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Naphthalene and azulene are isomeric polycyclic aromatic hydrocarbon and are topical in the context of astro-
chemistry due to the recent discovery of substituted naphthalenes in the Taurus Molecular Cloud (TMC-1).
Here, the thermal- and photo-induced isomerization, dissociation, and radiative cooling dynamics of energized
naphthalene (Np+) and azulene (Az+) radical cations, occurring over the microsecond to seconds timescale,
are investigated using a cryogenic electrostatic ion storage ring affording ‘molecular cloud in a box’ conditions.
Measurement of the cooling dynamics and statistical dissociation kinetic energy release distributions, out to
several seconds following hot ion formation, are consistent with establishment of a rapid (sub-microsecond)
Np+ ⇀↽Az+ quasi-equilibrium, and dissociation by C2H2-elimination proceeds predominately through Az+

decomposition pathways. Simulations of the isomerization, dissociation, recurrent fluorescence, and infrared
cooling dynamics using a coupled master equation combined with high-level potential energy surface calcu-
lations (CCSD(T)/cc-pVTZ), reproduce the trends in the experimental data. The data show that radiative
cooling via recurrent fluorescence, predominately through the Np+ D0 ←D2 transition, efficiently quenches
dissociation for internal vibrational energies up to ≈1 eV above dissociation thresholds. These measurements
support the suggestion that small PAH molecules, like naphthalene, may be more abundant in space than
previously thought. The strategy presented in this work could be extended to fingerprint the cooling dynamics
of other PAH ions for which isomerization is predicted to precede dissociation.

I. INTRODUCTION

Naphthalene and azulene (FIG. 1) are the simplest
polycyclic aromatic hydrocarbons (PAHs) isomers and
are the archetypal couple for PAH isomerization dynam-
ics. PAHs are commonly generated in flames and incom-
plete combustion of organic material,1,2 and are surmised
to be ubiquitous in space.3,4 Notably, more than 10% of
interstellar carbon is thought to exist as PAHs,5,6 and
are conjectured to be major contributors to IR bands
in astronomical observations, potentially including the
so-called aromatic infrared bands (AIBs).7–10 In the con-
text of interstellar PAHs, naphthalene and derivatives are
highly topical following the discovery of two isomers of
cyanonaphthalene in TMC-1 through assignment of rota-
tional lines, with an abundance six orders of magnitude
higher than standard modeling predicted.11 This discov-
ery has, at long last, identified specific PAHs in space.
Prior to this discovery, it was thought that PAHs with
less than ca. 20 atoms would not radiatively stabilize
following ionizing interactions;12–14 clearly these mod-
els need revision and quantitative laboratory data for
calibration.15 Shortly after the discovery of the cyanon-
aphthalenes, the indene molecule was identified using
similar methodology and found to be four orders of mag-
nitude more abundant than modeling predicted.16 In ad-
dition to neutral PAHs, charged forms are thought to

a)Electronic mail: james.bull@uea.ac.uk

control the ionization balance in molecular clouds,17 in-
fluence protoplanetary ion-molecule chemistry, and are
important sources of photoelectrons in the diffuse inter-
stellar medium and the surface layers of protoplanetary
disks.18–20

Following the first report of the thermal rearrange-
ment of (neutral) azulene to naphthalene in 1947,21

there have been numerous experimental studies on their
light- and heat-induced interconversion – see Wentrup
and co-workers22 for a recent summary. Experiments
on the radical cations of naphthalene (Np+) and azu-
lene (Az+), and related PAH cations, have concluded
that photoactivation is followed by rapid internal con-
version (picoseconds) to recover the ground electronic
state.23–26 Significantly, for Np+ and Az+, because iso-
merization barriers are lower than dissociation barriers,
isomerization reaction rates are higher and, therefore, en-
ergized Az+ or Np+ may (over certain internal energy

FIG. 1. Molecular structures of the C10H8 isomers naphtha-
lene and azulene. The radical cations are denoted Np+ and
Az+, respectively.
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windows) statistically dissociate via common intermedi-
ates and mechanisms.23,27–32 These dynamics have been
partially confirmed through calculation of potential en-
ergy surfaces and kinetic modeling of the isomerization
and dissociation pathway,33–36 although further charac-
terizations on the competition between cooling pathways
are required.

