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Several small Polycyclic Aromatic Hydrocarbons (PAHs) have been identified recently in
the Taurus Molecular Cloud (TMC-1) using radio telescope observations. Reproducing
the observed abundances of these molecules has been a challenge for astrochemical
models. Rapid radiative cooling of PAHs by Recurrent Fluorescence (RF), the emission
of optical photons from thermally populated electronically excited states, has been
shown to efficiently stabilize small PAHs following ionization, augmenting their
resilience in astronomical environments and helping to rationalize their observed high
abundances. Here, we use a novel method to experimentally determine the radiative
cooling rate of the cation of 1l-cyanonaphthalene (CigH,CN, 1-CNN), the neutral
species of which has been identified in TMC-1. Laser-induced dissociation rates and
kinetic energy release distributions of 1-CNN cations isolated in a cryogenic
electrostatic ion-beam storage ring are analysed to track the time evolution of the
vibrational energy distribution of the initially hot ion ensemble as it cools. The measured
cooling rate is in good agreement with the previously calculated RF rate coefficient.
Improved measurements and models of the RF mechanism are needed to interpret
astronomical observations and refine predictions of the stabilities of interstellar PAHs.

1 Introduction

In 2021, after decades of inconclusive searches, astronomers identified the first
specific Polycyclic Aromatic Hydrocarbon (PAH) molecules in space.' Using the
Greenbank Radio Telescope, McGuire et al. identified two isomers of the small
PAH cyanonaphthalene (CNN, C;oH,CN) in the Taurus Molecular Cloud (TMC-1).
Several other aromatics have been identified using similar methods® and many
more likely await discovery. Meanwhile, JWST promises to provide new insight
into the properties and evolution of interstellar PAHs through observations of
their infrared emission bands.**
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At the dawn of this new era, we find challenges to the established under-
standing of the interstellar organic inventory. Indeed, McGuire et al. themselves
could not explain the observed abundance of CNN through their state-of-the-art
astrochemical modeling." Their model, which performs well for smaller
nitriles,” underestimates the observed abundance of CNN by six orders of
magnitude.*

In a recent report,® we addressed this gap by elucidating the main destruction
pathway for one of the two CNN isomers, which are expected to behave similarly
and indeed have comparable abundances in TMC-1." We found, contrary to the
explicit assumption of McGuire et al, that 1-cyanonaphthalene (1-CNN) is effi-
ciently stabilized by rapid radiative cooling following ionization, closing off some
of the reaction channels assumed to deplete CNN from TMC-1. Specifically, the
model of McGuire et al. includes several charge transfer reactions:

AJr + C10H7CN - A+ Cl()H7CNJr (1)

where A = C, H, or He, and where the resulting C;,H,CN" is assumed to disin-
tegrate into linear fragments. We show that the excess energies of these reactions
(the difference between the ionization energies of the reactants) is insufficient to
induce such thorough fragmentation and will mainly activate the lowest-energy
unimolecular dissociation channel:

C10H7CN+ g C10H6+ + HCN + &, (2)

where ¢ is the kinetic energy released in the reaction. Owing to efficient radiative
stabilization by Recurrent Fluorescence (RF), the emission of optical photons
from thermally populated electronically excited states,”® even this low-energy
channel is closed for collision with C" and at least partially closed for H".®

Crucially, vibronic coupling greatly increases the RF rate. RF, which is
common for small PAHs,”*® has important implications for astrochemistry
beyond the case of CNN in TMC-1. Stabilized by RF, small PAHs may be much
more abundant in space than hitherto thought, including in more diffuse regions
where it has long been held that PAHs must include at least =50 carbon atoms to
survive in the UV radiation field there.'” Better understanding of the RF mecha-
nism and its competition with destructive reaction pathways can serve to refine
candidate lists for astronomical searches for interstellar PAHs.

Recurrent Fluorescence of PAHs excited by UV photons has been suggested as
the source of the Extended Red Emission (ERE)'®*® observed in the red rectangle
and other reflection nebulae. The ERE is a broad feature whose peak wavelength
shifts in different astronomical environments.* Improved models of RF in PAHs,
including vibronic couplings and anharmonic effects, and predicting excitation
energy dependent emission spectra, are needed for quantitative comparison to
astronomical observations.

