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ABSTRACT

Indene (CoHs) is the only polycyclic pure hydrocarbon identified in the interstellar medium to date, with an observed abundance orders of
magnitude higher than predicted by astrochemical models. The dissociation and radiative stabilization of vibrationally hot indene cations are
investigated by measuring the time-dependent neutral particle emission rate from ions in a cryogenic ion-beam storage ring for up to 100 ms.
Time-resolved measurements of the kinetic energy released upon hydrogen atom loss from CoHj , analyzed in view of a model of tunneling
through a potential energy barrier, provide the dissociation rate coefficient. Master equation simulations of the dissociation in competition
with vibrational and electronic radiative cooling reproduce the measured dissociation rate. We find that radiative stabilization arrests one of
the main CoHjg destruction channels included in astrochemical models, helping to rationalize its high observed abundance.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0257874

. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) have long been
thought to be ubiquitous in the interstellar medium (ISM). This is
based on the infrared emission bands observed by astronomers at
wavelengths coincident with their characteristic vibrational transi-
tion energies.! However, these bands are common to PAHs as a
class and have proven difficult to assign to specific PAH molecules.
It was only in the past few years that indene,” 2-cyanoindene,’
and two isomers of cyano-naphthalene® were identified in space
in the Taurus molecular cloud, TMC-1 by comparing astronomi-
cal microwave spectra with known rotational emission lines. Very
recently, several larger cyano-functionalized PAHs have been iden-
tified by the same methods.”” Interestingly, the observed interstellar
abundance of indene (CoHs, Fig. 1), the only polycyclic pure hydro-
carbon identified to date, was more than four orders of magnitude
higher than predicted by astrochemical modeling." These models

neglect radiative cooling and assume that PAHs are rapidly bro-
ken down into linear fragments following ionizing collisions with
small cations including C* and Hj.” Several recent studies have
examined the spectroscopy and stability of indene®” and its pri-
mary degradation product, indenyl, under astrophysically relevant
conditions.'""’

A previous study'” on 1-cyanonaphthalene by some of the
present authors found that the energized cation is efficiently sta-
bilized by recurrent fluorescence (RF)—the emission of optical
photons from thermally excited electronic states.'”'* This rapid
radiative cooling closes some of the destruction pathways included
in astrochemical models that underpredicted the abundance of
that molecule in TMC-1 by six orders of magnitude.” Numerous
laboratory studies have confirmed that RF, rather than infrared
photon emission from vibrational relaxation, is the primary radia-
tive stabilization mechanism for PAH cations,”” * with few
exceptions.”
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We present a study of the unimolecular dissociation and radia-
tive stabilization of the indene radical cation, CoHg, Ind*. The
dissociation rate coefficient and activation energy are determined
from time-resolved measurements of kinetic energy release distri-
butions of an ensemble of vibrationally excited ions isolated in a
cryogenic ion-beam storage ring. RF rate coefficients are calculated
based on ab initio molecular dynamics simulations. Master equa-
tion modeling including dissociation, RF, and infrared vibrational
radiative cooling processes closely reproduces the measured abso-
lute dissociation rate of the stored ion ensemble. We find that Ind”,
in contrast to fully sp’-hybridized PAH cations, cools mainly by
IR photon emission, with at most a small contribution from RF.
Nevertheless, we find that Ind* can be expected to be radiatively sta-
bilized following charge-exchange reactions between C* and neutral
indene, one of the most important destruction channels for PAHs
included in astrochemical models of molecular clouds.

Il. METHODS
A. Experiments

Experiments were conducted using the DESIREE (Double Elec-
troStatic Ion Ring ExpEriment) cryogenic ion-beam storage ring
infrastructure located at Stockholm University’*”’ using proce-
dures similar to earlier experiments on cyano-naphthalene.'” Indene
(Sigma-Aldrich, >99%) vapor was introduced into an electron
cyclotron resonance (ECR, Panteknik Monogan) ion source. The
ECR source produces molecular ions with high internal energies.
Positive ions were extracted from the source, accelerated to 86 keV,
and those with m/z = 116 were selected with a bending magnet. Ion
beams were stored using electrostatic deflectors in the storage ring
depicted in Fig. 1. Neutral fragments emitted from vibrationally hot
ions in the lower straight section of the ring (see Fig. 1) impinged on
a 75 mm diameter Z-stack microchannel plate detector (Photonis)
with a phosphor screen anode (phosphor type P24). The position
and time of each detected fragment were recorded using a Timepix3
hybrid pixel detector (Amsterdam Scientific) located outside of the
DESIREE vacuum chamber. At the end of each storage cycle, the
beam was dumped into a Faraday cup coupled to a fast amplifier for
current normalization.

To analyze the kinetic energy released during dissociation, the
event data from the Timepix were first binned according to time
after ionization, with a bin width equal to the revolution period of
the ions around the ring. Two dimensional histograms of the detec-
tor images for each revolution were centered and azimuthally inte-
grated using the PyAbel package.”® The resulting time-dependent
radial intensity distributions were then further averaged over time
windows with widths linearly increasing with storage time to

ARTICLE pubs.aip.org/aipl/jcp

FIG. 1. DESIREE electrostatic ion-beam
storage ring. Neutral fragments formed
in the lower straight section are not con-
strained by the storage ring’s electric
fields and impact on a detector. The inset
shows the structure of indene noting the
sp® functional group.

improve signal-to-noise at late times where the count rate is low.
The radial intensity distribution includes contributions from neu-
tral fragments emitted along the straight section of the storage ring
and projected onto the detector plane (see Fig. 1). We fit analytic
kinetic energy release (KER) distribution models to this final pro-
jected distribution by first applying a matrix transformation from
energy to radial distance considering, for each energy bin, the range
of radii over which the differential intensity will be spread given the
finite length of the straight section. The projection of this spherically
symmetric distribution onto the detector plane is achieved with a
one-dimensional forward Abel transform. For more information on
the analysis, see the Appendix.