The cooling dynamics of energized PAH ions occur-
ring over extended timescales (e.g., milliseconds to sec-
onds) can be probed using ion storage devices, such
as the approach implemented by Bernard et al.,37 in
which the slow thermal decay of activated Np+ was
studied in a room-temperature electrostatic ion storage
ring. The study highlighted the importance of both in-
frared (IR) radiative cooling, occurring through vibra-
tional transitions,38 and recurrent fluorescence (RF), cor-
responding to photon emission from thermally-populated
electronic states via inverse internal conversion.39,40 A
subsequent work by Saito et al.41 directly observed RF
for the D0 ← D2 transition in energized Np+. In a
recent contribution, some of the present authors used
DESIREE (Double ElectroStatic Ion Ring ExpEriment)
at Stockholm University to study 1-cyanonaphthalene
radical cations (1-CNN+) and infer the importance of
RF in the cooling dynamics relevant in astrochemical
environments,15 and also to propose that RF-assisted
cooling of PAHs may be more common than previously
thought.

Due to the importance of naphthalene and azulene as
fundamental PAH isomers and because of their relevance
in astrochemistry as precursors in ‘bottom-up’ growth
mechanisms for larger PAHs,42 the present report seeks
to: (i) measure cooling rates for energized Np+ and Az+

under ‘molecular cloud in a box’ conditions,43,44 (ii) pro-
vide an assessment of the isomerization between Np+ and
Az+, based on measuring kinetic energy release (KER)
distributions associated with dissociation and monitoring
time-dependent cooling dynamics following thermal- and
photo-activation, and (iii) assess the importance of RF in
the cooling dynamics of Np+ and Az+, and imply the pre-
ponderance of these species in space. While room tem-
perature storage ring experiments can access ‘slow’ dy-
namics, occurring up to milliseconds after ion formation
or activation, they cannot unequivocally probe the ‘ultra-
slow’ processes occurring over milliseconds to seconds.38

Furthermore, the present experiments are the first con-
ducted under conditions mimicking cold (T = 10− 20K)
molecular clouds.

II. METHODS

A. Experimental

The cooling dynamics of energized Np+ and Az+ were
studied at the DESIREE infrastructure (FIG. 2). Np+

or Az+ were generated through sublimation of the par-
ent powder (Sigma-Aldrich, >99%) in a resistively heated

FIG. 2. Schematic diagram of the symmetric ion storage ring
in DESIREE at Stockholm University. Cryogenic cooling of
the ring to T ≈ 13K gives a residual gas density of ≈104

cm−3 (mostly H2).
45 Neutral products formed in the lower

straight section follow the dashed line and are counted with
the Imaging Detector.

oven coupled to an electron cyclotron resonance (ECR,
Pantechnik Monogan) ion source with helium support
gas. Cations extracted from the source were accelerated
to 34 keV kinetic energy, mass selected (m/z=128) us-
ing a 90◦ bending magnet, and injected into the stor-
age ring (orbit period ≈38µs). The total ion tran-
sit time from formation to storage was ≈100µs and
≈5×104 ions were injected each cycle (beam storage life-
time ≈500 s). After ion injection into the storage ring,
neutral fragments formed in the lower straight section
of the ring (see FIG. 2) impact on the position sensi-
tive ‘Imaging Detector’.46 The detector consists of ultra-
high dynamic range micro-channel plates (MCPs, Pho-
tonis), suitable for high count rates at cryogenic tem-
peratures, coupled with a phosphor screen. Ion images
were recorded through a vacuum window using a CMOS
camera (Photon Focus MV1-D2048) with 1.1ms expo-
sures every 2.5ms. The images are time-stamped and
synchronized with the storage cycle. In separate single-
pass experiments, ion images providing KER distribu-
tions were recorded using a 0.5mm aperture inserted be-
fore the straight section of the storage ring to reduce the
smearing of the neutral distributions due to the spatial
extent of the beam.

Photo-induced experiments were performed by merg-
ing the stored ion beam with light (11µJ pulse−1, 250Hz,
unfocussed) from an EKSPLA NT-242 optical paramet-
ric oscillator (OPO) laser in a colinear geometry in the
upper straight section of the ring. The irradiation wave-
lengths at 415 nm (Np+) and 425 nm (Az+) were selected
based on high absorption cross-sections in cold electronic
spectra47,48 and because of high laser fluence in this wave-
length range.

B. Theoretical

1. Potential energy surfaces

Calculations of the isomerization and dissociation
(mainly C2H2 elimination) potential energy surfaces
(PESs) for Np+ and Az+ involved optimizing the min-

I think we used the high energy platform. This bend should be 127 degree.

127◦

Ion neutralization images
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imum energy structures and transition states at the
ωB97X-D/cc-pVTZ level of theory, followed by single-
point energy calculations at the CCSD(T)/cc-pVTZ level
of theory using Gaussian 16.B01.49–52 Initial structures
were taken from Ref. 34.

