reversibility of the reac-
tions. The rate of the back-reaction of steps 1 and 2 are what
hampers or accelerates molecular growth. The transition of
heavy PAHs to nascent soot particles is the most poorly un-
derstood phase in soot formation. Increasing molecule growth
can merely describe the mass of soot formed, and generally
the final particle sizes are underestimated. The difficulty is
that the nucleation processes is not purely chemical. PAHs
form dimers during collisions based on di- or multi-polar in-
teractions. PAH dimers collide with molecules or with other
dimers to form larger complexes. The molecular complexes
continue to grow based on physical interaction and chem-
ical reactions to a critical size when PAH clusters evolve
into solid particles. At some stage, the surface growth rate
of the particles declines with the extent of particle growth,
known as “soot surface aging.” Once soot particles are formed
collisions further increase particle sizes and decrease parti-
cle number densities without affecting the total mass of the
soot. The particle coagulation involves coalescent growth and
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particle agglomeration, which depend on the particle sizes
and mean-free-path of the particles. In coalescent growth, the
particles are generally assumed to be spherical; they coalesce
completely, forming new spherical particles, which influences
the dynamic spectral development of the loss per pass af-
ter photolysis. At some stage, the soot particles agglomerate.
This process occurs after particle inception takes place.?* As
loss spectra show that the size distribution and refractive in-
dex of particles evolve on a timeframe of minutes, the last
stages of soot formation clearly occur during oscillations and
not immediately after photolysis, adding extra complexity to
the description of the system. This aspect is further discussed
in Sec. VI D (Fig. 9). A quantitative estimate of particle dis-
tributions and the modelling of the corresponding extinction
spectra will be subject of a subsequent publication.?

C. Additional observations
1. Temperature dependency

Experiments were performed at 3 different gas mixture
temperatures, ~13.5 °C, ~21 °C, and ~34 °C, to study the in-
fluence of the temperature on the dynamic behavior of opti-
cal losses (see also Fig. S6 in the supplementary material®’).
Only in the experiments performed at ~34°C the ambient
temperature outside the chamber was actively controlled by
using a temperature controller inside a thermally controlled
box built around the entire chamber. To achieve a temperature
of ~13.5°C, a tube carrying thermalized water was wrapped
all around the outside surface of the chamber. Experiments
at ~21 °C were performed at room temperature. The temper-
ature fluctuation was ~0.1°C for all experiments. At each
temperature, three experiments were performed at three dif-
ferent helium buffer gas pressures, i.e., 50 mbar, 80 mbar, and
100 mbar. In each experiment, 35 pulses, with approximately
the same energy (17 mJ per pulse), were used to photolyze
naphthalene at a repetition rate of 10 Hz. Oscillatory time-
dependent behavior in the optical losses were observed in all
measurements. At all three pressures, the smallest change in
optical losses was found at ~13.5°C. Also at ~13.5°C the
system appeared to return to equilibrium (i.e., to the “base-
line” loss before excitation) the fastest, exhibiting the least
complex behavior of all three temperatures. We were unable
to establish whether temperature gradients persisted in the
chamber that could give rise to convection currents (see also
Sec. VI D 2).

2. Volume dependency

Since the walls of the chamber appeared to be an efficient
sink for the photolysis products, their effect on the dynamic
behavior of the system was further investigated by changing
the wall surface-to-volume ratio. The six-way central cross-
piece, V ~ 3.8 dm?, of the chamber with an overall volume
of 5.2 dm® was replaced with a significantly smaller four-
way cross-piece, ~0.46 dm>. The total volume of the smaller
chamber was 1.1 dm?. The distance from the nearest wall sur-
face to the photolysis region in the six-way crosspiece and
four-way crosspiece were 5 cm and 2 cm, respectively. Mea-
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surements were performed in the 1.1 dm® chamber with he-
lium buffer gas pressures ranging from 13 mbar to 500 mbar,
using repetition rates ranging from 5 Hz to 20 Hz and pulse
energies of up to 105 mJ. All measurements showed simple
growth and decay behavior (type I). The fact that no oscilla-
tory behavior was observed in the 1.1 dm® chamber suggests
that the walls of the chamber inhibit the creation of oscilla-
tions due to adsorption of species created during photolysis to
the chamber walls.

