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Imidazole and its derivatives are common in bioactive molecules and function as pharmacophores in diverse medications. This
study examines the gas-phase reactions of imidazole and benzylimidazole using a self-developed reflectron time-of-flight mass
spectrometer equipped with dual sources and a downstream tube reactor. It was found that the Cu'/Ag" ions readily coordinate
with these organic molecules to create metal complexes; furthermore, the plasma-assisted Cu'/Ag” ions enable C-N coupling
reactions to generate a C,,H,;N, "~ radical assigned to 1,3-dibenzylimidazole, along with hydropolymerization to form molecular
clusters through hydrogen bond linkers. With Im;H" as a representative, we attained soft-landing deposition and measured its
fluorescence. Interestingly, the deposited quantum dots of Im;H" clusters exhibit narrow-width emission at 516 nm, which fits
well with the time-dependent density functional theory (TD-DFT) calculation results. Through DFT calculations, we also
elucidated the chemical interactions in these cluster systems. This study advances the basic understanding of heteroaromatic
compounds and their weakly bound clusters, and provides a solvent-free synthesis technique for organic molecular clusters and

metal-organic complexes.
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1 Introduction

Imidazole (C;H,N,, abbreviated as “Im”) is common in
epoxy resins, as a curing agent to improve electrical in-
sulation and mechanical properties. The molecular structure
of imidazole is a five-membered heteroaromatic diazole ring
with two nitrogen atoms at positions one and three. The 1-
position nitrogen atom is an imino group (-NH-) with a lone
pair of valence electrons that promotes ring conjugation,
lowering electron density on the N atom and causing inad-
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vertent N—H activation. The 3-position (-N=) nitrogen atom
favors the ligand coordination or alkylation reactions. In
view of this unique structure, imidazole exhibits both acidic
and basic properties, underscoring its significance in the
synthesis of pyridine, pyrrole, and diverse metal complexes
[1,2]. Imidazole and its derivatives also function as active
mediums for proton transport in molecular networks [3,4],
and present interesting alternatives in fluorescence sensing
[5,6]. Among the imidazole derivatives, benzylimidazole
(CoH(N,, abbreviated as “bim”) and metal-imidazole
complexes have attracted considerable research interest
[7,8], being employed in many medications and serving
crucial functions in diverse natural products and biological
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systems [9-11] Meanwhile, small aggregates or hydrogen-
bonded clusters of such heteroaromatic molecules provide a
valuable means to comprehend the structure-property re-
lationships of materials and the weak intermolecular inter-
actions inside biosystems [12]. However, there is still little
comprehension of the mechanisms governing molecular
clusters in similar contexts.

Gas-phase reactions are crucial in various scientific fields,
offering insights into the fundamental thermodynamics and
kinetics of chemical processes [13]. Molecules and clusters
in the gas phase exhibit high mobility and kinetic energy,
facilitating effective collisions between reactants and re-
sulting in potentially faster reaction rates compared to solid
or liquid phases [14]. Also, gas-phase reactions can be stu-
died under controlled conditions, simplifying calculations
related to enthalpy changes and reaction rates. Due to the
sensitivity to gas pressure and temperature, both reaction
rates and equilibria, as well as product selectivity, can be
finely adjusted. Furthermore, soft-landing deposition of gas-
phase reaction products facilitates the comprehension of
size-dependent reactivity and the atomic-level link between
surface structures and properties [15-29].

This study examined the gas-phase interactions of Cu’/Ag"
cations with imidazole and benzylimidazole utilizing a cus-
tom-built reflectron time-of-flight mass spectrometer (Re-
TOFMS) with a compact reaction tube and dual sources
(Figure S1, Supporting Information online), i.e., magnetron
sputtering (MagS) and thermal evaporation (TVa) sources.
Consequently, a series of Cu'/Ag  complexes coordinated
with one or two Im/bim molecules were formed at a lower
evaporation temperature of about 40 °C, whereas protonated
molecular clusters (Im),H" (n = 2-4) were detected at higher
temperatures up to 60 °C. The structures and intramolecular
interactions of these metal complexes and molecular clusters
were further examined by density functional theory (DFT)
calculations, demonstrating tunable metal-imidazole co-
ordination and hydrogen-bond interactions linked to their
selective reactions. Furthermore, we accomplished soft-
landing deposition for a weakly-bonded molecular cluster,
(Im);H", and measured its fluorescence. The narrow-band
emission at 516 nm aligns closely with the results of the time
dependent (TD)-DFT calculations.