While our numerical analysis of the KER is based on fits to the
detector-plane radial intensity distribution, selected KER distribu-
tions are shown in Sec. 111 to facilitate comparison to the literature.
To account for the numerical error introduced by the inverse Abel
transform, we invert and average 128 radial distributions with inten-
sities normally distributed according to the measured distribution
and its counting statistics. The resulting distribution is calibrated
assuming that all neutrals are emitted from the midpoint of the
straight section, i.e.,

e(p) = mnthacc(L)z» (1)

Meat Lyia

where ¢(p) is the KER associated with the radius p, mpeu and meq are
the masses of the neutral and cationic reaction products, Ea. = 86
keV is the beam energy, and L,,;; = 1.7 m is the distance from the
detector to the mid-point of the straight section. This leads to some
distortion of the plotted KER distribution (see the Appendix).

A photo-activation technique was employed to probe the evo-
lution of the internal energy distribution on longer timescales, after
the initially hot ions have all either dissociated or been radia-
tively stabilized. In these experiments, light from a wavelength-
tunable optical parametric oscillator laser system was overlapped
collinearly with the stored ion beam, as shown in Fig. 1. Following
rapid internal conversion and intramolecular vibrational redistri-
bution, photo-activation increases the vibrational energy of the
excited ions by a known, fixed amount (the photon energy). Photo-
activated ions are thus re-heated to energies above the dissociation
threshold, and neutral fragments are again emitted and detected
using the same procedures detailed above for the source-heated
ions.

B. Quantum chemical calculations

The vibrational frequencies and infrared intensities of Ind*
were calculated at the LC-wHPBE/cc-pVTZ level in Gaussian.”” The
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infrared emission rate coefficients were computed using the simple
harmonic cascade (SHC) approximation,*
hvg
KR = AIRVSEZ/:V p(E — vhvs)
s S
v=1 P (E )

where v is the vibrational quantum number and hv, and A, are
the transition energy and Einstein coefficient of vibrational mode
s, respectively. The density of vibrational states p(E) is calculated
using the Beyer-Swinehart algorithm.”” The SHC model considers
only v » v—1 fundamental transitions, and the transition ener-
gies and level densities are assumed to be harmonic. However, we
use anharmonic (VPT2) fundamental frequencies and intensities
in our simulations, as these have been shown to better reproduce
experiments.*’
The RF emission rate coefficients are parameterized as'

, )

K (E) = Afp%, (3)

where E; and AJRF are the transition energy and Einstein coefficient
of the D; < Dy electronic transition.

Quantitative studies, by the present collaboration as well as
others, have generally found that Eq. (3) drastically underestimates
RF cooling rates when the parameters E; and AfF are estimated using
quantum chemical methods such as TD-DFT.">"” It was previously
reported that this discrepancy could be narrowed by consideration
of Herzberg-Teller (HT) vibronic coupling, which greatly increases
the transition probability of the lowest-energy optical transition of
PAHs."” HT simulations of open-shell systems remain a challenge
for computational chemistry programs, and recently, a more gen-
erally applicable method based on molecular dynamics simulations
has been introduced."!

Here, we performed temperature-dependent ab initio molec-
ular dynamics (AIMD)’' at the wB97X-D/cc-pVTZ level of
theory, ™" with canonical sampling through velocity rescaling.*
Trajectories at given initial temperatures, converted to vibrational
energies according to the caloric curve based on the state density,
were run for 1 ps in 0.5 fs steps, with the vertical transition ener-
gies and oscillator strengths for the D; < Dy states computed at each
step. The RF rate coefficients for fixed thermal energies E were then
calculated and time-averaged for each trajectory.

Dissociation energies for H-loss from the sp’ site were
performed using the DSD-PBEP86-D3(BJ)/def2-TZVPP and
CCSD(T)/cc-pVTZ theories.

C. Master equation simulations

Our approach to master equation simulations of PAH cooling
dynamics has been described previously.'” The vibrational energy
distribution g(E,t) of the ensemble is initialized as a normalized
Boltzmann distribution at ¢ = 0. The master equation propagates the
distribution according to

3 o(B.0) = K (B)g(E )
+ 3 [KR(E + hvo)g(E + hvs, t) - kX (E)g(E. ) ]

+ 3 [ (E+ Eg(E+hv,t) - T (E)g(E.D)]. (4)
]
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The first term gives the depletion of the population by unimolecular
dissociation. On the next line, the first term in brackets represents
v+ 1 — vvibrational emission from levels above E, while the second
is v = v — 1 emission to levels below E. Similarly, the terms on the
third line account for RF emission from the electronically excited
states D; (j = 1,2, 3) to the ground state Dy. The time step dt is cho-
sen to match the experimental data, with 32 extra points prior to the
first experimental time bin to account for ion decays during the tran-
sit time from the ion source to the storage ring. The dissociation rate

is given by I'(t) = [ k% (E)g(E, t)dE.

Ill. RESULTS
A. Recurrent fluorescence rate coefficients

Our calculated RF rate coefficients, based on our AIMD simu-
lations, are presented in Fig. 2. The solid curves are fits of Eq. (3) to
the points that are time averaged values from AIMD trajectories with
given initial temperatures. The fit parameters E; and fj are given
in Table I, along with experimental and calculated values™ from
Chalyavi et al. Prior to fitting, the D,, state energies in the AIMD
simulations were scaled by a factor of 1.03 so that the resulting value
of E, agrees with the 0-0 transition energy Chalyavi et al. measured
using He-tagging messenger spectroscopy.”” Chu et al. reported™ a
nearly identical energy of this transition at 17379.3 cm™" for bare
Ind", while Nagy et al. found”” 17249 cm™' in a Ne matrix. Signifi-
cantly, the oscillator strength of the D; « Dy transition is an order of
magnitude greater in our AIMD simulation than in the TD-DFT cal-
culations of Chalyavi et al., leading to a commensurately increased
REF rate coefficient.