In the present contribution, we extend our previous study by measuring the
laser-induced dissociation rate and Kinetic Energy Release (KER) distributions of
1-CNN cations isolated in a cryogenic electrostatic ion-beam storage ring. This
novel combination of techniques allows us to track the evolution of the internal
energy distribution of the ions over four orders of magnitude in time after ioni-
zation. The measured cooling rate allows us to experimentally confirm our
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previously calculated Recurrent Fluorescence rate coefficient. Such laboratory
studies are essential to understanding observations in the era of high-resolution
astrochemistry.

2 Experiments

All experiments were conducted at the Double ElectroStatic Ion Ring ExpEriment
(DESIREE) infrastructure at Stockholm University.?>** Cryogenic cooling of the
storage ring, which is schematically shown in Fig. 1, to a temperature of
approximately 13 K results in a residual gas density on the order of ~10* cm™?,
consisting mostly of H,.** These conditions enable isolation of highly excited ions
or reactive ions in a collision free environment for hours.>»** Electrostatic ion
storage devices feature sampling times exceeding 1 s, orders of magnitude longer
than conventional mass spectrometers, enabling time-resolved observations of
delayed processes such as unimolecular dissociation'® and thermionic electron
emission.”* DESIREE has also been used for vibrational energy dependent action
spectroscopy of astrophysically relevant ions including PAHs,*”® substituted
PAHs thought to form in interstellar ices,””*® and carbon cluster anions.>**°

The methods used here have largely been described previously.**® Briefly, 1-
CNN (Sigma-Aldrich, >96%) was sublimed from powder in a resistively heated
oven coupled to an electron cyclotron resonance (ECR) ion source (Pantechnik
Monogan) using helium as a support gas. Cations extracted from the source were
accelerated to 34 keV kinetic energy. Mass-selected beams of 1-CNN" (m/z = 153)
were stored in the DESIREE ion storage ring illustrated in Fig. 1.

The ion production method is known to produce ensembles of ions with broad
vibrational energy distributions similar to Boltzmann distributions with
temperatures of a few thousand Kelvin.'® A small fraction of ions are produced
with vibrational energies within a window such that their dissociation rate coef-
ficients are low enough that they reach the ring, but high enough so that they may
dissociate before they are stabilized by radiative cooling. These ions contribute
a rapidly decreasing yield of neutral fragments referred to as spontaneous decay
in the first tens of milliseconds of ion storage. The majority of ions remain stored
after the disappearance of this spontaneous signal.

Stored ions were overlapped collinearly with light from an Optical Parametric
Oscillator (OPO) laser system in the interaction arm of the storage ring (upper
straight section in Fig. 1). The OPO was operated at 250 Hz repetition rate and
produced pulses of ~5 ns duration and ~5 pJ per pulse at 420 nm.

N Faraday Cup lon Injection
| | OPO Laser Pulse :

—

7 Lss=0.95m

Imaging
>
Neutrals - Detector

Fig. 1 (Left) Structure of 1-cyanonaphthalene (C;oH,CN, 1-CNN). (Right) Schematic of
DESIREE storage ring.
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Neutral fragments emitted in the observation arm of the storage ring (lower
straight section in Fig. 1), which may occur up to several hundred microseconds
after excitation, are unaffected by the electrostatic fields and continue on straight
trajectories until they reach an imaging detector system with a triple stack of
custom-made microchannel plates with ultra-high dynamic range (Photonis),
a phosphor screen anode, and optical lenses projecting the phosphorescence
through the DESIREE vacuum chamber windows and onto a CMOS camera
(Photon Focus). The 8¢ = 2.0 ms camera exposures were synchronized with the
laser pulses, such that the laser-induced neutral yield resulting from each laser
shot was collected in a single frame. Frames for a given laser firing time were
summed over more than 50 000 repeat injections of 1-CNN", each of 400 ms
storage duration.

