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Polycyclic aromatic hydrocarbons and their nitrogen-
substituted analogues are of great interest for various ap-
plications in organic electronics. The performance of such
devices is determined not only by the properties of the sin-
gle molecules, but also by the structure of their aggregates,
which often form via self-aggregation. Gaining insight into
such aggregation processes is a challenging task, but crucial
for a fine-tuning of the materials properties. In this work,
an efficient approach for the generation and characterisa-
tion of aggregates is described, based on matrix-isolation
experiments and quantum-chemical calculations. This ap-
proach is exemplified for aggregation of acridine. The acri-
dine dimer and trimer are thoroughly analysed on the basis
of matrix-isolation spectroscopy over two spectral ranges
and quantum chemical calculations, which agree well with
each other. Thereby a novel structure of the acridine dimer
is found, which disagrees with a previously reported one. In
addition, a structure of the trimer is determined and new
insight into the photophysics of small acridine aggregates
is gained. Finally, an outlook is given on how even higher
aggregates can be made accessible through experiment.

Introduction

The interactions between two or more aromatic molecules
are of fundamental interest since they can lead to the inter-
calation of polycyclic aromatic hydrocarbons into DNA, !
influence supra-molecular structures 2l and determine the
conductivity of polycyclic aromatic hydrocarbons and their
corresponding N-hetero polycycles (NHPs), which are used
in organic electronics. [l The structure of such interacting
aromatic molecules has been the subject of several theoret-
ical studies, including those on dimers of benzene, ! naph-
thalene!® and anthracene. [°!

An experimental way to generate and investigate dimers
and other small aggregates is supersonic jet spectroscopy. "]
Here, supersonic expansions are probed for aggregates using
techniques like laser-induced fluorescence or multiphoton
ionisation. Such studies have been conducted for the sys-
tems listed above [#71% but also for nitrogen-containing aro-
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matic molecules like imidazole, pyrrole pyridine
and phenanthrenes.[14] Mainly dimers were observed, but
in a few studies, such as those of imidazole ™! and naphtha-
lene, ™ even trimers were clearly identified.

The matrix-isolation spectroscopy is another experimen-
tal method used to selectively generate and analyse small
aggregates. The matrices can be obtained by condensing
the molecules with neon from the gas phase onto an inert
surface cooled to 4K. These molecules are thus statisti-
cally incorporated at defect sites of the polycrystalline solid
Ne host. The occurrence of aggregates can be controlled
by adjusting the ratio between the deposited amounts of
molecules and Ne. Annealing a Ne matrix to 10 K allows the
guest molecules to move and form further aggregates after
deposition. Such matrices are stable for days and can be
analysed using standard absorption spectroscopy methods.
Even large molecules, which are difficult to accumulate in
the gas phase, can be studied by the matrix-isolation tech-
nique, as has been shown in various works. [16-20] Ty terms of
aggregates, this enabled us not only to characterise matrix-
isolated pyridine dimers!?! in more detail compared to pre-
vious findings from supersonic jet spectroscopy, [13] hut also
to investigate matrix-isolated dimers of larger polycyclic
aromatic hydrocarbons and their corresponding NHPs, such
as tetracene, pentacene and some of their N-substituted
derivatives. [22:23] Higher aggregates are rarely described. The
latter was achieved, for instance, with the monocyclic pyr-
role isolated in Ne matrices, where trimers were identified
on the basis of the IR absorption shift of its NH stretch-
ing mode.*?! Furthermore, we were able to observe trimers
of the polycyclic compounds benzo[a]- and benzo|c|acridine
next to dimers and monomers based on their red-shifted
electronic absorption in Ne matrices as well. 24 However,
the signals were weak and the assignments were made ten-
tatively.

Acridine (ACR) is another member of the NHP family
(Figure 1). Its monomer and dimer spectra have been in-
vestigated by both matrix-isolation and supersonic jet spec-
troscopy. Absorption and emission spectra of excited singlet
and triplet states were measured in solid hydrocarbon 25-27]
and Ar[?*73% matrices at cryogenic temperatures. IR spec-
tra of monomers in Ar matrices were obtained as well. 13l
Electronic emission signals of dimers and larger aggregates
were observed in Ne matrices, but could only be tentatively
assigned.!®? Using supersonic jet spectroscopy, the fluores-
cence of the ACR dimer was unambiguously detected next to
the non-fluorescent monomer. >3 The fluorescence quantum
yield of the monomer can be increased in solution by polar
solvents or protonation, 34 which is in line with theoretical
results. 1% However, the theoretical calculation of the dimer
based on force fields and parametrised mean-field methods,
which describe the dimer as a head-to-tail structure, does
not correspond to the experimental results. [33,36]

In this work, we contribute the previously missing elec-
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Figure 1. Lewis structure of acridine (ACR) whose isolated dimers
and trimers are studied in this work.

tronic absorption spectrum of the ACR monomer isolated
in a Ne matrix to the set of spectra already available in lit-
erature. This is extended by spectra of the isolated dimer
and also the trimer. With the latter, we introduce, for the
first time, a method by which larger isolated aggregates can
be systematically generated and studied within Ne matri-
ces. This aggregation process is tracked through electronic
and vibrational spectra across two spectral ranges. Theoret-
ical calculations explain the shifts observed in these spectra
caused by aggregation and provide insight into the underly-
ing photophysics. They also suggest alternative structures
of the generated aggregates, which are in agreement with
the spectroscopic data.

