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ABSTRACT

Taipale, Essi

Synthetic and Structural Studies on the Effect of Non-Covalent Interactions on
N(sp?)-Heterocyclic Molecules

Jyvaskyla: University of Jyvaskyld, 2022, 67 p.

(JYU Dissertations

ISSN 2489-9003; 496)

ISBN 978-951-39-9039-8

The thesis herein describes the synthesis and characterization of compounds
designed to be utilized as acceptor molecules in non-covalent interactions. The
non-covalent interactions are applied in fluorescence modulation and
construction of novel halogen-bonded complexes. In the literature part, an
introduction to supramolecular chemistry and non-covalent interactions is given.
It presents the concepts of light absorption and emission and discusses host-guest
chemistry of larger supramolecular structures. At the end of the literature part,
some common N(sp?)-heterocyclic molecules as hydrogen and halogen bond
acceptor molecules are reviewed, highlighting the target compounds most
relevant to the thesis work.

The results and discussion part of the thesis describes the synthesis and
characterization of imidazole- and carbazole-derived small-molecules as fluores-
cence emitters and hydrogen and halogen bond acceptors. The acceptor mole-
cules were further utilized in the synthesis of larger tripodal N-donor ligands
which were employed in the construction of halogen-bonded iodine(I) capsular
assemblies manifesting three [N—I-N]* three-center four-electron bonds through
the intermediate silver(I) metallocage formation.

The publication I focuses on the fundamentals of protonation and its poten-
tial in fluorescence modulation for simple, commercially available N(sp?)-hetero-
cyclic molecules, viz. quinoline derivatives. This work was broadened in the pub-
lication II to carbazole derivatives. The publications III and IV focused on the
development of small symmetric halogen-bonded iodine(I) carbazole complexes
(publication III) and tris-imidazole based cage complexes (publication IV).

Keywords: hydrogen bond, halogen bond, halogen(I) ions, halonium, iodonium,
metallocage, supramolecular chemistry, non-covalent interactions, self-assembly,
fluorescence, X-ray crystallography
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Tassd viitoskirjassa kasitellddn heikkojen vuorovaikutusten vastaanottajamole-
kyylien synteesid ja karakterisointia. Heikkoja vuorovaikutuksia sovelletaan
fluoresenssin modulaatiossa ja uusien halogeenisitoutuneiden kompleksien
muodostamisessa. Kirjallisuuskatsauksessa esitellddan lyhyesti supramolekylike-
mia tieteenalana ja johdanto heikkoihin vuorovaikutuksiin. Johdanto kasittelee
valokemian konsepteja, kuten valon absorptiota ja emissiota, seké esittelee suur-
ten supramolekyylien isdntd-vieras kemiaa. Kirjallisuuskatsauksen lopussa esi-
tellddn muutamia yleisid N(sp?)-heterosyklisid molekyylejd, jotka voivat toimia
sekd vety- ettd halogeenisidoksen vastaanottajamolekyyleind. Naistd valittiin tar-
kempaan kisittelyyn muutamia télle tyolle merkityksellisimpid aromaattisia
amiineja.

Tulokset-osiossa kuvataan fluoresenssiemittereind sekd vety- ja halogeeni-
sidoksen vastaanottajamolekyyleind kdytettdvien imidatsoli- ja karbatsoli-joh-
dannaisten synteesit ja rakennekarakterisoinnit. Nditd yhdisteitd hyodynnetdan
myos suurempien tripodaalisten vastaanottaja-ligandien synteesissd, joita kdyte-
tadan halogeenisitoutuneiden jodi(I) kapseli-rakenteiden muodostamisessa. Hakit
muodostuvat reaktiota edeltdvistd hopea(l) hikeistd kolmen symmetrisen [N-I-
N]* 3c-4e sidoksen avulla.

Ensimmadinen julkaisu (I) keskittyy amiinien protonaation perusteisiin ja
potentiaaliin fluoresenssin modulaatiossa tutkimalla yksinkertaisia N(sp2)-hete-
rosyklisid molekyylej, erityisesti kinoliini-yhdisteitd. Tyotd laajennettiin toisessa
julkaisussa (II) karbatsoli-yhdisteisiin. Julkaisut III ja IV keskittyivdt pienten
symmetristen halogeenisitoutuneiden jodi(I) imidatsoli- ja karbatsoli-komplek-
sien kehittdmiseen (III) ja tris-imidatsoli rakenteisten hdkki-kompleksien syntee-
siin (IV).

Avainsanat: vetysidos, halogeenisidos, halogeeni(I) ionit, halonium, jodonium,
metallohdkki, supramolekyylikemia, heikot vuorovaikutukset, itsejdrjestayty-
minen, fluoresenssi, rontgenkristallografia
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1 INTRODUCTION

1.1 Non-covalent interactions in supramolecular chemistry

Supermolecules are to molecules and the intermolecular bond what molecules are to
atoms and the covalent bond.!

Supramolecular Chemistry consists of supermolecules in spontaneous association
with multiple components.? It has been defined as ‘chemistry of molecular
assemblies and of the intermolecular bond” or more succinctly, ‘the chemistry
beyond the molecule’.! The careful design of supermolecules with the
understanding of intermolecular interactions can lead to larger assemblies with
distinct properties that set them apart from the aggregate properties of
constituent molecules, which is the essence of supramolecular chemistry. The
field of Supramolecular Chemistry is still considered a non-matured discipline of
chemistry, even with its first examples dating back to the 1960s in the form of
macrocyclic compounds.3 In 1987 Jean-Marie Lehn, Donald Cram, and Charles
Pedersen received the Nobel Prize in Chemistry ‘for their development and use
of molecules with structure-specific interactions of high selectivity” and major
developments have been made ever since.* The interdisciplinary nature of
Supramolecular Chemistry has made it one of the most vigorously growing fields
of chemistry having a multitude of applications such as molecular devices and
machines,® molecular recognition,® self-assembly and self-organization,”# and
host-guest systems®11 all benefitting from the reversible nature of the non-
covalent bond, prime examples being hydrogen and halogen bonding, as well as
metallosupramolecular chemistry.

1.1.1 Hydrogen bonding

The hydrogen bond (HB) has been one of the most studied non-covalent interac-
tions for 100 years, yet a generally accepted definition was stated only recently:
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The hydrogen bond is an attractive interaction between a hydrogen atom from a mol-
ecule or a molecular fragment X-H in which X is more electronegative than H, and an
atom or a group of atoms in the same or a different molecule, in which there is evidence
of bond formation.!2

In the hydrogen bond (R-H --Y), R-H donates the hydrogen and is referred to as
the hydrogen bond donor, whereas Y is denoted as the hydrogen bond acceptor.12
In the donor moiety (R-H), R does not necessarily need to be strongly electroneg-
ative, as long as the R-H bond is polarized leaving the hydrogen with a positive
partial charge. In the hydrogen bond, the acceptor is an atom or a group of atoms
carrying a negative partial charge, commonly nitrogen, oxygen, sulfur, halide, efc.
atom with an available pair of electrons.’® However, the acceptor does not need
to possess a (separate) lone pair, but HBs are also observed for s-systems of al-
kenes and aromatic systems (CH:-7r interactions).l# Recent reviews by
Herschlag!®> and Scheiner!4 highlight the importance of the hydrogen bond.

Perhaps the ambiguous nature of the hydrogen bond has made it difficult
to define. It is an intricate interaction consisting of contributions from electrostat-
ics, polarization, charge-transfer, dispersion, and exchange repulsion.’® However,
it is further complicated by the sheer lack of boundaries separating it from the
covalent bond, ionic interactions, van der Waals interactions, and even from the
cation-m interaction.!® The strength of the hydrogen bond greatly affects the dis-
tance between the donor and the acceptor moiety.1® Especially at longer donor-
acceptor distances, electrostatics is a dominant contributor to the bond strength,
even if the charge-transfer has a significant role at shorter distances with optimal
geometry.13

5- O—H
Xr:3.44 2.20
o+
Figure 1 The anisotropic distribution of the electrostatic potential reflected by the Pau-

ling electronegativity scale (X;).1”

Hydrogen bond strengths vary widely between 0.2 to 40 kcal/mol, occurring also
at distances longer than the sum of the H 'Y van der Waals radii.’ It has been
suggested, that this type of interaction with H--Y distances up to
3.2 A should be considered as hydrogen bonding.8 Yet typical values of H--Y
distances for N-H - O bonds are between 1.7 to 2.0 A.19 They can appear inter-
molecularly (between different molecular entities) or intramolecularly (within
the same molecular entity). A hydrogen bond is fairly directional, occurring as

12



an extension along the R-H covalent bond, yet hydrogen bonds with R-H--Y
angles between 110 - 180° have been observed.!3 In addition to the most common
type of hydrogen bond (R-H --Y), hydrogens are also capable of forming more
complex structures, such as bifurcated HBs, in which the hydrogen in simultane-
ously bonded to two HB acceptors.!® The ability of hydrogen to form such intri-
cate interactions makes it capable of constructing stable extended networks. An
example of bifurcated HBs in the crystal lattice of 1,3-dibromo-2,4,6-trinitroben-
zene (1) is depicted in Figure 2.

4 - 4 - 4 -

Figure 2 The packing in the crystal structure of 1,3-dibromo-2,4,6-trinitrobenzene (1)
viewed along the crystallographic c-axis. The structure displays a network of
intermolecular interactions in the form of bifurcated (C-H:-O) hydrogen
bonds (blue-dotted lines) along with Br--O interactions (red-dotted lines).
CSD ref. code: XOBRIP.2 Thermal displacement ellipsoids are drawn at the 50%
probability level.

In certain situations, a hydrogen bond may be understood as an incipient proton-
transfer reaction. In these cases, a moderate hydrogen bond would represent an
early stage of proton-transfer, whereas a strong hydrogen bond would represent
an advanced stage of proton-transfer without fully being an ionic interaction.
Therefore, the H--Y bond is already formed, and the R-H bond is weakened, yet
still exists.?! Protonation occurs when the proton is fully transferred from the hy-
drogen bond donor to the hydrogen bond acceptor (typically a Lewis base) mak-
ing the HB donor negatively charged (R-) and the HB acceptor positively charged
(HY*). The formed ion pair is connected through strong ionic interactions be-
tween the two oppositely charged species through the H-atom. Anions that are
Lewis bases are considered good hydrogen and halogen bond acceptors and are
commonly utilized in non-covalent interactions.??> Much like HB, ionic interac-
tions cannot be strictly defined; they are mainly electrostatic interactions yet pos-
sess some covalent character. Ionic interactions are often associated with ex-
tremely tight packing in the solid state.?

13



Hydrogen bonds can be studied in solution with nuclear magnetic reso-
nance spectroscopy (NMR), wherein they appear as a downfield shift in the
chemical shift of the studied compound. Upon protonation, the hydrogen atom
is increasingly deshielded with the increasing strength of the hydrogen bond.3
Hydrogen bonding in dynamic chromophores can restrict the molecular motion,
lower the energy of excited states and reduce aggregation, all resulting in signif-
icant effects on the luminescence properties of the compound.? In an electromag-
netic spectrum, hydrogen bonding is generally observed as a red-shift, a wave-
length changing to a higher value (towards red in the visible region).?#-2¢

In the solid state, hydrogen bonds are highly affected by their surroundings
and are rarely observed with optimal geometry.®> When it comes to hydrogen
bonds, it is all about quantity over quality, and especially in the solid state, they
often form extended networks. These weak “non-bonded” interactions work up to
stabilize intricate intra- and intermolecular configurations and the strongest hy-
drogen bonds are known to be even stronger than the weakest of covalent
bonds.?” This, accompanied by the reversible nature of the hydrogen bond, makes
it undeniably the most important interaction in Supramolecular Chemistry.

1.1.2 Halogen bonding

In organic chemistry, halogen atoms (X) are typically considered electrophilic
leaving groups due to their ability to react with nucleophiles in halogenation re-
actions.??? However, when covalently bound to other atoms and polarized, they
can form attractive non-covalent interactions with nucleophiles without under-
going chemical reactions. When covalently bound to an atom or a molecule (R),
the electron density around the halogen atom is anisotropically distributed form-
ing a negative electrostatic potential surface perpendicular to the R-X bond,
while a region of positive electrostatic potential surface, a so-called o-hole, is
formed along the covalent R-X bond.3031 The non-reactive interaction of a halo-
gen atom with a nucleophilic site seemed counter-intuitive at first, yet since the
definition of the o-hole by Politzer and Murray,323% halogen bonding (XB) has
rapidly gained increased attention within the Supramolecular Chemistry commu-
nity.

However, halogen bonding is still considered a non-matured interaction,
and until the last decade perhaps the least utilized non-covalent interaction. This
interaction was only just defined by IUPAC in 2013:

A halogen bond occurs when there is evidence of a net attractive interaction between
an electrophilic region associated with a halogen atom in a molecular entity and a nu-
cleophilic region in another, or the same, molecular entity.8

Halogen bonding (R-X--Y) is typically denoted by three dots between the halo-
gen bond donor (R-X, denoted as the XB donor) and the halogen bond acceptor
(Y, denoted as the XB acceptor). The halogen bond is formed from a polarized
halogen atom (X), existing in a formal oxidation state of -1,3* covalently bound to
an atom or a molecule (R) to a XB acceptor (Y), which is an atom or a molecule
with a nucleophilic region.?8 Most commonly, XB donor is a alkyl or aryl halide,

14



R-X, with R having a strong electron-withdrawing character, a dihalogen mole-
cule (e.g., I, Br2), or as an extreme case, a halogen(l) cation (e.g., I, Br*). The XB
acceptor is often an atom possessing a lone pair of electrons (e.g., N, O, S) or an
anion (e.g., Cl, Br,, I, NOs;, etc.). However, the particular nature of the halogen
bond is still somewhat disputed.?’ It is agreed upon that the transfer of electron
density occurs from the Lewis basic site (the XB acceptor) to the Lewis acidic site
(the halogen atom), yet, the true nature (e.g., consisting of electrostatic, charge-
transfer, polarization, dispersion, etc. forces) depends on the species involved in
the halogen bond.3> Additionally, halogen bonds with organic XB donors are gen-
erally considered to have more electrostatic character, whereas inorganic XB do-
nors are considered to have a more charge-transfer nature.?

Often, XB is compared to the more well-known hydrogen bonding. These
two interactions are comparable in strength (10 - 150 kJ/mol from weak XBs to
very strong),?3 yet XB possesses many features which makes it different from
HB. Both XB and HB possess the positive electrostatic potential surface, viz. a
region capable of the respective interaction. However, due to the anisotropicity
of the XB electrostatic potential surface of the halogen atom, it is considered am-
photeric in nature, also capable of interacting from its nucleophilic region (to an
electrophile).?® Yet, this amphoteric behavior of covalently bound halogen is not
an exception only limited to halogen atoms, but analogous behavior is also ob-
served for polarized chalcogens (S, Se, Te), pnictogens (N, P), and tetrels (C).?