2 Experimental

2.1 Cluster generation

The experiments were performed in a homemade reflection
time-of-flight mass spectrometry (Re-TOF-MS) instrument,
which is equipped with a magnetron sputtering (MagS) ion
source and a fixed tube reactor [30]. The MagS source was
used to generate Cu and Ag cation, and installed in the front
of the whole apparatus. A copper or silver disk (J =
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50.8 mm, and 4-5 mm thickness, 99.99% purity) was fixed
to the magnetron head and served as the sputtering target
material. The working gas Ar was brought into the chamber
by a mass flowmeter (Alicat Scientific, Inc.). A DC power
supply (3 kW, Kurt J. Lesker) was used to provide the high
voltage for the MagS source. Under the DC electric field, the
ionized Ar cations bombarded the target and the metal atoms
and small clusters were sputtered out and carried by He
buffer gas out of the nozzle of the MagS source.

2.2 Metal-organic reaction

A tube reactor was designed downstream of the MagS source
and combined with a thermal vaporization (TVa) source
beneath the reactor in the vertical direction (Figure S1). Solid
samples of the organic chemicals were held in a stainless-
steel crucible which can be heated up to 300 °C under precise
temperature control. The gaseous organic molecules will go
upwards into the tube reactor through a mini skimmer and
interact with the horizontal molecule beam, leading to metal-
organic chemical reactions. A high-vacuum plasma cleaning
setup (XEI Evactron EP) was employed to clean the vacuum
chamber after each experiment to avoid interference caused
by residual contamination. In the TOF chamber, a vacuum
differential is achieved by a vacuum pumping setup and a
normal skimmer (J = 2.5 mm).

2.3 Soft-landing deposition

Following the gas-phase reactions, soft-landing deposition of
mass-selected (Im);H " clusters was dispersed on polymethyl
methacrylate (PMMA)-coated cover glass. The PMMA films
were coated on the cover glass by spin-coating method,
which was then installed with a copper foil having a 3 mm
diameter aperture in the centre. The exposed area of the
copper foil coupled with PMMA-coated cover glass as the
deposition target, with its centre aligned coaxially to the
cluster beam. Repulsive voltages were supplied to the copper
foil substrate to reduce the kinetic energies of the target
cluster ions, along with tuneable voltages on the focus lens
and deflection electrodes, resulting in improved deposition
efficiencies of the mass-selected clusters. A sampling re-
petition frequency at 4000 Hz was used for the soft-landing
deposition, lasting for 2 h.

2.4 Fluorescence measurement

All optical kinetics and spectra were measured on a home-
built wide-field microscope organized around an inverted
microscope (Olympus IX73). A supercontinuum pulsed laser
(440—460 nm, Fianium) was used as the light source after
passing through a 450-nm laser-line filter (FB450-10,
THORLABS). The fluorescent signal was collected by an oil
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objective lens (Olympus LUCPlanFI 60%, numerical aper-
ture NA = 1.25) and recorded by an sCMOS camera (Dhyana
95, Fujian Tucsen electrooptics Co., Ltd) after passing
through a 473 nm long-pass filter (BLPO1-473R-25, Se-
merock).