Results and Discussion

The matrix-isolation spectroscopy of Ne matrices provides
absorption spectra with small band widths, which is essen-
tial for the observation of small aggregates like dimers and
trimers. In Figure 2, the influence of the environment on
the band width of the electronic absorption spectrum of
ACR is demonstrated by comparing different environments
of the ACR molecules. The spectrum of the bulk mate-
rial (solid-state diffuse reflectance measurements on a com-
pressed sample of ACR in a BaSO4 matrix at room tem-
perature) exhibits the broadest bands. The origin of the
first electronic excitation is found as a broad shoulder at
26200cm ™" with a full width at half maximum (FWHM)
of approximately 2000cm™". In an n-hexane solution the
spectrum becomes blue-shifted and more resolved (trans-
mittance measurements with a cuvette at room tempera-
ture). Here, the origin of the first electronic excitation
is located at 26810cm ™! and shows a FWHM of around
600cm™". In a Ne matrix (100pm thickness) at 4K, it
is further blue-shifted by 738cm™" to 27548 cm™", and a
FWHM of only 240cm ™! is observed. The Ne solid is the
least polarisable of the three environments and therefore has
the smallest influence on the electronic excitations. Hence,
small changes in the electronic absorption caused by the ag-
gregation of isolated molecules can be studied as shown in
the following.

The Acridine Dimer

As already mentioned in the introduction, the formation
of aggregates during the deposition of Ne matrices can be
promoted by reducing the amount of Ne while keeping the
analyte concentration constant. This results in a Ne matrix
with a lower layer thickness, which corresponds to a higher
concentration. Figure 3a shows the electronic absorption
spectra of ACR in solid Ne at 4K for several matrix con-
centrations. With thinner, more concentrated matrices, the
intensity of the first electronic excitation of monomeric ACR
at 27548 cm™' decreases. At the same time, two bands
become visible at 27088 and 27486 cm™!. Compared to

ACR in:

BaS0y, (rt)
— n-Hexane (rt)
— Ne (4K)

Absorbance —

T T T T T T
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Figure 2. UV/Vis absorbance spectra for ACR in different environ-
ments: The solid material in a compressed sample in a BaSO4 matrix
(ratio 1:9) at room temperature (green curve), dissolved in n-hexane
(25 pmol L™1) at room temperature (blue curve), and the molecules
trapped in solid Ne (100 pm thickness) at 4 K (purple curve).

the first electronic excitation of the monomer, these two
bands are red-shifted by 460 and 62cm™'. Since these
two bands form with increasing concentration, while the
monomer band looses intensity, they are assigned to the
ACR dimer. The formation of larger aggregates is unlikely
prior to the formation of dimers. The even more red-shifted,
weak signals at 26 818 and 27327 cm ™! are then assigned to
the ACR trimer, which is discussed in more detail in the
second part of this work. Without any Ne, a thin film was
obtained whose spectrum resembles the solid-state spectrum
in Figure 2.

Further aggregation of guest molecules is also possible af-
ter the deposition of a Ne matrix. For this purpose, the
respective matrix is annealed to 10K for 10 min. Figure 3b
compares the electronic absorption spectra of the Ne ma-
trix with the lowest ACR concentration before and after
annealing. The resulting changes in the spectrum corre-
spond to the changes with increasing concentration, con-
firming the assignment of the dimer bands. Both strate-
gies show that in addition to the first electronic 0-0 transi-
tion of the monomer, the other monomer absorptions also
change slightly. The bands around 27900, 29 000, 30500
and 32000 cm ™! simultaneously loose intensity. Therefore,
these bands are assigned to the vibronic progression of this
electronic excitation. The signals around 28 400, 29 800 and
31200cm ™!, on the other hand, hardly vary in intensity.
Furthermore, the first of these bands, at 28370cm™!, is
blue-shifted by 70cm™" to 28440cm™'. This implies that
this is a second electronic excitation of the ACR monomer,
which is less affected by aggregation compared to the first
electronic excitation. Accordingly, the blue-shifted band can
be assigned to a third electronic 0-0 transition of the ACR
dimer. The presence of another excited electronic state close
to the first one has already been postulated by Narva et al.
using polarised UV absorbance spectra of equally aligned
ACR molecules in biphenyl single crystals at 2 K.1?” They
assigned these two band systems to the 'A; (Platt’s 1La)
and the energetically higher 'Bs state (Platt’s 'Ly,). Note,
that these states can be assigned in a more consistent man-
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Figure 3. High-resolution electronic absorbance spectra of ACR in solid Ne at 4K after deposition for 5 min (evaporated at 72°C and
10~% mbar). a) Spectra recorded for various concentrations (Ne matrix thicknesses between 100 and 2.5 um) and a thin film of non-diluted
solid. b) Spectra recorded for the most diluted Ne matrix (100 pm thickness) before and after annealing to 10 K for 10 min. The D denote
bands due to dimers, and the T bands assigned to trimers, which are discussed in detail in the second part of this article.

ner, using 'Ly, and 'Lg, respectively. (371 However, the en-
ergetic splitting between these two states varies with the
environment. The smallest splitting of around 820 cm™" is
found in Ne at 4K. It increases to about 1300cm™! in
n-hexane solution and is about 2000cm ™! in the solid, in
each case at room temperature (cf. Figure 2). In monocrys-
talline biphenyl matrices at 2 K the value is similar to the
pure solid. Since aggregation to the dimer also increases
this splitting, it reflects this environmental influence at the
molecular level.