The anisotropic electron density distribution and the presence of a o-hole
makes XB unique, separating it from the HB and other non-covalent interactions.
The strength of the XB is tunable by affecting the magnitude of the o-hole. The o-
hole is “deeper” (more positive) for more polarizable and less electronegative
halogen atoms, so that the XB donor strength increases F << CI < Br <1, with
iodine manifesting the strongest XB interactions. Additionally, the o-hole can be
affected by the atom or the molecule covalently bound to the halogen, such that
electron-withdrawing substituents increase the o-hole and thus enhance the XB
strength.?%% Furthermore, the charge-transfer from the Lewis basic site is gener-
ally increased when the basicity of the XB acceptor (Lewis base) increases, result-
ing in a formation of a stronger XB bond.3637 To visualize the tunability of the XB,
Figure 3 depicts the molecular electrostatic potential surface of CF;X (where X =
F, Cl, Br, or I) showing the anisotropic electron density distribution of the cova-
lently bound halogen atoms.3538 The blue color indicates the negative and the red
color the positive electrostatic potential. Figure 3 depicts the negative electro-
static potential belt perpendicular to the covalent bond and the positive o-hole of
the halogen atom along of the covalent bond. The increasing polarizability upon
the increasing size of the halogen is most visible with CHsl having the larger
(deeper) o-hole.
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Figure 3 The Molecular electrostatic potential, in Hartrees, at the 0.001 e/Bohr3 isoden-
sity surface of a) CFy, b) CF5Cl, c) CFsBr, and d) CFsl. Adapted from ref.38

In addition to the tunable strength, XB is considered extremely linear, which is a
consequence of the localization of the o-hole as an extension directly along the
covalent bond.?” Therefore, bond angles in XB are usually much closer to 180°
than in HB.2935 However, deviations from this may occur due to secondary inter-
actions or crystal packing effects.3> Another characteristic of XB is its hydropho-
bicity, which evidently makes it suitable for applications in which the HB is in-
capable of. The hydrophobic nature of the XB has been utilized in biologically
active molecules to improve their membrane permeability to tackle the ever-last-
ing challenge of blood-brain barrier permeation.3® Moreover, the inherent size of
the halogen atoms participating in XB renders it dissimilar to HB, since the larger
size of the atom results in XB being more susceptible to steric hindrance com-
pared to HB.??

Only very recently, the prevalence of HB has led to the appreciation of its
influence on the nucleophilic region of the XB in halogen-bonded systems with
adjacent HBs enhancing the interaction (HBeXB).1740In a recent study by Berry-
man and co-workers, the authors reported, for the first time, experimental quan-
tification of HBeXB complexes where intramolecular hydrogen bonding to the
nucleophilic region of the halogen atom results in both less directional, but
shorter XB bonds, inducing stronger halogen bonds in the solid state.? In their
report, they also stated that stronger HBs donors will have a greater effect on the
XB in HBeXBs.#0 Figure 4 depicts the bonding geometries in a hydrogen bond (A),
a halogen bond (B), and a hydrogen bond enhanced halogen bond (C).
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a)

! \“ Hydrogen Bond enhanced
R Y) v

Halogen Bond
(HBeXB)

Halogen Bond

Figure4a) Hydrogen bond, b) halogen bond, and c) hydrogen bond enhanced halogen
bond (HBeXB), where R = HB/XB donor, H = hydrogen, Y = HB/XB acceptor,
X = halogen atom, I = iodine, and A- = anion. Adapted from ref.40

Since the 1990s, XB has also developed into an important supramolecular
synthon in crystal engineering (Figure 5).4142 Due to the predictable nature of the
XB, mainly with respect to the strength and directionality, the ability to control
and direct the formation of larger assemblies has led to the design of halogen-
bonded organic frameworks,*3 molecular receptors,* and supramolecular poly-
mers.*> Figure 5 depicts a network of interactions in the crystal lattice of 4-iodo-
phtalonitrile, where the nitrile groups form both HBs and XBs to the neighboring
molecules.46

Figure 5 The C=N -1 halogen bonds (red-dotted lines) and C=N-‘H hydrogen bonds
(blue-dotted lines) in the crystal structure of 4-iodophtalonitrile (2) and the
Hirshfeld surface analysis of the closest external contacts in one 2 molecule.
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CSD ref. code: HEZCEX.% Thermal displacement ellipsoids are drawn at the
50% probability level.

1.1.3 Halogen(I) ions

Halogen-bonded complexes with halogen(I) ions (X*) can be considered as a sub-
class of halogen-bonded complexes. In contrast to conventional halogen bonding
(R-X"-Y), removing an electron from the halogen results in a positively charged
cation (X*, also named as a halonium cation). This cation is capable of forming a
so-called three-center four-electron (3c-4e) bond, in which the X* simultaneously
interacts with two XB donors (Lewis bases, L) [L --X--L]*, most commonly iden-
tical ones forming a symmetric bond.3* Both Lewis bases contribute a pair of elec-
trons into the bond between the three atoms, hence the 3c-4e bond. First reports
of halogen(I) complexes emerged in the 196054749, and since the 1990s they have
been widely applied in synthetic chemistry in the form of Barluenga’s
reagent,50-53 and in the 2010s were found to be useful as a bis-functional XB donor
both in solution and in solid-state studies.

The relative strength of halogen bonds can be qualitatively estimated by
their Rxp values (Rxs = dxs/ (Xvaw + Bvaw)2, where dxg is the distance (in A) be-
tween the XB donor and the XB acceptors atoms, Xvawis the van der Waals radii®*
of the halogen atom, and Bvqw is the van der Waals radii of the XB acceptor atom.
Rxs values of less than 0.70 are considered to be indicative of very strong, 0.70 -
0.85 moderate, and 0.85 - 0.99 weak halogen bonds.?® The [L -- X - L]* 3c-4e (R-X)
bonds are of the strongest halogen bonds with remarkably short bond lengths
(Rxs = 0.64 - 0.69) and strengths up to 180 kJ/mol.34>¢

In the 1960s, Creighton and coworkers characterized bis(pyridine)iodine(l)
tetrafluoroborate?’4%, however, only after 30 years it became known as Bar-
luenga’s reagent when Jose Barluenga and his colleagues published a variety of
applications for the bis(pyridine)iodine(I) complex as an oxidating agent and as
an iodinating agent for aromatic electrophilic substitutions.?0-33 Their inherent
reactivity, which makes them excellent iodinating agents, has also made the
structural studies of these complexes difficult, especially in solution. However,
under suitable conditions, the halogen(I) complexes are very stable and the ex-
ceptional strength of the 3c-4e bond has intrigued scientists ever since their dis-
covery, with recent developments in halogen(I) complexes having been made by
Erdélyi et al .3456-64, and Rissanen et al.%5-73

The halogen bonds of halogen(l) (aka halonium) ions have recently been re-
viewed by Erdélyi and Turunen.3* These complexes are most commonly reported
with symmetric [N --X--'NJ* bonds and nitrogen acting as the lone pair donor.
However, recently, also asymmetric [N1--X--N2]* complexes have been re-
ported.c1%9 Figure 6 depicts crystal structures of Barluenga’s reagent (3), reported
in the solid-state,”* and the first-ever unrestrained asymmetric halogen(I) com-
plex (4) between pyridine and dimethylaminopyridine (DMAP) in the solid-state
by Ward and Rissanen et al.®®
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Figure 6 The crystal structure of Barluenga’s reagent bis(pyridine)iodine(I) tetra-
fluoroborate (3), CSD ref. code: HUMMAD? and the first-ever reported unre-
strained asymmetric iodine(I) structure between dimethylaminopyridine
(DMAP) and pyridine (4). CSD ref. code: SURTIL.®® Thermal displacement el-
lipsoids are drawn at the 50% probability level. Counter anions omitted for
clarity.

When aromatic Lewis bases are involved in the interaction, a charge-transfer
from the halogen(l) cation to the nucleophilic sites further enhances the interac-
tion.3457.58 However, despite their increased reactivity, tertiary amines have also
been shown to form [N -1 :-N]* 3c-4e bonds with iodine(I).”

Compared to their analogous silver(I) complexes, which are used as precur-
sors in halogen(I) synthesis, the halogen(I) complexes have a distinct preference
for a symmetric bond, both in solution®%’ and in the solid state.®” However, in
solution, halogen(I) complexes have been observed to undergo rapid ligand ex-
change, which is dependent on the Lewis basicity of the XB acceptor.®! This ex-
change, occurring for weak Lewis bases, is observed as line broadening in the
NMR spectrum.®! Nevertheless, the symmetric nature of the halogen(I) bond has
been perceived to be unaffected by its environment regardless of the solvent po-
larity%® or counter anion interactions.®* The robust nature of the halogen(I) com-
plexes, and the tunability of their strength, together with the possibility of the
alteration of the electron density in the three-centered system, has made them a
reliable tool both in the construction of large supramolecular structures’!-73 and
in synthetic chemistry.34

1.2 Fluorescence and non-covalent interactions

Photophysical and photochemical processes are initiated by the absorption of
light (a photon) resulting in the formation of electronically excited states. If the
energy of a photon interacting with a chromophore (a light-absorbing molecule)
corresponds to an energy of the quantized electronic energy levels of the mole-
cule, light is absorbed.” The excited states of a molecule can undergo a variety of
relaxation processes described by the Jablonski diagram (Figure 7) where the ab-
sorbed energy is dissipated.
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vr = vibrational relaxation

ic = internal conversion

isc = intersystem crossing

risc = reverse intersystem crossing

TADF = thermally activated
delayed fluorescence
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Figure 7 Illustration of a Jablonski diagram depicting excited state (S1, Sz, T1) photo-

physical processes in organic molecules.

The absorption of light occurs from the ground state (So) to an excited state (S,
where n =1, 2...). Each electronically excited state (Sn, Tn) is further divided into
vibrational energy states (v) of different energies. The energy of the excited states
can be dissipated through non-radiative (non-emissive) transitions i.e., vibra-
tional relaxation (vr), internal conversion (ic), and intersystem crossing (isc).”>
Vibrational energy levels of v # 0 lose their energy through a non-radiative pro-
cess called vibrational relaxation. This process occurs within 10-13 - 10- s due to
excess vibrational energy leading to collisions with one another or solvent mole-
cules and resulting in relaxation to the lowest vibrational energy of the same elec-
tronic energy level. According to Kasha’s rule, radiative transitions occur from
the lowest-lying electronic state (S1).”> Therefore, in absorption to a higher elec-
tronic state, e.g. S, the energy is first relinquished through a series of vibrational
relaxations and internal conversions from a higher energy electronic state even-
tually to the lowest vibrational energy level of the lowest-lying electronic state
(S1). Kasha's rule stems from the fact that internal conversion is a rapid process
(10-14 - 10-11 s) ultimately preceding any radiative process.”

From the lowest-lying electronic singlet-excited state, the energy can un-
dergo two processes: fluorescence or intersystem crossing.”> Fluorescence is a ra-
diative process originating from the S; excited state. The rate of fluorescence is
typically 10-12 - 10-¢ s and it can be seen at a longer wavelength (lower energy) in
comparison to an absorption spectrum.”> The ratio of the number of photons
emitted to the number of photons absorbed gives out fluorescence quantum yield
(@), which is independent of the excitation wavelength (wavelength of the ab-
sorbed light) and can be determined for a molecule with using a reference com-
pound of a known fluorescence quantum yield.”® Equation 17 is used in the ex-
perimental determination of quantum yield.
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In which, @ is the quantum yield, 7 is the solvent refractive index, I is the inte-
grated fluorescence intensity, and A is the absorbance of the compound at the
excitation wavelength.

The molecular structure determines whether the system undergoes fluores-
cence or intersystem crossing (ISC). Molecules with lone pairs induce the for-
mation of an n,7* S1 excited state, which is longer-lived and susceptible to inter-
system crossing due to a smaller energy gap between the S; and Ti states increas-
ing the rate (1011 - 108 s) of ISC, whereas 7,7* states have shorter lifetimes and
are more prone to result in fluorescence.” Additionally, the presence of heavy
atoms, such as Br or I, in a molecule results in enhanced spin-orbit coupling and
increased ISC.7>76

Phosphorescence can occur after ISC and VR to the lowest-lying triplet state.
It is a radiative transition to the ground state with a lifetime of 103 - 102 s and is
generally observed at higher wavelengths than fluorescence. The longer lifetime
of the triplet state renders it susceptible to quenching (non-radiative energy loss)
by other molecules (like oxygen) and is therefore not readily observed in room
temperature solutions.”

Another possible route for the dissipation of triplet state energy is thermally
activated delayed fluorescence (TADF).”> The characteristics of TADF are very
similar to fluorescence, yet it occurs with lifetimes similar to phosphorescence. In
this process, intersystem crossing occurs from S; to Ty, yet instead of phospho-
rescence, the process is thermally activated to result in reverse intersystem cross-
ing (RISC) from T; to S1 where the fluorescence originates.”>”” Emission of TADF
molecules can be determined with variable temperature measurements by the
decreasing fluorescence intensity with lower temperature indicating an energy
barrier involved in the process.

1.21 Non-covalent interactions and fluorescence in heterocyclic compounds

Generally, most fluorescent molecules are aromatic or highly unsaturated.”® The
structure of the compound affects the nature of its lowest-lying electronic states
and, therefore, its luminescent properties. When heteroatoms are involved in ar-
omatic systems, the lowest-lying electronic state is often 7,,7* in nature.”® There-
fore, heterocyclic aromatics often possess low quantum yields. Furthermore, elec-
tron-donating substituents increase the fluorescence of the compound. For exam-
ple, the lone pairs of a hydroxy group are involved in the aromatic system and
do not change the nature of the lowest-lying electronic state.”® In contrast, elec-
tron-withdrawing substituents reduce the fluorescence quantum yield.”

In addition to smart molecular design, non-covalent interactions can be
used in fluorescence modulation. Nitrogen heterocyclics commonly possess the
non-emissive n,71* lowest-lying electronic state stemming from the nitrogen lone
pair, which is not delocalized in the aromatic system.”® However, protonation or
even hydrogen and halogen bonding can reverse the order of the lowest-lying
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electronic state from n,7* to ,7* making the compound fluorescent.”® Chen et al.,
reported an acid-induced tunable multicolor fluorescence of pyridazine deriva-
tive with good reversibility and high sensitivity.26 Additionally, protonation has
been reported to lower the singlet-triplet energy gap resulting in greater ISC
through a new intramolecular charge-transfer state.”® Moreover, a carbazole-
based emitter was reported with tunable emission through halogen bond assisted
intramolecular charge-transfer.”

1.2.2 Solid-state fluorescence

The fluorescence of a system is heavily affected by its surroundings. In general,
molecular rotation decreases the fluorescence intensity. This can be affected by
the molecular design; rigid molecules are generally observed with higher lumi-
nescence,” or by rigidifying the surrounding medium by either solid-state crys-
tallization or a polymer matrix in a thin film.

Highly fluorescent molecules often consist of multiple aromatic rings mak-
ing the system planar. Whereas these molecules exhibit strong fluorescence in
solution, the aggregation induced by the planarity of the system might result in
aggregation-induced quenching.8 However, many applications require the mol-
ecules to perform in the solid-state. Molecules with aggregation-induced emis-
sion due to the reduction of intramolecular rotation have been observed.8 Mole-
cules possessing molecular rotors may dissipate all the excited state energy
through intramolecular rotation, which leads to fluorescence quenching. How-
ever, the aggregation in the solid state restricts this motion and the energy is
forced to dissipate through a radiative pathway.8

Molecular packing modes and the intermolecular interactions strongly af-
fect solid-state luminescence.?! In general, strong intermolecular - interactions
have been determined as the primary reason for fluorescence quenching in the
solid-state.82 Furthermore, integration of steric groups in the molecular structure
limits tight packing in the solid-state and can improve emission properties by
limiting the intermolecular vibrational relaxations.?! In addition, J-type?? zigzag
packing in a solid crystalline state has been associated with a bathochromic shift
(to longer wavelengths), which minimizes self-absorption and leads to enhanced
luminescence.84 Therefore, molecular stacking in a zigzag manner and greater in-
termolecular distances in the solid state may facilitate stronger fluorescence by
reducing the effects of aggregation-induced quenching.8!

