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The radiative cooling of naphthalene dimer cations, (Clng);r was studied experimentally through
DOI:00.0000/000000000x action spectroscopy using two different electrostatic ion-beam storage rings, DESIREE in Stockholm
and Mini-Ring in Lyon. The spectral characteristics of the charge resonance (CR) band were observed
to vary significantly with storage time of up to 30 seconds in DESIREE. In particular, the position of
the CR band shifts to the blue, with specific times (inverse of rates) of 0.64 s and 8.0 s in the 0-5 s
and 5-30 s storage time ranges, respectively. Such long-time scales evoke that the internal energy
distribution of the stored ions evolves by vibrational radiative cooling, which is consistent with the
absence of fast radiative cooling via recurrent fluorescence for (Clng);.
Density Functional based Tight Binding calculations with local excitations and Configuration Inter-
actions (DFTB-EXCI) were used to simulate the absorption spectrum for ion temperatures between
10 and 500 K. The evolution of the band width and position with temperature is in qualitative agree-
ment with the experimental findings. Furthermore, these calculations yielded linear temperature
dependencies for both the shift and the broadening.
Combining the relation between the CR band position and the ion temperature with the results of
the statistical model, we demonstrate that the observed blue shift can be used to determine the
radiative cooling rate of (CjoHg); .

1 Introduction (AIBs), are seen in emission following excitation by UV photons.

This leads to selection effects on the species that can survive, in
general assumed to be large PAHs containing more than 50 car-

Spectroscopic investigations of the interstellar medium (ISM) in
the mid-infrared range (MIR) have revealed the presence of poly-

cyclic aromatic hydrocarbons (PAHs), which are abundant and
widespread molecules playing crucial roles in the physics and
chemistry of numerous astrophysical environments®2. The MIR
bands attributed to PAHs, the so-called aromatic infrared bands
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bons atoms2. On the other hand, small cyclic molecules, namely,
cyclopentadiene (CsHg) and indene (CgHg)EE, as well as cyano-
naphthalene (C;oH;CN, belonging to the nitrogen-substituted
PANH family) have been identified in the TMC-1 dark cloud, in
regions shielded from UV irradiation. Small PAHs are also major
constituents of meteorites (carbonaceous chondrites).

Several studies have suggested the presence of PAH clusters,
either to account for specific signatures in the infrared?29 or as
precursors for free PAHs in UV-irradiated environments™12, Jon-
ized dimers of PAHs have also been shown to be attractive can-
didates to carry the extended red emission in photodissociation
regions. PAH clusters have larger heat capacities and lower
jonization energies than isolated PAH molecules® and ionized
clusters are predicted to be more stable than the corresponding
neutral clusters’®. This could make them attractive candidates to

survive in specific astrophysical environments.

Similarly to PAHs, the survival of PAH clusters in astrophys-
ical environments is governed by the competition between dis-
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sociation and radiative cooling'l®. Radiative cooling of several
PAHs has been shown to consist of two regimes, a faster one at-
tributed to recurrent fluorescence’Z"2!l and a slower one associ-
ated with IR emission. Recently, Stockett et al. reported on fast
cooling through recurrent fluorescence of cyanonaphthalene22
which could contribute to explaining its unexpectedly high abun-
dance in the Taurus Molecular cloud, TMC-1¢. PAH clusters con-
tain both intramolecular and intermolecular modes and the way
the energy is partitioned between them is critical for the disso-
ciation of these species?3, The competition between dissocia-
tion and radiative cooling for ionized PAH dimers has been the
subject of previous experiments at ms timescales using the Mini-
Ring electrostatic ring“#22, No quenching was observed in the
spontaneous dissociation decays or in the laser-induced delayed
dissociation. Therefore, no significant radiative cooling could be
evidenced in the ms timescale, indicating that recurrent fluores-
cence is not an efficient radiative cooling process for these dimers.
Furthermore, a recent investigation of the dissociation of small
pyrene clusters following ionization and excitation by VUV syn-
chrotron radiation revealed a significant deviation from conven-
tional statistical models. Theoretical investigation showed that
this deviation may be explained by the potential energy surface
topology of the excited states2°.

In the present study, our aim is to investigate the radiative cool-
ing of naphthalene dimer cations, (C;oHg); denoted hereafter as
(Np)3, on long timescales up to 30 s by recording the evolution
of the action electronic spectrum with time as was first performed
on C24Hfr2 27, Cationic dimers exhibit several absorption fea-
tures as illustrated in Fig. [1} The charge resonance (CR) pattern
stems from the interaction between resonant (equivalent) config-
urations, here NpNp' / Np™Np, coupled by the charge transfer
interaction resulting into an energy splitting Ay of the states at
compact (equilibrium) geometry, together with a global energy
lowering due to polarization and dispersion interactions. Note
that such resonance pattern can also exist in the case of dimer
states correlated with excited states of the monomer cation (local
excited states labelled LE).

The measurements were performed using the cryogenic Dou-
ble ElectroStatic Ion Ring ExpEriment (DESIREE) facility282% in
Stockholm and the room-temperature Mini-Ring=? in Lyon*#. In
DESIREE, we recorded the action spectrum of (Np); in the range
of the CR band to study the evolution of the band position and
width with storage time. We also compared the recorded band
profile with previous measurements!' and performed additional
experiments with Mini-Ring under different ion source condi-
tions, which led to lower internal energies of the (Np); ions in-
jected in Mini-Ring in comparison to those injected in DESIREE.