The dimer bands differ from those of the monomer not
only in their energy, but also in their width. The ACR
monomer shows unusually broad bands with a FWHM of
more than 150cm ™!, which is described also in the liter-
ature for various cases and is particularly evident in di-
rect comparison with the narrower bands in spectra of an-
thracene. 226321 Calculations have already shown that the
excited state with the lowest adiabatic energy difference
of ACR is the non-fluorescent 'B; state with nm* charac-
ter.1®®l Although this state was not accessible by polarised
absorption spectroscopy, 271 the broad bands of the other
transitions were interpreted as an indirect indication of its
presence. The dimer, on the other hand, shows absorp-
tion bands with smaller FWHMs of around 50cm™'. At
the lowest matrix concentration, even the underlying fine
structure of its first electronic excitation becomes visible,
which is highlighted in Figure 3b. In contrast to the usual

inhomogeneous line broadening due to a statistical (Gaus-
sian) distribution in the matrix host lattice, homogeneously
broadened lines (Lorentzian profile) of individual very simi-
lar conformers and/or different matrix sites with FWHMSs of
3 to 6ecm ™! and line spacings of 10 to 20cm ™! are resolved
here. Detailed information on how this was determined can
be found in the Supporting Information. Consequently, it
can be assumed that the minimum of the low-lying ' B; state
has been raised in energy and the broadening effect in the
dimer spectrum has been reduced. This is supported by the
fact that a fluorescent dimer has been observed in supersonic
jets, 133 which excludes the possibility of a non-fluorescent
excited state being the lowest-energy excited state. Further-
more, the supersonic jet dimer exhibited a 0-0 fluorescence
transition of 27018 cm ™!, which is very close to but slightly
red-shifted (Stokes shift) from the first electronic 0-0 absorp-
tion transition of 27088cm™! we observe in Ne matrices.
This, in turn, supports the assignment of an ACR dimer
to the supersonic jet fluorescence spectrum made by Pro-
chorow et al.[** and disagrees with its reassignment to an
ACR-(H30), aggregate proposed later by Mitsui et al. 3839

In order to understand how the photophysics of ACR
changes upon aggregation, quantum-chemical calculations
were carried out for the monomer and the dimer. First,
dimer structures were sampled with different horizontal dis-
placements and torsions between the monomers, yielding
the lowest minimum-energy structure. Then, vibrationally
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resolved electronic absorption spectra were calculated on
the basis of this structure. For consistency, the screening
procedure as well as the level of theory are exactly the same
as in a previously published study. [24]

Nitrogen atom (background)

l

v T “

Nitrogen atom (foreground)

§

3.39A

E

Figure 4. Global minimum-energy structure (C;-like symmetry) of
the ACR dimer calculated at the BHLYP-D3BJ/def2-TZVPP level
of theory. The simulated electronic absorption spectrum for this
structure is included in Figure 5.

The resulting structure of the most stable ACR dimer
exhibits a slip-stacked structure shown in Figure 4. The
aromatic planes of the two molecules are co-planar at a dis-
tance of 3.39 A. One of them is rotated by 178° and horizon-
tally displaced by 1.65 A. This displacement is composed of
a component along the short axis of the molecule of 0.98 A
and one along the long axis of 1.33 A, where the short axis is
defined as the normal axis to the picture shown at the bot-
tom of Figure 4, while the long axis is defined as the axis
orthogonal to the short axis and the vector defining the dis-
tance between both monomers. According to its symmetry,
the permanent electric dipole moment of the dimer of 0.02 D
is close to zero (monomer: 1.98 D).

This dimer structure was used to simulate a vibrationally
resolved electronic absorption spectrum, which is compared
to the simulated monomer spectrum and experimental spec-
tra before and after annealing in Figure 5. These sim-
ulations were obtained using the independent mode dis-
placed harmonic oscillator, IMDHO, [40:41] 1hodel. The ener-
gies of the calculated and experimental electronic 0-0 tran-
sitions are compared in Table 1. The most remarkable
feature in the experimental spectra is that the first elec-
tronic excitation from the monomer to the dimer splits into
two differently red-shifted excitations. This is well repro-
duced by the simulation, with deviations of only 40 and
27cm ™! for the Si,p < So,p and Sop < Sp,p transitions
of the dimer compared to the experiment. The calculated
S2.m ¢ So,m transition of the monomer only splits at very
short distances, with both resulting transitions being blue-
shifted with respect to the corresponding monomer tran-
sition. The Sgp ¢ So,p in the dimer is practically dark,
which is in line with the experiment, as only one additional