2.5 Computational

The optimization, frequency, and energy calculations were
carried out using DFT within the Gaussian 16 software
package [31]. The geometric structures of reactants and
products were fully optimized at B3LYP/6-311++G(d,p) le-
vel. We employed Molclus code, combined with the software
Molecular Orbital Package (MOPAC 2016™) [32], to search
for possible conformations of the metal-organic complexes
and the Im/bim molecular clusters [33]. Further calculations
on the low-lying structures of the molecular clusters were
carried out using the same method with a mixed basis set,
namely, PBEO-D3 in conjunction with SDD (Stuttgart-
Dresden) and 6-311+G(d,p) for the metallic (Cu’, Ag+) and
non-metallic (C, H, N) atoms respectively [34]. The fre-
quency calculations were performed to ensure that the
clusters observed in the mass spectra have zero imaginary
frequency. All the energies were calculated with zero-point
corrections. Potential energy scanning, frontier orbital, nat-
ural bond orbital (NBO) analysis and charge population
analysis were performed for further investigations [35].
Energy decomposition analysis (EDA) was conducted using
the Amsterdam density functional (ADF 2021) program
package at the PBE-D3(BJ)/TZP level [36-38]. Electrostatic
potential, Hirshfeld atomic charge distribution and the sign
(4,)p coloured 5g™" isosurface maps using the independent
gradient model based on Hirshfeld partition (IGMH) of
molecular density were calculated and analysed with the help
of Multiwfn software [39,40]. The structures and orbital
patterns were plotted by using visual molecular dynamics
(VMD) [41,42] software.

The ground state S, and the first excited state S, were
optimized in TD-DFT calculations, with Grimme’s D3 cor-
rection [43], using BP86 functional [44] and def2-TZVP
basis set [45]. A three-step procedure was used to calculate
the fluorescence spectra. First, the S, geometry of a molecule
or cluster was optimized; second, the S; geometries were
optimized based on the optimized S, structures, where the
lengths of N-H hydrogen bonds in the cluster were restricted
to maintain its framework; third, based on results of the fre-
quency calculation at S, and S;, the calculation of Franck-
Condon integral was conducted to obtain the deexcitation
transition and fluorescence spectra. To simulate a spectral
profile as the experiment, the stick-spectrum was broadened
using a Gaussian function with an appropriate full width at
half maximum (FWHM) via Multiwfn software [42], speci-
fically, 0.10 eV for the protonated imidazole cluster (Im),H".
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3 Results and discussion

Figure 1 presents the mass spectra of Cu” and Ag  ions
produced by the MagS source before and after reacting with
imidazole and 1-benzylimidazole respectively. Both copper
and silver have isotope distributions (Figure 1A, B), which is
beneficial to the mass peak assignment (details in Figures S2
and S3). Interestingly, the molecular ion (Im™) is trans-
cended by its hydrogenation peak (ImH', i.e., C;HsN,")
which dominates the mass spectra (Figure 1C, D). It is in-
ferred that the neutral imidazole could be readily ionized and
protonated with the help of energetic Ar” and Cu'/Ag" ions.
As mentioned above, the 3-position nitrogen atom (—N=) of
imidazole has a relatively dense electron cloud, which fa-
vours the interaction with a free proton (H") via nucleophilic
attack to form ImH". In addition to this product, Cu’ and Ag"
readily react with imidazole to produce metal complexes,
i.e., [Cu(Im),,]" and [Ag(Im),,] .

We have also studied the reactions of Cu’ and Ag' ions
with an imidazole derivate, 1-benzylimidazole (C,,H;,N,),
of which a benzyl group replaces the hydrogen atom on the
I-position N atom of the imidazole ring. The results of mass
spectrometric experiments conducted at comparable condi-
tions are shown in Figure 1E, F. Interestingly, the strongest
mass peak does not correspond to the molecular ion or its
protonated product; instead, a dissociative fragment C,H, "
emerges, which is often seen in the organic mass spectro-
metry due to the fragmentation of molecules containing the
benzyl units. This is also accompanied by a secondary re-
action product C,;H;N," " assigned to 1,3-dibenzylimida-
zole, suggesting a breakage of the C-N bond and
recombination with a benzylimidazole molecule (namely,
C,H,” + bim — C;;H;;N, 7). Metal complexes of [Cu-
(bim)1,2]+ and [Ag(bim),,z]+ are also observed as products,
indicating that Cu'/Ag  could coordinate with the un-
saturated 3-position N atom on the imidazole ring without
being affected by the benzyl group on the other side. The
interactions between the metal and molecules cause electron
transfer and ligand coordination [46], which weakens the
C-N bond and makes it easier for adduct-reaction products to
grow.