B. Kinetic energy release

The velocity distribution of the neutral products, integrated
over the first eight revolutions of the stored ions in DESIREE
(t = 56-242 ps after ionization), is shown in Fig. 3. The distribu-
tion is bimodal with the dominant component with higher mean

105<
1021 ¢
1071<
10—4<

1077<

Rate coefficient (s71)

10-10

o 1 2 3 4 5 6 71 8
Vibrational energy (eV)

FIG. 2. RF rate coefficients for the lowest three electronic transitions of Ind*. The
points are the time-averaged values from individual AIMD trajectories at fixed inter-
nal energies. The solid curves are fits of Eq. (3). The dashed curves for D4 and D,
are calculated rate coefficients using the TD-DFT values from Chalyavi et al.*>
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TABLE |. Transition energies E; (em~") and oscillator strengths fo for D;j < Dg
transitions in Ind*.

This work (AIMD) Chalyavi et al.»
j E; fio E; exp. Ejcalc.  fjo calc.
1 10000(300)  0.006(1) 9026  0.0004
17 400(100) 0.030(3) 17 379(15) 20243 0.0563
3 23300(300)  0.05(3) 26971 0.0000

velocity being due to H-loss from Ind*. We attribute the low-
velocity component to C;Hs-loss from 13C—indenyl (13C12C3H;),
which has the same mass-to-charge ratio as our ion of interest
(CoHy). Owing to its fully sp*-hybridized structure, the indenyl
cation [Ind-H]" has a higher dissociation energy for H-loss than
Ind* and was found to decay exclusively by C;H,-loss in previous
experiments at DESIREE.!! Given that the dissociation threshold
energy for C;H,-loss from Ind* is significantly higher than for
H-loss, we do not expect these channels to be competitive on such
long timescales.”® We can also rule out sequential fragmentation
processes in which stored Ind* first loses an H atom to form
[Ind-H]" and then fragments again by C,H,-loss. This is because
ions with such high internal energies as to undergo multi-
fragmentation would not survive to the point of mass selection by
the bending magnet.

To handle the [Ind-H]* contamination in our analysis of the
KER distributions, a separate measurement was made of all-'2C
[Ind-H]" under the same experimental conditions, giving the shape
parameters needed to fit the combined distributions in Fig. 3. As the
dissociation of [Ind-H]* is quenched much more rapidly than that
of Ind* (see Sec. 111 D), the parameters for Ind* were obtained by
integrating the KER distributions over the 25-50 ms time window,
as shown in Fig. 4.

The kinetic energy released in H-loss reactions of hydrocarbons
has long been known to be anomalously large,”” and the shape of

= C,H,-loss
7 0.020 H-loss |
E —— Total } { ++
c t Expt. { + i }
2 0.0151 * + ﬂ
2
b
© 4
3.0.010 | 11 "
g f
o M
> 0.005 1 i Hiy
S
&

0.000 T T T .

0 2 4 6 8

v: Velocity (km s71)

FIG. 3. Velocity distribution of neutral products emitted from stored ion beam
56-242 us after ionization. The smooth curves are fits of Eq. (5). H-loss is from
Ind*, while C,H,-loss is from contaminant [Ind-H]* with one '3C atom.
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FIG. 4. KER distribution of Ind* integrated over the 25-50 ms time window
following ionization in an ECR ion source. The solid curves are fits of Egs. (5)
and (6).

the KER distribution is notoriously difficult to model.*’ The reaction
generally shows no reverse activation barrier, and indeed, no energy
gap in the KER distribution is observed. However, the emission
of low-energy (<0.05 eV) H atoms is notably suppressed, skewing
the distribution beyond what can be readily accommodated by oth-
erwise successful models.”” In their study of the benzene cation,
Gridelet et al. argue that the high KER is due to the difference in
electronic configurations of the reactant and product states.”” The
non-adiabatic character of the reaction requires passage through a
conical intersection to a dissociative state of the appropriate sym-
metry, which Gridelet ef al. show can qualitatively be understood as
tunneling through a modified centrifugal barrier.

Following Gridelet et al, the dissociation pathway of
H-loss from Ind" is illustrated in Fig. 5. The ground Dy state of
Ind* crosses a dissociative D* state, which becomes the ground
So state of [Ind-H]*, at a conical intersection. The Dy potential
energy curve is drawn as a Morse potential with the frequency of
the aliphatic CH stretch and the D* as a centrifugal potential for the
H---[Ind-H]" system. The crossing is treated as a potential energy
barrier with the shape of an inverted parabola of height AE above
the asymptotic energy of the D*/S, state. The activation energy
E, is the difference between this asymptotic energy and the
minimum of Dy.

Our measured KER distributions were fit by the model of
Hansen,*' who considered tunneling and reflection from a poten-
tial barrier given by an inverted parabola as a model of a transition
state. The shape of the KER distribution in this model is given by

P(e) = eﬂ ¢ BB kT,
&1

where ' = 471%(\ / é - 1),

where ¢ is the kinetic energy release, AE is the height of the barrier
above the product channel, T}, is the temperature of the product ion,
and fw is related to the curvature of the transition state. The fitted

(5)
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FIG. 5. Modeled dissociation pathway for H-loss from Ind*. The conical inter-
section of electronic states along the reaction coordinate is approximated as an
inverted parabolic barrier.

curve labeled “Barrier” in Fig. 4 returned AE = 0.33(8) eV, which is
large compared to the typical KER. This is in contrast to the case of
a reverse reaction barrier where AE is measured as the gap between
0 eV and the onset of the KER distribution."""’

For comparison, we have included fits of the measured KER
distribution to the conventional “model-free” expression, 12,43

P(e) o< gles/ksTr, (6)

where the parameter [ characterizes the interaction between the
products. For the Langevin ion/induced-dipole interaction, [ = 0.5,
while I = 1 corresponds to the limiting case of a hard sphere. Nei-
ther agree with the experimental data as well as the Hansen bar-
rier model. The best agreement between the model-free expression
and the measured KER distribution (not shown) is obtained when
I is allowed to take the non-physical value of 1.4, which is asso-
ciated with the anomalously high KER of H-loss reactions from
hydrocarbons.”"’ We thus adopt the Hansen model for the rest of
our analysis.