peak to the monomer peak is found. The calculated blue-
shift of the S5 p < So,p transition is 283 cm ™! for the ver-
tical excitation, which deviates by 213cm™* from the ex-
periment. However, the calculated energy of this second
electronic excitation is 3440 cm ™! higher than the experi-
mental value, even after applying a shift of 2389cm™" to
align the first vertical excitation of the simulation with the
corresponding experimental one. Applying this additional
shift can be justified by the fact that high-level calculations
on the monomer predict the lowest three singlet excitations
to be energetically close to each other.%l The oscillator
strength of the Ss.m <— So,m transition is two orders of mag-
nitude lower than that of the Si,m < So,m transition, while
the Som < So,Mm transition provides an oscillator strength
within the same order of magnitude. The vibrational struc-
ture of these two electronic excitations then reproduces the
experimental monomer spectrum well. The dimer is also
detected in the IR spectra, and calculated and observed IR
wavenumbers are in good agreement. The IR spectra will
be discussed in the section dealing with the trimer.

Table 1. Experimental (Ne matrix, 4K) and calculated (BHLYP-
D3BJ/def2-TZVPP) adiabatic excitation energies of the 0-0 tran-
sitions for the two first electronic excitations of the ACR monomer
and the corresponding (separated in the table) three excitations of
its dimer (in cm™!). The dimer shifts of the dimer excitations
are derived therefrom. All calculated energies are red-shifted by
2389 cm™1!, which is the inherent error of the applied theoretical
method, to align the calculated and experimental monomer 0-0 tran-
sition of the Sy v <— Som electronic excitation.

Transition Energy Dimer shift
/ em™! / em™!
Sl,M — SO,M (expt.) 27548 -
SI,M — SO,M (calcd.) 27548 -
Sl,D — SO,D (expt.) 27088 —460
S1,p < So,p (caled.) 27128 —420
S2.p < So,p (expt.) 27486 —62
Sa.p + So,p (caled.) 27513 —-35
SQ,M — S(),M (expt.) 28370 -
SQ’M — SO,M (calcd.) 28370[a] -
S3.p < So,p (expt.) 28440 +70
S3p  Sop (caled.) 2866312 +283P]

[a] Red-shifted by an additional 3440 cm~! to match the expt.
value. [b] Non-adiabatic excitation energy.

Now the question arises about the origin of the splitting of
the first electronic excitation of the monomer in the dimer.
A common initial assumption is that such a splitting results
from Davydov splitting due to the formation of H- or J-
aggregates, [2] which can exhibit unusual behaviour. 4344
But, through the investigation of benzoacridine dimers, we
have shown that these dimers do not show Davydov split-
ting. [241 To better understand the influence of dimerisation
in ACR, the energies of the energetically lowest eight elec-
tronic singlet excitations of the dimer are calculated at vary-
ing distances between the two molecular planes between the
equilibrium distance of 3.39 A and an additional 5.0 A. This
is visualised in Figure 6. As can be seen, Sim splits into
two states at a significantly larger distance than the other
excited monomer states. This is due to the fact, that at
large distances excitonic coupling dominates the interac-
tion between both monomer states, resulting in symmetric
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Figure 5. Comparison between the experimental vibrationally resolved electronic absorbance spectra (Ne matrix of 100 pm thickness at 4K
after deposition for 5min, with sublimation of ACR at 72°C and 106 mbar, and after annealing to 10K for 10 min) and corresponding

simulated spectra calculated at the BHLYP-D3BJ/def2-TZVPP level of theory utilizing the IMDHO ansatz.

The simulated spectra are

red-shifted by 2389 cm™! to align the calculated and experimental 0-0 transition of the monomer Sy < Sgm electronic excitation. The
Som < Sowm is red-shifted by an additional 3440 cm ™! to match the experimental spectrum.

splittings proportional to the square of the transition dipole
moments. The Sim < Som transition possesses a larger
transition dipole moment than the other transitions under
consideration, exhibiting larger splittings. However, the or-
bital decomposition is very involved and will therefore be
discussed in more detail later. Since Sy and S v possess
smaller transition dipole moments, they barely split when
approaching the dimer, with again only one state acquir-
ing oscillator strength. The states originating from Sa
and Ssm also take up a blue shift when approaching the
dimer, which is experimentally observed for the Sz wm state,
see Figure 5. Finally the state with the highest energy on
the right hand side of Figure 6 drastically changes in energy
with varying intermolecular distance. This is due to the fact
that it is a charge-transfer (CT) state, which does not ap-
pear within the spectral range of the monomer depicted in
Figure 5, but it does contribute to the corresponding dimer
spectrum. Note however, that DFT is known to underesti-
mate the energy of charge transfer states, even at the given
level of Hartree-Fock exchange. Hence, this charge-transfer
state, which exhibits a rather small oscillator strength any-
way, is not taken into account for the simulated dimer spec-
trum.