2. Isomerization and dissociation

Isomerization between Np+ and Az+ and dis-
sociation as C2H2-elimination (and H-elimination
for Np+) were modeled using an RRKM
(Rice–Ramsperger–Kassel–Marcus) equation

k(E) =

∫ E

0
ρt(E

′)dE′

hρr(E)
(1)

where E is the vibrational energy, and ρr and ρt are
level densities for the reactant and transition state, re-
spectively, and h is Planck’s constant. On our relative
energy scale, E = 0 corresponds to the ground state vi-
brational energy of Np+. For all other structures, the
level density starts (is non-zero) at the structure’s ground
state energy.

3. Recurrent fluorescence

Recurrent fluorescence (RF), which is otherwise known
as Poincaré fluorescence, corresponds to fluorescence
emission from thermally populated electronic states.40

The rate coefficient for RF, kRF , was modeled using the
expression:

kRF (E) = ARF ρ(E − hνel)

ρ(E)
(2)

where ρ is a density of states and νel is the electronic
transition energy. The electronic Einstein coefficients,
ARF , were calculated by

ARF =
2πν2ele

2

ϵ0mec3
f (3)

where f is the oscillator strength taken from
Franck-Condon-Herzberg-Teller simulations at the LC-
ωHPBE/cc-pVTZ level of theory.53,54 Briefly, the
low-lying electronic transitions of Np+ have been
determined using photoelectron and matrix-isolation
spectroscopies,47,55 with the first excited state (2B1u) at
0.73 eV and the second excited state (2B2g) between 1.93
and 1.84 eV. The first excited state is symmetry forbid-
den in absorption spectroscopy. Adjusting the experi-
mental absorption value for vertical fluorescence transi-
tion energy based on our DFT calculations gives 1.66 eV.
This value is in good agreement with the recurrent flu-
orescence spectrum for Np+ in Ref. 41. Spectroscopic

investigations on Az+ are more limited, although a pho-
toelectron spectroscopy study of thermally-evaporated
azulene has reported the first two transitions at 1.09 and
2.66 eV.56 For our RF simulations, we used the estimated
fluorescence vertical transition energies combined with
our calculated oscillator strengths at f = 0.094 for D2 ←
D0 in Np+ and f = 1.7× 10−3 and 1.2× 10−2 for D1 ←
D0 and D2 ← D0 in Az+, respectively.

4. IR emission

Infrared emission (vibrational cooling) rate coefficient,
kIR, for Np+ and Az+ were modeled assuming the simple
harmonic cascade (SHC) approximation:38

kIR(E) =
∑
s

ks =
∑
s

AIR
s

v≤E/hνs∑
v=1

ρ(E − vhνs)

ρ(E)
(4)

where v is the vibrational quantum number, hνs is the
transition energy, and AIR

s is the Einstein coefficient for
vibrational mode s. The performance of this model has
been discussed elsewhere,38,57 but generally reproduces
experimental data within a factor of two.

C. Master equation propagation

The time-dependent vibrational energy distribution,
g(E, t), initially normalized such that

∫
g(E, t = 0)dE =

1, was propagated according to the Master equation

d

dt
g(E, t) = −(kd,tot(E) + kiso(E))g(E, t) + kiso(E)g(E, t)∑

s

[ks(E − hνs)g(E + hνs, t)− ks(E)g(E, t)]

+kRF (E + hνel)g(E + hνel, t)− kRF (E)g(E, t).

(5)

In this expression, the first terms in parentheses de-
scribe depletion of the ion population by unimolecular
dissociation (i.e., C2H2- and H-elimination) and isomer-
ization, where the total dissociation rate coefficient is the
sum of the rate coefficients for the various product chan-
nels, kd,tot =

∑
P kd,P . The next term is incoming popu-

lation from the other isomer, with the overbars indicating
the other isomer. The first term in brackets corresponds
to v + 1 → v vibrational emission from levels above E,
while the second is associated with v → v − 1 emission
to levels below E. The final two terms describe RF. The
time step dt was chosen to match the experimental data,
with 32 extra points prior to the first experimental time
bin to allow for the ion transit time from the ion source
to the storage ring. The simulated dissociation rate for
a given product channel P is given by

What's the difference between E and E prime? 
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FIG. 3. Spontaneous neutralization of energized Np+ and
Az+ produced in an ECR source: (a) measured neutralization
rate with ion storage time, including single-pass kinetic energy
release (KER) distributions associated with C2H2-elimination
are shown in the inset, (b) fit of neutralization rate to EQN6
and total simulated neutralization rate for Np+ and Az+ pre-
cursors, (c) simulated rate coefficients for C2H2-elimination
(kd), isomerization (kiso), recurrent fluorescence (kRF ), and
infrared cooling (kIR). The average vibrational energy of the
nascent ion ensembles is estimated at ≈5.1 eV, as indicated
in (c). For (a) and (b), given rates are instrument dependent;
absolute rates according EQN9 are indicated on the right-
hand vertical abscissa. In (c), the computed kRF data are
consistent with values in Ref. 41. Note the logarithmic scales
on vertical and some horizontal abscissas.