The time-dependent temperature of the decaying ions is deter-
mined from the analysis of KER distributions. The temperature of
an isolated molecule having total vibrational energy E is that of a fic-
titious Boltzmann distribution with a mean energy** equal to E. One
must distinguish between the temperature of the reactant T, cor-
responding to a vibrational energy E, the product temperature T,
with internal energy E — E,, and the effective emission temperature
T., which reconciles the canonical and microcanonical descriptions
of the rate coefficient,

kdiss _ Ae*Eu/kETg _ AP(E _Eﬂ). (7)
p(E)

According to finite heat bath theory,” Te ~ (T, + Tp)/2. The rela-
tionship between these quantities is illustrated in Fig. 6. The
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FIG. 6. Caloric curves E,(T) for Ind* and [Ind-H]*. Examples of microcanonical
temperatures and energies of ions before, during, and after fragmentation (see the
text) are indicated. The mean energy of the ions before and after laser excitation
is also illustrated.

KER distribution gives information about T,."” In the model-free
approach [Eq. (6)], the average KER is a measure of the temperature,

i= /sP(s)ds/ fP(s)ds = (I+ 1)ksT,. ®)

For the Langevin interaction, [ = 0.5, and so &= 1.5kgT,. In the
absence of tunneling corrections, these two methods of determin-
ing the product temperature usually agree. As shown in Fig. 7, we
find & to be roughly a factor of three higher than the temperature
returned by a fit of Eq. (5), portending a non-physical value of I ~ 2.
Finding the model-free approach insufficient once again, we proceed
with the values of T}, obtained from Eq. (5).

0.250+1
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FIG. 7. Product thermal energies for dissociation of Ind* obtained from fits of
Eq. (5) to measured KER distributions.
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FIG. 8. Arrhenius plot for H-loss from Ind*. The effective emission temperatures
Te are determined from fits of Eq. (5) to the measured KER distributions, with
corrections for the finite heat bath [Eq. (11)]. The most-probable dissociation rate
coefficient kr is determined from the measured count rate using Eq. (10). The solid
line is a fit of Eq. (9), with the shaded area indicating the 68% confidence interval.

C. Dissociation rate coefficient

We determine the Arrhenius parameters of the dissociation rate
coefficient from a fit to the measured data of the expression

log (km) =1log (A) — Ea/ksTe. 9)

The most probable dissociation rate coefficient ki, (¢) observed at
time ¢ is given by

kin(t) = dr ()R(2) /1o, (10)

where ¢, (1) is the fraction of counts due to H-loss, determined from
the fit to the KER distribution, R(¢) is the total count rate, and rg is a
dimensionless normalization constant (see Sec. I1I D). To determine
the effective emission temperature T, the energy of the decaying
ions E. is calculated as part of the fit from the KER distributions
using the computed caloric curve Ey(Te) for the product [Ind-H]*
and the second order finite heat bath correction,**

E, E
Ee=Eo(Ty)+ 2 - —¢
e = Bt (Tp) 2 12(Ewi(Ty) + Ea)

1m
From E., the emission temperature T is computed from the caloric
curve of the reactant Ind™.

From the fit shown in Fig. 8, we find the activation energy
E, = 2.9(1) eV and the pre-exponential factor A = 3.3(5) x 10" s™",
It is clear that the simple Arrhenius model is not an ideal descrip-
tion of the measured dissociation rate coefficient. This may be
attributed to both experimental challenges, such as the separation
of the Ind* and [Ind-H]* contributions to the KER distribution,
and to the questionable applicability of classical kinetic theory to
complex quantum tunneling processes. However, the resulting para-
meters are in line with expectations and, as will be shown in
Secs. 111 D-III F, reproduce other experimental observables.
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Our activation energy agrees with the 2.6(4) eV found by West
et al. for Ind* using a photo-electron photo-ion coincidence tech-
nique.** A weighted average of threshold energies for sp*-hybridized
H atom losses from six different PAH cations determined by similar
methods give E, = 2.4(4) eV.”*"*"” Our own quantum chemical cal-
culations found dissociation energies for H-loss from Ind* of 2.8 eV
at both the DSD-PBEP86-D3(BJ)/def2-TZVPP and CCSD(T)/cc-
pVTZ levels of theory, in good agreement with our measured
value.

The pre-exponential factor is close to the “universal” Gspann
value of 1.6 x 10" s™" for the evaporation of atomic and molecu-
lar clusters.”” In an RRKM framework, our value of A corresponds
to an activation entropy of AS%OOOK =14(1) J K™ mol™', consistent
with a loose transition state. West et al.” give AS}jy, = ~2%38 ]
K™ mol™ for Ind* and an average value’'*"" for sp*-hybridized
H-losses of ASTOOOK =44+20]JK ' mol™..

Taking instead a detailed balance perspective, the cross section
for H atom capture by the indenyl cation is given by**

'

" 2u(ke Ty (12

Oc

where y is the reduced mass. For the average product temperatures
determined from the fit to the KER distributions [Eq. (5)], Eq. (12)
gives o. = 1.2(2) A?. This may be compared to the Langevin cross
section, which gives an upper limit on the reaction rate,**

2

naq,ke
- \’ , 13
%=\ DT, (13)

where a =0.667 A® is the polarizability volume of the H atom
fragment, g, is the elementary charge, and k. = 1/47eo. This yields

or = 49.2(1) A, which is comparable to the geometric cross section
of indene.? Thus, our measured dissociation rate for Ind* implies a
formation rate more than an order of magnitude below the Langevin
rate.