As already mentioned above, the S; m state splits at large
distances and will therefore be discussed in more detail with
respect to the dominant orbital contributions of the corre-
sponding excitations. The Sim < Som transition is well
approximated by the LUMO <~ HOMO transition, and the
splitted transitions can be decomposed into orbital tran-
sitions between the HOMO and LUMO orbitals of both
monomers in good approximation as well. The exact con-
tributions are visualised in Figure 7. At an additional 5A
to the equilibrium dimer distance the orbitals are localised
on the corresponding monomer, but both the S; < Sp and
Sa < Sp excitations already consist of almost equal con-
tributions of the LUMO <+ HOMO transitions of the cor-
responding monomers. Pushing both monomers 1 A closer
to each other still yields localised LUMOs, but the HO-
MOs now start to delocalise over both monomers, and while
the S1 < Sp transition barely changes in its decomposition,

T CT
- 36 Ss.p
g S3,m
S 34 Senp
— SS,D
> S
§ Sa,p 2 M
5 32
S S3,p
5
.(:; 30 + Sim
g S1,p
S 28 4
T T T T
0 1 2 3 4 5

(d=do)/A —

Figure 6. Vertical excitation energies relative to the correspond-
ing ground state are plotted against the distance added to the in-
termolecular equilibrium distance of the dimer for its energetically
lowest 8 excited singlet states, calculated at the BHLYP-D3BJ/def2-
TZVPP level of theory.

the So + Sp excitation now provides considerable contribu-
tions from all four possible orbital transitions. Note, that
the character of both states undergoes only minor changes
here, as the splitting is still well described by excitonic cou-
pling. At an additional 1.5A to the equilibrium dimer dis-
tance, the weights barely change for the S; < So transi-
tion, since it is build from orbital transitions originating
from the LUMO <+ HOMO transitions of the correspond-
ing monomers. In this sense the current Se < Sp transi-
tion provides a Dexter-like transition. However, it shall be
noted, that the orbitals are now fully delocalised over both
fragments, which is why at this distance the system can-
not be characterised by two distinct monomers anymore.
This becomes more evident at even shorter intermolecular
distances, where the average of the energies of both states
does not agree with the energy of the S; v state and the
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Figure 7. Zoomed in region below 30000cm™! of Figure 6, with detailed orbital decompositions of the corresponding states depicted at

specific intermolecular distances.

orbitals are far from being degenerate. Hence, this is the
point, at which the excitonic coupling of the transitions is
no dominant but overcompensated by orbital interactions.
Finally, both transitions significantly change in character
at the equilibrium dimer distance, compared to larger dis-
tances. First of all, note that a considerable amount of
electron density is now located between both monomers, as
can be seen e.g. from the LUMO. Furthermore, the S; < So
transition still decomposes into the same orbital transitions,
but with different weights, yielding the LUMO + HOMO-1
transition as the dominant contribution, while the Sa <— Sg
transition is well approximated by the LUMO + HOMO
transition now.

Due to the good agreement between the experimental
and the calculated dimer shifts, the structure of the matrix-
isolated ACR dimer is expected to be close to the calculated
global minimum-energy structure (Figure 4). Consequently,
we disagree with the head-to-tail structure proposed by Pro-
chorow et al.[3339] It is less supported by experimental re-
sults and the applied low-level theoretical methods under-
estimate dispersion interactions, favouring a structure with
a hydrogen bond from the CH hydrogen atom of the central
ring of the first molecule to the nitrogen atom of the sec-
ond one. Dispersion interactions should not be disregarded

in general. Even for pyridine, the energy of a slip-stacked
structure is comparable to competing structures with hy-
drogen bonds or a T-shape. 211 With two additional an-
nulated benzene rings, a slip-stacked structure was there-
fore expected for the ACR dimer. This influence can also
be observed in the solid state. Although there are many
different polymorphs of the solid ACR,?! several dimer-
like substructures can be recognised that are similar to the
isolated dimer and exhibit anti-parallel oriented permanent
electric dipole moments (cf. Supporting Information). For
benzo|[a]- and benzo[c|acridine, which include an additional
benzene ring, the contrast between the isolated and solid-
state dimer is already notably more pronounced due to dis-
persion interactions to surrounding molecules. 124!

The Acridine Trimer

As noted in the first part, two signals in Figure 3 can be
attributed to a trimer. This assignment is additionally sup-
ported by infrared (IR) absorption spectra. In Figure 8a, it
can be observed that the vibrational frequency of 737.3 cm™*
of the ACR monomer shifts both to higher and to lower fre-
quencies as less Ne is used and the matrix concentration is
increased. Annealing the most diluted matrix reveals that
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the band shifted by 1.8cm™' to a higher energy statisti-
cally forms before the band shifted by 3.5cm™? to a lower
energy (Figure 8). Therefore, the former can be assigned
to the ACR dimer and the latter to the ACR trimer. A
total of five vibrations are found that are IR-active possess-
ing sufficient intensities and showing two additional signals
with shifts of different signs when aggregation is induced.
An additional eight vibrations display a single extra band,
each shifted to a higher energy. The vibrational frequencies
and their observed experimental aggregate shifts are shown
in Table 2. The shifts calculated for the previously dis-
cussed dimer structure (Figure 4) are presented for compar-
ison. The experimental and calculated values of the dimer
all have a positive sign and exhibit an average deviation
of only about 1cm™?!, further confirming the assignment of
this structure. It is worth noting that additional signals at
slightly higher frequencies have previously been observed in
IR spectra of matrix-isolated ACR.!®! However, they were
not associated with a dimer in this context.