1.3 Host-guest chemistry

Non-covalent intermolecular interactions lay the foundation of Supramolecular
Chemistry. Often called “weak” interactions, they not only come together forming
very strong assemblies, but are also reduce the synthesis workload thanks to self-
assembly. Self-assembly is a spontaneous process where smaller components or-
ganize into larger assemblies or structures using non-covalent interactions.” In

22



self-assembly, the often preorganized ligands in a spontaneous reaction with
other components result in a free energy minimum of the system, therefore form-
ing a new larger and more stable structure.® This phenomenon is widely ex-
ploited in crystal engineering, in which molecular recognition occurs in solution
and the components pack together as closely as possible, directed by their inher-
ent steric and electronic properties.? In the solid state, the resulting structure is
largely governed by the crystallization conditions, whereas in solution, it is an
equilibrium reaction resulting in the most stable structure.3

Clathrates or cages as supramolecular host-guest assemblies involve the im-
prisonment of a guest molecule within a lattice or a host molecule. The term clath-
rate was first defined by H. M. Powell in 1948 as an inclusion compound:

...in which two or more components are associated without an ordinary chemical un-
ion, but through the complete enclosure of one set of molecules in a suitable structure
formed by another.3

Generally, clathrates are considered as solid-state inclusion compounds, where a
guest molecule is trapped into a host matrix, commonly a crystal lattice, whereas
host-guest systems include structures such as capsules and cages, which comprise
of one or two molecular components, that along with a guest molecule can spon-
taneously self-assemble to form capsular assemblies in which the guest is trapped
inside the host entity (Figure 8).3

e alos0
o—@ ooo

Figure 8 A description of a clathrate (left) and a traditional host-guest assembly (right)
in which the hexagonal shapes depict the host molecules and the red circles
depict the guest molecules.

A host molecule is generally a larger molecule of suitable conformation and con-
verging binding sites for a guest molecule, whereas a guest molecule is usually a
smaller molecule with diverging binding sites.? A host that does not undergo a
significant conformational change upon complexation (formation of a host-guest
complex) is preorganized. Preorganization plays a major role in host-guest com-
plexation since it lowers the activation energy needed for the complex formation.
The possibility of encapsulating various guests inside the hosts has resulted in an
array of applications for such complexes including biomedical applications,'? se-
lective encapsulation,!! and stabilization of reactive compounds.? In 1993, Re-
bek’s hydrogen-bonded capsule proved that the ability to predict and control,#
with careful design, allows spontaneous formation of multi-component aggre-
gates and led to major advancements in encapsulation chemistry. Paralleling this
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rapid development, the term supramolecular synthon was specified to be a struc-
tural motif (e.g. hydrogen or halogen bond) and it is nowadays widely exploited
in host-guest chemistry and crystal engineering.1®

1.3.1 Hydrogen-bonded capsular assemblies

The prevalent nature of hydrogen bonds has extensively been utilized in the de-
sign of supramolecular capsules. Hydrogen bonding between two or more pre-
organized calixarene molecules,8¢-8 including resorcinarenes®*-*! and pyridi-
narenes,’>? render them capable of forming dimeric or multimeric capsules en-
capsulating both neutral and positively charged guests with CH - 7r and cation-r
interactions.? Their three-dimensional bowl-shaped cavity stabilized by intra-
molecular O-H - ‘O HBs on the upper rim of the molecule and the aromatic rings
offering an electron-rich interior as a binding site make these an interesting class
of phenolic macrocyclic receptors.” The self-assembly, easy availability, and ver-
satile nature of resorcinarenes has inspired the work on HB capsules since the
1990s,% possibly making them the most studied HB capsular components. What
has made resorcinarenes particularly interesting is that the capsule is often
formed with bridging solvent molecules. In 2000, Rissanen et al. crystallized a
dimeric resorcinarene bridged by water molecules and encapsulating a tertiary
amine.”” In solution, the formation of the capsule was found to be solvent de-
pendent, with competing solvents, such as DMSO and methanol, disrupting the
capsule formation.?” So far, resorcinarenes have found applications in mimicking
biological phenomena (such as enzyme binding), drug release, and microreactors
in catalysis.?0%

Figure 9 depicts two dimeric resorcin[4]arene capsules from ethyl resorcin-
arene and the corresponding 2-methyl derivative.”.?° Capsule 8 was formed with
a co-crystallization of resorcinarene with a diquat dibromide in aqueous metha-
nol. The resulted crystal structure is composed of a dimeric capsule encapsulat-
ing the diquat cation in the electron-rich interior of the capsule and simultane-
ously binding the bromide anions at the lower rim ethyl groups of the resorcina-
rene molecules via weak CH --‘Br-interactions. This interesting structure forms a
perfect cone shape in the resorcinarene molecules which is further stabilized by
the intramolecular HBs on the upper rim of the molecule. The two halves of the
capsule interact through four methanol and eight water molecules, the whole
capsular assembly consisting of 20 intermolecular HBs binding the two halves
together. A similar 2-methylresorcinarene dimeric capsule was reported more re-
cently,? also bridged through two methanol and two water molecules. Capsule
9 involves an encapsulation of 1,4-diammoniumcyclohexane carrying a positive
charge at both ends of the guest molecule. The larger size of the guest and the
positively charged nitrogen atoms interacting with the water molecules through
NH --O interactions, in addition to guest-host NH -- 7 interactions, resulted in a
more slanted conformation and an extremely high packing coefficient (the ratio
of the molecular volume of the guest divided by the host cavity volume) of 84.2%.
However, resorcinarenes are not limited to these dimeric structures, gigantic
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structures of a hexameric nature have been observed as well,’® opening even
more potential for guest binding opportunities.

Figure 9 Hydrogen-bonded (red-dotted lines) solvent-bridged resorcinarene capsule
encapsulating diquat cation (8) CSD ref. code: XOTKOG!! and 2-methylresor-
cinarene encapsulating trans-1,4-diammoniumcyclohexane in solvent-bridged
capsule (9). CSD ref. code: SEQMUZ.%

1.3.2 Halogen-bonded capsular assemblies

Similar to hydrogen bonding, though much more recently, halogen bonds have
also been utilized in the formation of supramolecular capsular assemblies. In con-
trast to the HB capsular assemblies, the XB capsules take advantage of the unique
directionality of the XB bond as well as their hydrophobic nature.

Resorcinarenes have found multiple uses also due to their ease of function-
alization.?? The first reports of XB bonded capsules also involved the resorcina-
rene backbone now functionalized with known XB acceptor moieties (pyridyl).
Aakeroy et al. synthesized a tetra-functionalized halogen bond donor by attach-
ing iodotetrafluorobenzene to a flexible ethylenedioxy glycol chain in a ca-
lix[4]arene derivative (Figure 10).102 A slow evaporation of the flexible tetra(4-
iodotetrafluorophenyl)calix[4]arene in a self-assembly process with a rigid
tetra(3-pyridyl)cavitand resulted in a first structurally characterized halogen-
bonded capsular assembly. The congestion caused by the iodotetrafluorobenzene
molecules resulted in 40% of the capsule being partially opened by sacrificing
one of the bonding N -- I interactions. However, the results of this publication!02
shed light to new XB capsules in the solid-state.
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Figure 10 First reported crystal structure of a halogen-bonded (red-dotted lines) capsu-
lar assembly (10) by Aakerdy et al. CSD ref. code: DEGWET.102

Three years later and inspired by the Aakerdy et al. work,19? Rissanen et al. re-
ported a dimeric resorcinarene capsule (Figure 11) solely based on halogen bond-
ing.?? Jodine acts as a bifunctional XB donor connecting the two resorcinarene
cavitands by interacting with the chloride anions in the N-cyclohexyl ammonium
resorcinarene chloride. The ClI---NHa* ionic interaction along with the HBs on
the upper rim, which resorcinarenes are known for, help stabilize the concave
shape of the capsule molecules. The formation of the capsule through halogen
bonding results in encapsulation of three 1,4-dioxane molecules with a packing
coefficient of 55% and Rxs values ranging from 0.77 to 0.94.22 The small size of
the I> used as the XB donor has its advantages of not being sterically hindered
and having wider opportunities in the capsule formation, though the weaker hal-
ogen bonds were postulated to only persist in the solid state.
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Figure 11 First host-guest capsular assembly (11) based solely on XBs. CSD ref. code:
CALJUX.2

Despite classical XB being used in capsular assemblies, very few reports on cap-
sular assemblies based on halogen(I) ions have emerged.”’-7313 The extreme
strength and robust nature of the [N-X-N]* halogen bond have made the detec-
tion of halogen(l) capsular entities possible both in the solution and gas
phase.”172103 However, perhaps the “anionophopic” nature of the iodine(I) cation
has made the observation of the solid-state structures of these capsules more dif-
ficult and so far only one dimeric iodine(I) capsule X-ray structure has been ob-
tained (Figure 12).73

Figure 12 First examples of tetrameric (12) and dimeric (13) [N-I-N]* halogen-bonded
capsular assemblies.”

Rissanen et al. reported the synthesis and characterization of halogen(I) cages of
rigid cationic ligand (12) and a flexible tripodal ligand (13) through the silver(I)
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precursor metallocage formation.” The crystallization of 12 from slow evapora-
tion of acetonitrile resulted in a tetrameric IsL4 cage with N-I distances of 2.26 -
2.35 A. The bond lengths were deemed less symmetric than generally observed
for symmetric [N-I-N]* complexes®”70.104 however, the bond angles remained
close to the linear geometry (>175°) preferred by the iodine(I) cation.”®Significant
differences were observed for the more flexible and neutral cage formed by the
self-assembly of two 1,1'1"-((24,6-trimethylbenzene-1,3,5-triyl)tris(meth-
ylene))tris(1H-imidazole) molecules. The corresponding cage (13) crystallized
from slow evaporation of acetonitrile with hexagonal symmetry, and therefore,
all bond lengths and angles were symmetrical and close to linear (2.233(6) A,
177.0(4)°). The results of these studies are what partly inspired the work within
this thesis.

1.4 HB and XB acceptors

Anions and neutral nucleophilic molecules can act as HB and XB acceptors.?® The
most widely exploited HB and XB acceptor atom is nitrogen possessing a lone
pair of electrons capable of these interactions. Figure 13 displays a set of com-
monly utilized HB and XB acceptors, all derivatives of pyridine (14). Other aro-
matic compounds (such as N-alkyls and 7-systems) are also suitable as acceptor
molecules. However, and especially in the case of halogen(I) complexes, the aro-
maticity of the acceptors is a stabilizing factor through the enhanced charge-
transfer interactions between the halogen(I) cation and the nucleophilic nitrogen
atoms.3457,58

\N/
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Figure 13 Examples of the commonly used pyridine derivatives as HB and XB acceptors.

As mentioned, stronger Lewis bases, as better HB and XB acceptors, are known
to form stronger HB and XB interactions.3¢3” The ease of functionalization, and
therefore tunability, of pyridine as an acceptor moiety has made it widely popu-
lar in simple halogen-bonded complexes, yet pyridine and its derivatives are also
commonly exploited in the construction of more complex acceptor molecules. In
the following sections, aromatic amines relevant to this thesis work are described.

1.4.1 Quinolines
Quinoline (benzo[b]pyridine) has been known since the early 1800s.1% Quinoline

and isoquinoline were historically extracted from coal tar,'> however, various
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quinolines are now commercially available. Quinolines are prime examples of
pyridine functionalization and molecular structures with multiple aromatic rings
have been designed. The enhanced aromaticity in the molecular structure gener-
ally produces photoactive compounds with interesting features. Quinoline (19)
and its benzo derivatives are weak bases and form salts with strong acids.1% They
are abundant in nature and possess a large variety of biological activities.106107
Quinoline and its derivatives have been shown to have antimalarial, antifungal,
and anticancer activities, amongst others, and are commonly used in medicinal
chemistry.106107 Figure 14 displays chemical structures of isoquinoline (20), acri-
dine (benzo[b]quinoline) (21) and benzo[/]quinoline (22).
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Figure 14 Structures of isoquinoline (20), acridine (21), and benzo[h]quinoline (22) with
their corresponding pK; values.

The delocalized electron rings on quinoline derivatives, especially on 21 and 22
as the aromaticity increases, make them suitable as luminescent materials. More-
over, acridine and its derivatives are used as dyes, fluorescent sensors and in la-
ser technology.1%® However, N-heterocyclic compounds are known to be weakly
fluorescent in comparison to their isoelectric hydrocarbons, as the nitrogen lone
pair gives rise to n-r* excited states resulting in spin-orbit coupling and, therefore,
loss in fluorescence quantum yield.10°-111

Compounds 20, 21, and 22, are all suitable HB and XB acceptors possessing
nucleophilic regions in the form of the nitrogen lone pairs. However, the steric
hindrance of the nearby hydrogens in 21 and 22 might interfere with XB for-
mation due to the larger size of a halogen in comparison to a hydrogen atom.

1.4.2 Imidazoles

Imidazole is a molecule with an aromatic five-membered ring and two annular
nitrogen atoms at the 1,3-positions. Figure 15 presents imidazole (23), a few of its
common derivatives (2,2-dimethyl-2H-imidazole 24 and 1H-benzo[d]imidazole
25), and the chemical structure of histamine (26), an example of imidazole’s abun-
dance in biological compounds. Moreover, imidazoles are amphoteric in nature
and can act both as an acid or a base.’? With a pK, value of 7, imidazole is slightly
more basic than pyridine. Much like quinolines, imidazole also plays an im-
portant role in biological systems and is known to have diverse biological activity
as, e.g., antibacterial, anticancer, and antifungal agents.!12 It is a key structure in
biological compounds such as histidine, vitamin B12, and biotin.112
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Figure 15 Chemical structures of imidazole (23) and its common derivatives 2,2-dime-

thyl-2H-imidazole (24), 1H-benzo[d]imidazole (25), and histamine (26).

Besides their biological importance, imidazoles have been utilized in crystal en-
gineering. Park et al.81 synthesized a novel class of hydroxy-substituted tetra-
phenyl imidazole compounds (27, Figure 16), which in the solid state, form inter-
molecular interaction mediated packing, reducing the non-radiative relaxation
processes and producing strongly fluorescent crystals associated with excited-
state intramolecular proton transfer. The incorporation of the tetraphenyl group
with an extended r-framework on the imidazole increases the photoactive nature
of the compound, however, the planar aromatic rings often lead to tight packing
in the solid state, which then results in intermolecular vibronic relaxations lead-
ing to fluorescence quenching. By adding steric groups (OAc) to the molecule,
Park et al. successfully synthetized strongly fluorescent imidazole-based single
crystals by suppressing the concentration quenching of fluorescence by maintain-
ing proper intermolecular distances.?!

27 28 29

Figure 16 Imidazole-containing compounds 27,81 28,113 (CSD ref. Code: EMOZOV113)
and 2914 were studied for their intermolecular interactions and the effect on
crystal packing, fluorescence properties, and inclusion compounds.