10°
kdiss
1041 KR £
kRF
Tm 103 +  k9ss Expt.
€
o 1074
o
&
g 10'4
(9]
g
g 100_
+
1071 +
1072

o 1 2 3 4 5 6 1 8
E: Vibrational energy (eV)
FIG. 9. Rate coefficients for Ind™: dissociation by H-loss k%% (E)) determined from

KER distributions, IR vibrational radiative cooling k'®(E) from the SHC model
[Eq. (2)], and recurrent fluorescence kR (E) from AIMD simulations (Fig. 2).
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Our experimentally determined microcanonical dissociation
rate coefficient k*(E) = ky(t) is plotted in Fig. 9 as a function of
the vibrational energy of the reactant, E = E;o¢(T) + Ea, along with
our calculated radiative cooling rate coefficients k™ (E) and k** (E).

D. Dissociation rate

The total neutral product count rate R(¢) for Ind* ions stored
in DESIREE is shown in Fig. 10 (blue curve). For the first few mil-
liseconds after injection, the rate follows a power-law R(t) oc t7',
indicative of a broad internal energy distribution.”® After about
10 ms, the rate begins to deviate from the power law trend, as radia-
tive cooling becomes competitive with dissociation. After 100 ms, a
constant rate is observed due to dissociation of stored ions induced
by collisions with the residual gas in the ring.

The total count rate R(¢) is divided into contributions from
H-loss from ch; (green symbols in Fig. 10) and C,H;-loss from
the contaminant *C'2CgHy (blue symbols) according to fits of the
KER distribution as in Fig. 3. The count rate for a separate measure-
ment of pure 2c indenyl (CoHY), scaled to that of the C;H;-loss
contamination signal, is included for comparison (orange curve).
It is clear that H-loss from Ind* is the dominant contribution to
R(t), and the C,H;-loss channel will therefore be neglected in the
remaining analysis.

The spontaneous decay rate R(t) was fit with

R(¢) = rot te K, (14)

in which the dimensionless constant ry collects all the experimen-
tal parameters and k. is the critical rate coefficient where cooling
competes with dissociation. The value of k. according to the fit is
78(1) s~!, which is lower than the values obtained for other cationic,
pure PAHs to date, which range from 460(30) s™' for naphtha-
lene? to over 1000 s™' for tetracene.”” This can be explained by
low dissociation threshold energy for loss of the labile sp> hybridized

H-loss Fit
—}— R(t) Indene
—— R(t) Indenyl

C,H>-loss

H-loss

R(t): Count rate (s™1)

10 103 10-2 101
t: Time after ionization (s)

FIG. 10. Measured total count rate R(t) of neutral fragments of Ind*. Points are
partial yields of H and C,H, determined from fits of KER distributions. Scaled count
rate for [Ind-H]*, measured separately, is plotted for comparison to the C,H, yield.
We attribute the CyH, contribution to "3C [Ind-H]* co-stored with isobaric Ind™*.

ARTICLE pubs.aip.org/aipl/jcp
103
\'n,..‘ Sim
~ 1024 o ., —— NoRF
[ 00,
bl IRx1.5
9 Expt.
©
S~ 1094
2
© -1 |
5107 101
3
S 10724 S
3 10724
< 10734
5 t
[ 10—41 10—5 .
0.00 0.05 0.10 |
1072+ , | )
10~ 10-3 1072 107t

t :Time after ionization (s)

FIG. 11. Normalized spontaneous decay rate T'(t) [Eq. (15)] of Ind*. The solid
curves are the results of master equation simulations for three different assump-
tions about the radiative cooling rates. “Sim.”: rates as calculated with full model
described in this work; “No RF”: k*F set to zero; “IR x1.5”: k*F as calculated,
KR increased by a factor of 1.5. Inset with linear time axis.

H atom. The fully sp*-hybridized perylene cation CyoH7,, for exam-
ple, decays mainly by H-loss but with a higher dissociation energy
of 4.8(6) eV," resulting in a value of k. = 450(2) s™'."° Critical
rate coefficients on the order of 100 s™' have been determined for
other functionalized PAH cations and explained by infrared radia-
tive cooling,” with larger values being interpreted as evidence for
RE."?

The absolute, per-particle dissociation rate I'(t) is related to the
measured count rate R(¢) by

frevqe
I'(t) = ————R(¥), 15
( ) ﬂdetGIavg ( ) ( )

where fr., = 43.07 kHz is the revolution frequency of the ions in
the storage ring, g, is the elementary charge, 7,,, is the detector
efficiency, G = 0.11 is the fraction of the circumference of the stor-
age ring visible to the detector (see Fig. 1), and Iy, = 160(1) pA is
the average ion beam current measured at the end of each storage
cycle.

Results of our master equation simulations compared to the
measured dissociation rate I'(t) are presented in Fig. 11. Simu-
lations were run for a range of temperatures Ty, specifying the
initial, Boltzmannian distribution of vibrational energies of the
ensemble. The detector efficiency #,,, was also taken as a free para-
meter. The simulation that best reproduced the measured data had
To = 1650(40) K and #,,, = 0.113(1). This temperature is compa-
rable to that obtained for other PAHs using the same experimental
and modeling techniques, and the derived detector efficiency is rea-
sonable for hydrogen atoms with ~740 eV kinetic energy in the lab
frame as in the present experiment.'”*’

Two alternative simulation results are also presented in Fig. 11.
In the first, to test our hypothesis that vibrational motion enhances
the RF rate, we turn off RF in the simulation. The best fitting simula-
tion under these conditions [T = 1800(100) K and 7,,, = 0.101(2)]
diverges from the measured rate after a few tens of milliseconds. This
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shows that RF plays a role in the simulated cooling dynamics despite
the RF rate coefficient being lower than for IR cooling in the energy
window probed in our experiment. A second scenario leaves RF in
place but increases the IR cooling rate by a factor of 1.5. Differences
in the IR rates on this scale are sometimes noted between different
levels of theory.” Again, the best fitting simulation [T = 1670(40) K
and #,,, = 0.108(1)] diverges from the measured data, but in the
opposite direction. Thus, an overestimate of the RF rate coefficient
could be compensated for by an underestimate of the IR rate coeffi-
cient. We conclude that RF makes, at most, a small contribution to
the radiative stabilization of indene cations.