For each summed frame, three-dimensional Newton spheres were recon-
structed by applying an inverse Abel transform, using the ‘three-point’ algorithm
implemented in the PyAbel package® written in Python. The density distribution
is related to the KER distribution by:

m 73p\ 2
() = T Ep () (3)
cat

where ¢(r;p) is the KER associated with a radial slice of the Newton sphere of
radius 73p, Mpeur and Mg, are the masses of the neutral and cationic reaction
products, Ex.. = 34 keV is the beam energy, and L is the distance traveled by the
products from the point of reaction to the detector. For clarity of presentation, the
KER distributions in Fig. 7 are plotted against an ¢ scale calculated according to
eqn (3) with L = L4, where Ly;g = 1.7 m is the distance from the detector to the
mid-point of the observation arm. Our analysis accounts for dissociation occur-
ring along the full length of the observation arm by summing contributions to the
Newton sphere density distribution in the detector plane from points at distances
in the range Ly,iq £ Lss/2, where Lgs = 0.95 m is the length of the straight section
seen by the detector (see Fig. 1). In the present case, the procedure gives a nearly
insignificant correction relative to assuming all decays occur at Ly;q.

3 Results

3.1 Dissociation rates

The spontaneous dissociation rate of the source-heated ions R(¢) is shown in the
upper panel of Fig. 2. A constant background rate due to detector dark noise and
collisions with residual gas has been subtracted. Due to the broad distribution
g(E, t) of vibrational energies E and the rapid variation of the dissociation rate
coefficient kqiss(E) with energy, the dissociation rate R(t) « [kqiss(E)g(E, t)dE does
not follow simple exponential decay** but rather has the approximate time
dependence®

R(t) = rot ek (4)

where ¢ is the time after ion formation and k. = 302.9(4) s is the critical rate
coefficient at which dissociation and radiative cooling are competitive. The
dashed line in the upper panel of Fig. 2 is a fit of eqn (4) to the data. Note that at
longer times significant deviation from the exponential quenching behaviour is
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Fig.2 (Top) Spontaneous dissociation rate R(t), fit of egn (4). (Bottom) Examples of laser-
induced dissociation rates Re(tarer) With fits of egn (8).

observed. This effect is discussed in Section 4. The constant r, in eqn (4) contains
the instrumental parameters and is given by:

LSS

ro = ndelN(Z)’YO(t)? (5)

where 7n4e; = 0.34(3) is the efficiency for detection of HCN (eqn (2)), C = 8.7 m is
the circumference of the storage ring, Lss = 0.95 m is the length of the stored
beam viewed by the detector, and N(¢) is the average number of stored ions
remaining in the ring at time ¢. The latter is determined from the count rate R(t),
measured during ion storage, and the terminal ion beam current, measured at the
end of each injection-storage cycle using the Faraday cup shown in Fig. 1. The
number N(t) of ions stored during in the spontaneous decay measurement,
relative to the initial number N(120 ps), is plotted in Fig. 3. The factor v,(¢) is the
ensemble average destruction probability:**

vo(t) = [g(E, (1 — e *=ENdE/(g(E, 1)dE. (6)

Put another way, it is the fraction of stored ions with vibrational energies E = E,
consistent with lifetimes equal to the observation time, ie. kgiss(Fm) = t .
Simulated vibrational energy distributions g(E, ¢) and gn(E, ¢) = g(E, £)(1 — e *s®)
are plotted in the upper panel of Fig. 4 for a time ¢ = 120 ps corresponding to the
first pass of the ions through the storage ring. Also indicated are the vibrational
energies E,, and E,, averaged over the distributions g(E, t) and gn(E, t),
respectively.
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Fig. 3 (Left axis) Number of ions stored in the measurement of R(t), relative to the value at
the first time point at t = 120 ps. (Right axis) Ensemble averaged destruction probability vo,
determined from eqgn (5). The shaded areas give the uncertainties.

In the lower panel of Fig. 2, several examples of laser-induced decay rates R,
following single-photon absorption are plotted as functions of typer = t — tjager, the
time after the laser was fired. At early laser firing times ¢, the laser-induced rate
Re(taseer) resembles the spontaneous decay rate R(f), while at later times it converges
on an exponential decay rate. We assume® that the portion of the ions which absorb
a single photon of energy Av is re-heated such that its internal energy distribution
resembles that the full ensemble had at some earlier time t 5 — A, Le.