ΓP (t) =

∫
kd,P (E)g(E, t)dE. (6)

III. RESULTS AND DISCUSSION

A. Spontaneous cooling dynamics

Measured neutralization rates, R(t), for Np+ and Az+

generated in the ECR source are shown in FIG. 3a. These
data are averaged over a large number of injection and
storage cycles, and have a similar shape to those reported
for other PAH cations.58,59 Intriguingly, the measured
storage time dependence of the neutralization rates for
the two precursor ions are near identical. In terms of
the underlying physics of the neutralization rate curves,
during the first ≈10−3 s after ion injection, the neutral-
ization rate follows a power law trend, R(t) ∝ t−1, due
to the broad distribution of internal energies, [g(E, t)], of
the ions and the rapid variation of the dissociation rate
coefficient, kd(E), with E.60 After a critical time (k−1

c ),
the dissociation rate is quenched by competition with ra-
diative cooling (RF and IR),61 resulting in a dissociation
rate with approximate time dependence

R(t) = r0t
−1e−kct (7)

where r0 is signal amplitude. The solid curves in FIG. 3b
are fits of EQN7 to the R(t) data for t > 5 × 10−4 s.
Extracted values of kc are ≈460 s−1 (Np+) and ≈410 s−1

(Az+) and are comparable with those for 1-CNN+ (kc =
300 ± 20 s−1)15,62 and other larger PAH cations.58,59,63

Significantly, the kc values for precursor Np+ and Az+

(as well as the cooling profiles) are similar, indicating
similar dissociation and cooling dynamics, i.e., a common
mechanism, over the fitted timescale. Application of the
alternative fitting model

R(t) = r0t
−αe−kct (8)

returned values of ≈500 s−1 for both ions, with val-
ues of α slightly less than unity. Deviation of α from
unity (EQN7) is attributed to a finite width internal
energy distribution,37,64 with α ≈ 0 corresponding to
exponential-like decay of ions with a narrow and well-
defined internal energy distribution. We return to dis-
cussing α values for the photo-induced neutralisation
data.
The R(t) data presented in FIG. 3 are relative data

that depend on instrumental conditions. They can be
converted to absolute rates, Γ(t), using the expression

Γ(t) =
f2qe

NcycηdetGIavg
R(t) (9)

where f = 23.87 kHz is the revolution frequency of the
stored ions, qe is the electron charge, Iavg = 300 pA
(124 pA for Az+) is the measured beam current at the
end of the storage cycle, Ncyc = 213, 177 (226, 712 for
Az+) is the number of cycles, ηdet = 0.4 is the detector
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FIG. 4. Schematic illustrations of ion internal energy dis-
tributions, [g(E, t)]: (a) nascent Np+ and Az+ produced in
the ECR source. Many of the ions are produced with high
internal energies (red) in excess of the isomerization and dis-
sociation threshold; these ions are subject to a competition
between isomerization, dissociation, and cooling through RF
and IR emission. A fraction of the nascent ions have internal
energies lower than isomerization and dissociation thresholds
(shaded blue), and may cool through IR and RF emission,
with any destruction through dissociation. The ions in the
blue shaded region retain the precursor isomer structure and
are those that become increasingly probed with ion storage
time in the photo-induced experiments. (b) The blue pop-
ulation corresponds to stored ions that have cooled to some
degree. This population contains both Np+ and Az+, but will
be enriched in the precursor ion because of the blue fraction
of the population in (a). Upon absorption of a visible photon
(photo-induced experiments), the average internal energy is
raised above the isomerization and dissociation thresholds.

efficiency, and G = 0.11 is the fraction of the storage ring
witnessed by the detector.

Kinetic energy release (KER) distributions recorded by
imaging neutral products formed during the first 100µs
after ions were injected into the ring are shown in the in-
set in FIG. 3a. The KER distributions associated with
decomposition of Np+ and Az+ are essentially identi-
cal, providing some evidence that dissociation (and inter-
linked cooling dynamics) proceed through common mech-
anisms. Furthermore, there is little change in shape of
the KER distribution over the first 10ms of ion storage,
indicating that a quasi-statistical Np+ ⇀↽Az+ equilib-
rium is promptly established after ion generation in the
ECR source. We use the term ‘quasi-statistical’ because
the internal energy distribution is presumably broad with
a substantial fraction of the ions possessing internal en-

ergy in excess of isomerization and dissociation thresh-
olds (FIG. 4). The KER distributions in FIG. 3a, inset,
have a double-peaked structure with maxima at ≈0.05 eV
and ≈0.4 eV, which differs from the Boltzmann-like KER
distribution (peak maximum at ≈0.05 eV) recently mea-
sured for 1-CNN+ using the same methodology.15 Thus,
there are multiple neutral formation (dissociation) path-
ways for the Np+–Az+ couple, which are not active for
1-CNN+. As discussed below, these KER distributions
are consistent with isomerization in concert with dissoci-
ation.