E. On the connection between measured rates
and rate coefficients

In our analysis of the dissociation rate, we make the assump-
tion that the measured decay rate R(t) is directly proportional
to the dissociation rate coefficient of the ions dissociating at time
t [Eq. (10)] and that the constant of proportionality ry is deter-
mined from the fit of Eq. (14) to R(t). This is motivated by the
fact that k™(E) increases rapidly with energy, so that the ensem-
ble averaged decay rate is dominated by ions with energies E,,(t) at
the high-energy front of the internal energy distribution, i.e., R(t)
o< k(1) = k% (E,(t)), where we take the values of Ey(t) to be
those obtained from the KER distributions, as described in Sec. I1I C.
We name the fraction of ions with E ~ E,,(t) to be y, (), which can
also be written as the ensemble averaged destruction probability,

v = [sEO0- Oar) [g(EndE 6
Here, we take y, to be constant and define

0 WdetGIavg
frere ’

From Egs. (10), (15), and (17), T(£) = y,km (). The assumption that
¥, is constant is equivalent to assuming that the number of stored
ions is constant and equal to the ion beam current I, measured at
the end of the storage cycle. This condition is typically fulfilled in
storage ring experiments, where only a few percent of the ions in the
stored ensemble have sufficient energy to decay prior to the onset of
radiative cooling.

In the context of thermal electron emission from fullerene
anions, Hansen” developed a model including the following
expression for y, (recast in our symbols):

ro=7y 17)

I(0) = k(1) =g (En0):0) (19)

[In (AD)]*

where g(En(t),t) and the heat capacity C are assumed to be con-
stant, and the most-likely rate coefficient is given by ky(t) = t™.
Solving instead for g(En(t),t), and using our values for E,(t)
obtained from the KER distributions, and our Arrhenius parameters
A and E, determined from the fit of Eq. (9), we obtain the vibrational
energy distribution of ions that dissociated during the experiment,
denoted g'(E),” plotted in Fig. 12. Here, we assume a constant
heat capacity C = 45/kp and again take the detector efficiency as
a free parameter to obtain agreement with the ¢'(E) distribution
computed in our best-fitting master equation simulation. We find
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FIG. 12. Internal energy distribution g (E) of dissociating Ind* from Eq. (18)
(points) and from our master equation modeling (solid curve).

Haer = 0.095(2), which is similar to the values found comparing the
simulated and measured dissociation rates (Sec. III D). The qualita-
tive agreement in the shape of the distributions and the quantitative
agreement of their magnitudes validate our assumption in Eq. (10)
that the measured dissociation rate R(t) can be treated as being
directly proportional to the dissociation rate coefficient k. ().

F. Radiative cooling

Only a fraction of the ions injected into the DESIREE storage
ring decay by the dissociation process discussed so far. Most will
continue to circulate while cooling by emission of thermal radia-
tion. The evolution of the internal energy distribution of the stored
ions g(E,t) can be tracked with laser probing techniques.'”*"”"**
Figure 13 shows the yield of neutral fragments S as a function of
time following laser excitation tuf., With hvjse, = 3.75 €V (330 nm)
and 3.49 eV (355 nm) photons, for a laser firing time of t = 0.6 s.

104 ]
. hvjaser (€V)
3.75
{ 3.49

103 4

102 4

10t

S(t): Laser-induced signal (counts)

100 T :
1073 1074 1073
tarer: Time after laser firing (s)

FIG. 13. Laser-induced neutral fragment yield S(f,ge) of Ind* for two different
laser excitation energies at the same laser firing time t = 0.6 s.
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To analyze the laser-induced dissociation rates, we fit a
simplified model,

S(taper) = S0 f K (E)gr (B)e ™" dE, (19)

where so includes the absorption probability and the various exper-
imental parameters and g, is a Boltzmann distribution with the
temperature T, shifted by the laser photon energy hv, and
K = k45 4 R 4 kRF The solid lines in Fig. 13 are fits of Eq. (19).
In contrast to our master equation simulations detailed above, this
model neglects the re-distributive effect of radiative cooling. Essen-
tially, it assumes that a single photon is always sufficient to quench
dissociation and may thus underestimate the dissociation rate for
the hottest ions. This would not appear to be a serious issue. A fit
of Eq. (19) to the spontaneous dissociation rate gave T = 1695(5)
K, which is consistent with the more accurate master equation
approach given in Sec. [T D.

The mean energies E of the Boltzmann distributions fit to the
laser-induced decay curves are plotted in Fig. 14. Good agreement is
generally found between these fitted energies and the mean energy
of the ensemble in our master equation simulation, which best fits
the spontaneous dissociation rate (solid curve in Fig. 14).

The energy loss rate due to radiative cooling is computed as
the time derivative of E, plotted in Fig. 15. Good agreement is found
with the calculated total vibrational radiative power PR = s KSIthS,
supporting the accuracy of our calculated rate coefficients, which, as
discussed in Sec. III D, imply a minor role for RF in the radiative
stabilization of Ind*.

G. Astrochemical implications

Astrochemical models routinely underestimate the observed
abundances of small PAHs in TMC-1.>" The main destruction
mechanism included in these models is collisions with the cations
HY, Het, CY, H;, and HCO™", which are assumed to lead inexorably
to complete degradation of the PAHs into small linear fragments.”

2.5
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\ 3.75 eV
_2.04 N, b 3.49ev
3 AN
3151 N
v {
S byttt H
5 1.0
()
=
[ N
0.5 >
0.0 , , —
107t 10°

t: Time after ionization (s)

FIG. 14. Mean energies of the Boltzmann model [Eq. (19)] fitted to the measured
S(tarer) curves for Ind* at two different laser photon energies. The solid line is
the mean energy of the ensemble in our best-fitting master equation simulation
(see Sec. Il D).
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FIG. 15. Energy loss rate for Ind* computed as the gradient of the fitted E values
(Fig. 14). The solid curve is the vibrational radiative power.