The evolution of the CR band position with storage time was
analyzed by performing simulations of the electronic absorption
spectra at different temperatures using the Density Functional
based Tight Binding scheme (DFTB) in combination with valence
bond Configuration Interaction including local excitations (DFTB-
EXCI)1232] This allowed us to derive a relation between the po-
sition of the CR band and the vibrational temperature of (Np); .
Combining these results with the measured shift of the CR band
position with time should therefore provide information on the
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(Np)3 dimer Np + Np*

Fig. 1 Schematic diagram for first charge resonance (CR) and local
excitation (LE) absorption patterns in the naphthalene dimer cation. Ag
and A; indicate the splitting induced by charge resonance between states
dissociating into Np+Np™(Dg) or Np+Np™(D,), respectively. Dy and
D, are the ground state and the lowest dipole allowed excited state of the
Np monomer. (Np); states correlated with the dipole forbidden state D,
are not shown here. D is the ground state dissociation energy.

radiative cooling rate. We have used a statistical model to de-
scribe the IR cooling of (Np); and shown that the time evolution
of the CR band position can indeed be used to trace the infrared
(vibrational) cooling of (Np)zr as a function of time.

2 Experimental methods
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Fig. 2 Schematic of the cryogenic asymmetric ring of DESIREE. Red
arrows show the main path of the parent (CjgHg); dimer cations stored
in DESIREE. The orange arrow symbolizes the perpendicular crossing of
the laser beam with the stored ions. The neutral and charged fragments
resulting from laser dissociation are detected by the imaging detector (ID)
and the fragment detector (FD), respectively. Spontaneous dissociation
of internally hot (Clng);r dimer cations occurring in this straight section
also contributes to events recorded by those detectors.

Since both DESIREE282%l and Mini-Ring=? facilities

have been extensively documented in previous publications, we
only provide here brief overviews of the procedures used in the
present experiments.

2.1 DESIREE

In DESIREE, two ion-beam storage rings sharing a common
straight section, are housed in an ultra-high vacuum chamber
cooled to 13 K. The cryogenic temperature and the extremely low
density of residual gas in DESIREE allow for very long storage
times up to several tens of minutes=? and beyond. This enables
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studies on very slow molecular processes under conditions that
are directly relevant to certain regions of the ISM. In the present
experiment, only one of the two rings was used. We stored (Np);
in the ’asymmetric ring’ of DESIREE (the label asymmetric’ refers
to the asymmetric placements of quadrople lenses shown in dark
blue in Fig. [2) since only this ring is equipped with a charged-
fragment detector (FD in Fig. [2). As a compromise between the
conflicting needs for a long storage time and sufficient counting
statistics, we chose to store dimer naphthalene cation beams for
30 seconds.

We used the method described in reference®* to produce (Np);
ion beams with an ECR plasma ion source (Pantechnik Monogan
100). We introduced sublimated naphthalene powder (purchased
from Sigma-Aldrich with > 99% purity and used as received) into
the source without the use of any carrier gas. Although the vapor
pressure could not be precisely determined, it was maintained
high enough to keep the plasma cold. The power of the 2.45 GHz
microwave was set nearly to its minimum value (about 1 W) to
ensure a stable ECR-plasma for several hours.

N
T
m L (C1oHg)s 5
[0 0.3 10Hs)5 5
5 .
> ee]
P \ 2
E 0.2 8
2 2
@
3 0.1 [(CioHg)-(C1oH7)IY l
£ L
0.0

L 1 1 1
250 252 254 256 258 260
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Fig. 3 Typical mass spectrum recorded during (Clng)gr beam prepara-
tion in DESIREE.

In Fig. [3] we show a typical mass spectrum obtained by scan-
ning the beam-separation magnet in the DESIREE injection beam
line while recording the beam current with a Faraday cup behind
the exit aperture of the magnet. The dominant peak in this mass
spectrum is attributed to intact (Np); (m/z 256.2). The peaks
at m/z 257.2 and 258.2 are due to the natural abundance of the
13C isotope. The small peaks at m/z 255.2, 254.2, and 253.2 are
attributed to fragments where one, two, or three hydrogen atoms
are missing, respectively.

We injected mass-selected (Np); ion bunches (m/z 256.2) into
DESIREE’s asymmetric ring at 20 keV kinetic energy. The bunch
duration was adjusted to fill the ring almost completely. To per-
form action spectroscopy, the stored ions were irradiated with 5
ns long pulses from a 10 Hz repetition rate OPO laser (ESKPLA
NT342C). The laser beam crossed the ion beam at an angle of
90 degrees in the straight section viewed by the FD and ID de-
tectors as shown in Fig. 2. The laser wavelength was scanned
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Fig. 4 (a) Partial raw data accumulated during the experimental run
(orange: neutral fragment counts; blue, barely visible behind the orange:
charged fragment counts, green: coincidence counts). For clarity, the
first second only of the 30 s total storage time is shown. In the time
0-0.1 s time range, the counts are dominated by the spontaneous decay
from internally hot (Np);. Sharp peaks every 0.1 s are due to prompt
laser-induced dissociation. No delayed dissociation is observed after laser
absorption. (b) Zoom in on the laser-induced peaks at 0.5 s using time
bins of 0.5 ps (orange: neutral fragment counts; blue: charged frag-
ment counts, green: coincidence counts). The coincidence counts arrive
slightly later than the corresponding neutral counts due to electronic de-
lays.