B. Potential energy surfaces

To link the Np+ and Az+ cooling measurements
with PESs for isomerization and dissociation, we re-
computed the most probable PESs reported in the
2006 work by Dyakov et al.34, who used RRKM
theory to explore the importance of each path-
way with internal energy. For isomerization, the
norcaradiene-vinylidene (or Dewar-Becker) isomerization
mechanism65,66 (FIG. 5a) is a two-step rearrangement,
proceeding via a metastable, hydrogen-shifted naphtha-
lene intermediate (species 6). Conversely, the bicyclobu-
tane isomerization mechanism67 (FIG. 5b) is more com-
plex, involving four transition states and three intermedi-
ates (species 3, 4, and 5), although requires slightly lower
activation energy. For dissociation leading to C2H2-
elimination (FIG. 6a), the decomposition of Np+ involves
hydrogen shifts, followed by ring opening, forming the
phenylacetylene cation (P3), which is the highest point
(i.e., asymptotic) along the PES (4.75 eV, relative to
Np+). On the other hand, there are two feasible C2H2-
elimination channels for Az+ (FIG. 6b), both of which
have a slightly lower limiting barrier at 4.72 eV. The bar-
rier height to TS1 20 is much larger than to TS1 18,
making the latter the more likely forwards pathway.
However, the reverse pathway starting from P1 likely
favors the route through TS20 21, as the barrier is sig-
nificantly lower than to TS19 21 (0.13 eV and 0.84 eV,
respectively).
While experiments and supporting theoretical studies

have demonstrated that C2H2- and H-elimination are the
lowest energy dissociation pathways for the Np+–Az+

couple,30,34,36 with approximately equal branching ratio
at low excess internal energies (e.g., 1 eV above thresh-
old), the imaging detector in DESIREE is insensitive to
H atoms,59 so the KER distributions should reflect C2H2

formation. H-loss, if present, would be spread widely over
the detector due to the low mass of H, and would be in-
distinguishable from background in the KER image. On
the other hand, our master equation simulations combine
all of these isomerization and dissociation PESs as well
as an H-elimination channel (see SI). It is worth noting
a RRKM study on Np+–Az+ isomerization and dissocia-
tion dynamics used PESs calculated with the (becoming
obsolete) B3LYP density functional,36 however, our cou-
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FIG. 5. Potential energy surfaces (CCSD(T)/cc-pVTZ) for Np+ and Az+ isomerization: (a) norcaradiene-vinylidene mechanism,
(b) bicyclobutane mechanism. All energies are relative to Np+. Labeling convention for the structures follows Ref. 34.

pled cluster PESs are in closer agreement with those in
the Dyakov et al.34 study, which employed the more ro-
bust G3(MP2,CC) method.

Returning to the KER distributions shown inset in
FIG. 3a, we assigned the peak at ≈0.05 eV in the KER
distribution to Np+-dissociation yielding P3 since the
C2H2-elimination pathway is asymptotic in relative en-
ergy. The KER peak centred at ≈0.4 eV is assigned to
dissociation from Az+ yielding P1 where kinetic energy
associated with dissociation is portioned between the two
fragments and internal vibrational excitation due to in-
tramolecular vibrational energy redistribution concerted
with bond scission.

C. Master equation simulations

A key result from the spontaneous neutralization data
is that ‘low energy’ dissociation (i.e., up to several eV
above the dissociation threshold) from either Np+ or Az+

occurs through common pathways because the Np+–Az+

isomerization barriers are lower than those for C2H2-
elimination.23,27–31 To understand the competition and
interlink between isomerization, dissociation, and radia-
tive cooling, we performed master equation simulations.
The computed rates, using EQNS1-4, the molecular
structures and energies in FIGS 5 & 6, the vibrational
frequencies tabulated in the Supplementary Material,
are shown in FIG. 3c. The total C2H2-elimination rate
(EQN6) from a simulation assuming initial vibrational
energy distributions following Boltzmann statistics with
temperatures T = 1970K for both isomers are shown