Furthermore, Rissanen et al. investigated the solid-state complexation and depro-
tonation of resorcinarene with aromatic N-heterocycles.!’3 Imidazole was found
to spontaneously form inclusion compounds with resorcinarene (28, Figure 16)
by forming intermolecular interactions (-7 and CH - ) inside the resorcinarene
cavity. The Lewis basic nature of imidazole leads to deprotonation of the resor-
cinarene, and the imidazole is therefore tightly bound inside the cavity as an im-
idazolium cation, ensuring stronger interactions with the resorcinarene host.
Moreover, deprotonation of the resorcinarene host was not observed with the
other N-heterocycles under investigation.!13

Zhao et al. synthesized a series of phenyl-substituted s-conjugated pyre-
noimidazole systems (29, Figure 16) and thoroughly examined their photophys-
ical properties and crystal packing.!# In the solid state, the - interactions and
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hydrogen bonding were determined as directing interactions in the crystal pack-
ing. In addition, they investigated the influence of various substituents on the
fluorescence of these aromatic systems. Weak-to-moderate electron-withdrawing
and donating substituents had no significant effect on the UV-Vis, however,
strongly electron-withdrawing groups led to the deprotonation of the imidazolyl
N-H giving rise to substantial changes in the photophysical properties of the
studied compounds.114

The results highlighted here come to show the versatile nature of the imid-
azole moiety, the abundance in biological systems, and the utility of the ampho-
teric nature it possesses. The practicality of imidazole stems from its ability to
form intermolecular interactions in such versatile systems, and will most defi-
nitely, be utilized in many more future studies.

1.4.3 Carbazoles

Carbazoles are N-heterocyclic compounds consisting of two benzene rings fused
onto a five-membered pyrrole ring. Like quinolines and imidazole, carbazole is
widespread in nature and possesses biological activities including anticancer, an-
tibacterial, anti-histaminic, antioxidant, and is used in commercial drugs.115116
Moreover, carbazole has strong absorption in the UV region and blue-light emis-
sion, which has been applied in photovoltaic devices,'” organic light-emitting
diodes (OLEDs),!18-120 and molecular rotors.12! The low cost, ease of functionali-
zation, high thermal and chemical stability make carbazoles enticing components
in synthetic design.120122123 Moreover, carbazole has a high triplet energy ensur-
ing efficient energy transfer and easy charge injection for optimal device perfor-
mance, which has made it extensively utilized in the design and construction of
blue-light emitting diodes.12*

The ease of functionalization has produced countless carbazole derivatives
since its first discovery in 1872.125 Examples of carbazole functionalization for dif-
ferent applications is depicted in Figure 17. Structures 30 and 31 are compounds
utilized as bipolar materials (having separated electron donors and acceptors) in
OLED:s for carbazoles” good hole-transporting properties.!? Unsurprisingly, car-
bazole is widely used in OLEDs demonstrated by an ever-increasing number of
significant results being published. Li et al. studied the importance of molecular
engineering on the performance of host materials with a series of carbazole hosts
(30) and reported devices with high efficiencies (23.1%) and great thermal stabil-
ities.12* Compound 31 uses carbazole’s electron-rich core as the electron-donating
moiety and a quinoline as the electron-accepting group. Utilizing 31 as a host
material in phosphorescent OLED (PhOLED) devices, an external quantum effi-
ciency of 25.6% was achieved, which for orange PhOLEDs with a single host ma-
terial is rare.1?
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Figure 17 Carbazole derivatives utilized as bipolar host materials in OLEDs (30124, 31119)
and luminescent molecular rotors (32).121

Slightly different usage for the carbazole moiety was devised in the form of a
molecular rotor.1?! In compound 32, 1,4-diethynylbenzene is used as a rigid
spacer between two carbazole units with a great ability to form edge-to-face in-
teractions with other carbazoles. The crystallization of 32 resulted in simultane-
ous solid-state internal rotation and enhanced fluorescence with @ = 0.28 when
compared to its THF solution (@ = 0.06). In addition to carbazole’s other various
possibilities, the high demand for efficient blue-light emitting diodes with long
lifetimes remains an issue, which is why carbazole derivatives will continue to
be an intriguing subject of study.
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2 RESULTS AND DISCUSSION

2.1 Aim of the work

The aim of this work was to probe supramolecular interactions in a novel context.
The study involved the synthesis of new hydrogen and halogen bond acceptors,
which served as multipurpose targets toward fluorescent emitters, and ligands
in discrete silver(I) and iodine(I) complexes, as well as tripodal ligands for halo-
gen-bonded supramolecular cages. The chapter 1.4 above introduced quinolines,
imidazoles, and carbazoles, and reasoned the interest for their synthesis and uti-
lization within this work.

The thesis work is based on four individual publications starting from small
commercial XB acceptors and developing into larger iodine(I) based cage com-
plexes. Non-covalent bonds commonly benefit from the cooperative effect in
their bulk material, however, the effect of a single bond was studied in the first
publication! in the form of fluorescence modulation in quinoline derivatives. Fur-
thermore, in addition to the effect of the charge-assisted hydrogen bond in the
fluorescence modulation, the second publication™ investigated the accumulative
effect of the intermolecular interactions in single crystals. Both hydrogen and hal-
ogen bonds were found intriguing, and the third publication" focused on the
synthesis and characterization of iodine(I) complexes with the extremely strong
3c-4e halogen bond. Inspired by this work, and previous publications,”® the
fourth publication!V set out to synthesize and characterize iodine(I) capsular as-
semblies based on the tripodal ligands, which in turn are prepared from the
smaller ligands used in publications I - III.

Techniques of steady-state absorption and fluorescence spectroscopy, ' in
addition to nuclear magnetic resonance spectroscopy (NMR)V were utilized in
solution, single crystal X-ray diffractionV in the solid state, mass spectroscopy!'v
in the gas phase together with some theoretical methods, such as time-dependent
density functional theory (TD-DFT)! and Hirshfeld surface analysis.!V
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2.2 Materials and design

Acid interaction with a nucleophilic region results in proton transfer and the for-
mation of an ion pair. A hydrogen atom is transferred from an acidic site to a
Lewis basic site resulting in a negatively charged anion from the acid and a pos-
itively charged cation from the base. The opposite charges attract each other and
connect through charge-assisted hydrogen bonding. The strength of the interac-
tion can be affected by altering the substituents on the acids, and therefore, af-
fecting the stability of the counter anion resulting from the protonation. Gener-
ally, a larger size of the substituent atom and greater electronegativity decrease
pKa indicating a stronger acid.'?¢ This is depicted in Figure 18, in which a range
of acetic acids (along with one aromatic sulfonic acid) are shown along with their
corresponding pKa values.

0 o) HO o o) (o) 0)
Py on I o NS
F Cl Cl Br Cl

33 34 35 36 37 38
pK;=0.52 pK, = 0.66 pK; =0.70 pKy =1.35 pK, = 1.48 pK, = 2.87
Figure 18 Hydrogen bond acceptors (Lewis acids) of varying pKa values in ionic pairs

after proton transfer.l!I

The acids depicted in Figure 18 were used in original papers I and II in the eval-
uation of the effect of protonation on fluorescence modulation of quinoline and
carbazole derivatives. A range of acetic acids was chosen to limit the effect of the
counter anion stability, yet one aromatic acid was also included to probe this very
subject.

2.21 Syntheses of ligands

2211 Syntheses of imidazole-based ligands! LIV

Small imidazole-based ligands 41-44 (Scheme 1) were synthesized using either 39
or 40 and a previously reported method for compound 39.1271 The starting ma-
terial is first deprotonated with 25% aqueous NaOH in acetonitrile followed by
the addition of either iodomethane or bromoethane for the corresponding meth-
ylation and ethylation reactions, respectively. The reactions resulted in the corre-
sponding ligands 41-44 with yields of 52-91%.
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41: R, = Me, Ry = H

H
40 N> 42:R,=Et, R, =H
: N/ 43: R, = Me, R, = Me

44: R, = Et, R, = Me
Scheme 1 Chemical structures of the synthesized small imidazole-based ligands 41-44.11 1V

The resulting small ligands were further utilized in the syntheses of tripodal lig-
ands 48-53 (Scheme 2).128, IV A controlled reaction of imidazole with 46 under
basic conditions resulted in the formation of ligand 48.128 Similar reaction condi-
tions with an alteration of the solvent for increased solubility were used in the
synthesis of the remaining tripodal ligands 49-53.

Br N\//N
N i) R R i) Ney R R
+ NaH =
[N) aH —— e N
A5 Br R R «I\j
N
46: R = Me 48: R =Me
47:R = Et 49: R = Et
R
R ( !
Br.
N
.. N %
R N 1) R R i) ~
L - e ek
R N Br j
N
Br R RW/Q/ RN
R-] « R1
39:Ry=H 46: R = Me N
40: Ry = Me AT: R = Et R4

50: R=Me,R; =H
51: R=Et Ry = H

52: R =Me, Ry = Me
53: R=Et,R; =Me

Scheme 2 Syntheses routes for imidazole-based tripodal ligands 48-53.1281V Reagents: i)
DMF, mixed for 30 min under argon ii) 46: DMF; 47: 50:50 DMF:THF, dropwise
over 2 hours under argon.
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221.2 Synthesis of carbazole-based ligands!l1I!

Ligand 56 was synthesized in a two-step synthesis (Scheme 3) via compound 55,
which was formed in a reaction of 3-bromo-9H-carbazole 54 with 4-fluorobenzo-
phenone under basic conditions in dry DMF. After keeping the reaction at 100 °C
for 24 hours, the product was filtrated, washed with methanol, and further puri-
fied by column chromatography affording a white solid in an 80% yield. Ligand
56 was synthesized in a reaction of 55 with 4-pyridineboronic acid pinacol ester
under basic conditions in dry 1,4-dioxane. After purging for 20 minutes under
argon, a palladium catalyst (Pd(PPhs)s) was added to the reaction mixture. The
reaction was heated to reflux for 24 hours and after solvent evaporation, the
crude product was purified using flash column chromatography with a
DCM/methanol solvent system affording a white solid in a 68% yield.

A similar synthesis route was used for ligand 59 (Scheme 3). In the first step,
3,6-diiodo-9H-carbazole 57 was reacted with 4-fluorobenzophenone under basic
conditions in DMF. The reaction was kept at 100 °C for 24 hours and cooled to
room temperature. The residue was filtered and washed with methanol. The
crude product was further purified by column chromatography affording a
white solid in a 72% yield. The resulting product 58 was reacted with 4-

N — N

N
i ¢ ¢
54
S S
5 56
(80%) (68%)
N/ N
7 \!

o

OQ N_»N
JJ

|

(72%) (55%)

Scheme 3 Synthesis route for ligands 56 and 59.1 Reagents: i) 4-fluorobenzophenone, po-
tassium t-butoxide, DMF, 100 °C, 24 hrs. ii) 4-pyridineboronic acid pinacol es-
ter, 2M K>COs, Pd(PPhz)s, 1,4-dioxane, reflux, 24 hrs.
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pyridineboronic acid pinacol ester under basic conditions in dry 1,4-dioxane. The
reaction was purged for 20 minutes under argon, after which a catalyst was
added (Pd(PPhs)s). After refluxing for 24 hours, the reaction was cooled down to
room temperature and purified using flash column chromatography
(DCM/methanol) affording a white solid in a 55% yield.

Ligand 62 was synthesized according to a previously reported method
(Scheme 4).12 A reaction of 60 and 61 under basic conditions and with a presence
of a catalyst in a mixture of water and xylenes results in the formation of 62. The
product was purified by column chromatography affording a pale-yellow solid
with a yield of 81%.

X BusPH* BF 4, Pd(dba
N N Xylenes/H,0 Z
H o |
N
60 61 62

Scheme 4 Synthesis route for ligand 62.12%1L111

Furthermore, ligand 65 was prepared following a previously reported method
(Scheme 5).130 A reaction of 63 with 64 under basic conditions and in the presence
of a catalyst, using a water-acetonitrile mixture as the solvent, resulted in the for-
mation of 65. The product was purified by column chromatography with a yield
of 78%.

HO\B’OH Pd(dppf)CI2 X CHZC|2 N

N Ko,CO3
¥ f\j 1:6 H,O:MeCN -
N
=z
Br ~ |
N
63 64 65

Scheme 5 Synthesis route for ligand 65.130.1L111

Complex 67 was synthesized for reference purposes (Scheme 6). In the first step,
a reaction of 62 (Scheme 4) after a dropwise addition of iodomethane in acetoni-
trile was heated to reflux for 24 hours. After solvent removal, the residue was
washed with diethyl ether. The remaining salt was dispersed in acetone and an
anion exchange to a weakly coordinating hexafluorophosphate was performed
using a saturated aqueous solution of NH4PF¢ over 4 hours. The remaining solid
was washed with water and filtrated affording the pure product in a 70% yield.
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Scheme 6 Synthesis route for complex 67.1

2.2.2 Synthesis of iodine(I) complexes!LIV

Several of the previously synthesized ligands were used in the synthesis of io-
dine(I) complexes. The synthesis followed a previously reported method5¢
through an analogous silver(I) complex formation. The general synthesis using
the small monotopic ligands is presented in Scheme 7. In addition to ligands in
Scheme 7, isoquinoline (20, Figure 14), ligand 62, and 65 were used in the com-
plexation reactions. The silver(I) complexes 68-71 were obtained through a reac-
tion of 41-44 with a silver(I) salt in a 2:1 ratio. Various silver(]) salts (a = PFs-, b =
BF4-, ¢ = SbF¢-, d = OTf-) were used to aid solubility. The silver(I) complexes were
further reacted with elemental iodine to obtain the analogous iodine(I) com-
plexes 72-75 through a cation exchange reaction after 10 minutes of stirring. The
reaction results in the precipitation of silver iodide upon cation exchange, which
can be separated by filtration. A similar process was carried out using ligands 20,
62, and 65. The capsular assemblies were obtained through the same synthetic
route, only reacting with a 2:3 ratio (ligand:silver(I) /iodine), due to their tripodal
nature, and stirring for 1 hour to ensure reaction completion.

S
X@ Xe )
N7 N-Ri RNSN—Ag—N R Ri~N" NN N-RS
2
2 + AgX — —
-Agl
R, Ry Rz Ry R2 R R Rz Ry R
41-44 68a: Ry = Me, R, = H 72a: Ry =Me, Ry, = H
69a: R1 = Et, R2 =H 73a: R1 = Et, R2 =H
70a: Ry = Me, R, = Me 74a: Ry = Me, R, = Me
71a,c: Ry = Et, R, = Me 75a: Ry = Et, R, = Me

Scheme 7 Synthesis route for small silver(I) 68a-71c complexes and iodine(l) 72a-75a
complexes.51l Notations a and ¢ correspond to different counter anions (a =
hexafluorophosphate, ¢ = hexafluoroantimonate).
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Scheme 8 Synthesis route for silver(I) and iodine(I) cage formation using ligand 51.56731V
In the second step, CH3CN was replaced with DMSO for the reactions of 49,
50, and 53.

2.3 Protonation-induced fluorescence modulation !

2.3.1 The effect of protonation on quinoline derivatives

The importance of luminescence control is apparent in applications varying from
organic light-emitting diodes to fluorescent imaging, and molecular switches.
Isoquinoline, acridine, and benzo[h]quinoline have been thoroughly studied dur-
ing the century since their discovery. Moreover, being N-heterocycles, they tend
to be weakly luminescent. However, systematic studies utilizing a range of acids
to estimate the extent of protonation and the effects of the counter anion on these
systems have been scarce. In addition, the effect of protonation on the structural
properties of these N-heterocycles using single crystal X-ray diffraction has not
been investigated.