These models may be improved by including more complete prod-
uct breakdown reactions. In Fig. 16, we give a breakdown diagram
for indene following ionizing collisions based on the dissociation
and radiative cooling rate coefficients for Ind* (Fig. 9) and [Ind-H]*
from Ref. 11. At the low temperatures (~10 K) prevalent in TMC-1,
the atomic cations will undergo electron transfer at large distances
with negligible translational-to-vibrational energy transfer,” leaving
the ionized PAH with a maximum internal excitation energy equal
to the difference in the ionization potentials (the molecular cations
will lead to proton transfer). Note that these maximal energy trans-
fers, given as vertical dashed lines in Fig. 16, are extremely unlikely in
distant electron-transfer reactions. With its relatively low ionization
potential (11.26 V), charge transfer forming carbon atoms occurs
at shorter distances and will lead to greater heating of the Ind*

1.0
0.81
S
5 0.6
v
o
=
2 0.41
— Ind*
0.2
[Ind-H1*
—— Fragments
0.0 T T T ; T T T

0 2 4 6 8 10 1'2 14 16
E: Vibrational energy (eV)

FIG. 16. Breakdown diagram for products of ionizing collisions between neutral Ind
and atomic cations included in astrochemical models. The dashed vertical lines
indicate the maximum energy transferred to Ind* for each atomic collision partner.
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product. Collisions with C* are thus considered the most impor-
tant PAH-destruction channels in many astrochemical models.”"”
However, given the 8.14 eV ionization potential of Ind,*® such col-
lisions yield a maximal energy transfer of 3.12 eV. This is unlikely
to induce dissociation of Ind*, which is stabilized by radiative cool-
ing up to a critical energy of 3.6 eV, where the dissociation and
radiative rate coefficients are equal. Charge exchange reactions with
protons could transfer sufficient energy to induce H-loss from Ind™,
yielding [Ind-H]", although, as stated above, such high high-energy
transfers are rather unlikely in distant electron-transfer reactions.
Collision with He" could potentially transfer sufficient energy to fur-
ther break down [Ind-H]*. However, the second ionization potential
of Ind, at 21.8(1) eV,*® is low enough that formation of Ind** may
be competitive.

It seems clear that collisions between PAHs and atomic cations
in molecular clouds will primarily produce radiatively stabilized
PAH cations. Previous studies have found that these cations do
not react with H, and react mainly by association with H, N,
and O atoms to form larger cationic molecules.”””® Destruction
of PAH cations in dark clouds is expected mainly in recom-
bination reactions with free electrons™ or mutual neutralization
with anions including PAH anions.”’” However, given that neu-
tral PAHs may also be radiatively stabilized by RF,'' it is not
obvious that extensive fragmentation should be expected following
recombination.

IV. CONCLUSION

Through analysis of the kinetic energy released upon H atom
loss from indene cations, we determine a dissociation rate coefficient
consistent with results of an earlier photodissociation study.” The
shape of the KER distribution is consistent with a qualitative model
of tunneling through an intersection of potential energy surfaces. """’
More experiments on H-loss reactions for other hydrocarbons are
needed to assess how general this phenomenon might be.

Using our best estimates of the vibrational and electronic radia-
tive cooling rate coefficients, combined with the dissociation rate
coefficient deduced from the present experiments, we find a lim-
ited role for recurrent fluorescence in the stabilization of indene
cations. This is noteworthy as RF has been found to be the dom-
inant cooling mechanism of nearly all PAH cations investigated
experimentally to date.'”'”** Still, we conclude that the IR radia-
tive cooling rate is sufficiently high to prevent dissociation following
ionizing collisions with carbon cations. This may partly explain the
high observed abundance of indene in interstellar clouds,” demon-
strating the importance of radiative stabilization of small PAHs in
astrochemical reaction networks.

SUPPLEMENTARY MATERIAL

The supplementary material is available for this article in
the form of a spreadsheet listing the computed vibrational fre-
quencies and infrared intensities, the vibrational level density, the
caloric curve, the calculated rate coefficients for vibrational and elec-
tronic radiative cooling, and the fitted dissociation rate coefficient
of Ind”.
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NOMENCLATURE

A Pre-exponential factor determined from k,(t) and T,
(Eq. (9)]

Eq Activation energy determined from k,(t) and T,
(Eq. (9)]
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E Energy of decaying ions [Eq. (11)]

e

Eor(T) Caloric curve computed from vibrational level density

_ p(E)

E Mean energy of stored ion ensemble prior to laser
activation. Determined from the fit of Eq. (19) to
S(tafter)

WVigser Laser photon energy

kdiSS(E) Model dissociation rate coefficient [Eq. (7)] using fitted
values of A% and E,

kIR(E) Vibrational (infrared) emission rate coefficient [Eq. (2)]
from SHC model

km(t) Most probable rate coefficient observed at time
t [Eq. (10)]

K*F(E) Recurrent fluorescence rate coefficient [Eq. (3)] using
parameters from AIMD simulations

R(¥) Measured spontaneous dissociation rate

To Canonical temperature characterizing stored ion
ensemble. Determined from fitting R(¢) with results of
master equation simulations

T, Microcanonical emission temperature of decaying ions
m(Tr + Tp) / 2

Ty Microcanonical temperature of product with energy
E — E,. Determined from fits of Eq. (5) to measured KER
distributions

T, Microcanonical temperature of reactant with energy
E

I'(¢) Absolute, per particle dissociation rate [Eq. (15)]

AE Barrier height. Determined from fit of Eq. (5) to

measured KER distribution at late times

APPENDIX: MATRIX TRANSFORMS

Here, we describe the implementation of matrix transforms
used to compute the following:

1. the total density distribution of the Newton sphere consisting
of contributions from neutral particles emitted with a given
kinetic energy distribution along a linear segment normal to
the image plane, and

2. the forward Abel transform between the Newton sphere den-
sity distribution and the radial intensity distribution in the
image plane.