in FIG. 3b. This temperature was chosen to match that
found for previous experiments with 1-CNN+ using the
same ion source.15 The initial temperature of T = 1970K
corresponds to an average internal energy of ≈5.1 eV,
which is above the isomerization and dissociation bar-
riers. Returning to FIG. 3c, in accord with the Dyakov
RRKM study,34,35 there is an internal-energy-dependent
branching between the two C2H2-elimination channels.
The dissociation channel producing P3 in FIG. 6a is
important at low internal energies (<5.2 eV), while the
channel producing P1, in FIG. 6b (red), becomes more
important after the ‘turnover region’ at ≈5.2 eV. At in-
ternal energies greater than ≈9.5 eV, the branching ra-
tio for the P3 channel begins to increase slightly, while
the ratio for the P1 channel begins to decrease (this de-
crease being greater than the corresponding increase in
species P3). At our initial simulated temperature cor-
responding to ≈5.1 eV of internal energy, H-elimination
and C2H2-elimination have roughly equal probability,
with a 75%:25% branching between P3 and P1 prod-
ucts for C2H2-elimination. This C2H2-elimination chan-
nel branching is consistent with the 70%:30% (±10% un-
certainty) determined from a fit of the single-pass KER
distributions (dashed lines in FIG. 3a, inset).

D. Radiative cooling

The simulations in FIG. 3c indicate that RF cooling
has the largest rate constant in the 4–5 eV internal en-
ergy range, with Np+ being more efficient at RF than
Az+. This energy range spans UV absorption bands in
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FIG. 6. Potential energy surfaces (CCSD(T)/cc-pVTZ) for dissociation (C2H2-elimination) from Np+ and Az+: (a) from Np+

forming the phenylacetylene cation (P3), (b) from Az+ forming the pentalene cation (P1). All energies are relative to Np+.
Labeling convention for the structures follows Ref. 34.
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FIG. 7. Photo-induced neutralization of Np+ and Az+: (a) Example neutralization rate curve for Np+ showing the first 15
laser irradiations using 415 nm light. (b) Background-corrected neutralization rates for five selected laser irradiations of source-
heated Np+. (c) Background-corrected neutralization rates for five selected laser irradiations of source-heated Az+. (d) Values
of fitted parameter α for the Np+ and Az+ irradiated cooling profiles. Exponential decay fits are included as a guide.

both ions. For internal energies below ≈4 eV, cooling is
dominated by IR emission. The computed cooling rates
for RF and IR are comparable with those determined for
1-CNN+,15 although RF cooling is slightly less efficient
for Np+ compared with 1-CNN+ for vibrational energies
<6 eV. The reduced rate of RF for Np+, even though
the oscillator strength f = 0.094 is substantially larger
than f = 0.011 for 1-CNN+, is because of the higher RF
transition energy for Np+ at ≈1.6 eV compared with the
calculated value of 1.10 eV for 1-CNN+. It is worth not-
ing that our simulated RF rates for Np+ are similar to
those reported by Saito et al. 41.

Fits of the simulated neutralization curves to EQN7,
shown in FIG. 3b, returned kc values of ≈790 s−1 for Np+

and ≈840 s−1 for Az+, which are 1.7–2-fold larger than
the fitted values for the experimental data. This would
indicate that the quenching of dissociation by radiative
cooling is slightly overestimated by the model. Interest-
ingly, the simulated absolute neutralization rates shown
in FIG. 3b are about an order of magnitude lower than
the (absolute) experimental data. We have applied simi-
lar master equation simulation methodology to describe

the spontaneous cooling profiles for other PAH cations
and found better agreement between absolute experi-
mental rates, although these systems were not compli-
cated by isomerization dynamics or multiple dissociation
pathways.15,58,59 Potential reasons for the difference in
absolute rates in this work include: (i) the simulations
assume a Boltzmann distribution with some average tem-
perature; however, the true nascent ion temperature dis-
tribution may differ and have a different shape on the low
temperature side, e.g. see Ref. 41 for an alternative in-
ternal energy distribution (although the distribution will
be ion source and instrument specific), and (ii) the PESs
for dissociation are complicated – our simulations consid-
ered only the lowest energy pathways for isomerization
and elimination of C2H2, while theory has predicted sev-
eral other pathways that may be cumulative.34,36 Still,
we conclude that the simulations are able to reasonably
reproduce the experimental trends.

I suggest a x coordinate scale. And keep same linear scale.

why it's exponential decay?
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E. Photo-induced cooling dynamics

In addition to monitoring spontaneous neutralization
of energized Np+ and Az+, we performed photo-induced
neutralization experiments for which stored ions were ir-
radiated at 415 nm (Np+) or 425 nm (Az+) every 4ms.
One may think of the photo-induced experiment as de-
positing a known amount of energy, 3.0 eV for Np+ and
2.9 eV for Az+, into the cooling ensemble (since internal
conversion dynamics are fast compared with all other dy-
namics occurring on the ground state) – see FIG. 4b. The
photo-induced cooling profile, averaged over many stor-
age cycles, associated with the first 15 of the laser irradi-
ations for Np+ is shown in FIG. 7a. The inset shows
the photo-induced responses corrected for the sponta-
neous neutralization background (i.e., no laser). Inte-
grated neutralization yields as a function of time after
laser firing for five selected ions storage times are shown
in FIG. 7b (Np+) and FIG. 7c (Az+). These data were
fit with the expression