To gain further information on the acid-base interactions, a fundamental
study on the effect of protonation on the fluorescence of isoquinoline (20, Figure
14), acridine (21), and benzo[h]quinoline (22) was carried out in solution, and in
the solid state. The protonation of 20-22 with six different organic acids 33-38
(Figure 18) was evaluated using UV-Vis spectroscopy, NMR spectroscopy, and
single crystal X-ray diffraction. The protonation was found to be an effective tool
in fluorescence enhancement. The naturally very weakly fluorescent 20 (@ <1%)
was observed with a 50-fold increase in the integrated relative fluorescence in-
tensity without the need for a huge excess of acid (1.5:1 acid-to-base ratio used).
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Upon protonation, the n,7* electronic state stemming from the nitrogen lone
pair is converted to a 7" state. In the absorption spectra (Figure 19), this is ob-
served as an arising broad-band absorption at longer wavelengths due to the ,7*
transition. For compounds 21 and 22, the protonation-induced changes in the ab-
sorption spectra were minor and the protonation was determined to occur pre-
dominantly in the excited state, whereas using 35 for protonation, the absorption
of the aromatic acid can be seen at 250 - 270 nm when excess acid is added (> 1.0
equivalents). However, this is well below the used excitation wavelength, and
bears no change in the fluorescence spectra. The 7,* state is more likely to un-
dergo fluorescence, and therefore, the protonation was observed as a fluores-
cence increase (Figure 19). Additionally, for 22, a significant 50 nm bathochromic
shift in the fluorescence maxima was observed. The fluorescence quantum yield
upon protonation was determined using Equation 1 and 9,10-diphenylanthra-
cene as a reference. An increase from less than 1% to 27% was obtained for 20
using 35 as the acid.

0.7

Absorbance (a.u.)
Intensity (a.u.)

\ 0 / ~—
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Figure 19 The absorption (left) and fluorescence (right) of isoquinoline (20) upon titra-
tion with benzenesulfonic acid (35) from 0.0 to 4.0 equivalents of acid (104 M
in DCM, Aex = 310 nm).

The strength of the acid (pKa) was determined to play a directing role in the extent
of the effect on the fluorescence of the compounds. The effect grew stronger as
the donating powers of the acid increased. A discrepancy was observed with 35,
despite it being a weaker acid than 33 and 34 according to their determined pKa
values, stronger interactions were observed with each base due to the better sta-
bility of the counter anion of the aromatic 35 compared to the acetic acids. Once
the pK. of the acid was raised above 1, virtually no changes were observed in the
absorption and fluorescence spectra due to incomplete protonation. However, in
the solid state, protonation was observed regardless of the acid used due to the
extremely high concentrations induced by the crystallization process. The
strength of the interactions with the acids was further corroborated by binding
constants determined in solution from the absorption spectra. The strongest
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interaction induced by 35 was supported by the three-fold binding constant in
comparison to the stronger acids 33 and 34.

The crystal structures of the corresponding salts upon protonation were ob-
tained through 1:1 acid-base reactions in CHsCl and the single crystals were at-
tained either by slow evaporation of the CHsCl solution or by diffusion of hexane
into a CHsCl solution, or diisopropyl ether into a CH>Cl» solution. The combina-
tions utilizing the weaker acids (pKa > 1) were more difficult to crystallize and
some of them remained elusive. The X-ray diffraction studies of the acid-base
pairs yielded information on the charge-assisted hydrogen bonds. The O --:N dis-
tances were determined to have a narrow range from 2.560(2) A to 2.714(3) A
with the exception of the salt formed from a reaction of 20 with 35. This salt with
the benzenesulfonate counter anion was determined to have O ‘N distance of
2.862(7) A, assisted by additional intermolecular interactions in the solid state.

g

2.617(4) A

77

Figure 20 The ORTEP representations of the crystal structures of 76, 77, and 78 resulting
from the protonation of 20 with various acids.

To further investigate the solid-state interactions, a Hirshfeld analysis was per-
formed on the obtained crystal structures. The Hirshfeld analysis’3! supported
the explanation of the longer O --'N distance for the 20:35 salt, where a multitude
of H--O interactions to adjacent benzenesulfonate anions were observed only in
the case of 20. However, the solid-state interaction was determined to be mainly
induced by the lattice interactions and not necessarily reflecting the true nature
of the interaction in solution.
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Figure 21 Full fingerprint regions of the benzenesulfonate anion (35) in the salt formed
upon protonation of 20 and two views of the intermolecular contacts to the
Hirshfeld surface of the anion. In the fingerprint plot, d; represents the closest
internal distance from a given point on the Hirshfeld surface, and d. is the clos-
est external contact (in A)

2.3.2 The effect of protonation on carbazole derivatives

The results of the above study enabled us to gain further information on the use
of acid-base interactions for supramolecular emission control and inspired us to
broaden the scope to carbazole derivatives with more prominent application po-
tential. The fluorescence of the quinoline derivatives was studied only in solution,
however, many applications require good luminescence properties also in the
solid state. Commonly, fluorescent molecules are studied in conventional thin
tilms, though single crystals are free of boundary defects making them important
research goals for applications such as in organic diode lasers.?!

The development of purely organic emitters is imperative for their non-tox-
icity, low cost, and high performance. Carbazole has high triplet energy making
it an enticing material for the development of blue-light emitting diodes.118124132
However, concurrently achieving high efficiency, long lifetime, and low cost with
purely organic blue emitters is still considered a challenge.13? Bipolar host mate-
rials are a newly developed method for smarter molecular design, which holds
spatially separated electron-withdrawing and electron-donating units within the
same molecule promoting balanced charge flux and broadened exciton recombi-
nation.133-135 However, this design might lead to the formation of an intramolec-
ular charge-transfer state (ICT), which, if twisted, could lead to the excited state
energy being quenched by the rotary motion of the molecule.80.136:137

Compounds in Scheme 9 were studied in solution and the solid state upon
protonation with acids (Figure 18). Other than 67, a pyridyl-moiety was used as
a protonation site. Compounds 56 and 59 utilized the benzophenyl moiety as the
electron-withdrawing unit, whereas 62 and 65 have pyridyl and phenylpyridyl
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Scheme 9 The synthesized carbazole-based emitters used to study the effect of protona-

tion on the fluorescence properties.

moieties as the corresponding units localized differently on the electron-rich car-
bazole core. Compound 67 was used as a reference for a constant positive charge
localized on the pyridyl nitrogen with a weakly coordinating PFs- anion.

Compounds 56 and 59 behaved as expected based on the quinoline studies.!
From the two possible HB acceptor sites on 56, the pyridyl moiety is predomi-
nantly protonated due to greater basicity. The protonation of 56 (Figure 22) re-
sulted in a total fluorescence enhancement factor of 2.8, and all the original ab-
sorption bands diminishing while two new bands were observed at 319 and 382
nm, the latter being characteristic of the cationic species.! Moreover, the two nu-
cleophilic sites led to the saturation at 2.0 equivalents upon protonation. Similarly,
this was observed for 59 at the 3.0 equivalents point due to the two pyridyl-ac-
ceptor units and the benzophenyl moiety. Additionally, a noteworthy increase in
the @ from 16% to 80% was observed for 56. Upon reaching the saturation point,
the fluorescence intensity of 56 and 59 began to decrease possibly due to the in-
creased polarity of the solution, which is supported by the loss of isosbestic
points in the absorption spectra.?
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Figure 22 The absorption (left) and fluorescence (right) spectra of 56 upon upon titration
with benzenesulfonic acid (35) from 0.0 to 4.0 equivalence of acid (10> M in
DCM, Aex = 340 nm).

The observed changes in the absorption and fluorescence spectra of 56 and 59
were explained by a time-dependent density functional theory (TD-DFT/CAM-
B3LYP/6-31G(d,p)) study, which showed significant changes in the LUMO or-
bitals of 56 upon protonation (Figure 23). The relocalization of the LUMO orbital
along with the easier planarization of the protonated pyridyl and carbazole moi-
eties were determined as the principal grounds for fluorescence enhancement in
56 and 59.

-0.549 eV
LUMO

1416 eV
LUMo

Figure 23  Different localization of the LUMO orbital on 56 and its protonated form (56H*)
(TD-DFT/CAM-B3LYP/6-31G(d,p)).

The different localization of the electron-withdrawing moiety on 62 and 65 in-
duced changes dissimilar to 56 and 59 upon protonation (Figure 24). Unexpect-
edly, the fluorescence of 62 and 65 was quenched upon protonation to the point
where 62 was observed with a @ of 0.97% and 65 with a @ of 0.14% with 2.0 and
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4.0 equivalents of acid 35, respectively. Natural population analysis at the same
DEFT level of theory as above and a Wiberg-index analysis on 62 bond lengths and
strengths indicated changes in the lengths of the pyridyl endocyclic bonds due
to reorganization of the electron density to accommodate the extra positive
charge on the pyridyl-moiety. An easier rotation about the carbazole-pyridyl N-
C was determined as the principal reason for the fluorescence quenching in 62.
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Figure 24 The absorption (left) and fluorescence (right) of 62 upon upon titration with
benzenesulfonic acid (35) from 0.0 to 2.0 equivalents of acid (10> M in DCM,
Aex = 290 nm).

For potential application purposes, the fluorescence of these systems was evalu-
ated in the solid state (except for 59 due to extremely poor solubility preventing
valid crystallization efforts). For all the solid-state samples, protonation resulted
in a significant bathochromic shift in the fluorescence maxima suggesting a J-type
packing for these compounds. J-type packing with a large Stokes shift limits self-
absorption and enhances fluorescence in the solid-state.8* A comparison of the
solid-state fluorescence of the pure compound and the protonated form for all
suitable samples is presented in Figure 25. Without the charge-assisted hydrogen
bonding, the samples resulted in low fluorescence quantum yields (1-3%). A
comparison of the fluorescence data obtained in the solution and the solid state
is presented in Table 1.

45



3
8 —o— 56 —— 65
2 —— 56H" ——65H"
w
c - i
I3 T
= ——62 TN —— 67
. s N
£ —— 62H" / S
= Y Al / HA‘:N'L“‘*-—'\—Q_.'F. e e i
z 400 500 800 700 400 500 600 700

Wavelength {(nm) Wavelength (nm)

Figure 25 The fluorescence spectra of the solid-state samples of 56, 62, 65, and 67, and
the protonated forms of 56, 62, and 65 denoted with H*. (Excitation wave-
lengths of 330 nm, 333 nm, 331 nm, 303 nm, 326 nm, 310 nm, and 320 nm were
used, respectively).

Table 1 The fluorescence data of 56, 59, 62, and 65 (and their corresponding benzene-
sulfonate salts), and 67 with absolute quantum yield values both in solution
and in the solid state.

In dichloro-
Com-

q methane2 Solid-state

oun

P dex (M) Fnay (nm)b @ (sol)e Aex (NM)  Fay (nm) @ (5, %)
56 340 458 16.14 330 442 1.51
56H* 340 472 79.45 326 521 15.81
59 340 473 18.06 - - -
59H+ 340 451 79.18 - - -
62 290 341, 356 10.52 333 360 2.46
62H* 290 341, 356 0.97 310 483 25.09
65 340 415 32.03 331 369 1.21
65H+ 340 420 0.14 320 457 49.02
674 - - - 303 469 21.65

a Measured at the concentration of 1.0 x 10> M at 25 °C.

b Reported at 1.0 or 2.0 equivalents of benzenesulfonic acid according to the number of protonation sites.

¢ Reported at 4.0 equivalents of benzenesulfonic acid for the protonated ligands, except for 62H* at 2.0 equivalents.
d Not soluble in dichloromethane, hence no solution studies were performed.

To further analyze the contradicting solid-state fluorescence results, the acid-base
pairs were crystallized and analyzed with single crystal X-ray diffraction. The
hydrogen bond distances O -- N were observed between 2.588(2) - 2.784(3) A for
all acid-base pairs. The interaction of 56 with 35 is presented in Figure 26. The
differences in the bond lengths were determined to occur as a result of crystal
packing effects.
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Figure 26 The ORTEP (top) and spacefill (bottom) representations of the crystal structure
of 56 protonated with 35 with an N --O distance of 2.781(3) A. Thermal dis-
placement ellipsoids drawn at the 50% probability level.

Compound 62 crystallizes in the chiral P21212; orthorhombic space group in a
dimer-type packing stabilized by off-center - interactions as well as C-H -
edge-to-face and C-H -- N interactions from the pyridyl nitrogen. Compounds 62
and 65 are structurally separated only by a phenyl group, and as expected, have
very similar packing in the solid state. Compound 65 also crystallizes in an or-
thorhombic space group, though now in the centrosymmetric Pbca space group,
and is stabilized by similar off-center -7, C-H - 7r edge-to-face and C-H --"N in-
teractions. These intricate 3D networks of intermolecular interactions resulted in
most of the fluorescence being quenched with 62 and 65 having significantly
lower @ values (2.46% and 1.21%, respectively) than in solution. Unfortunately,
the unprotonated 56 single crystals remained elusive.

The reference compound 67 was found in a centrosymmetric monoclinic
C2/c space group in a brick pattern familiar for the J-type packing. Along with
the stabilizing intermolecular interactions (7, C-H ‘- F) and the anionic interac-
tions reducing the rotation of the pyridinium moiety, this type of packing re-
sulted in a moderate solid-state @ (21.65%).

In addition to a large bathochromic shift, the protonation of all the solid-
state samples 56, 62, and 65, resulted in an increase in the @ value reaching a
significant improvement for 65 from 1% to 49%. Complex 56H* was found crys-
tallizing in a triclinic P1 space group in a dimer-type head-to-tail packing of the
pyridyl-carbazole motif. A staircase pattern was stabilized by weak off-center 7-
7 interactions (3.8 A interplanar distance of the aromatic rings) as well as C-H - 77
edge-to-face interactions, and N-H O (2.781(3) A) charge-assisted hydrogen
bonding. Similarly, complex 65H* was found in a monoclinic P2;/c space group
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with weak off-center -7 interactions (3.7 A interplanar distance of the aromatic
rings) and intermolecular interactions between the ionic pairs (N-H - O, 2.706(2)
A) in a staircase pattern. Unfortunately, good-quality single crystals for 62H*
were not obtained.

The difference between the two protonated structures is in the packing of
the carbazole moieties, which for 56H* are coplanar, yet for 65H* was found
packing at a 45.9° angle making the off-center -7 interactions less effective. The
crystal packing in 65H* forces the molecule into a twisted conformation with an
angle of 165.7° between the centroid of the five-membered carbazole ring, the
carbazole nitrogen, and the carbon of the adjacent phenyl ring (Figure 27). How-
ever, for other structures, this angle lies very close to 180°, explaining the signif-
icantly larger increase in the @ value for the protonated solid-state sample of
65H* due to the less densely packed, yet highly restricted, crystal lattice com-
pared to the other protonated samples.

Figure 27 The packing in the crystal structure of 65H* resulting from the protonation
with 35 viewed along the crystallographic b-axis and the steric hindrance in-
duced by the bent conformation of the carbazole moiety.