over the 800-1600 nm range corresponding to the CR absorption
band®!34, As observed in previous investigations'21:3%
absorption in the CR band range leads to dissociation of (Np);
into a naphthalene cation and a neutral naphthalene molecule.
For each laser-induced dissociation event, the charged fragment,
Np™ was deflected out of the stored beam path by twice the angle
of the parent dimer cations in direction of the FD. The undeflected
neutral fragment, Np, was detected by the imaging detector (ID).
We set up a coincidence time window to trace the correlated de-
tection of a neutral and a charged fragment from the same dissoci-
ation event. The counts of charged fragments, neutral fragments,
and coincidence events were accumulated over 1376 storage and
measurement cycles. In Fig. [4p, we show the raw data counts as
a function of storage time in the 0-1 second range. The continu-
ously decreasing counts at short times (0-1 ms) are attributed to
the spontaneous dissociation of internally hot (Np); ions with to-
tal excitation energy exceeding the dissociation limit. The sharp
peaks appearing every 100 ms are due to counts integrated over
the scanned wavelength range, resulting from laser-induced dis-
sociation.

In Fig. @b, we present a detailed view of the counts recorded
after the 5" laser pulse at approximately 500 ms of storage time,
showing the times for the detection of charged and neutral frag-
ments, reflecting their different trajectory lengths between the
crossing with the laser and the FD and ID detectors (see Fig. 2).
The laser-induced counts on the FD and ID detectors and the co-
incidence counts (integrated over the entire storage time) have
been used to determine the collection-detection efficiencies, re-
sulting in &p = (55.3 £0.5)% for neutral fragments and erp =

, photon
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% Laser beam (crossed)

Chamﬁt’mn L

Powermeter

Fig. 5 Schematic of the room-temperature Mini-Ring in Lyon. Red
arrows show the main path of the stored (Clng)gr dimer cations. The
green arrow symbolizes the perpendicular crossing of the laser beam with
the stored ions. Note that due to well-controlled time matching between
the ions bunch and the laser nanosecond pulses, the crossing only occurs
between deflectors D3 and D4. The neutral fragments resulting from
prompt laser dissociation are detected by the position-sensitive detector,
PSD.

(50.1+0.4)% for charged fragments, respectively. The dimer ions,
[(C1oHg) — (C1oH7)]*, with one H atom missing from one of the
molecules, have been stored in DESIREE and Mini-Ring. They
present significantly different behaviors compared to the intact
(Np); ions. Unlike the latter, the dimer ions missing one H atom
do not photo-dissociate in the near-infrared range corresponding
to the CR band. Moreover, they undergo delayed dissociation
upon excitation in the visible range at wavelengths correspond-
ing approximately to the LE band whereas (Np); only undergo
prompt dissociation in that case. These observations indicate that
these [(CjoHg) — (CigH7)]" ions are more strongly bound than
(Np); . At this stage, one might speculate that these molecules are
covalently bound whereas the (Np); ions are bound via charge
resonance between the two monomers. We also suspect that the
[(C1oHg) — (C1oH7)]" ions are formed in the ion source by the as-
sociation of a fragmented and an intact monomer. We note that
similar findings were reported by Zhen et al.3% for the dehydro-
genated pyrene dimer cation C3;Hj,.

2.2 Mini-Ring

Mini-Ring is a compact room-temperature electrostatic ion-beam
storage ring consisting of only ten electrodes including four
parallel-plate deflectors and two conical-shaped mirrors (Fig. [5).
The injection beam-line is equipped with a NanoGan 1 ECR
ion source (provided by Pantechnik SAS). Compared to previ-
ous work, we maintained a relatively high vapor pressure of
naphthalene within the ion source by reducing the aperture of
the extraction electrode to a diameter of 1 mm. We estimated
the pressure to be in the 0.01 to 0.1 mbar range, which is close
to the Np vapor pressure at room temperature. At these pres-
sures, along with a typical 1 W power of the injected 10 GHz
microwaves, beams of (Np); were generated with significantly
lower internal energy compared to the experiment reported in
Ref.31, Since not much radiative cooling is expected in the Mini-
Ring at room temperature, we stored the (Np); beam for a rather
short duration of 2 ms to get a higher repetition rate for the mea-
surements. The (Np)J ions were irradiated once per storage cycle
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after a storage time of 1.8 ms, using 5 ns long laser pulses from
an OPO laser (EKSPLA NT 220) operating at a repetition rate of
500 Hz. The laser beam crossed the ion beam perpendicularly
at the midpoint of the straight section located between deflec-
tors D3 and Dy (see Fig. [5). Neutral fragments resulting from
prompt dissociation of the excited (Np); ions were detected by a
position-sensitive, microchannel-plates-based detector. A precise
time window was set to exclusively count dissociation events that
occurred within a 1us interval following the laser pulse in order to
minimize background counts. The laser wavelength was scanned
over the 740-2000 nm range, slightly broader than the one used
at DESIREE, to record the action spectrum of the CR band.

wavelength (nm)

163015101390 1270 1150 1030 910 790
—r 105
25 [T 90
— 175
220
(0]
£ =60 2
) C
12 3
& 45 O
o
7 10 30
5 15

08 09 10 1.1 12 13 1.4 15
hv (eV)

Fig. 6 Action spectra of laser-induced naphthalene-dimer dissociation,
(CioHs)3 — CioH{ + CioHs. The intensity, as a function of the storage
time before the firing of the laser and the laser photon energy, is shown
through the color scale shown to the right. The red line is an exponential
fit of the CR band position determined at maximum intensity, showing
the shift of the CR band position with storage time.