3. Stirring the gas mixture

The effect of stirring was investigated for types I and II
behavior. A small 12 V fan (~60 revolutions/s) was installed
on the floor of the vacuum chamber ~13 cm below the optical
axis of the cavity. The dynamic behavior was studied for two
situations:

(i) The stirring commenced before the photolysis of the gas
mixtures:

a. Type I: At low buffer gas pressures, the maximum
optical loss in this situation was found to be lower
than for the static mixture in all cases. The stirred
mixture showed a slight increase in optical loss in the
final state of the system after photolysis. Increased
losses close to equilibrium were observed in most
experiments.

b. Type II: At higher buffer gas pressures, the system re-
turned to equilibrium in less than 10 min in all cases,
indicating the strong damping imposed on the system
by the fan action. In all cases, the observed extinction
was smaller than without stirring and in some cases
only type I behavior was observed.

(i) The stirring commenced after the photolysis of the gas
mixtures:

a. Type I: Atlow buffer gas pressures when stirring was
commenced close to equilibrium, an increase in opti-
cal loss was observed occasionally. The interpretation
of this observation is the likely detachment of parti-
cles from the chamber wall by the fan action, creat-
ing the increase in loss after the growth-and-decay
behavior.®

b. Type II: At higher buffer gas pressures when stirring
was commenced while the optical loss of the sys-
tem was oscillating, the oscillatory behavior stopped
almost immediately. When the stirring was subse-
quently stopped, the oscillations did not reappear (an
example is shown in Figure 8).

D. Considerations regarding the system’s dynamics

All types of temporal responses were observed in all
buffer gases suggesting that the buffer gas is not chemically
important to the system, and does not undergo any reac-
tions with naphthalene/biphenylene or the photolysis prod-
ucts. However, the dynamics of responses observed is largely
dependent on the type and pressure of the buffer gas. There-
fore, the temporal responses must depend strongly on the
physical parameters and the transport properties of the buffer
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FIG. 8. (a) Sample time-dependent behavior of optical losses at 650 nm mea-
sured using the CRD setup and the effect of stirring the gas mixture, at ~23
min, on the behavior. The optical loss falls immediately after stirring begins,
but it then increases slightly before returning back to the baseline optical loss
level. No further change in optical loss occurs following the initial slight in-
crease. Conditions: Excitation of naphthalene in 100.5 mbar of helium with
10 pulses at 10 Hz (Epuise ~ 24 mJ). (b) The inset shows an enlargement of
the dashed time regime when stirring commenced.
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FIG. 9. (a) Time-dependent loss per pass at 650 nm after excitation of naph-
thalene in 96 mbar of helium with 2000 UV pulses at 10 Hz with an average
energy of 8.2 mJ. The broadband spectra recorded at the times marked A. .. F
are shown in the three lower panels. (b) Loss per pass spectra at times A and
B. (c) Loss per pass spectra at times C and D. (d) Loss per pass spectra at
times E and F. Each pair of spectra A and B, C and D, E and F have the same
loss per pass at 650 nm as indicated by horizontal lines in panel (a).
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gas. Stirring the system has the effect of disrupting any trans-
port occurring in the system, indicating again that transport
processes in the system play a crucial role in its temporal
development.

1. Typel

The time dependence of type I responses can be concep-
tually explained by the initial formation of photoproducts in-
side the probing light path and their subsequent diffusion out
of the optical cavity, provided that the walls act as an effec-
tive sink for the photoproducts and inhibit their return into the
probing light path. Two regions are of relevance, (a) the pho-
tolysis volume, and (b) the volume of the probing light, which
are both assumed to be cylindrical. The typical diffusion time
for a molecule to diffuse from the axis of a cylinder, of radius
A, to the edge of the cylinder is given by®®

A2
= ——, 4
P~ 58D @
where the diffusion coefficient D = 1.6 cm?s~! was calcu-

lated from the vapor pressure of naphthalene at room temper-
ature in 10 mbar helium — see Sec. SV in the supplementary
material.>’ Assuming a radius of the cylindrical photolysis
volume of A = 50 um yields a diffusion time of x2.7 us,
while for the probing light volume with A = 9 mm a diffu-
sion time of ~87 ms can be estimated (Note: the time scale
for diffusion from the center of the chamber to the walls at a
distance of ~10 cm is 210.8 s). Thus, for a typical laser repe-
tition rate of, e.g., 10 Hz, the photolysis zone was replenished
with new sample of naphthalene between UV pulses and new
photoproducts were formed with each pulse. The time scales
established here are in agreement with the observed responses
of type I (cf. Fig. 4), especially if immediately after each laser
pulse the photoproducts form particles, whose diffusion time
can be significantly longer depending on the particle size. To
determine the diffusion time of particles, their size distribu-
tion and concentration must be known. Description of the typ-
ical size distribution of particles formed after photolysis will
be the focus of future work.?