The protonation-induced easier planarization and the relocalization of the
LUMO orbital on the protonated species with 56 and 59 led to the enhanced flu-
orescence in the solution state. In the solid state, the rotation about the N-C bond
was restricted upon protonation in each complex. The bent conformation and the
resulting loose packing of 65H* led to weaker intermolecular interactions in the
crystalline form and a significant increase in the fluorescence quantum yield. The
pronounced bathochromic spectral shift observed for the protonated species in-
dicated a noticeable decrease in the energy gap between the emissive state and
the first triplet state of the molecules, which could facilitate a more efficient TADF
process. Therefore, implementing this strategy could further boost the develop-
ment of future bipolar emitters.
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2.4 Self-assembly of silver(I) [N-Ag-N]* and iodine(I) [N-I-N]*
complexes! LIV

241 Iodine(I) and silver(I) complexes of benzoimidazole and pyridylcarba-
zole derivatives

The exceptional strength of the halogen(I) complexes has made them an interest-
ing subclass of halogen bonding. However, as per their reactivity, not many
unique complexes have been reported in the solid state.39626469138-143 Within this
study, we set out to synthesize and characterize, in solution and in the solid state,
new iodine(I) complexes and their parent silver(I) complexes based on bicyclic
benzoimidazole and pyridylcarbazole. Ligands 20, 41-44, 62, and 65 were used in
the complexation reactions. The crystallization process from ligand 41 to the sil-
ver(I) complex (68a) and the analogous iodine(I) complex (72a) is presented in
Figure 28. The solvent choice was dictated by the solubility of the

R -
N7 "N~ AgPF V’u\v o &

j — e - U\U"( H.2""«')» » \f“‘f : Qw/&

(CH3),CO, 4°C ﬁ 3 CH3CN, 4°C " “*VU «

41 68a ¥ 72a .

Figure 28 The crystallization of the silver(I) complex 68a and the iodine(I) complex 72a
using ligand 41 through steps of evaporation of acetone and acetonitrile in the
fridge, respectively.

complexes, which for some, was relatively poor. When using DMSO, the silver
iodide remained dispersed in solution and required centrifugation for optimal
separation.

The formation of the silver(I) and iodine(I) complexes was monitored using
1H and 'H->N NMR spectroscopy. For all reactions, a full conversion from the
ligand to the silver(I) complexes was supported by the complexation-induced
downfield shifts between 0.02 - 0.47 ppm in the TH NMR spectra (see Figure 29
for ligand 44). Similarly, full conversion from the silver(I) complex to the analo-
gous iodine(I) complex was evident from the "H NMR spectra with further down-
tield shifts of 0.13 - 0.59 ppm upon complexation. However, the complexes re-
sulting from a reaction with 65 were fairly insoluble and were therefore not char-
acterized in solution. Additionally, less than ideal solubility was observed for 74a
resulting in a broadened 'H NMR spectrum.
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Figure 29  The comparison of the TH NMR spectra of ligand 44, the corresponding silver(I)
complex [L-Ag-L]PFs (71a), and the iodine(I) complex [L-I-L]PF¢ (75a) (from
bottom to top). All values are in ppm and referenced to residual CHsCN (1H)
(500 MHz, 298 K).

The wide chemical shift range and the direct involvement of the nitrogen in the
complexation resulting in large chemical shift changes renders 'H-1>N HMBC
measurements convenient for monitoring the [N-I-N]* halogen bond for-
mation.’* However, the longer measurement time required for the 1>N measure-
ments, due to the less abundant nature of >N in comparison to 'H, in some cases
inherently led to the precipitation of the iodine(I) complex in the time required
for the measurement completion. Thus, not all the HMBC spectra for the iodine(I)
complexes were obtained. Nevertheless, most of the spectra were obtained, and
the comparison of the TH-15N HMBC spectra of 44, 71a, and 75a is presented in
Figure 30. Additionally, the chemical shifts observed for all measured ligands
and their complexes are presented in Table 2. In addition to the low solubility,
the previously observed line broadening might occur due to the ongoing disso-
ciation-association reaction commonly observed for weakly nucleophilic lig-
ands.¢! Close to a 50 ppm change in the chemical shift of the sp?-acceptor N-atom
(N1) was observed upon silver(I) complexation and another 50 ppm upon io-
dine(I) complexation, the largest complete change from ligand to iodine(I) being
111 ppm. Additionally, the chemical shifts of the non-coordinating nitrogen (N2)
were found to change in the opposite direction by 5 ppm upon each complexation.
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Figure 30 The comparison of the TH-15N HMBC correlation spectra of the ligand 44, the
silver(I) complex (71a), and the iodine(I) complex (75a). All values are in ppm
and referenced to residual CHsCN (1H) or CD3:NO; (**N) (500 MHz, 298 K).

Further confirmation of the complex formation was sought out by crystallization
reactions. From the previous solution state studies, the solubility of the iodine(I)
complexes containing 43, 62, and 65 was found problematic, and this, eventually
made crystallization attempts of these complexes redundant. However, 12 new
silver(I) structures and 8 iodine(I) structures, 4 of which are unique (involving
ligands with no reported [N-I-N]* structures), were obtained. The silver(I) com-
plexes  were found with Ag-N  bond lengths 2.086(3) -

Table 2 The TH NMR of the proton most affected upon complexation and H-1°N
HMBC chemical shifts of the N1 (top) and N2 (bottom) nuclei upon silver(I)
and iodine(I) complexation for ligands 41-44, 20, and 62 (where N1 is an ac-
ceptor for the silver(I) and iodine(I), and N2 is the non-coordinating nitrogen).
All values reported in ppm. For experimental information, see the original
publication.!I

Complexlal 1H 1H-15N HMBC
Ligand [N—Ag—NJ+ [N—I—NJ+ Ligand [N—Ag—NJ]+ [N—I-N]J+
[41—-X-41]* 7.912 8.247 8.575 -138.9 -178.5 -232.0
-238.3 -233.1 -228.5
[42 — X —42]+b] 7.976 8.306 8.649 -138.4 -180.7 -232.2
-223.1 -218.2 -214.1
[43 —X —43]*b] 8.000 8.468 9.062 -138.0 -180.2 -
-239.1 -235.0 -229.7
[44 — X —44]+ 7.828 8.181 8.473 -140.3 -184.2 -234.4
-225.9 -220.6 -216.6
[20 — X —20]*I 9.256 9.277 9.629 -70.1 -106.1 -181.9
[62 —X—62]*Ib] 8.868 9.097 9.230 -67.7 -124.8 -
-251.9 -251.0 -

[a] With PFs counter-anion. [b] Poor solubility of the iodine(I) complex. [c] Only N1.

2.177(2) A and angles of 149.11(8) - 180°. The silver(I) structures demonstrated
well the ability of silver to coordinate to a wide range of molecules. Several
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silver(I) complexes were found with argentophilic Ag* --*Ag* interactions leading
to dimer-type packing in the solid-state. The Ag* --‘Ag* bond lengths were found
between 3.018(8) - 3.3438(9) A, though longer separations were observed as well.
The crystal structure of the silver(I) complex of ligand 65 with 4-coordinating sil-
ver(I) atoms is presented in Figure 31. In addition to the argentophilic interac-
tions, silver(I) structures were commonly observed with coordinating solvent
molecules, especially when CHsCN was used as the crystallization solvent. The
ability of carbazole to form the C—H ‘- 7r edge-to-face interactions previously ob-
served in the protonation studies! became evident also in these silver(I) struc-
tures.

N53-Ag  2.176(5)
N23-Ag  2.167(5)
N101-Ag 2.597(9)
Ag-Ag  3.018(1)

Figure 31 The strongest argentophilic interaction found in the crystallization of the sil-
ver(I) complexes using ligand 65. All lengths are in A.

For the seven ligands investigated, the iodine(I) structures were obtained for four
of them (Figure 32). In contrast to the silver(I) structures with multiple coordi-
nating molecules and a wide variety of coordination angles, the iodine(I) [N-I—
NJ* halogen bonds have demonstrated a strict preference for linearity due to the
electronic origin of this interaction.5657.59.60.63 Furthermore, the I* cation in the 3c-
4e halogen bond does not possess the required empty orbitals for the interaction
with more than two molecules. The N-I bond lengths were found between
2.238(2) - 2.261(5) A and bond angles of 176.9(2) - 180°, which further validated
the linear nature of the I* cation. The 3c-4e halogen bonds of these complexes
experienced bond lengths shorter than usual corresponding to Rxs values of 0.63
- 0.64 and indicating even stronger interactions than usually reported for the [N—
I-N]* complexes (Rxs = 0.65 - 0.69, d(N-I) = 2.23 - 2.31).34142
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Figure 32 The four unique crystal structures of the [N-I-N]* complexes using ligands 20,
41, 42, and 44. The symmetric N-I bond lengths were between 2.238(2) -
2.261(5) A and bond angles 176.9(2) - 180°. Thermal displacement ellipsoids

drawn at the 50% probability level and counter anions omitted for clarity.

In addition to the expected silver(I) and iodine(I) structures, a few unexpected
ones were also obtained including an interesting asymmetric two-coordinate sil-
ver(I) structure of ligand 65 and a molecule of CH3CN, with the only similar two-
coordinate acetonitrile structure being reported more than 20 years ago.¥> The
asymmetric structure was observed with a slightly shorter 65-Ag* bond length
than the corresponding symmetric structure, and a symmetry enforced linear 180°
angle. Herein, we demonstrated the reliable nature of the I* cation as a supramo-
lecular synthon. Despite the limited solubility of some of the ligands, all of them
were capable of the interaction. Furthermore, it was envisioned that the results
presented herein could lead to enhanced development of future XB-based mate-
rials.

24.2 Dimeric iodine(I) and silver(I) cages from tripodal N-donor ligands

The third publication™ demonstrated the well-known linear and symmetric na-
ture of the iodine(I) cation.5657,59.0.63 Furthermore, a rare example of a solid-state
structure of iodine(I) capsular assembly has been reported using ligand 48.73
These results, in addition to several analogous metallocages,'46-151 led us to be-
lieve similar 3c-4e capsular assemblies for ligands 49-53 could be prominent.
Herein, six tripodal N-donor ligands were synthesized and used in the construc-
tion of silver(I) and iodine(I) capsular assemblies.
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The addition of elemental iodine to the parent silver(I) cages formed by a
reaction of the ligand and a silver(I) salt in a 2:3 ratio resulted in the formation of
the analogous iodine(I) cage through the [N-Ag—N]* to [N-I-N]* cation exchange
reaction.?*5¢ All complexation reactions were performed in either CH3;CN or
DMSO due to the poor solubility of the complexes. The formation of the capsular
assemblies in solution was studied by 'H and "H-15N NMR spectroscopy (Figure
33). Rissanen et al. have previously performed similar studies on the cage formed
using 48a,73 which was, therefore, excluded from the NMR spectroscopy. Similar
to previous reports,®7.6%7311 the formation of a silver(I) complex resulted in down-
field shifts in the ligand chemical shift affecting most prominently the proton (H1)
closest to the coordinating nitrogen (N1). Chemical shift changes from the un-
complexed ligand to the silver(I) cage were observed between 0.16 ppm and 0.48
ppm for the different ligands. Upon the Ag* to I* cation exchange reaction, an
additional 0.16 ppm to 1.21 ppm change was observed. In a previous publica-
tion,! the solubility of the complexes was observed to decrease upon silver(l)
and iodine(I) complexation, especially as the size of the ligand grew larger. More-
over, similar obstacles were observed within this study as well. For a few of the
iodine(I) cages, a clean spectrum indicating full conversion from a silver(I) to io-
dine(I) cage was obtained, however, some showed a mixture of species, possibly
due to the low solubility and therefore incomplete cation exchange. The TH-1°N
correlation measurements provided further indication of the cage formation.
However, in most cases, the time required for the 1N measurements resulted in
precipitation of the iodine(I) cage, and for some cages, only the parent silver(l)
cage measurements were successful. A full set of N resonances was obtained
for only one species (49), and even then, indicated a mixture already present in
the TH NMR spectrum. A chemical shift change of 50 ppm was observed for N1
upon silver(I) complexation, whereas the non-coordinating nitrogen (N2) expe-
rienced a change of 5 ppm.
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Figure 33  The comparison of the 'TH NMR spectra of ligand 51, the corresponding silver(I)
complex [L-Ag-L]PFs, and the iodine(I) complex [L-I-L]PFs (from bottom to
top). All values are in ppm and referenced to residual CH3CN (*H) (500 MHz,
303 K).

The dimeric cage composition for all ligands was confirmed in the gas phase with
electrospray ionization mass spectrometry (ESI-MS) and ion mobility-mass spec-
trometry (IM-MS).103152 Cage formed using ligand 51 (L) was observed with ions
[L2Ags+PFe]?* and [Lals+PFe]?* at m/z values of 787 and 815, respectively (Figure
34 and Figure 35). Moreover, cages were observed with other anions, such as I-
and PF2O>. All the silver(I) and iodine(I) cages showed good agreement between
the theoretical and experimental isotopic patterns. The IM-MS analysis depicted
similar arrival-time distributions with narrow peak widths for both Ag* and I*
cages, indicating discrete, well-defined structures. A slight increase in the size
was observed for the I* cage, compared to the Ag* cage, which is consistent with
the previously reported structures of similar cages.”> A comparison of the deter-
mined single crystal structure of the Ag(I) cage of 53 with hexafluorophosphate
and the analogous iodine(I) structure determined computationally is depicted in
Figure 36.

Despite extensive efforts, crystal structures of the iodine(I) cages remained
elusive. However, 11 silver(I) cage structures, 9 of which unique, were obtained.
The previous publication! was merely an example of the significance of the sur-
rounding environment in silver coordination. Once more, the silver(I) structures
were observed with a wide range of bond lengths (2.068(12) - 2.170(7) A) and
angles (163.1(2) - 180.0(5)°), however, the cage formation seemed to
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(a) (b)

Figure 36 (a) The crystal structure of silver(I) cage with 53 encapsulating a hexafluoro-
phosphate anion and (b) the computational model of the analogous iodine(I)
cage.

slightly restrict these values and the angles were in general closer to linear than
observed for the monodentate ligands." The main objective in the cage design
was anion encapsulation, which was successful in 9 of the structures. However,
as is common in supramolecular host-guest chemistry,!>? in two cases the anion
was found heavily disordered inside the cage and therefore required an untena-
ble number of restraints and constraints to, at best, poorly model their disorder,
which was further complicated by their high symmetry, resulting in the best pos-
sible solution of accounting for the corresponding electron density from these
structures computationally. However, some anions were tightly encapsulated
and nicely ordered in their cages (Figure 37). To further investigate the interac-
tions between the ionic counterparts, the shortest distances between the anionic
and cationic species were evaluated. The shortest silver(I) distances to the anionic
fluorenes were found between 2.66(1) and 2.802(9) A. In addition, hydrogen
bonds between the fluorine atoms and the aromatic imidazole C—H moieties
were estimated to be between 2.33 A and 2.66 A, which along with the ionic in-
teractions remain shorter than the sum of the van der Waals radii®* of the corre-
sponding atoms (Ag—F =3.19 A, F---H = 2.67 A). However, the distances rely on
the orientation of the anion, and therefore, an additional Hirshfeld analysis!3! us-
ing CrystalExplorer'> was performed. The Ag(I) cage of 53 encapsulating a hex-
afluoroantimonate is presented in Figure 37 and the Hirshfeld analysis per-
formed on the same structure is presented in Figure 38. Both the Ag-Fand F---H
interactions can be seen on the Hirshfeld surface as bright red dots indicating
contacts closer than the van der Waals radii. From the surface analysis, the cation-
anion interactions seem to be governing the anion encapsulation, however, a sig-
nificant contribution comes from the hydrogen bonding which is depicted by the
2D fingerprint plot (Figure 38), where the Ag-F and F--- H interactions are dis-
played as spikes at the bottom-left part of the plot. In general, the Ag-F interac-
tion was determined to contribute 9.2 - 17. 0% of the interactions in all cage

57



structures and the F --- H interactions contributed 81.8 - 90.8% with minor contri-
butions from other interactions.