1.10¢
1.05¢

3 1.00}

hv

0.95f

0.90f

0.85L_, . . . ‘
0 10 20 30 40

storage time (s)

Fig. 7 Black dots: centers of the CR band in the action spectra of
(Clng)z+ dimer cations recorded at different storage times in DESIREE.
Red curve: fit with an expression including two exponential functions as
defined in Eq.
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Fig. 8 (a) Action spectrum of the CR band recorded at DESIREE inte-
grated over the storage time range of 0-5 s (blue squares) and at Mini-
Ring for 'hot' ion source conditions (red dots) from Ref.2# (storage time
of 1.8 ms). (b) Action spectrum of the CR band recorded at DESIREE
integrated over the storage time range of 20-30 s (blue squares) and at
Mini-Ring using 'colder’ ion source conditions and a storage time of 1.8
ms (red dots).

3 Experimental results

In Fig.[6} the FD counts recorded at DESIREE are plotted in a 2D
map as a function of the photon energy iv and the storage time,
i.e., the time during which the ions are stored before the laser is
fired. Action spectra were recorded for a large number of storage
times with separations of 0.1 s. These spectra correspond to hori-
zontal lines in Fig.[6] The CR band position, defined as the photon
energy corresponding to the maximum intensity of the CR band,
and the band width were determined by Gaussian fits. The CR
band was found to become narrower and to shift towards higher
energies (shorter wavelengths) as a function of storage time. In
order to determine an experimental characteristic shift time, the
CR band position has been plotted as a function of storage time in
Fig.|7} It was attempted to fit the CR band position as a function
of storage time of Fig. [7] using a single exponential function, but
the resulting fit curve did then not agree with the data at short
storage times (not shown in Fig. [/). However, this first attempt
clearly suggested the presence of two exponential components.
Therefore, we used a double exponential fit to characterize the
time evolution of the CR band position, as defined in Eq.

View Article Online
DOI: 10.1039/D4CP01200C

(@ (b)

Fig. 9 Parallel-twisted (a) and parallel-superposed (b) isomers.

hvc(t):h‘/oo (1761 ><e_t/7«'1762><e—l/1'2) (1)

where hv, represents the CR band position expressed in terms of
photon energy, §; =0.12(0.01) and &, = 0.167(0.004) are the am-
plitudes of the energy shifts, 7, = 0.64(0.09) s and 7, = 8.0(0.3) s
are the characteristic times of these shifts, and Av. is the photon
energy at infinite storage time.

We attribute the shift and narrowing of the CR band with time
to radiative cooling.

As will be shown in section[4] unlike the PAH monomer cations
(naphthalene, anthracene, tetracene, pentacene, etc. ), and sim-
ilarly to pyrene dimer cations22, (Np); do not have low-lying
electronic excitations to mediate recurrent fluorescence processes
efficiently. Therefore, when the internal energy is low enough to
prevent dissociation processes, (Np)3 may only cool by mid-IR vi-
brational emissions, or still slower through rotational transitions
in the far-IR.

In Fig.|8] we compare the spectra recorded at DESIREE at short
and long storage times (summed over the ranges 0-5 s in Fig.
and 20-30 s in Fig. [8p) with the spectrum recorded with Mini-
Ring from Ref.24 (Fig. ), and a spectrum recently recorded with
colder (Np); ion source conditions (Fig. ), respectively. The
(Np); ions probed in Mini-Ring after only 1.8 ms had internal
energies close to those they had in the ion source both with the
hotter and the colder ions from the source. In Fig. , we observe
an overall agreement between the spectra recorded at short times
at DESIREE and with the hotter source conditions from Mini-Ring.
The high-pressure conditions needed to produce colder dimers in
the source were only realized at the Mini-Ring set-up.

Although the "colder source condition" spectrum was recorded
after 1.8 ms storage time only (much too short time for efficient
radiative cooling) and despite Mini-Ring being operated at room
temperature (about 293 K), it is close to the spectrum recorded at
DESIREE with orders of magnitude longer storage times (Fig. [8).
Therefore, we may conclude that even in the cryogenic envi-
ronment of DESIREE, the IR radiative cooling rate of (Np); is
much lower after about 10 seconds of storage and that reach-
ing thermal equilibrium with the surrounding would take very
much longer than 30 s. Inokuchi et al.*# produced internally
very cold (Np)zr by introducing naphthalene molecules into a su-
personic Ar expansion within a region where a plasma was in-
duced by a Nd:YAG pulsed laser irradiating a stainless steel disk.
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They recorded a much narrower spectrum compared to the ones
displayed in Fig. However, the CR band position of 1.05 eV
reported Inokuchi et al.B4 matches rather well with the ones of
Fig. , i.e. when the (Np); had time to cool down in DESIREE
or when they were produced in the ’colder’ plasma conditions in
Mini-Ring.

4 Simulation of the absorption spectra

DFTB-EXCI ——

D

Energy (eV)

3 35 4 45 5 55 6
Distance (Angstroms)

3 35 4 45 5 55 6
Distance (Angstroms)

Fig. 10 Potential energies for the ground state and the two lowest elec-
tronically excited states of the naphthalene dimer cation in twisted (left)
and superimposed (right) geometries as a function of the distance be-
tween the two molecules dissociating into Np+ Np*(Dg,D;,D;). Black
curves: DFTB-EXCI calculations with corrections from comparisons with
CASPT2 calculations from Ref. 36 (see text). Red curve: CASPT2 re-
sults38 for the ground state of the superimposed geometry. Note that
the two upper DFTB-EXCI states correlated with Np+Np™(D,) are de-
generate for the twisted geometry (see text).