Considering that imidazole and benzylimidazole have
different melting points, we tried the experiments under
different reaction conditions. Interestingly, when increasing
the temperature of the TVa source, the concentration of
imidazole vapour rises but the products of [Cu(Im)l,z]+ and
[Ag(Im)l,z]+ complexes disappear; instead, a series of mo-
lecular clusters (Im), JH" emerge in the mass spectra, as
shown in Figure 2A, B. It is supposed that a higher con-
centration of imidazole monomer from the TVa source could
inhibit the coordination of Cu'/Ag" ions, rendering altered
reactions in the flow tube reactor. Notably, an impressive
previous study also synthesized a minor quantity of such
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Figure 1 (Color online) Mass spectra of Cu” and Ag" ions produced by the MagS source (A, B), after reacting with the vapours of imidazole (C, D) and
1-benzylimidazole (E, F) generated by the TVa source, respectively. Relatively lower concentrations were used by controlling the evaporating temperature of

the TVa source at ~40 °C. Details see the Supporting Information online.

protonated imidazole clusters (Im), ;H Ar, by entrainment
of imidazole into an Ar-tagged H;" molecular beam, and
discussed the structures of (Im)H Ar, (Im),H Ar, and
(Im);H"Ar by infrared predissociation technique, illustrating
the important N-H bonding and adjustable intracluster in-
teractions in such systems [47]. A similar phenomenon was
also observed in the experiments with benzylimidazole in
place of imidazole (Figure 2C, D). Nonetheless, in addition
to the protonated clusters (bim)1,2H+, there is a C;H," frag-
ment due to homolytic cleavage of the C—N bond between
the benzyl group and imidazole ring; also, a remarkable mass
peak of C;;H,;N,” was observed again, showing the gas-
phase synthesis of a new compound, 1,3-dibenzylimidazole
(C,;H;;N,™) [48]. DFT calculations find a tuning-fork
structure for the 1,3-dibenzylimidazole pertaining to dual
N—C bond formation in this process [49-51].

Utilizing DFT calculations, we performed further analysis
on these imidazole and bim complexes. Figure 3A shows the
energy levels of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO)

based on the DFT-optimized lowest-energy structures (for
details see Figures S4-S7), in a comparison with that of the
Cu'/Ag' ions and the nascent Im/bim molecules. Notably,
the HOMO-LUMO gaps of the di-coordinated complexes,
[Cu(lm),]", [Ag(m),]", [Cu(bim),]" and [Ag(bim),]’, are
larger than that of the mono-coordinated [Cu(Im)]’,
[Ag(Im)]", [Cu(bim)]” and [Ag(bim)]" respectively. We also
conducted NBO analysis (inset of Figure 3A) and found that
the dominant donor-acceptor interactions (LPy—LP*¢a,)
are larger for the di-coordinated complexes. This agrees with
their relative stability and is beneficial to the formation of di-
coordinated complexes. Interestingly, the HOMOs of these
imidazole and benzylimidazole complexes are mainly con-
tributed by the ligand, while the LUMOs are dominated by
Cu'/Ag" (Figure 3B), indicative of ligand-to-metal charge
transfer interactions. Also, the density of states (DOS) of
these complexes exhibit blue shifts compared to the mole-
cule itself (Figures S9—S11), showing reasonable charge-
transfer interactions of the lone-pair electrons of the N atom
with the unoccupied orbital of the metal.
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Figure 2 (Color online) (A, B) Mass spectra of the molecular clusters (Im), ,H" formed by thermal evaporation of imidazole powder sample in the presence
of Cu” and Ag” ions generated by a MagS source. (C, D) Mass spectra of the molecular clusters (bim); ,H", along with a C;H; " fragment and a C,;H,,N,"
product, formed by thermal evaporation of benzylimidazole powder sample (~60 °C) in the presence of Cu” or Ag” ions.