At−αe−kct. (10)

In these fits, kc was fixed to the value 460 s−1, obtained
from the spontaneous decay measurements. Values of α
obtained from fits of EQN10 are given in FIG. 7d, re-
vealing an exponential-like decrease in magnitude with
ion storage time, due to cooling and narrowing of the
vibrational energy distribution. Significantly, while the
two precursor ions gave similar values of α for short ion
storage times (e.g., 0–50ms), they start to deviate for
longer ion storage times, indicating distinct cooling dy-
namics. Our interpretation is that, as the ion ensemble
cools, the vibrational energy distribution illustrated in
FIG. 4a evolves into the situation illustrated in FIG. 4b.
Specifically, as the ion ensemble cools, many of the en-
ergized ions possessing energy in excess of the ionization
and dissociation threshold are lost through dissociation,
leaving the cooler part of the ion ensemble enriched in
the precursor isomer. The deviatation of the trend in
α, thus, reflects differences in radiative cooling (RF and
IR) between the two precursor ions. Because α values for
Np+ have a steeper decrease with ion storage time than
for Az+, we conclude that RF cooling is more efficient
for Np+. This conclusion is consistent with both the fit-
ted experimental kc values in FIG. 3b (slightly larger for
Np+) and the simulations in FIG. 3c, where for E > 3 eV
the computed kRF value for Np+ is larger than that for
Az+.

IV. ASTROCHEMICAL SIGNIFICANCE

For several decades, PAHs have been thought to be
ubiquitous in the Interstellar Medium and to domi-
nate the IR emission bands observed by astronomers at
wavelengths coincident with PAH vibrational transition

energies.5,68–70 Interestingly, the AIBs only show small
variations across astrochemical environments,71 leading
to the conclusion that these environments contain ei-
ther a common subset of PAHs,72 or a high diversity
of PAHs that result in the same average spectrum.73

These emission bands are ubiquitous in the universe, ob-
served across many astrochemical environments, includ-
ing the galactic interstellar medium, planetary nebulae,
star forming regions, and other galaxies.74,75 However,
because they cannot be used to identify specific molec-
ular species, it is desirable to have experimental char-
acterizations of the cooling dynamics and IR emission
properties of prototype PAHs. The conventional wis-
dom was that PAHs possessing less than ca. 20 atoms
would not possess the ability to radiatively stabilize in
space and would decompose.12–14 However, the discov-
ery of indene and two isomers of cyanonaphthalene in
TMC-1 challenges this hypothesis.11,16 Intriguingly, the
observed abundances of the cyanonaphthalenes are six
orders of magnitude higher than could be explained by
standard astrochemical modeling involving growth mech-
anisms assuming a ‘bottom-up’ model from naphthalene.
One hypothesis put forward by McGuire et al.11 to ex-
plain the high abundance of CNN in TMC-1 is that a
larger-than-expected amount of naphthalene was inher-
ited from the diffuse interstellar medium at early stages of
cloud formation. RF-enhanced stability of naphthalene
is consistent with this hypothesis. As detailed in our
recent study on 1-CNN+,15 part of the abundance dis-
crepancy is likely because the destruction rate assumed
in the model is too high; the model considered radia-
tive stabilization effectuated by only IR emission, not by
faster RF cooling, which is known to occur for Np+.41

Despite isolated PAHs in space spending most of their
live as an internally cold molecule, a key requirement
for a PAH to be carrier of IR bands is that they must
survive any rare instances of collisional (thermal) heat-
ing such as from shock waves, and photo-induced heating
(e.g., UV absorption or 13.6 eV H-ionization radiation in
photodissociation regions). Photoresilience requires the
molecule to liberate energy, i.e., radiative cooling, in a
manner that suppresses dissociation. As shown in this
work, while some fraction of energized Np+ and Az+

dissociate, RF leads to an appreciable fraction becom-
ing stabilized (i.e., dissociation is suppressed). Thus, in
accord with our recent study on 1-CNN+, we reaffirm
that RF is important for radiative stabilization of small
PAHs, and that ‘bottom-up’ PAH growth models, like
that assumed for cyanonaphtalene growth,11 are likely
astrochemical pathways. To help place the importance
of radiative cooling into context, we plot ion survival
probability with internal energy in FIG. 8. While dis-
sociation thresholds are ≈4.8 eV, our simulations predict
a near 100% survival rate of ions with internal vibrational
energy < 5.8 eV, with a small fraction of ions surviving
with internal energies up to ≈7 eV. Because the ioniza-
tion potential of neutral naphthaene is 8.144±0.001 eV76

and Np+ can withstand < 5.8 eV of vibrational energy,

lives

Highlight
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FIG. 8. Ion survival probability with internal energy from
the master equation simulations. Data for 1-CNN+ are taken
from Ref. 15. The higher survival probability for Np+–Az+

compared with 1-CNN+ over the 5–8 eV range is attributed
to higher dissociation thresholds in the former.