Eavg Ep

E g(E t) t=120 us
B gn(Et)

t=80 ms

g(E, t): Pop. density (eV~1)

0 1 2 3 4 5 6 7 8
E: Vibrational Energy (eV)

Fig. 4 (Top) Vibrational energy distribution of the stored ion ensemble, g(E, t), and of the
portion of the ensemble with energies £ = E,,,, gm(E, t), at t = 120 ps corresponding to the
first pass of the ions through the ring. (Bottom) Vibrational energy distribution at a later
time. Following the absorption of a single 420 nm photon, the ions in this example are
reheated to the lighter shaded distribution and have the same value of E,,, as in the upper
panel.
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g(E + hll, tlaser) o g(E, [luser - At) (7)

and that the laser-induced decay rate is given by

D1

L Lgsr _
Re (taﬂer) = ?SSR(I—F [O) = ]%([J’_ tO) leﬁkc(ﬁrro) (8)

where t, = t1,er — At is the time after formation to which the distribution is back-
shifted, and p, is the probability of absorbing a single photon. The factor Lgs/C
enters eqn (8) as the laser and ion beams are only overlapped in the outer straight
section of the storage ring (see Fig. 1). The solid lines in the lower panel of Fig. 2
are fits to eqn (8) with the parameter k. fixed to the value extracted from the fit of
eqn (4) to the spontaneous decay rate. However, as eqn (4) gives a poor fit to R(¢) at
later times, the values of ¢, were determined instead by fitting Re(¢.fe;) directly to
R(2), as illustrated in Fig. 5. A simultaneous fit to 100 laser-induced decay curves
using a single constant value of p; = 3.04(3) x 10~ in eqn (8) yielded the results
shown in Fig. 6.

3.2 Kinetic energy release distributions

Examples of the kinetic energy release distributions P.(¢) resulting from dissoci-
ation of laser-excited 1-CNN' are shown in Fig. 7. In our previous study of
spontaneous dissociation of source-heated 1-CNN', we found that the KER
distributions were well represented by the transition state model of Hansen,*
which includes both tunneling through and reflection from a parabolic barrier:

6 N
() € o(e-AE) kgT?
eﬁr +1 )

/ AE &
h =4n==(,/— —1).
where § 7Thw( AE )

9

to tiaser
At
) C/piLss
o]
=
9
C
3
[}
(@]
0 5 10 15 20 25 30 35

t: Time after ionization (ms)

Fig. 5 Graphical example of method for determining back-shifted times tq by fitting the
laser-induced dissociation rate Rel(tarer) to the spontaneous dissociation rate of source-
heated ions R(t). In this example, tser = 32 ms and to = 320 ps.
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curves Reltarer)- (Right axis) Average emission times t, .

We adopt the parameters from our earlier study,® which found a rather small
reverse barrier height AE = 7.6(4) meV and a transition state frequency /w =
350(20) cm ™ from simultaneous fits to the KER distributions for spontaneously
decaying 1-CNN" up to 20 ms after ionization. That study also found the disso-
ciation rate coefficient to follow a modified Arrhenius expression:

Tt .,
kdiss(TI) = kBT o Ea/knT »

with an activation energy for HCN-loss of E, = 3.16(4) eV. In the present contri-
bution, all 100 laser-induced KER distributions are simultaneously fit subject to
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3 256
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Fig. 7 Examples of KER distributions Pg(e) resulting from dissociation of laser-excited 1-
CNN*. Solid lines are fits to egn (9).
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the physical constraint that the integrated distribution be equal to the integral of
the count rate:

JPe(& f)de = JRe(t)dz =L ILCSS’O

Kdiss (TI) ot (1 1)
where 8¢ = 2 ms is the integration time of the camera and the value of p; = 3.04(3)
x 107 determined from the fit of the laser-induced decay rates was held fixed.
The values of T* resulting from the fit are plotted in Fig. 8.

To convert the transition state temperatures 7+ to the typical energies E,, of
dissociation ions, the caloric curve E(T) is first computed assuming Boltzmann
statistics:

JE’p(E')e’E’/"BT dE
E(T) = (12)
JP(E')e‘E’/k“T dE'

where p(E) is the vibrational level density calculated using the Beyer-Swinehart
algorithm®” and vibrational frequencies calculated at the B3LYP/6-31G(d,p) level
of Density Functional Theory (DFT) as implemented in Gaussian 16.*® Finally, the
energy En, of the precursor ion includes a finite heat bath correction due to the
energy required to reach the transition state:*
5 B E’

In this energy range, the values of E,,, depend linearly on T%, as indicated by the
second vertical axis in Fig. 8.