The electronic structure of the naphthalene dimer cation was
determined using the DFTB-EXCI framework3¢, initially inspired
by the DFT formulation of Wu and Van Vorhis®Z, and found to
be successful in several works on PAH cluster cations, in-
cluding the study of photodissociation of pyrene dimer cations2>.
Briefly, the ground and excited states of the cluster are expressed
as linear combinations of valence-bond type configurations

Y=Y @k 2
Ax

The @, are cluster electronic configurations built from the re-
moval of an electron in an occupied orbital ¢4; localized on
monomer A. The monomer-localized cluster orbitals ¢,; are de-
termined with a modified DFTB Kohn-Sham operator adding a
Lagrange charge constraint on monomer A to the second order
self-consistent charge DFTB Hamiltonian3%41 gPFTB,

(HPFTE - 0Py ) ai = € 3)

A4 is a Lagrange multiplier and P, the projector of the electron
density on molecule A. This constrained hamiltonian yields a
set of orbitals ¢4; of the whole cluster and the building a con-
figuration with a hole localized on monomer A. Then, the non-
orthogonal CI expansion used in the present work is spanned by
configurations having holes in the HOMOs ¢, and in a finite
number of sub-HOMO orbitals ¢4, of each monomer A, so that
not only the lowest charge resonance (CR) states but also the lo-
cal excitation (LE) states, generated by excitation on a given ion-
ized monomer, can be obtained. In the present case, 2 sub-HOMO
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Fig. 11 Selected structural snapshots extracted from the PTMC explo-
ration at various temperatures
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orbitals were considered on each cationic monomer. The dipole
moments are calculated from the CI coefficients cgk and Y, for
the ground and excited states respectively as:

0
Hom = Z CAkCg[ < cI:'Ak‘qu)Bl > @
ABk

The method provides potential energy surfaces for dimer
cations displaying an overall agreement with higher level calcula-
tions of the ground and excited state potential energy curves, in
particular concerning the long-distance limits of the dissociation
channels. In a previous related work=¢, the lowest energy ar-
rangement of the two molecules was found to correspond to par-
allel molecular planes twisted around the perpendicular axis with
an angle of 90 degrees, as shown in Fig.[0p. Nevertheless, devia-
tions from reference CASPT2 calculations or experimental results
were reported in Ref.3, when using the DFTB-EXCI model with
mat-sci Slater Koster parameters=®, CM3 charges#2 and disper-
sion corrections. The first difference concerns the energies of the
lowest electronically excited states of the naphthalene monomer
cation namely 0.90 eV and 1.65 eV with DFTB vs 0.77 and 1.90
eV with the CASPT2 calculations. Those positions determine not
only the precise positions of the dissociative channels but also the
locations of the state crossings in the dimer. The second error
affects the intra-monomer cation dipole transition moment and
the oscillator strength towards the second electronic state, which
is strongly overestimated in the DFTB calculation at 0.237, while
the CASPT2 calculation gives 0.052. The third point concerns
the inter-monomer distance: the DFTB minimum-energy distance
along the dissociation path for two superimposed parallel naph-
thalene monomers was significantly shorter than the one obtained
from the CASPT2 reference, namely 3.06 A compared to 3.21 A,
and the stabilization energy was underestimated, 0.90 €V vs 1.265
eV from CASPT2. The precise location of the equilibrium distance
is particularly important because excited state crossings between
the repulsive CR state and attractive LE states do occur around
that distance and the inner slope of the excited states becomes
steep, significantly affecting the transitions from the ground state.
Since the Hamiltonian is expressed in a local picture, the two first
errors were easy to correct (i) by shifting the diagonal elements
of the Hamiltonian < ®,,|H|®4; > with k < & corresponding to
LE asymptotes by -0.0048487 Hartree for the lowest one (non-
allowed) and 0.0091274 Hartree for the second one (ii) multi-
plying the corresponding value of the allowed LE intra-monomer
contribution to the dipole transition moment < ®;|D|D4j,_» >
by a correcting factor 0.235297. Since the Hamiltonian is ex-
pressed in a diabatic-like picture, the above corrections should be
transferable, whatever the dimer geometry. The third correction
consists of adding atom-atom inter-monomer additive corrections
so that the energy along the above-mentioned dissociation path
matches the CASPT2 reference. The ad-hoc pair potential correc-
tion AV (R,;,) was taken as a unique Morse expression for all types
of atoms a € A and b € B:

AV (Rgp) = v (1 _exP(_b(Rab_C)))z_V )

with v = 0.001014 Hartree, b = 1.35 a; ', ¢ = 3.78 ay, and R, in
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units of Bohr radius ag. This is actually equivalent to modifying
the inter-monomer repulsive functions of the initial parametriza-
tion. In Fig. [I0}right, we show the corrected final DFTB-EXCI
potentials together with the CASPT2 ground state reference
along the dissociation path of (CjoHs); for two frozen monomers
in the superimposed geometry (the red curve in the right panel
of Fig. [10). With these corrected potential energy curves, the
lowest-energy geometry remains as in Fig. [Op, with a slightly
longer inter-plane distance, a dissociation energy of 1.402 eV,
while the parallel superposed structure (Fig. E])) also exists as
an isomer, 0.090 eV above the former. One can observe that in
the twisted form (Fig. [L0Heft), the excited LE state splittings
with respect to the dissociated monomers are smaller than in
the superposed form. In particular, the two highest states are
degenerate in the latter geometry. The vanishing of the resonance
splitting results from the fact that those states are spanned by
configurations with holes in the HOMO-2 orbitals of the two
fragments and that the hopping term between them is zero due to
the symmetry of the twisted form. Note that "covalently"-bonded
isomers also exist as minima but lie at much higher energies (>
2 eV), not regarding energy barriers, and do not appear in the
simulations at the temperatures investigated below.