Based on the optimized structures, we also calculated the
metal-ligand binding energies in these complexes. It is found
that the formation of all these complexes is exothermic, and
the energy gain of ligand adsorption becomes smaller at the
addition of more Im/bim molecules (Table S1, Supporting
Information online). DFT calculations show that the third
imidazole molecule is significantly less exothermic, and the
distances between Cu/Ag and N atoms in the [Cu/Ag(Im)3]+
and [Cu/Ag(bim);]" complexes are enlarged, suggesting
weakened ligand-metal interactions. This could be the reason
why the metal complexes with tri-ligands and tetra-ligands
were not observed in the mass spectrometric experiments. In
addition, the binding energy of benzylimidazole complexes
is slightly higher than that of the imidazole analogues, likely
due to the branching aromatic benzene ring that disperses the
positive charge. For these metal complexes, topology ana-
lysis in the atom-in-molecule (AIM) theory (Table S3) sug-
gests that metal-ligand interactions correspond to non-
covalent bonds by noting the positive values of the Laplacian
of electron density V2p at the bond critical points (BCPs).
Furthermore, we performed EDA for these complexes by
dividing the total bonding energy into four components,
namely, electrostatic interaction, orbital interaction, Pauli
repulsion, and dispersion (Table S2 and Figure S8). As a
result, the electrostatic interactions appear as one of the
dominant contributions. Meanwhile, orbital interactions ex-
hibit reasonable contributions, but the Pauli repulsion shows

comparable values against the bonding, with the dispersion
energy being neglectable.

Apart from these complexes, several protonated molecular
clusters were also observed under similar conditions (Figure
2). These protonated imidazole and benzylimidazole clusters
could be generated via a successive two-step reaction path-
way, namely,

Cu'/Ag +Im/bim — Cu/ Ag+1Im"™/bim" (1)

Im™/ bim *+Im/ bim — ImH "/ bimH "

+[Im-H]"/ [bim—H]’ 2

The first step is essentially associated with a charge-
transfer reaction, or referred to as the charge-transfer che-
mical ionization process [52]. Considering that the calculated
first ionization energy of Ar (15.76 eV) is much larger than
that of imidazole (8.74 ¢V) and benzylimidazole (8.17 eV),
the chemical ionization by charge exchange with Ar  or
plasma-assisted Cu’/Ag" ions could be attained efficiently.
This is also consistent with the experimental results that the
mass peak intensity of Ar and Cu'/Ag" ions decreased with
the increasing abundance of Im " and related products in the
mass spectra. Interestingly, the cationic radical Im”™ and
bim"" react with another molecule or a fragment to form a
product of 1,3-dibenzylimidazole (e.g., bim~ + C,H, —
CHpN).

With an emphasis on the formation of (Im),H" (n = 2-4),
we provide further insights into the protonated organic
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Figure 3 (Color online) (A) Energy level diagrams of the [M(Im), ,]" and [M(bim), ,]" (M = Cu, Ag) complexes based on their highest occupied molecular

orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs). Insets

show the dominant natural bond orbital (NBO) interactions and HOMO

patterns of the imidazole and benzylimidazole molecules respectively. (B) Kohn-Sham MO energy-level correlation diagram of the four complexes:

[Ag(Im)]" (a), [Cu(Im),]” (b), [Ag(bim)] (c), and [Cu(bim),]" (d), calculated by

using ADF software. Strong interactions between Cu+/Ag+ and Im/bim are

coloured in blue lines, with corresponding structures and orbitals displayed on the right. (C) Optimized structures of imidazole molecule, imidazole cation
(Im"™), protonated imidazole cation (ImH") and protonated imidazole clusters (Im),H" (n = 2-4). The distances between N and H atoms are labelled next to
them with the unit A omitted. (D) NBO analysis of protonated imidazole clusters (Im),H™ (n = 2—4). LP and LP* refer to occupied and unoccupied
antibonding orbital of lone pair electrons, and BD* refers to the diatomic anti-bonding molecular orbitals. Donor and acceptor orbitals are plotted in purple/

yellow and blue/green; and the atoms in cyan, blue and white refer to C, N and H,
scatter plots of dg™" versus sign(4,)p for protonated imidazole clusters (Im),H"

clusters. The increasing product ImH" and excessive neutral
imidazole promote the subsequent reaction to form a series
of protonated imidazole clusters, which can be written as
follows:

ImH " +Im — (Im),H", AE=-1.20eV (3)
(Im),H" +Im — (Im);H", AE=-0.92¢V 4)
(Im);H " +Im — (Im),H", AE=-0.67 eV %)

As seen from the above equations, the formation of
(Im),H" (n = 2-4) is exothermic, and the energy gain pro-
gressively decreases with an increasing number of imidazole
molecules. On this basis, the growth for larger molecular
clusters (n > 4) would release less energy. Notably, for a
usual flow tube reactor, a value of thermal dissociation
threshold could be up to 0.4-0.6 eV according to previous
literature [53,54]. Therefore, the formation of even larger
(Im),H" could suffer from competitive dissociation. This is

respectively. (E) Two-dimensional (2D) independent gradient model (IGM)
(n = 2-4) at a range —0.1 < sign(4,)p < 0.1.

consistent with the experimental observation of such clusters
limited to (Im),H" as mentioned above.

Figure 3C depicts the optimized structures of protonated
imidazole clusters (Im),H" (1 = 2—4). For neutral Im, cationic
Im" and ImH", the N-H bond lengths are almost the same
(~1.10 A); but for (Im),H", an intermolecular NH---N hy-
drogen bond is formed with a bond length of 1.56 A, which is
comparable to an intermolecular H---F bond (1.87 A) [55].
The intermolecular hydrogen bond shortens the original N-H
bond of ImH" (from 1.10 to 1.01 A). For (Im);H", it has a
highly symmetric structure with two imidazole molecules
interacting with the NH on the 1-position and 3-position of
ImH" from both sides, allowing two hydrogen bonds to be
elongated to 1.68 A. The subsequent (Im),H" continues the
chain structure with the third imidazole molecule linked on
the NH terminal group of (Im);H', giving rise to weakened
hydrogen bonds (1.81, 1.71, and 1.58 A, respectively). NBO
analysis (Figure 3D) shows that the largest intermolecular
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interaction belongs to LPy—BD*_y, corresponding to do-
nor-acceptor orbital overlap interactions between the lone-
pair electrons on the N atom and the anti-bonding orbital of
N-H in imidazole (details in Figures S12-S14). Again, the
overlap interaction between LPy and BD*y_ is maximized
for (Im),H" (up to 3.19 eV), but weakens for (Im)3,4H+ (2.12
and 1.91 eV). Figure 3E presents further visualized in-
formation about the intermolecular interactions by using the
independent gradient model (IGM) of topological AIM
analysis. The small pinnacles observed at a range of —0.01 <
sign(4,)p < 0.01 (with red dash line border) correspond to
weak Van der Waals interactions, while the large peaks
shown in the range of —0.1 < sign(4,)p < —0.01 indicate
strong hydrogen-bond interactions. For all these (Im),H"
clusters, there are no obvious peaks at the weak interaction
regions; instead, the IGM scatter plots display large peaks at
strong interaction regions assigned to traditional hydrogen
bonding interactions, which agrees with the analysis above.

Having elucidated the structural features of these clusters,
we then attained soft-landing deposition of the mass-selected
(Im);H" clusters, as a representative, on PMMA-coated
cover glass. The emphasis on (Im);H" is motivated by the
weak intermolecular interactions and its novel chain struc-
ture. Figure 4A shows a sketch of the mass selection and
cluster deposition strategy. Apart from the five-electrode
acceleration, two sets of deflection electrodes were situated
downstream of the focus lens, and the cluster ions were
regulated by a time-sequence system that allowed the target
ions to travel horizontally while deflecting the other ions
(Figure 4B). The PMMA films were coated on the cover
glass which was then covered with a copper foil having a
3 mm diameter aperture in the centre. The exposed area of
the substrate functions as the deposition target, with its centre
aligned coaxially with the cluster beam and proper repulsive
voltages supplied to the copper foil for soft-landing deposi-
tion [56].