In Fig. 9, the experimentally-determined dissociation rate coefficient kgjss
extracted using eqn (11) is plotted against the vibrational energy E,, from eqn (13),
labeled E to emphasize that this is an intrinsic property not dependent on the
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Fig. 8 Transition state temperatures T* (left axis) and corresponding vibrational energies
E., (right axis) of ions decaying following photon absorption at time t|;se,, determined from
KER distributions Pe(e).
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Fig. 9 Unimolecular dissociation rate coefficient kyiss(E) from KER measurements.

internal energy distribution. The values from our previous study of spontaneous
dissociation of 1-CNN" are also reproduced, along with our model dissociation
rate coefficient in microcanonical form:

iss P E— Eil
kdiss(E) = A(ljU(JOK ( )

B "

where a nominal value of the pre-exponential factor Aliss = kg[1000K]/h = 2 %
10" s~ was adopted.®

3.3 Cooling rate

To determine the cooling rate, we combine the back-shifted times ¢, from the
decay rates with the corresponding energies E,, from the KER distributions. As
the images for the KER measurement are integrated over the full decay curve
following each laser shot, over which time the energy is changing rapidly, we
compute an average emission time .y, = [tRc(t)d#/ [Rc(t)dt, plotted in Fig. 6. The
time associated with each value of Ey, is thus ¢, + t,ye. These values, labeled Ep,(t,)
for simplicity, are plotted in Fig. 10.

Also plotted in Fig. 10 are values from our previous study of spontaneously
dissociating 1-CNN". The values E(f) from 2.5-50 ms were recorded during the
measurement of the spontaneous decay rate R(¢) reproduced in Fig. 2. The same
correction for the average emission time during the camera exposure time has
been applied. The point at 120 ps is from a separate single-pass measurement.

Finally, the energies of the ions at the times the laser is fired, E,(tjaser), are
plotted in Fig. 10. Naively, one might assume E,(tjaser) = Em(to) — 7w. However, as
illustrated in Fig. 4, the vibrational energy distribution of the laser-reheated ions
is significantly narrower than the original distribution of the hot ions as they cool.
The high-energy tail of the reheated distribution, gi,(E + hv, tiaser), is thus shifted
up by less than if the full original distribution g(E, ¢,) had simply shifted down by
hv. We note that the re-heated distribution g(E + hv, tjaser), unlike the original
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energies of spontaneously decaying 1-CNN* determined previously.®

distribution g(E, t,), is approximately Gaussian and for such a distribution E,, =
Eqyg + E,. Thus,

Em(tlaser) = E(Tt) + Ea - hv. (15)

These values are plotted in Fig. 10.

The time derivative of E.(¢) is the rate at which the high-energy tail of the
vibrational energy distribution g.,(E, ¢) moves towards lower energy, be it by
depletion of hot ions by dissociation or transposition of population by radiative
cooling, and is called the energy shift rate. At any given time, only a small fraction
v, of the stored ion ensemble is part of the tail and subject to shift. Thus the total
energy loss rate, which is directly comparable to the absolute dissociation and
radiative cooling rate coefficients, is given by v, ' dE,/dt and is plotted in Fig. 11.
For clarity, points derived from laser firing times ¢j,5.; > 300 ms, which have large
uncertainties due to the small changes in ¢, (see Fig. 6), are excluded from the plot
but are included in the further analysis below.

Included in Fig. 11 are the calculated radiated powers Piz and Pgr based on our
previous study. Briefly, the IR (vibrational) radiative cooling rate coefficient is
computed under the Simple Harmonic Cascade approximation:

v=E/hvg

ki (B) =Sk = Yo am § - AE—vn) (16)
" " — p(E)
where v is the vibrational quantum number, and Zv; and A are the transition
energy and Einstein coefficient of vibrational mode s, respectively, calculated at
the B3LYP/6-31G(d,p) level of Density Functional Theory (DFT) as implemented in
Gaussian 16.% The radiated power Pigr = sthvs. The RF (electronic) cooling rate
coefficient is s
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Fig. 11 Energy loss rate for 1-CNN*. Symbol colours for experimental data correspond to
those in Fig. 10. Solid lines are calculated energy loss rates due to dissociation, RF and IR
radiative cooling. The dashed lines are a fit to the experimental data taking the oscillator
strength f of the RF transition as a free parameter.