Using this corrected DFTB-EXCI scheme for electronic struc-
ture calculations, the absorption spectra were determined using
a parallel tempering Monte Carlo (PTMC) scheme for a panel of
temperatures ranging from T=10 K to T=500 K to describe the
geometrical landscapes visited at various temperatures. The sim-
ulation included all intra- and inter-monomer motions.

The PTMC simulation on the ground state potential energy sur-
face was run for 150000 steps with exchanges attempted every
10 steps. In addition, configurations were retained every 10 steps
(15000 in total) to compute the absorption spectra. The theo-
retical spectrum at a given temperature was built through energy
histograms compiling the transitions at a given energy weighted
by their oscillator strengths.

1E) = LY 218, (R En (RIS(E —Eon(R)  (6)
R m
where the first sum runs over the ground state landscape config-
urations R visited at a given temperature, and the second sum
runs over the electronically excited states. E,,(R) and pton(R)
are the energy and dipole moment of the transition between the
ground state ¥, and excited state ¥,,. The calculations have
been performed with deMonNano software3.

We first comment on the configurational evolution on the
ground state potential surface at various temperatures. Upto T =
200 K, the cluster remains in its lowest energy basin around the
parallel twisted isomer of Fig. [Op with increasing fluctuations as
the temperature is raised.

At T=300 K, the PTMC simulation also explores the parallel
superposed structure basin including, for instance, the structure
labeled 300K (a) in Fig. Additionally, other transient struc-
tures such as those labeled 300K (b) and 300K (c) in Fig. also
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Fig. 12 Top panel: Theoretical absorption spectra as a function of
the temperature for the naphthalene dimer (color lines) and monomer
(dashed lines) cations. The bottom panel indicates the energies of the
vertical absorption bands of the parallel-twisted (black) and parallel-
superposed (red) geometries.

contribute to the simulation. At T = 400 K and even more at T
= 500 K, a larger diversity of geometries is explored, and some
examples are given in Fig. Note that the PTMC snapshots
shown here have no statistical significance, but only illustrate
the PTMC excursion from the equilibrium isomer topology at the
given temperature. Also note that at T = 500 K, the monomers
become slightly curved, while the dihedral angle between the two
monomer planes hardly exceeds 25 degrees.

In the electronic spectra computed for the monomer cation at
various temperatures, a single band corresponding to Dy — D, ex-
citation is observed slightly below 2 eV. This band exhibits a weak
shift and broadening with increasing temperature.

The evolution of the CR bands is shown in Fig. At T =10
K, the calculated CR band of the naphthalene dimer cation has a
peak just below 1 eV, which is correlated with that of the parallel-
twisted configuration. When the temperature is increased, the CR
band undergoes both strong red-shifting and broadening. At T =
500 K, the CR maximum intensity is at around 0.65 €V, and the
band extends over a wide energy range between 0 and 1.5 eV.
At high temperatures, the energy shift and broadening are due to
increasing geometrical fluctuations. Conversely, above T=300 K,
isomerization is a determining factor, which can be inferred from
the bottom subplot of Fig. |12|showing the vertical CR absorption
band of the parallel-superposed geometry at 0.66 eV (red line
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Fig. 13 Theoretical energy position of the maximum (upper panel) and
width (lower panel) of the CR band as functions of temperature. The
green lines are linear fits to the calculated data (see text).

on left side of the bottom panel of Fig.[12). The LE part of the
spectrum exhibits a 2.25 eV peak at low temperatures. The posi-
tion of this peak is in good agreement with the peak around 2.2
eV reported from earlier experimental studies2434, In the present
simulations, this peak also strongly broadens with increasing tem-
perature. One can notice the rise of a peak around 1.7 eV above
T= 300K. This peak is due to the contribution of geometries close
to the superposed structure, the vertical spectrum of which ex-
hibits a distinct band at 1.72 eV. This peak contributes finally to
the extension of the LE absorption range between 1.6 and 3 €V at
T = 500 K. Despite their broadening, the CR and LE bands remain
well separated up to 500 K.

In Fig. we show the evolution of the CR band position (top
panel) and width (Full width at half maximum in the bottom
panel) as functions of temperature. The shift in the CR band po-
sition is roughly linear with temperature. A linear regression on
the calculated data points gives for the peak position :

hv(eV) ~ hvy —0.685 x 1073 x T (K) 7

where hvy is 0.96 eV. A tentative linear fit with a slope of 1.07
meV/K of the evolution of the width is shown in the bottom plot

of Fig.[13]
5 Radiative cooling model

The physics of the IR emission of PAHs has been described since
the early days of the PAH model?. The main concepts are (i) the
energy absorbed is redistributed by internal vibration redistribu-
tion (IVR) over all the vibrational modes and (ii) the emission
proceeds according to mode population and associated Einstein
coefficients. While a thermal model proves to be a good approx-
imation for relatively high values of the internal energy, this is
not the case for low energies. The absorption and emission of
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photons is, therefore, best described using microcanonical statis-
tics™®, This is very critical when one wants to describe the emis-
sion of the low-frequency flopping modes in the far IR#2. Another
critical aspect is that, at low energy, the vibrational energy is no
longer redistributed statistically. This is expected to happen at a
mode decoupling energy, E,... As the DESIREE storage ring is op-
erated at a nominal temperature of 13 K, we can therefore expect
to reach quite low temperatures and even to reach a regime of
decoupling beyond which it is not possible to define a tempera-
ture anymore. Although experimental measurements for E,,. are
very scarce, Felker & Zewail 46 have shown that, for anthracene,
Ci4H,o, intramolecular vibrational redistribution is efficient at
a vibrational energy of 1792 cm~! and negligible at 1420 cm~!.
Based on these values, a reference value of E,, = 1700 cm~! was
therefore used in emission models for interstellar PAHs444>|