a) ACR in:

— 100.0 um Ne(s)
— 10.0um Ne(s)
— 5.0 um Ne(s)
—_ 2.5um Ne(s)

Thin film of ACR

Absorbance —

T T T T T T
755 750 745 740 735 730

b) ACR in 100.0 um Ne(s):

After deposition
at 4K

After annealing
at 10K for 10 min

Absorbance —

T T T T
745 740 735 730

«— Wavenumber/cm~™

T T
755 750
1

Figure 8. Region around the 737.3 cm ™! signal of the IR absorption
spectrum of ACR in solid Ne at 4K after deposition (evaporated at
72°C and 10~ % mbar). a) Spectra recorded for various concentra-
tions (Ne matrix thicknesses between 100 and 2.5 pm) and a thin
film of non-diluted solid. b) Spectra recorded for the most diluted
Ne matrix (100 pm thickness) before and after annealing to 10 K for
10min. "D" and "T" denote dimer and trimer bands, respectively.

Annealing the most diluted matrix is an approach for
identifying dimers, as it predominantly promotes the ag-
gregation of monomers, statistically resulting in the forma-
tion of dimers. The higher the number of dimers already

formed during deposition and present in the matrix along-
side monomers, the greater the chance that they will form
also trimers during annealing. A strategy for distinctly as-
signing bands to the trimer is therefore to systematically
anneal matrices with higher concentrations, where dimers
are present next to monomers. With this method, UV and
IR spectra of ACR at different concentrations before and
after annealing were recorded, which are reproduced in Fig-
ure 9. They show that, through annealing, the bands as-
signed to the dimer gradually gain less additional intensity
as the amount of Ne decreases and the matrix concentration
increases. Simultaneously, the bands assigned to the trimer
increase more in intensity during annealing. While this is
more noticeable from the shifted vibrational frequency than
from the electronic excitations, as the latter exhibit a broad
background and the relative oscillator strengths of its elec-
tronic transitions appear to be lower compared to the mono-
and dimer, it is visible in both spectral regions. In the
most concentrated matrix, with the minimum amount of
Ne (2.5 pm), it is even visible that the increase in the trimer
bands during annealing is again less pronounced than at
lower concentrations. Although the trimer band intensities
increase less, broad backgrounds are formed below it. In
the case of the vibrational frequency of 737.3 cm™*, this in-
dicates the formation of larger aggregates than a trimer.
This is supported by the fact that in a thin layer of ACR
without any Ne, an IR signal with an absorbance maximum
between that of the monomer and the trimer is found (Fig-
ure 8a). Consequently, signals from aggregates consisting
of three and more molecules all show in a confined region
around the respective monomer band. However, the first
electronic excitation is further red-shifted with each addi-
tional molecule in the aggregate. Since an energy difference
of around 600cm ™! remains between the 0-0 transitions of
the first electronic excitations of the trimer and the solid
(thin film), it can be assumed that aggregates consisting of
more than three molecules can be found here (cf. Figure 3a).
With the technical possibility to accurately apply even less
amounts of Ne to the analyte molecules, such aggregates
could be selectively generated and should be experimentally
distinguishable, although the vibrational frequencies alone
may no longer suffice for this purpose.

With this emerging trend in the formation of larger ag-
gregates and the coincidence of the resulting effects in two
different spectral ranges, a trimer is very likely present in
the experiment. A consistent computational screening for
the ACR trimer structure by quantum-chemical calculations
cannot be performed within reasonable computational ef-
fort, due to the multitude of possible geometries that need
to be sampled. On the other hand, since the most stable
dimer structure is known, it can be assumed that the trimer
also has a slip-stacked structure, but consists of three paral-
lel molecular planes. The dipole moments of molecules lying
directly on top of each other will most likely also align in
an antiparallel manner, causing the dipole moment of the
central molecule to be oriented in the opposite direction to
those of the two outer molecules. When considering the
relative shifts, it is crucial to note that during structural
optimisation, the molecules in the dimer are displaced rela-
tive to each other along the short axis, even from an initial
structure where the molecules are directly superimposed in
this dimension. Accordingly, no shift is applied along the
short axis for the initial structure of the trimer. The dis-
placement along the long axis in the dimer showed that a
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Table 2. Experimental (Ne matrix, 4K) and calculated (BHLYP-D3BJ/def2-TZVPP) shifts of the vibrational wavenumbers of the ACR
dimer and trimer relative to the respective monomer wavenumbers (in cm~1). Only the 13 frequencies at which signals from dimers or
trimers were distinguishable in the experiment are listed.

vym (expt.)  ADp (expt.) ADp (caled.) Avr (expt.) Avr (caled.)