neutral naphthalene molecules should retain their organic
backbone following ionization by 13.6 eV H-ionization ra-
diation. In contrast, the survival probability curve for 1-
CNN+ is shifted to ≈1 eV lower vibrational energy due to
a lower dissociation threshold of ≈3 eV.77 This is consis-
tent with the iPEPICO results from West et al.30, which
show no appreciable fragmentation of naphthalene be-
low 15 eV photon energies, although these experiments
sampled shorter times after ionization than the present
experiments and they may be subject to a kinetic shift.

Azulene has not been detected in space by the same ra-
dioastronomy surveys that identified CNN and indene.11

While this may be partially due to the low dipole mo-
ment of azulene, it is also consistent with the present
results showing that Az+ excited by 5-7 eV converts to
Np+, and is then stabilized by RF. This process, and the
equivalent one in the neutrals, would enrich naphthalene
vs azulene.

V. CONCLUSIONS

This work has demonstrated that a rapid quasi-
equilibrium, which precedes molecular decomposition, is
established between Np+ and Az+ species generated in a
thermal source. The measurements, which are supported
by statistical modeling, provide characterization of the
radiative cooling and associated dynamics over timescales
relevant to the ions present in certain astrochemical en-
vironments. Access to these ultraslow timescales is af-
forded by conducting experiments under ‘molecular cloud
in a box’ conditions. Master equation simulations are
able to reproduce the radiative cooling properties of the
ions and demonstrate that RF is the dominant non-
destructive cooling mechanism. In accord with a re-
cent study on cyanonaphthalene cations by some of the

present authors,15 we reaffirm that RF cooling: (i) is
an important radiative cooling mechanism, (ii) is an im-
portant process for the photoresilience of small PAHs in
space, and (iii) helps to account for the anomalous ob-
served abundances of small PAHs in TMC-1 compared
with predications from astrochemical models.
Although Np+ and Az+ are the ‘simplest’ PAH cations,

in many regards, they represent the most complex PAH
system studied at DESIREE so far, due to clear signa-
tures for a competition between isomerization, dissoci-
ation, and radiative cooling (through RF and IR). For
Np+ and Az+, this complexity is because isomerization
barriers are lower than dissociation barriers. Similar sit-
uations may exist for a range of other PAH systems,78–80

including ring-expanded vs ring-methylated PAHs, and
PAHs containing an azulene-like moiety with an ex-
tended and a contracted ring.77 Specific examples include
radical cations of the anthracene-phenanthrene couple
and the related C13H9N

+ system,81–83 and isomers of
pyrene and coronene.84,85 Also of note, is that simi-
lar isomerization dynamics, particularly with hydrogen-
shifts, may be common for PAHs with varying degrees of
dehydrogenation.78

The methodology applied in this work, involving gen-
erating and storing hot radical cations and probing their
spontaneous thermal and photo-induced cooling dynam-
ics, can readily be extended to many of the systems noted
above. However, future experiments, ideally, would focus
on photo-induced cooling dynamics, for either open or
closed shell ions, as a function of excitation wavelength,
starting with internally-cold ions. The appeal of photo-
induced experiments is the ability to deliver a precise
amount of energy, provided that excitation is followed by
prompt internal conversion to recover the ground elec-
tronic state (usually picoseconds in isolated PAHs)23–26

and that ensuing intramolecular energy redistribution is
rapid. Such experiments might best be conducted using a
new electrospray ionization source available at DESIREE
that incorporates a cryogenic pre-trap to cool ions before
they are injection into the storage ring. This pre-cooling
provides an internal energy distribution more similar to
FIG. 4b, thereby avoiding waiting for hot ions produced
in thermal sources to cool. For Np+ and Az+, provided
they could be satisfactorily generated through electro-
spray ionization, this approach should provide near-pure
ensembles of each isomer, avoiding the complications as-
sociated with coexisting isomers at the start of each ion
storage cycle. For pure isomer ensembles, measurement
of KER distributions as a function of excitation energy
would provide a rigorous probe of PES barriers to isomer-
ization and calibration of the master equation simulation
methodology currently used to model cooling dynamics.

SUPPLEMENTARY MATERIAL

The Supplementary Material contains details on: analy-
sis methods for the kinetic energy release distributions,

injected
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theoretical methods for rate coefficient calculations, the-
oretical methods for PES calculations, calculated vibra-
tional frequencies, and optimized geometries.
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