The IR cooling of neutral PAH clusters has been modeled
earlier to study the competition between fragmentation and IR
coolingl®23,  Within a somewhat simplified description, these
studies assumed that the IR cooling was driven by intramolec-
ular modes and therefore neglected the role of intermolecu-
lar modes. Here, we consider both intramolecular and inter-
molecular modes. The list of vibrational frequencies and as-
sociated IR intensities were obtained by combining DFT re-
sults on neutral Np and cationic Np* from the spectral PAH
database (http://astrochemistry.oa-cagliari.inaf.it/database,/)4Z
to describe the intramolecular modes, with data on the inter-
molecular modes given by the DFTB-EXCI calculation on (Np)2+.
The six intermolecular modes were calculated at 28.4, 59.4, 59.7,
112.4, 113.0 and 126.3 cm~! with IR intensities of 0.0, 0.1, 0.0,
0.3, 0.3 and 8.8 km mol~!, respectively. The reason for using
both sets of data is that the calculated frequencies and IR intensi-
ties for intramolecular modes are less precise in DFTB compared
to DFT. On the other hand, DFTB-EXCI provides a better descrip-
tion of charge resonance and, therefore, of the characteristics of
the intermolecular modes.

We calculated the IR emission rates using microcanonical statis-
tics following Allamandola et al.” The rate of spontaneous emis-
sion for a v; IR mode in the (v-1)<V transition is given by:

kg '(vi) =AY RY (8)

1 i

with A}”V*l the Einstein coefficient for the transition and P} the
probability to find the system in the level v of the v; mode. When
IVR is effective, the probability P} is given by:

P =p,(U—vhv;)/p(U) )

where p(U) is the total density of vibrational states at the energy
U and p, is the density of states excluding the emitting mode v;.
In these calculations, the following harmonic approximation is
made:

AT =va)? (10)

1

The density of states, p(U), is the derivative of the sum of vibra-
tional states, which is calculated using the list of modes described
above and the Beyer & Swinehart algorithm8. For the calcula-
tions, we used 1 cm~! wide boxes and initialized them at 1, with
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Fig. 14 Time evolution of (a) the internal energy U and (b) the cor-
responding microcanonical temperature of (Np);r computed from the
Monte-Carlo model for an initial internal energy U(0) = 1.4 eV and dif-
ferent values of the decoupling energy, Ejec.

the exception of the first box which remained at zero.

The cooling curve of (Np); was simulated using a kinetic
Monte Carlo model in which only the IR cooling is taken into
account as described in Ref4. The Monte Carlo model pro-
vides the evolution of the internal energy with time, from which
the evolution of the micro-canonical temperature can be derived
(see Fig.|14| as an example). The parameters of the Monte Carlo
model are U(0), the initial internal energy, and E,., the decou-
pling energy. The dissociation energy of (Np); was calculated to
be around 1.4 €V (see Fig.[10). Consequently, in the IR cooling
simulations, we have considered U (0) values of the order of 1 eV
corresponding to the part of the internal energy distribution that
is sufficiently cold for (Np); to survive on long time scales. From
the temperature, we derived the CR band position of (Np); using
Eq.[7]in which the value hvy (T=0 K) is kept as a free parameter.
A very good agreement between the model results and the exper-
imental data is obtained for a value hvy = 1.19 €V (see Fig. ,
which differs from the DFTB-EXCI value of 0.96 €V. Changing the
initial internal energy in the Monte Carlo simulations from 1.0 eV
to 1.4 eV results in slightly different curves for # < 10 s, as can
be seen in the inset of Fig. At longer times, the differences
are mostly due to differences in the decoupling energy (Fig. [15).
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Fig. 15 Simulations of the time evolution of the CR band position of
(Np)zr and comparison with the fitted experimental curve (Eq. . The
simulated curves were obtained by combining the results from a kinetic
Monte Carlo radiative cooling model with the temperature dependence
of the position of the CR band using Eq.[7] The parameters in the model
are U(0), the initial internal energy, E4., the decoupling energy, and the
reference position hvy in Eq.[7} The simulated curves shown correspond
to (a): U(0) =14 eV, hvy = 1.18 eV for different values of Eg... (b):
similar to case (a) but with U(0) =1.0 eV and hvy =1.19 €V. The inset
illustrates the effect of U(0) in the short time range.
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With Eg,. = 1700 cm™! (0.21 €V), the energy (and therefore the
temperature) changes very slightly between 15 and 30 s (red
curves in Fig. . With Eg,. = 1200 cm™! (0.15 eV), the sim-
ulation curve shows a steeper slope, which is in better agreement
with the experiment (green curves in Fig. [I5). However, the best
agreement is obtained for a model with a low or no decoupling
energy (Fig. [15), which leads to a drop of the internal excitation
energy down to 0.08 €V after 30 s (black curve in Fig. ). This
corresponds to a microcanonical temperature of 114 K as can be
seen in Fig. [14|b. More precisely, in the studied time range up
to 30 s, the two curves with Eg,. = 650 cm~! and no decoupling
are almost identical. It is only at times longer than 30 s that a
clear difference can be seen between these curves. The value of
Egec = 650 cm~! was not selected randomly. It corresponds to
the internal energy at which (Np); has the same density of states
(117 /em™!) as anthracene with an internal vibrational energy
of 1700 cm~!. Therefore, the fact that our model at low decou-
pling energy (i.e. 650 cm™!) is in good agreement with the ex-
perimental curve appears consistent with the fact that vibrational
decoupling is a matter of density of states.