/ em™1 / em™1 / em™1 / em™1 / em™t
618.3 +4.1 +0.9 - +0.9
655.8 +3.0 +1.5 - +1.6
737.3 +1.8 +2.4 -3.5 —2.8
789.0 +1.3 +1.4 -1.9 —0.5
815.2 +3.8 - - -
855.4 +2.1 +1.8 —1.6 —-0.9
908.0 +3.9 +4.7 —2.6 +2.0
1000.4 +3.3 - - -
1143.3 +7.2 +2.0 - +1.7
1397.3 +1.4 - - -
1405.4 +2.0 - - -
1467.8 +1.6 - —-1.3 -
1520.2 +2.6 +1.3 - +2.0

a) — ACR in Ne after deposition at 4 K (UV) b) — Deposited (IR)
After annealing Annealed (IR)
at 10K for 10 min (UV)
D D D
T
T
A *  100.0um T4 100.0um
W«m»www S barnamanananoss AN AN AAAAS
; T D ; ]
oo o/l T
g t  100wm 5 wﬁ—/'/ \\/LI0.0 um
3 3 IR
< D b <
T
t ’\ T D T
Al T t !
S \’\iﬂnv h_/__-—/-J \/\ 5.0um
D
AT 4
L.~ } A\ T
AN T
e \*\T\\z&ili— */—/f?/\/g
Sum

T T T T T T T T T T T
27750 27500 27250 27000 26750 26500 26250 750 745 740 735 730 725
«— Wavenumber /cm™1 «— Wavenumber /cm™!

Figure 9. Spectra of ACR aggregates in solid Ne at 4 K after deposition for 5min (evaporated at 72°C and 10~% mbar) and annealing
to 10K for 10min for various concentrations (Ne matrix thicknesses between 100 and 2.5 pm). a) Sections of the electronic excitation
spectra. b) Region around the 737.3cm ™! monomer band in the IR spectrum. "D" and "T" denote dimer and trimer bands, respectively.

value of 1.33 A led to the lowest minimum-energy structure.  made in this regard, both were considered. Considering only
In the trimer, the third molecule could be shifted in the the upper or the lower dimer in those initial trimer struc-
same or opposite direction along the long axis as the sec-  tures, one therefore obtains the initial guess structure that
ond, middle molecule. Since no reasonable decision can be  yielded the most stable dimer structure.
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The optimised structures for these two potential trimers
were computed using the same methodology as for the dimer.
They exhibit an energy difference of only 0.05kJ mol~*. Vi-
brational frequencies and electronic excitations were also
calculated for both. The former differ between the two
structures by less than 1 cm ™. The sign of the shifts relative
to the monomer frequencies remains consistent across all vi-
brations. The first two electronic excitations of the possible
trimer structures also differ by a maximum of 345cm™?!,
which, considering the accuracy of the calculation, is not
a large deviation. Consequently, both structures exhibit a
similar level of agreement with the experimental data. Con-
sidering the broadening observed in all spectra upon aggre-
gation, it is conceivable that both conformers are generated
during matrix deposition. Particularly for the electronic ex-
citations, however, annealing only yields one sharper band
for each trimer signal. Consequently, an isomerisation to the
thermodynamically favoured conformer can be expected to
take place. This is consistent with the calculated differ-
ence of 5kJmol™! between the Gibbs free energies of the
trimer conformers. Disregarding a potential small energy
barrier for isomerisation, annealing at 10K results in an
equilibrium that favours only one trimer structure, which
is the one possessing higher symmetry, with the two addi-
tional ACR molecules shifted in the same direction along the
long axis (Figure 10). Similar to the dimer, the aromatic
planes of all three molecules are arranged in a co-planar
manner, but at distances of 3.40 A, which exceed that of the
dimer by 0.01 A. The two outer molecules are rotated by
180° and horizontally displaced by 1.66 A in opposite direc-
tions. Hence, the arrangement of two molecules next to each
other in the trimer closely resembles the dimer geometry.
With the addition of the third molecule, the trimer exhibits
a permanent electric dipole moment of 1.87D (monomer:
1.98 D).

The shifts of the vibrational frequencies computed for this
trimer structure relative to the monomer are presented in
Table 2, alongside the experimentally observed ones. As
can be seen, the experimentally observed shifts are gener-
ally well reproduced by the calculated ones. Note that not
all experimentally observed bands could be distinctly as-
signed to a calculated vibrational mode. Moreover, most of
the trimer shifts are estimated to be positive from the calcu-
lation. These cannot be distinguished experimentally from
the potentially overlapping dimer bands though, which all
shift to higher frequencies. As no trimer bands were iden-
tified in the experiment for the corresponding signals, this
can support the assignment of the considered structure to
the experimentally observed trimer, unless they are simply
not visible due to low oscillator strengths.

The shifts of the electronic excitations of the experimen-
tally observed and the calculated trimer are shown in Table
3 and the corresponding spectra are visualised in Figure 11.
As can be seen, the red shift of the Si T state is calculated
as 990 cm !, which overestimates the red shift but is in rea-
sonable agreement with the experiment. However, the Sa 1
state is estimated to provide a blue shift, and is therefore
qualitatively wrong. Hence, one might expect the Sa 1 state
in the experimental spectrum to actually originate from the
vibrational progression of the Si T state. Even though this
is plausible, the actual reason for this deviation lies most
likely in the strong overestimation of the energy of the Sa
state, which contributes to both the Siv < So,v and the
So,1 < So,T transition. Hence, if the energy of the S, \ state

Nitrogen atom (background)

Nitrogen atom (middle ground)

3.40A

?