Figure 37 The ORTEP (guest omitted) and spacefill (guest present) representations of the
silver(I) cage crystal structure of 53 with a hexafluorophosphate anion. Anions
outside the cage omitted for clarity. Thermal displacement ellipsoids drawn at
the 50% probability level.

de
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Figure 38 Full fingerprint regions of the hexafluoroantimonate anion in the silver(I) cage
of 53 and two views of the intermolecular contacts to the Hirshfeld surface of
the anion. Other interactions contributing to the anion binding: Sb—F ---C (1.7%).
In the fingerprint plot, d; represents the closest internal distance from a given
point on the Hirshfeld surface, and d. is the closest external contact (in A).

In summary, the formation of the dimeric iodine(I) cages based on imidazole-
derived tripodal ligands was confirmed in solution with NMR spectroscopy as
well as in the gas phase with ESI-MS and IM-MS. In addition, the parent silver(I)
cages were crystallized and analyzed with single crystal X-ray diffraction. Struc-
tural similarities were observed between the analogous silver(I) and iodine(l)
cages by comparing the Ag* crystal structures to the theoretical I* cages, in addi-
tion to the comparable IM-MS spectra of the two species. Unfortunately, the crys-
tal structures of the iodine(I) cages remained elusive. For all the cages, [L2X3]?*
ions were observed in the mass spectra, indicating stronger interactions between
the cage and one of the anions. These results would suggest that the anion

58



encapsulation occurs also in the gas phase, and therefore, would also support the
postulation that anion encapsulation could occur in solution as well. However,
during crystallization, in the iodine(I) cages, the anisotropic nature of the I* cat-
ion might result in repulsive interactions with the fluorinated anions preventing
the encapsulation of the anion. This would lead to problems in terms of packing
in the solid state with excess voids in the structure, which would inevitability
result in a powder form. However, the work herein serves as further proof of the
practicality of the iodine(I) synthon in the design of more complex supramolecu-
lar structures.
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CONCLUSIONS

The work within this thesis focused on the synthetic and structural studies on
hydrogen- and halogen-bonded complexes of selected aromatic amines. The self-
assembly and reversibility of non-covalent interactions render them imperative
tools in smarter molecular design and functionalization. The effect of charge-as-
sisted hydrogen bonding on simple N-heterocycles was used as a preliminary
study to gain further information on acid-base interactions for supramolecular
emission control. Protonation was found to be an effective tool in fluorescence
enhancement of both quinolines as well as the synthesized novel carbazole emit-
ters. An over 50-fold increase in the naturally very weakly fluorescent isoquino-
line was observed upon protonation with benzenesulfonic acid. In addition, 50
nm bathochromic shift was observed in the fluorescence maximum of
benzo[h]quinoline, which demonstrated the tunability of the fluorescence of N-
heterocycles using intermolecular interactions.

Moreover, the density functional theory provided information on the inner-
workings of the carbazole molecules upon protonation. The intramolecular rota-
tion was determined to direct the excited state relaxation processes resulting in
either fluorescence enhancement or quenching upon protonation. The studies on
the carbazole emitters yielded further insight into the effects of protonation on
the solid-state luminescence properties. The control over the charge-assisted hy-
drogen bonding provides tools for directing the excited state relaxation pathways,
and therefore, emission control. Furthermore, the results of the second publica-
tion suggested protonation to lower the energy gap between the first excited sin-
glet and the triplet state, which could enhance reverse intersystem crossing and
result in a more efficient thermally activated delayed fluorescence process. The
protonation-induced restriction of intramolecular rotation was proposed as a
way for future development of emitter materials.

The novelty of 3c-4e halogen bonds of halonium ions was discussed in the
publications III and IV when new [N-I-N]* halogen-bonded complexes based
on imidazole and carbazole moieties were designed and synthesized. Both pub-
lications yielded information on the [N-I-N]* halogen bond as well as on the
parent silver(I) complexes. It was postulated, that the inherent anisotropic nature
of the I* cation prevented the anion encapsulation in the dimeric [N-I-N]* cages
in the solid state, which could explain the elusiveness of the X-ray crystal struc-
tures of the [N-I-N]* capsular assemblies. However, the systematic study of the
[N-I-N]* cages provided indisputable evidence of the importance of the 3c-4e
halogen bond as a supramolecular synthon to be used in future materials based
on halogen bonding.
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Introduction

Supramolecular chemistry has been defined as “the chemistry
of the intermolecular bond, covering the structures and func-
tions of the entities formed by association of two or more
chemical species”.! The field of supramolecular chemistry has
gained notable interest in the past decades due to its great
potential in many subfields of molecular self-assembly, molec-
ular recognition, and molecular machinery, all gaining advan-
tage from non-covalent bonds.”> Non-covalent interactions cover
electrostatic, hydrogen-bonding, halogen-bonding, aromatic
donor-acceptor, cation- and anion-7 interactions, and sol-
vophobic effects. Understanding the chemistry and intermo-
lecular interactions of molecular entities and their associations
provides significant advantages in the synthetic design of new
systems, and are essential for understanding the world around
us.

The importance of luminescence control is apparent not
only in biological applications, e.g., as a biosensing tool,* but
also as an emission control in optical applications, such as
lighting or organic light-emitting diodes.* A pH-dependent
fluorescence has been reported in various occasions: de Silva
et al. reported pH-dependent fluorescence of naphthalenic
derivatives for molecular sensing and switching,>® Ma et al.

“Department of Chemistry, University of Jyvaskyla, P.O. Box 35, Survontie 9B, 40014
Jyvéskyld, Finland. E-mail: kari.t.rissanen@jyu.fi

*Smart Photonic Materials, Faculty of Engineering and Natural Sciences, Tampere
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caused by additional intermolecular interactions in the solid-state.

have reported pH-dependent fluorescent probes for cancer cell
imaging,” and already decades ago Mataga et al. studied the
hydrogen bonding effect on the fluorescence of some N-
heterocycles.®

N-Heterocycles, such as quinolines, are known to be weakly
fluorescent in comparison to their isoelectronic hydrocarbons.
These heterocycles possess non-bonding electrons which give
rise to (n—-1v*) excited states resulting in an increased spin-orbit
coupling.®™ This coupling leads to an enhanced intersystem
crossing, effectively decreasing the fluorescence quantum yield.
It is also commonly observed that the protonation of the
“aromatic” nitrogen results in a loss of emission fine structure
and a notable red-shift in the emission wavelength.'> Thus,
studies of structurally simple N-heterocycles are vital for
understanding further the effects of protonation on the emis-
sion of molecules.

The first report on the fluorescence of isoquinoline was
recorded in frozen ethanol by Zimmermann and Joop nearly 50
years ago," and later Ziegler and El-Sayed reported the phos-
phorescence of isoquinoline.** Additionally, the luminescence
properties of nitrogen-containing heterocycles have been
known to be strongly affected by the choice of solvent.® The
excited-state proton transfer in N-heterocycles, including iso-
quinoline and benzo[Z]quinoline, has been previously studied
in acidic media.>**** Benzo[k]quinoline and acridine (benzo[B]
quinoline), belonging to a group of polycyclic aromatic N-
heterocycles, have been discovered to be particularly inter-
esting since they possess different pK, values in the ground and
excited state.'®>> However, there has been no studies that are
based on comparing different acids and the effects of the
resulting counter-anion. The previous research in this area has
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been scarce and focused on studying the emission of these
compounds with a single base and, to the best of our knowl-
edge, there are no reports of studies using single crystal X-ray
diffraction to study the structural effects of protonation on
these N-heterocycles.

Herein, we have compiled a comprehensive study on the
effects of protonation on the fluorescence of three different
quinolines using six different organic acids in solution and the
structures of the resulting salts in the solid-state using single
crystal X-ray diffraction.

Results and discussion

The protonation of isoquinoline, acridine, and benzo[/]quinoline
(see Scheme 1) was studied using absorption and fluorescence
spectroscopy in dichloromethane (DCM, 0.5-1.0 x 10~* M). The
compounds were chosen due to their aromatic nature, commer-
cial availability and the single site for protonation. The proton-
ation was studied using six organic acids with different pK, values
(see Scheme 2). Dichloromethane as an aprotic solvent was chosen
to reduce the effects of solvation.

The full protonation of the base leads to an ion pair (a salt).
An example of the protonation is depicted in Scheme 3 and
investigated further in the following sections.

Spectroscopic studies in solution

Fluorescence studies. The absorption and fluorescence
spectra of isoquinoline titrated with trifluoroacetic acid (TFA)
up to a 4 : 1 acid-base ratio are presented in Fig. 1 (for other
acids, see ESIT). Based on the pK, value of 0.52,> TFA is the
strongest acid used in the experiments. The natural absorbance
of isoquinoline in DCM is shown in red. Isoquinoline has three
slightly overlapping absorption bands at 268 nm, 305 nm, and
318 nm. As the protonation of the isoquinoline increases, the
band at 268 nm decreases and experiences a bathochromic shift
of 5 nm. During the protonation process, the band at 305 nm
remains roughly the same and a new band arises at 328 nm. At
2.0 equivalents of the acid the spectrum shows saturation
indicating a complete protonation of the base, as higher
amounts of the acid do not induce any more spectral changes.
Interestingly enough, based on the fluorescence spectra iso-
quinoline seems to be only 68% protonated with 1.0 equivalent
of TFA.

The protonation of isoquinoline occurs in the ground state
as deduced from the characteristics observed in the absorption
spectrum. From the observed changes during the titration, the

e =
N N/ _

Ns
isoquinoline acridine benzo[h]quinoline
pK, = 8.86 pK, = 8.40 pKy, =9.75

Scheme 1 The structures of isoquinoline, acridine, and benzolh]
quinoline used as bases and their pK,, values in water.®
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Scheme 2 The structures and pK, values of the acids used for the
protonation of the bases.

absorption at 268 nm can be assigned to the neutral species,
whereas the band arising at 328 nm is assigned to the proton-
ated species due to the (7,7*) transitions at longer wavelengths.
Joshi et al. observed similar structureless broadband absorption
in acidic medium at 330 nm for isoquinoline.® The absorption
spectra of acridine and benzo[h]quinoline (see ESI{) show
similar spectral changes at longer wavelengths due to proton-
ation, but from these spectra, the absorption bands of the
neutral and protonated species are difficult to distinguish. The
smaller changes in the spectra could indicate that in those
compounds, protonation occurs more easily in the excited state
than in the ground state.”®

The fluorescence intensity of isoquinoline increases signifi-
cantly upon titration with acid. Similar to the absorption spectra,
protonation induces an increase in the fluorescence intensity
until the base is fully protonated. Isoquinoline and acridine
(Fig. S4t) show only an increase in the intensity while the
structure of the spectra remains the same. However, for benzol[%]
quinoline a bathochromic shift of 50 nm of the fluorescence
maxima of the neutral and the cationic species is observed. The
absorption and fluorescence spectra of all the bases with
different acids are presented in the ESI (see Fig. S1-56).1

The absorption and fluorescence properties of aromatic N-
heterocyclic compounds are strongly dependent on the prop-
erties of the solvent environment showing stronger fluorescence
in polar solvents and weaker fluorescence in nonpolar sol-
vents.”*® In dichloromethane, isoquinoline itself is only weakly
fluorescent due to its non-bonded electrons giving rise to an

o o
X —
@O\, * F}/U\OH —> F})Lo- ----- H—N*
P F F \
F F

Isoquinoline TFA Isoquinolinium trifluoroacetate (1)

Scheme 3 The protonation of isoquinoline with trifluoroacetic acid
resulting in the isoquinolinium trifluoroacetate salt.
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Fig. 1 Absorption (a) and fluorescence (b) spectra of isoquinoline
while titrating with TFA from 0.0 to 4.0 equivalents of acid in DCM
(107" M, Jex = 310 nm).

(n,m*) excited state.”® The lone-pair of the nitrogen atom in the
heterocyclic system interacts with the m-electrons restricting the
freedom of the m-electrons and making the system m-deficient,
and therefore restricting the fluorescence of the whole system.*
Once the nitrogen gets protonated, the lone pair is shared with
the hydrogen atom and the S; excited state is converted to
a (m,m*) excited state resulting in a state more likely to undergo
fluorescence which is observed as an increase in the fluores-
cence intensity. The fluorescence intensity increases until full
protonation after which the intensity remains unchanged.
Titration with TFA causes an over 50-fold increase in the fluo-
rescence intensity of isoquinoline. Similar titrations were per-
formed with all the acids shown in Scheme 2. Once the pK,
value of the acid is higher than 1, the changes in fluorescence
decrease significantly to an extent where chloroacetic acid (pK,
= 2.87) induces virtually no changes to the fluorescence prop-
erties of isoquinoline due to insufficient donating power of the
acid for protonation to occur. The fluorescence spectra of all
studied quinolines treated with 1.0 equivalent of acid are pre-
sented in Fig. 2.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

a)
= ——TFA
1 ——TCA
400 ——BSA
z ] ——DCA
: ——DBA
8 300 — S
> CA
i o
& 200
£ J
100 —
0 -
350 400 450
Wavelength (nm)
b)
=0 ——TFA
i ——TCA
400 — ——BSA
= 1 ——DCA
: ——DBA
T 300 — N
> CA
= o
§ 200 —
£ 1|
100 —
0 —
400 450 500 550 600 650
Wavelength (nm)
c)
o ——TFA
1 ——TCA
400 — ——BSA
= | ——DCA
: ——DBA
T 300 —
£
= .
S 200
= |
100 —
(=

400
Wavelength (nm)

450 500

Fig.2 The fluorescence spectra of (a) isoquinoline, (b) acridine, and (c)
benzolh]lquinoline treated with 1.0 equivalent of acid in DCM (5 x
107> M, Aex = 355 nm for acridine; and 10™* M, Jex = 310 nm for iso-
quinoline and benzolh]quinoline).

Determination of relative fluorescence intensity change and
the fluorescence quantum yield. Joshi et al. have previously
reported excitation-dependent emission of isoquinoline in an
aqueous medium where they distinguished structured fluores-
cence (Aex = 310 nm) originating from a neutral species and
broad emission at longer wavelengths (Ax = 330 nm) due to

RSC Adv, 2020, 10, 29385-29393 | 29387
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(m,7*) transitions in a cationic species.” The changes in the
spectra are dependent on the pK, value of the acid. The relative
fluorescence intensities of the N-heterocycles become larger as
the donating power of the acids increase resulting in more
effective protonation. The relative intensity change can also be
described as the fluorescence enhancement factor proportional
to the acid addition. The change in the fluorescence intensity of
the compounds was determined in relation to the native fluo-
rescence of the compound. The changes in the fluorescence
intensity of isoquinoline with all the acids are shown in Fig. 3a.
The relative intensity change follows primarily the same trend
with pK,, excluding benzenesulfonic acid (BSA), the conjugate
anion of which has much greater stability than the acetate
anions. Due to the more stable anion, even though the pK, of
BSA is higher, it is as effective in protonating the isoquinoline as
TFA and similarly manifests an over 50-fold enhancement of the
fluorescence intensity from the unprotonated isoquinoline.
Similar results were obtained for acridine as well, with
a maximum fluorescence enhancement factor of 25. For benzo
[#]quinoline, the enhancement is not as significant for the
fluorescence intensity since the neutral and cationic species
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Fig. 3 (a) The integrated relative intensity change, and (b) the changes
in the fluorescence quantum yield of isoquinoline while titrating with
various acids (DCM, 10™* M, Aex = 310 nm, 0.0 to 4.0 acid equivalents).
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emit in a very different wavelength and the fluorescence
intensity experiences only a 5-fold increase with BSA (see ESI,
Fig. S71).