_ RF p(E — hl/e])
e (E) = 4 p(E)

where the electronic transition energy hv., = 1.10 eV was computed at the equi-
librium geometry of the lowest-lying L, excited state using EOM-CCSD/cc-pVDZ
calculations performed in CFOUR.* The Einstein coefficient is given by

(17)

RE | 2Tvgle?

AN = v f, (18)
where the oscillator strength f = 0.011 was calculated using a Franck-Condon-
Herzberg-Teller simulation** at the wB97X-D/cc-pVDZ level of DFT. The radiated
power is Prr = krphive). The energy shift rate due to dissociation is Pgiss = kaqissE
where the dissociation rate coefficient is given in eqn (14).

The calculated energy loss rates agree well with the experimental values. In the
range from 3 to 5 eV, the experimental points are up to two orders of magnitude
greater than can be attributed to IR radiative cooling, and agrees well with our
modeled Pgrg. In our previous report, we found that Herzberg-Teller vibronic
coupling increases the oscillator strength of the RF transition from 1 x 10~ * to
the value f= 0.011 used in the calculated Pgg. If the oscillator strength is taken as
a fitting parameter, holding the RF transition energy hv.;, Pir and Py;ss cOnstant,
we find f = 0.0074(3) to agree best with the experimental data, close to our
calculated value. Energy loss rates with this lower oscillator strength are plotted
with dashed lines in Fig. 11. Both modeled and fitted curves underpredict the
measured loss rate in the range above 4 eV. Excluding the points derived from
Em(tiaser) (green symbols) covering the lower energy range from the fit (not shown)
gives a somewhat higher f = 0.0161(12). This range of values may suggest
a dependence of the vibronic coupling strength, and hence f, the on vibrational
energy, which could explain the non-exponential quenching of R(¢) (Fig. 2).
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4 Conclusions

By direct measurement of the energy loss rates of 1-CNN cations isolated in a cryo-
genic electrostatic ion-beam storage ring, we have confirmed that 1-CNN" is rapidly
stabilized by recurrent fluorescence in the crucial energy range from 3-5 eV. Given
the 8.6 eV ionization energy of 1-CNN, RF closes off some of the collisional
destruction channels included in the model of McGuire et al,' and completely
forestalls photodissociation at photon energies found in molecular clouds.*

The non-exponential quenching of the spontaneous dissociation rate R(¢)
(Fig. 2) has been observed previously for other PAHs, and has been attributed to
sequential fragmentation of ionic products close enough in mass to the precursor
to remain stored in the ring.”” An alternative hypothesis is that the simple
statistical model of RF (eqn (17)), which was first proposed by Boissel et al.,® does
not fully capture the photophysics of RF in PAHs. Energy dependent oscillator
strengths and/or emission wavelengths could lead to competition between
dissociation and RF over a broader range of energies and thus non-exponential
quenching. In the present results, the measured power radiated through RF is
in good agreement with the simple model of Boissel et al., with an oscillator
strength lowest optical transition in 1-CNN"' of f = 0.0074(3). This is consistent
with our previously calculated value of f= 0.011, nearly two orders of magnitude
greater than if Herzberg-Teller vibronic coupling is neglected.® Improvements to
the RF model, including energy-dependent f-values and emission wavelengths,
can be expected to improve agreement with laboratory data. Consideration of
Herzberg-Teller coupling is essential to modeling the radiative stabilization of
isolated PAHs, as well as their optical spectra.

While the radiated power is the key quantity for predicting stability of isolated
PAHs in astronomical environments, it does not completely constrain the emis-
sion mechanism. For example, more frequent emission of somewhat lower-energy
photons would give the same power. Additional experiments of the present type
on other PAHs, as well as, crucially, direct-detection measurements of dispersed
RF spectra, will enable more quantitative comparison to astronomical observa-
tions and models of e.g. the Extended Red Emission.
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