3.40A

%

Figure 10. Local minimum-energy structure (Cp-like symmetry)
of the proposed ACR trimer. The simulated electronic absorption
spectrum for this structure is included in Figure 11.

Table 3. Experimental (Ne matrix, 4K) and calculated (BHLYP-
D3BJ/def2-TZVPP) energies of the 0-0 transitions for the first elec-
tronic excitation of the ACR monomer and the first two excitations
of its trimer (in cm™1). The trimer shifts of the two trimer excita-
tions are derived therefrom. All calculated energies are red-shifted
by 2389cm™! to align the calculated and experimental monomer
0-0 transition of the S; m <— Sgm electronic excitation.

Transition Energy Trimer shift
/ em™1 / em™1

Sl,M — SO,M (expt.) 27548 -

Sim ¢ Som (caled.) 27548 -

S1,7 ¢ So (expt.) 26818 —730

S1,1 < So1 (caled.) 26558 —990

SQ7T — S()’T (eXpt.) 27327 —221

SQ7T — SO,T (calcd.) 27924 +376

would be lower in energy, the So T state would be shifted to
lower energies too. Due to the energetic vicinity of the Sa
and the experimentally observed Sz m state, this effect can
be expected to have a strong impact, yielding an overall red
instead of a blue shift for the So T state.

Overall, the calculated trimer structure is well supported
by the experiment, although higher aggregates can not en-
tirely be ruled out. In contrast to the dimer structure, there
is no corresponding structural motif for this trimer structure
in the different known ACR solid-state structures. 5 This
means that despite dimer-like structural motifs in the solid-
state packing, crucial differences are to be expected at the
interfaces and surfaces of the solid, where the relative ori-
entation of individual neighbouring molecules is dominated
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Figure 11. Comparison between the experimental vibrationally resolved electronic absorption spectra (Ne matrix of 5 pm thickness at 4K
after deposition for 5min, with sublimation of ACR at 72°C and 106 mbar, and after annealing to 10K for 10 min) and corresponding
simulated spectra calculated at the BHLYP-D3BJ/def2-TZVPP level of theory utilising the IMDHO approach. The simulated spectra are
red-shifted by 2389 cm~1! to align the calculated and experimental 0-0 transition of the monomer S; \ < Sg m electronic excitation.

less by packing effects and more by individual intermolecu-
lar interactions.

Conclusion

To understand intermolecular interactions within molecu-
lar aggregates, it is imperative to generate and study such
species experimentally. In this work, we achieve this for
the first time with the dimer and also the trimer of acri-
dine (ACR) using matrix-isolation spectroscopy. Quantum-
chemical calculations facilitate an interpretation of the spec-
tra, by assigning spectroscopic features to specific geometric
structures and by identifying peculiar photophysics of these
aggregates.

Changes in the electronic structure of ACR upon dimeri-
sation were spectroscopically observed by complementary
concentration and annealing experiments in Ne matrices.
Such an aggregation process was followed for the first time
in two spectral regions, namely by vibrational and electronic
absorption spectroscopy. The experimental data support
a previous assignment of a dimer detected in supersonic
jets. Theoretical calculations following the methodology of a
previous study provide a global minimum-energy structure
for the dimer. The agreement between experimental and
calculated vibrational frequencies and electronic excitations
confirms the assignment of this structure. The aggregation
leads to a striking splitting of the first electronic excitation
of the monomer. Calculations on dimers at slightly larger
intermolecular distances reveal a complex alteration of the
states, leading to a splitting originatiting from a combina-
tion of Davydov splitting and orbital interactions. These
dimer excitations are not influenced by a low-lying n7* state
like the monomer. The fact that this changes upon ag-
gregation can be of great interest to many research areas
when modelling electronic structures of NHPs and consid-
ering them for applications in organic electronics.

We also present the first example of a systematic ex-
perimental approach to generate larger aggregates such as
trimers using the matrix-isolation technique. A combina-
tion of concentration and annealing experiments enables
a controlled stepwise aggregation. Based on the obtained

spectra, theoretical calculations provide a reasonable struc-
ture for the observed trimer. It deviates significantly from
all structural motifs found in the solid state of ACR and
therefore indicates how large the structure differences at in-
terfaces and surfaces can possibly become compared to the
crystalline phase of solids.

Our results are a proof of principle of how self-assembled
molecular aggregates larger than dimers can be studied by
matrix-isolation spectroscopy. In the future, improved ex-
perimental setups, enabling higher analyte to Ne ratios dur-
ing matrix deposition, will allow the controlled generation
and characterisation of aggregates larger than those pre-
sented here. This could provide unique insights into how
thin films grow from one molecule to a macroscopic layer
during deposition from the gas phase, which would be of
great importance for material sciences.
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