These matrix transforms are used to fit model kinetic energy
release (KER) distributions P(¢) to measured radial intensity dis-
tributions P(r) measured with a two-dimensional microchannel
plate detector after linear translation of the expanding Newton
sphere from the point of reaction to the detector plane. This
approach is preferred as the measured P(r) distributions have well-
defined uncertainties given by counting statistics, while inverting the
transforms inevitably introduces new errors.

1. Spatial transform

For a point source, there is a one-to-one relationship between
the velocity of an emitted particle and the radius of the Newton
sphere at a given time after emission. In particle imaging exper-
iments, where the lab-frame velocity of the reactant ion is much

ARTICLE pubs.aip.org/aipl/jcp

higher than the velocity of the fragment in the center-of-mass frame,
the relevant time after emission corresponds to a translation of
the center of the Newton sphere to the detector plane, and the
kinetic energy of the particle maps directly to spherical radius p,
given by

2
mneu
e(P»L) = m tEass(;%) > (Al)

cat

where L is the distance from the point of decay to the detector. The
Newton sphere density P(p) = ag—:;ﬂ may be obtained from the KER

distribution P(¢) = agzx by

P(p) - g—;m) - 20e) (A2)

where Eq. (A1) was used.

In DESIREE, particles are emitted along a linear segment
with a length Lgs = 0.96 m, which is comparable to the distance
Lyig = 1.7 m from the midpoint of this segment to the detector.
Thus, the density at a radius p; (i=0,1,...,n, where n is the radius
of the detector in pixels) of the cumulative Newton sphere includes
contributions from energies ranging from ¢, (pi) = €(pi> Lmax)
to &, (i) = €(pi> Lmin ), Where Limax = Ly + Lss/2 and Liin = Lyig
— Lss/2. Equation (A2) thus becomes the weighted average,

Jmax
P(pi) = >, ZiP(s), (A3)

J=jmin

where
2¢&;
Fyj= —— L —. (A4)
Y Pi(]max _]min)

We define our energy coordinate vector ¢ (j=0,1,...,n) to

span the range from ¢, (po) to &, (pn). We choose the ¢ to
increase quadratically, to maintain the scaling of Eq. (A1).

In Fig. 17, we show the results of several transformations of
a model KER distribution into integrated Newton sphere density
distributions using .7 matrices with varying lengths of the emitting
segment Lss. The model distribution is of the form of Eq. (5) using
the parameters found from the fit to the late-time KER distribution
of Ind* (Fig. 4). The actual value of Lss in DESIREE is 960 mm, lead-
ing to a density distribution that is notably distorted relative to that
from a point source.

Unfortunately, the 7 matrix is ill-conditioned and cannot be
inverted. In order to plot KER distributions, it is thus necessary to
perform a pseudo-calibration by Eq. (A1) with L = L,,;5. As shown
in Fig. 18, this results in distorted KER distributions for emitting
segments of finite length. We reiterate that all numerical results are
obtained by fitting of the radial intensity in the detector plane, which,
because it only requires the forward transform, is not affected by this
distortion.
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We may naively take this matrix to be

7 5000 .

(9] . .

= dj= ——=——= (i2]) (A7)

< 4000 2mpiN/ Pi 7

o

é and ;=0 for i<j, for two coordinate vectors p;=ri=i for

‘S 30001 i=0,1,...,(npix — 1), where npix is the width of the detector in pix-

3 els. This is problematic near the main diagonal, so instead we define

220001 the coordinate vectors,

%)

C

8 ri:p,-—é‘ (0<6<1), (A8)

;a 1000

I with § being an adjustable parameter. Still, we have a problem with
0 0, which we take to be a second adjustable parameter. The numer-

0 20 40 60 80 ical value of these parameters is found by least squares fitting, either

0: Radius (pixel) to analytical functions with known Abel transforms or to real data

) o using the two-dimensional Abel transform algorithms included in

FIG. j7. Transfgrmatlons of a model .K!ER distribution to integrated Newton sphere the PyAbel package.”® We find that 8 = 0.35 and o = 0.8 generally
density for varying lengths of the emitting segment Lss. produce good results. Finally, to obtain the azimuthally integrated
radial intensity on the detector, P(r), we rescale F(r) by the diagonal

matrix,
700000+ %ﬁ = 27‘[7’,‘. (A9)
L, 600000 In Fig. 19, we show a comparison of forward Abel trans-
% | forms using the complete matrix transform % < and the PyAbel
§ 200000 package. Both start from the model distribution P(p) from Fig. 17
) (for Lss = 960 mm). For PyAbel, the Hansen-Law algorithm was
2 400000 1 . . .. . .
5 employed, with other options giving nearly identical results. The
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FIG. 18. Pseudo-calibrations of transformed model KER distribution for varying £
lengths of the emitting segment Lgs. © 2000 - A
3
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The Abel transform of a one-dimensional distribution f(p) is v ..'"*...,
given by 0 ' ' ' '
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We operate on the Newton sphere density distribution inte- k3 100
grated over solid angle, P(p) = 47p> f(p), and thus desire a matrix o

approximating the integral 0 20 40 60 80
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F(r) = / th (A6) FIG. 19. Comparison of forward Abel transform methods for the model KER
7 2mpy / p2 — 42 distribution and the measured radial intensity distribution of Ind*.
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FIG. 20. Comparison of reverse Abel transform methods for the measured radial
intensity distribution of Ind*.

differences in the resulting P(r) distributions are smaller than the
experimental uncertainties.

With the given choices of § and o, the transform matrix is
readily inverted using the standard Moore-Penrose algorithm. By
reduction of dimensionality and cancellation of counting uncer-
tainties by azimuthal integration prior to inversion, the matrix
implementation of the reverse Abel transform outperforms the
benchmark PyAbel routine. As described in Sec. IT A, the uncertainty
in the density distribution P(p) is found by inverting and averaging
128 P(r) distributions with intensities normally distributed accord-
ing to the measured distribution and its counting statistics. Applying
this same approach using PyAbel, which operates on the full 2D
image rather than the radial intensity distribution, takes 60 times
longer than the matrix method. As shown in Fig. 20, the PyAbel
result is also noisier.
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