There are a number of uncertainties and approximations both
in the analysis of the experimental data and in the simulations
(quantum chemistry model and statistical cooling model) that can
affect the coldest temperature derived in this study. The CR band
is quite asymmetric and deriving its position has an average 5%
relative uncertainty depending on the method used for its evalu-
ation.

Moreover, we have assumed that any absorbed photon in the
considered energy range would lead to a dissociation of the naph-
thalene dimer cation. This assumption seems reasonable for short
timescales when the sum of the internal energy (Fig. and
the photon energy exceeds the expected binding energy (lowest
minimum in DFTB-CI at 1.4 eV and 1.26 €V for the geometry-
constrained parallel form estimated from CASPT2). At the longer
timescales, however, the estimated internal energy plus the ab-
sorbed photon energy do not reach the computed dissociation
energy, which appears difficult to reconcile. Nonetheless, one
should remain cautious with the theoretically estimated binding
energy since one cannot exclude that it might be overestimated at
the CASPT2 level (and consequently at the DFTB-CI level which
has been reparameterized from CASPT2 in the present work).
This would be consistent with previous works on the pyrene
dimer cation where the CASPT2 binding energy was calculated
around 1.5 eV whereas a value of 1.07 eV appeared to be in better
agreement with experimental results=8. On the other hand, one
cannot rule out a possible contribution of two-photon absorption
mechanisms that would lower the energy onset of the CR band in
the experimental photo-dissociation spectrum.

The contribution of different isomers at temperatures above
300 K is expected to affect the CR band position as shown in
Fig. This limits the comparison we can make on the 0-5 s
storage time range between the fitted experimental curve and the
simulated curves taking into account only infrared cooling. This
also implies that the derived characteristic time of 0.64 s cannot
be strictly analyzed in terms of radiative cooling.

As an additional source of error, one should also mention that
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the expression (Eq. 7) relating the CR band position to the tem-
perature was derived in the canonical ensemble, whereas the
Monte Carlo model is used for simulations at a given internal
energy from which a microcanonical temperature is derived. Fur-
ther, the canonical and microcanonical temperatures differ for a
finite system.4220,

6 Conclusion

We have investigated the infrared radiative cooling of (Np); ex-
perimentally and theoretically. In DESIREE, (Np); ions were pro-
duced with some vibrational excitation in the plasma of an ECR
ion source and stored in a cryogenic environment for 30 s. Using
action spectroscopy, we recorded the evolution of the charge res-
onance band with time. The position for the maximum intensity
of this band was found to shift to higher frequencies as the ions
cool down, suggesting that the CR band position can be used as a
marker of radiative cooling.

The experimental results were compared with simulations of
the absorption spectrum in the range of 0-2.5 eV including both
the charge resonance (CR) and local excitation (LE, local excita-
tion in one of the Np molecules) bands and their evolutions with
temperature. In the simulations, the CR band was found to be
increasingly red-shifted and broadened with increasing tempera-
tures between 10 and 500 K, most likely due to higher excitation
energies and a larger number of degrees of vibrational fluctua-
tions and rotational isomerization at higher temperatures. In par-
ticular, transitions between twisted and superposed structures can
be seen around T=300 K in the structural evolution of the parallel
tempering Monte Carlo (PTMC) simulations.

The importance of the parallel-superposed structure at 300 K
and above is reflected in the CR red-shift and the appearance of
a transition at 1.7 €V, which is characteristic of this geometry.
We have presented simple expressions describing the tempera-
ture dependencies of the position and width of the charge reso-
nance (CR) band. By combining the expression for the CR-band
position with a Monte Carlo simulation of the temporal evolu-
tion of IR cooling, we have estimated the initial internal energy
of the (Np); system and a decoupling energy that is lower than
what has been assumed for PAHs so far. These results indicate
that the CR-band red-shift, which we observe in the experiments
- both at DESIREE and at Mini-Ring, is due to temperature evolu-
tion, associated with fluctuations and migrations out of the global
minimum basin of the naphthalene-dimer cation system.

This work also calls for perspectives and further studies such
as an extension of the wavelength domain to investigate the in-
fluence of the local excitation (LE) bands experimentally. On the
theoretical side, it would be interesting to implement the post-
absorption non-adiabatic molecular dynamics using DFTB-EXCI,
which would open up for simulations of photo-fragmentation pro-
cesses in full detail. Finally, since larger-size ionized molecular
clusters often have a dimer or trimer core (e.g., Table 1 in Joblin
et al.19), the present study is a step towards a better understand-
ing of elementary processes in PAH-cluster fragmentation via ex-
cited states. Such processes need to be considered while evaluat-
ing the survival of these species in astrophysical environments.
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