2. Type Il (and Ill)

At conditions of higher buffer gas pressures where photo-
products/particles are kept away from the walls of the cham-
ber for much longer, type II (and III) responses were ob-
served. The time dependent nature of the optical loss indicates
that convection currents®” or other forms of turbulence or fluc-
tuations are dominating the type Il behavior. When particles
are “carried around the chamber in convection currents,” a
loss maximum is observed when the convection causes the
particles to move into or across the probing light volume in
the cavity. Different convection currents with different initial
and boundary conditions would then yield different responses.
It is not clear whether general temperature instabilities could
drive the convection currents. The initial temperature gradi-
ent generated by the excitation process appears insufficient in
this context as the following upper-limit-estimate illustrates:
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If each naphthalene molecule in the photolysis region (cylin-
drical volume of radius 50 m and length 1 mm, n~6 x 10'°
cm3), ~1.2 x 10'° molecules, absorbed 5 photons, the to-
tal energy deposited in the focus per pulse would be 3.8 x
1078 J. In helium at 10 mbar, the number of helium atoms in
the photolysis region is ~2 x 10'2. With a heat capacity of
helium of ~5170 Jkg=! K~!,3 the photolysis energy would
result in a local temperature increase of <600 K. However,
this corresponds to a maximum temperature rise in the entire
gas of the order of ~107% K per UV pulse, assuming no heat
transfer to the walls. As the chamber is not thermally isolated
(T = £0.1 K), it appears impossible that convection currents
could still be driven by the initial temperature change after
many tens of minutes for a typical type Il response. A rea-
sonable explanation for the rather striking oscillations of the
optical loss cannot be given at present and no experimental re-
sults, which can be directly compared with the data obtained,
could be found in the literature.

However, oscillating absorption of light due to transport
has been reported in the liquid phase. Damped oscillations,
with periods of 30-60 s, of the absorption of 1,5-diaryl-3-
alkyl-pentazadiene monomers and polymers, in a tempera-
ture controlled cuvette, induced by pulsed UV irradiation (at
308 nm) has been reported.®® Absorption inhomogeneities
produced by the laser irradiation combined with a convection
current induced by the temperature stabilizing system resulted
in the oscillations.”® The period of oscillations could be deter-
mined through the stabilization temperature and the boundary
conditions for the liquid phase study were generally better
defined. Despite similarities concerning the necessity for con-
vection currents between the work in Ref. 89 and the dynamic
behavior described here, the types of oscillations in this work
are more diverse, with often multiple components oscillating,
allowing only a qualitative description of the phenomenon.
The chamber walls in the present case act as inhibitor for os-
cillations and the efficiency of damping cannot easily be de-
fined, whereas in the cuvette, the damping of oscillations was
due to diffusive mixing.

More diverse oscillating behavior has been observed in
the fluorescence intensity of dilute solutions of anthracene
and 9,10-dimethylanthracene in chloroform illuminated with
light from a Xe-Arc lamp at constant intensity.”! The dynamic
behavior of the emitted light included quasi-periodic oscil-
lations, with sometimes multiple peaks, and more complex
behavior. The constant illumination of liquid samples, kept
the system far from equilibrium throughout the dynamic be-
havior. The reproducibility of the systems response was also
found to be difficult. In all cases, the observed oscillations
resulted from convection motion of the liquid in the cell.”
Stirring the liquid or uniform illumination of the cell also de-
stroyed the oscillations by eliminating inhomogeneities. The
frequently observed aperiodicity and lack of reproducibility
resulted from the extreme sensitivity of the convective mo-
tion to mechanical and thermal perturbations, resulting in no
complete model of the systems being made.? Similar features
were obtained with the gas-phase setup presented here, sug-
gesting that the probable source of non-reproducibility was
the sensitivity to convective currents in the system. A key dif-
ference between our experiments and the work in Ref. 91 is
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the initial input of energy in the form of laser pulses as op-
posed to continuous illumination. The gas-phase system re-
mained away from equilibrium for up to hours. Moreover, the
damping of oscillations, by the chamber walls, was an added
uncertainty in the experiments presented here.