For the soft-landing deposition sample of mass-selected
(Im);H" clusters, we conducted a fluorescence spectroscopic
study. Figure 4C, D show the fluorescence photographs of
the PMMA films before and after deposition of the (Im);H"
clusters. Fluorescent quantum dots of such clusters can be
seen from the fluorescence images. This single-molecule
spectroscopic setup has high sensitivity [57], enabling us to
collect fluorescent spectra and kinetics of such soft-landed
clusters. A typical spectrum and the fluorescence intensity
trace are given in Figure 4E, F. The fluorescence spectrum of
the (Im);H" clusters shows two distinctive peaks at 516 and
686 nm respectively (an additional waist-peak at 478 nm is
likely due to the 473-nm long-pass filter). Under the high-
intensity laser irradiation of 5 mW, the clusters show a rapid
photobleaching process. Notably, the simulated fluorescence
spectrum of (Im);H" based on TD-DFT calculations also
exhibits a dominant emission peak at 516 nm, corresponding
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Figure 4 (Color online) (A) A sketch of the mass selection and cluster
deposition strategy. (B) Time sequence for precise mass selection, allowing
the target cluster ions (Im);H" to travel horizontally while deflecting the
other ions before and after the preset time-of-flight. (C, D) Fluorescence
images of PMMA coated on cover glass without and with (Im)3H+ de-
position in special areas that resemble small circles. (E) Fluorescence
spectra of (Im);H" clusters (black line) compared with TD-DFT calcula-
tions of the (Im);H" cluster (blue line). The input full-width at half max-
imum (FWHM) was set to 0.100 eV. (F) Fluorescence emission intensity of
the (Im);H" clusters, changed with time under laser irradiation measured at
different positions.

to the deexcitation of the S, to S state of this cluster. It is
inferred that the structure of the (Im);H ' clusters is largely
maintained in the soft-landing deposition process. The ex-
perimental observation of a broad band at 686 nm could be
associated with molecular aggregation [58,59]. As a com-
parison, we also measured the emission of diluted solution of
imidazole and simulated the fluorescence spectra of a single
imidazole molecule of which the deexcitation of S, to S, state
corresponds to emission at 351 nm (Figures S15 and S16),
indicating significantly modulated emission of the (Im);H"
clusters. It is worth noting the small half-peak width of the
516-nm emission (Figure 4E). Narrow-band luminophores
are of well-known importance for their roles in critical fields
such as information monitoring and photoelectric displays
with high colour purity [60]. Low-dimensional nanomater-
ials of quantum dots and one-dimensional structures could
give rise to fluorescence narrowing due to the quantum
confinement effect, unique molecular states, and cross-lin-
kers [61,62].
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4 Conclusions

Utilizing a reflectron time-of-flight mass spectrometer, we
studied the reactions of Cu” and Ag" with imidazole and 1-
benzylimidazole. Metal complexes of [M(Im), ,]” and
[M(bim), ,]" (M = Cu, Ag) and protonated imidazole clusters
including (Im), LH and (bim),,zH+ were efficiently pro-
duced under controllable conditions, showing tuneable re-
activity of such organic molecules dominated by weak
interactions. An interesting compound 1,3-dibenzylimida-
zole with a tuning-fork structure was also generated in this
gas-phase reaction. Energetics and energy decomposition
analyses, along with orbital and topological analyses, elu-
cidated the chemical mechanism involved in the selectivity
of formatting stable metal complexes and organic molecular
clusters. DFT calculations illustrated the strong hydrogen-
bond interactions in the (Im), ;H and (bim)l,zH+ clusters.
Furthermore, we achieved soft-landing deposition of Im;H"
on PMMA-coated cover glass and measured the fluorescence
emission of such cluster quantum dots, showing narrow-
width fluorescence at 516 nm. This is consistent with the
TD-DFT calculation results. This study enriches the basic
and precise properties of the heteroaromatic molecules in
forming small molecular aggregates and complexes.
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