Finally, transport alone may not be sufficient to describe
the observed features of the PAH/buffer gas mixtures.
Although in the liquid phase complex oscillations can be de-
scribed solely by convection currents, in those cases no physi-
cal or chemical change occurred to the absorbing species dur-
ing oscillations. In contrast in the current setup, the evolving
size distribution and refractive indices of the particles need to
be taken into account to explain the observed absorption.

3. Time-dependence of the spectra

Due to the lack of isolated features in the loss per pass
spectra in Figures 5 and 6, the size distribution of particles
causing the loss and its dynamics, is not immediately obvious.
To determine a time-dependence of the particle size distribu-
tion, if any, loss spectra recorded at different times during the
experiment but with the same loss at a particular wavelength
were compared. Figure 9(a) shows the first 15 min of a type
IIT time-dependent loss per pass measurement at 650 nm. The
measurement was made using 96 mbar of helium buffer gas,
2000 UV pulses at 10 Hz with an average energy of 8.2 mJ.
Loss per pass spectra between 550 and 780 nm, taken at dif-
ferent times with equal loss per pass at 650 nm, are shown
in Figures 9(b)-9(d). From the different loss per pass spectra
shown in Figure 9, it is clear that the size distribution of parti-
cles causing the observed losses and possibly their refractive
index are time-dependent and change over time. This behav-
ior was observed in almost all measurements. Hence, a simple
transport model of particles is insufficient to describe the ob-
served behavior and the changing particle properties (due to
agglomeration) must also be taken into account.

A complete model of the dynamic behavior is still out of
reach. For such a model, a number of parameters need to be
determined;

(1) The size distribution of particles and refractive index of
the particles in the chamber.

(2) The evolution of the size distribution and refractive in-
dex of particles with time.

(3) The efficiency of the wall as a sink at different buffer gas
pressures must be understood.

(4) The complex convection currents created in the gas mix-
tures following photolysis and how they evolve.

Vil. CONCLUSIONS

The continued investigation of an oscillatory gas phase
system (based on static naphthalene gas photolysis products),
initially reported in Ref. 24, has revealed the complexity of
the system’s dynamic and new fascinating properties. The
time-dependent broadband extinction of naphthalene—buffer
gas mixtures following UV photolysis was measured between
390 nm and 850 nm, using IBBCEAS. The types (I, II, and
II) of time-dependent extinction behavior reported in Ref. 24
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were confirmed and refined. In all spectra involving naphtha-
lene gas mixtures, the optical losses increased with decreas-
ing wavelength and only a single broad feature was observed,
between 660 nm and 810 nm. The lack of isolated features in-
dicates that the observed optical losses are due to the absorp-
tion and scattering of light by particles. Other arguments in
support of this interpretation have been presented in the paper
based on the variation of parameters that govern the physical
properties of the system; i.e., the temperature of the gas mix-
ture and chamber walls, the chamber volume, stirring of the
gas mixture, and the buffer gas pressure. The time-dependent
behavior was found to depend profoundly on all parameters.
More information on the dynamics of the extinction and po-
tentially also on the nature of the particles could be obtained
in future experiments by the insertion of carbon grids used
for transmission electron microscopy at strategic points in the
chamber.”> Measurements made using biphenylene, as a sub-
stitute for naphthalene, showed that the unusual extinction be-
havior is a phenomenon that is not limited to naphthalene, but
more general in nature as far as polycyclic hydrocarbons are
concerned.

The discovery that particles are the dominant source of
the optical losses shows that the oscillatory dynamics of the
extinction is not based on the nonlinear chemical kinetics
of a pure gas phase system. The active fragmentation chan-
nels during the photolysis and the subsequent chemical and
physical particle formation mechanism (whose details are un-
known as of yet) are crucial for initiating the time-dependent
oscillatory behavior. In contrast to soot formation in flames,
which occurs on a timescale of milliseconds, the photoprod-
ucts gradually grow/agglomerate into particles for a number
of seconds after pulsed UV photolysis, and the system evolves
on timescales of minutes up to hours. The long dynamics of
the system is based on transport features of the system as well
as particle interactions.”® The competing processes in the os-
cillations are convection currents, coagulation, sintering, and
deposition on the chamber wall.

The unusual discoveries outlined here in conjunction
with well-studied PAHs, such as naphthalene and bipheny-
lene, may have an impact on research into (i) combustion
chemistry and soot formation, (ii) aerosol formation in atmo-
spheric chemistry, e.g., in the context of simulation chamber
studies, (iii) carbon grain growth in the interstellar medium
and general astro-chemistry.
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