The fluorescence quantum yield (QY) was studied using eqn
(1** and 9,10-diphenylanthracene as reference (¥, = 0.90,
cyclohexane?®).

772 i Arcf

D= Pr——
« nrefz A Iref

1)

where @ is the quantum yield, 7 is the solvent refractive index, I
is the integrated fluorescence intensity and A is the absorbance
of the compound at the excitation wavelength.

Quantum yields for the quinolines in their native state were
determined to be less than 1% for isoquinoline and acridine
and 15% for benzo[k]quinoline. Again, by excluding BSA from
the analysis, the QY evolution follows the trend of the pK,
values. The greatest increase in QY can be observed for iso-
quinoline, changing from virtually zero to up to 27% (see
Fig. 3b). The maximum fluorescence quantum yields obtained
for all the compounds with each acid are listed in Table 1.

The change from the (n,t*) to (,7*) excited state increases
the fluorescence quantum yield. This is due to the (n,*) states
having longer radiative lifetimes than the (m,7©*) states, and
shorter lifetimes are more likely to undergo fluorescence before
intersystem crossing.>* However, the fluorescence quantum
yield is defined as @p, = 1 — Pgc — Pic, Where Pi5c is the
phosphorescence quantum yield and ®;¢ is the quantum yield
of internal conversion.

Isoquinoline experiences significant changes in its absorp-
tion spectra upon protonation. Distinctive absorption bands
can be assigned to the neutral and cationic species differenti-
ating isoquinoline from the other two N-heterocycles. Similar
changes can be observed for acridine as well, merely to a smaller
extent. Acridine has a different electronic structure leading to
very narrow absorption bands and rendering the observation of
the change and isosbestic points more challenging. As found for
isoquinoline and acridine, the absorption of the cationic
species can also be observed for benzo[k]quinoline at higher
wavelengths, but contrary to isoquinoline and acridine, the
absorption increases throughout the spectrum and no iso-
sbestic points are observed.

In addition to that, benzo[A]quinoline also differs in terms of
fluorescence: isoquinoline and acridine only experience an
increase in their fluorescence intensity until eventually reaching

Table 1 Maximum fluorescence quantum yield (@) achieved for
each base with different acids

Isoquinoline Acridine Benzo[#]quinoline
TFA 0.241 0.089 0.157
TCA 0.201 0.082 0.156
BSA 0.274 0.101 0.148
DCA 0.102 0.035 0.157
DBA 0.057 0.031 0.156
CA 0.010 0.007 0.158
Free base 0.004 0.008 0.147

This journal is © The Royal Society of Chemistry 2020
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a saturation point, whereas the spectra of benzo[Z]quinoline
changes significantly. Neutral benzo[Z]quinoline has a fluores-
cence maximum at 367 nm, whereas after protonation, the
cationic species arises at 416 nm, shifting the fluorescence
maximum 50 nm and changing the spectra from three
distinctive bands to one broadband fluorescence. These drastic
changes affect the overall fluorescence intensity change making
it minuscule in comparison to the isoquinoline and acridine 50-
fold and 25-fold increases, respectively.

All three compounds also share similarities in their fluorescence
intensity. The intensity changes vary between the compounds, but
in each case, BSA has the largest effects, while the acetic acids follow
the trend of their respective pK, values. Considering the chemical
structure of benzo[A]quinoline, it is apparent that it is more prone to
steric hindrance than isoquinoline and acridine due to the
hydrogen at C10 (see ESI, Fig. S351) which causes a severe clash with
the hydrogen at the nitrogen atom during the protonation.

Determination of the binding constants. Isoquinoline, acri-
dine, and benzo[#]quinoline have been classified as having pk;,
values of 8.86, 8.40, and 9.75, respectively.”® For isoquinoline,
the protonation saturation is observed with all the stronger
acids (TFA, TCA, and BSA), but in variable ratios (2.0, 2.5 and
1.5, respectively). Using BSA, the saturation is observed in the
fluorescence spectra for isoquinoline at 1.5 equivalents,
whereas for acridine this occurs at 2.5, and for benzo[Z]quino-
line at 1.0, the latter indicating easier protonation than for
isoquinoline and acridine. The above-presented differences in
the protonation efficiency can be explained by the difference of
the pK;, values in the ground state and the excited state of the
base. From the absorption and fluorescence spectra, it can be
concluded that benzo[k]quinoline, like its isomer benzolf]
quinoline,* is more readily protonated in the excited state.

Due to the unsuitability of the NMR spectroscopy (see ESI,
Fig. S11-S14%1) for binding constant determination, the
absorption and fluorescence spectra of the bases were used
instead. Due to the difficulty in determining pH values in DCM,
the binding constants were determined only for isoquinoline,
for which the absorbance of the neutral and cationic species
could be easily determined from the absorption spectrum. For
isoquinoline, the absorption band at 268 nm signifies the
absorbance of the neutral species, which decreases upon addi-
tion of the acids, whereas the band at 328 nm is contributed by
the cationic species (see Fig. 4). These changes can be used to
determine the ratio of ¢(bound) and c(unbound). Binding
constants for the ground state are determined using eqn (2)*°

c(bound)
c(unbound) K.[Q] @)

where K, is the binding constant for the protonation of the base
and [Q] is the concentration of the added acid. The intensity
changes at 268 and 328 nm and their ratio during titration with
TFA are presented in Fig. 4. Binding constants can be deter-
mined from the linear fit of the two bands designated to the two
different species. It should be noted that for all the compounds,
the titration points exceeding the saturation limit were excluded
from the fit. For some of the spectra, the changes were insig-
nificant, and the binding constants could not be determined

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The change in absorbance of isoquinoline at 268 nm and
328 nm upon addition of TFA, and (b) ratio of the intensities at 268 nm
and 328 nm with linear fit.

using this method. The determined binding constants are listed
in Table 2.

The binding constant for the protonation of isoquinoline
with CA was not determined simply because the changes in the
spectra are too small and within experimental error. The
determined binding constants (see ESI, S9 and S10t) obey the
trend of the pK, values of the acids yet again excluding BSA,
which has a significantly higher binding constant for iso-
quinoline than the other acids. Although the binding constants
for acridine and benzo[h]quinoline were not determined,
similar results are expected based on the fluorescence spectra.

Table 2 Binding constants (K,) for the protonation of isoquinoline in
the ground state determined from the absorption spectra according to
eqn (2).°

K.M™
TFA 9200 + 330
TCA 8300 & 190
BSA 32 700 + 1590
DCA 4000 + 100
DBA 3100 + 120
CA N/A
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Table 3 Nomenclature of the obtained single crystals

TFA TCA BSA DCA DBA CA
Isoquinoline 1 2 3 — — —
Acridine 4 5 6 7 8 9
Benzo[h]quinoline 10 11 12 13 14 —

Single crystal X-ray crystallography

The crystallizations of the acid-base pairs were carried out with
1 : 1 acid-base ratio in chloroform and the single crystals of the
corresponding salts were obtained either by slow evaporation of
the chloroform solution or by vapor diffusion using chloroform/
hexane or dichloromethane/diisopropyl ether as the solvent/
antisolvent system. Unfortunately, not all of the crystalliza-
tions were successful and some of the salts from weaker acids
were obtained as a gel or amorphous powder. The suitable
single crystals were subjected to single crystal X-ray study. To
simplify the crystallographic nomenclature, the salts are
referred to as numbers, e.g. isoquinolinium trifluoroacetate is
denoted as 1. The numbering of all the salts is shown in Table 3.

The salt formation, viz. full protonation of isoquinoline,
acridine, and benzo[Z]quinoline, was observed in the solid-state
in all cases, regardless of the pK, values of the used acid. All
solid-state structures, except 7, 8, 13 and 14, have the expected

a)

b)

Fig.5 X-ray structures of (a) 1, (b) 2, and (c) 3. Displacement ellipsoids
are drawn at the 50% probability level. The black-dotted lines are the
N—-H---O hydrogen bonds and the blue-dotted lines represent weak
C—-H---O interactions.
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d)

Fig. 6 X-ray structures of (a) 4, (b) 5, (c) 6, and (d) 9. Displacement ellipsoids
are drawn at the 50% probability level. The black-dotted lines are the N-H---O
hydrogen bonds and the blue-dotted lines represent C—H---O interactions.

1:1 stoichiometry (see Fig. 5 and 6). The deprotonated acid

dimer (R-COOH:--OOC-R) found in 7, 8, 13 and 14 is H-bonded
to the H-N" moiety from the deprotonated acid, unlike in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 X-ray structures of (a) 10, (b) 11, (c) 12, (d) 13, and (e) 14. Displacement ellipsoids are drawn at the 50% probability level. The black-dotted
lines are the N—H---O hydrogen bonds and the blue-dotted lines represent weak C—H---O interactions.

other studied structures, and has formally a 2 : 1 stoichiometry
(see Fig. 7).

The charge-assisted hydrogen bond distances between the
corresponding acetate or sulfonate oxygen and the nitrogen of
the protonated base (O---N) are listed in Table 4. Due to the
unreliable positioning of the hydrogen atom from X-ray data,
only the distances between the heavier atoms (O and N) are
discussed. However during the refinements, a realistic H-N
bond distance of 1.04 A, based on an average of neutron
diffraction values,*® was used.

The charge-assisted H-bond distances for TFA and TCA (1, 2,
4,5,10, and 11) salts are very close to each other (Ad = 0.02-0.05
A). From the solution studies (see above), it was concluded that
the protonation of isoquinoline by BSA was the most effective as
it had the greatest effect on the fluorescence intensity and
induced the largest chemical shift change in the 'H NMR
spectra (see ESI,+ NMR studies). Yet in the solid-state, the O---N
distance for 3 is found to be the longest, 2.862(7) A, being 0.245-
0.148 A longer than for 1, 2, 6 or 12. The plausible explanation
for the longer O---N distance in the BSA-isoquinoline salt are
the slightly acidic H-atoms of the phenyl ring of the benzene-
sulfonate anion, resulting in a multitude of additional H-bonds
to the adjacent anions, and thus elongating the charge-assisted
N-H---O-S hydrogen bond. The same phenomenon does not
occur in the corresponding acridine (6) and benzo[k]quinoline
(12). This is evidenced by the Hirshfeld surface analysis of 3, 6
and 12 (see ESI, Fig. S45t) which clearly indicates a multitude of
H---O interactions to adjacent benzenesulfonate anions only in
the case of 3. The DFT-level (SPARTAN18,** M062X, def2-TZVP,
nonpolar solvent model) calculations for 3, 6 and 12 also

This journal is © The Royal Society of Chemistry 2020

support this reasoning, as all optimized structures give the
nonpolar solvent phase O--'N distances between 2.6-2.7 A (see
ESI, Fig. 5467).

The acridinium cation in the DCA and DBA salts (7 and 8, see
Fig. S27-S32,} respectively) reside on a symmetry element
resulting in disorder of the "N-H and C-H parts of the acridine
skeleton. This is manifested by the abnormally long O---N
distances, as they actually represent the average of the 2.7 A ("N-
H---07) and 3.5 A (C(arom)-H---O) distances, thus these XRD
based distances for 7 and 8 are excluded from the discussion.
The same DFT-level (SPARTAN18,** MO062X, def2-TZVP,
nonpolar solvent model) calculations for 7 and 8 confirm the
normal solution phase O---N distances to be 2.6 A (see ESI,
Fig. S471). In contrast to the 1 : 1 salts, the structures of 7 and 8
are formed in a 2 : 1 ratio in the solid-state, consisting of one

Table 4 The charge-assisted hydrogen bond O---N distances for the
salts [A]

Isoquinoline Acridine Benzo[h]quinoline
TFA 1: 2.645(4) 4: 2.636(2) 10: 2.644(3)
TCA 2: 2.617(4) 5: 2.617(3) 11: 2.633(4)%, 11: 2.634(4)"
BSA 3: 2.862(7) 6: 2.666(3) 12: 2.714(3)
DCA Gel 7: 3.031(4)° 13: 2.657(3)
DBA Gel 8: 3.102(6)” 14: 2.709(6)
CA Gel 9: 2.560(2) Powder

“Two independent 1:1 acid-base pairs in the asymmetric unit.
b Acridine moiety is disordered over a symmetry element resulting in
unreliable O---N distances.
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(disordered) acridinium cation and a H-bonded DCA or DBA
dimer (see ESI, Fig. S27 and S287). Similar acid dimersina2:1
acid-base ratio were observed for benzo[A]quinoline with DCA
(13) and DBA (14), respectively. Yet, due to the non-disordered
structures of 13 and 14, the O---N distances are very similar to
the 1:1 salts (see Table 4). Surprisingly, the shortest O---N
interaction distance is observed in 9 with 2.560(2) A which is
even 0.03 A shorter than in the reported quinolinium tri-
fluoroacetate structure,® and very close to the DFT-level
(SPARTAN18,** M062X, def2-TZVP, nonpolar solvent model)
calculated O-+-N distance of 2.61 A for 9 (see ESI, Fig. S471).

A search in the Cambridge Structural Database (CSD)** for
protonated isoquinoline, acridine and benzo[k]quinoline
resulted in 22 hits, respectively. The average charge-assisted
hydrogen bond O---N distance calculated from the CSD struc-
tures** is 2.658 A, precisely matching the average of 2.644 A
calculated from 1, 2, 4, 5, 6, 9, 10, 11, 12, 13 and 14 (excluding
the abnormally long O---N distances in 3, 7 and 8).

Conclusions

The protonation of simple N-heterocycles was successfully used
as a preliminary study to gain further information on the use of
acid-base interactions for supramolecular emission control.
The protonation was found to significantly boost fluorescence
emission, hence being an effective tool to be used in fluores-
cence enhancement and avoiding time-consuming synthetic
procedures. In the solution studies, the protonation was
observed to increase the fluorescence intensity with an over 50-
fold increase observed for isoquinoline. Surprisingly, the
protonation was found to be incomplete in a 1:1 acid-base
ratio, despite the single protonation site of the bases. No
structural changes were observed in the fluorescence spectra of
isoquinoline or acridine, but interestingly, benzo[]quinoline
experiences a bathochromic shift of 50 nm upon protonation.
Benzo[h]quinoline and acridine were also observed to be more
easily protonated in the excited state than in the ground state,
whereas the isoquinoline absorption spectra display effective
protonation in the ground state.

The relative fluorescence intensities of the N-heterocycles
become larger as the donating powers of the proton donors
increase. The increase in the fluorescence intensity followed the
same trend with the pK, values of the acids with the exception of
BSA, which was the most effective in protonating all the bases.
Acids with pK, values higher than 1 did not have significant
effects on the fluorescence of the compounds due to insufficient
donating power of the acid for protonation to occur. Binding
constants for isoquinoline in the ground state were determined
based on the absorption spectra and similar results were
observed in these values as well, with BSA having a three times
larger binding constant compared to the other, stronger acids
(TFA and TCA).

In the solid-state, the protonation of isoquinoline, acridine
and benzo[A]quinoline was observed in each case regardless of
the pK, value of the acid. In solution, BSA was determined to be
the most effective in the protonation of the bases, yet, in single-
crystal X-ray structures, the O---N distance was found to be the

29392 | RSC Adv, 2020, 10, 29385-29393
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longest in the BSA-isoquinoline salt due to additional inter-
molecular interactions in the solid-state. The solid-state studies
suggested that the O---N distances were mainly affected by the
lattice interactions and do not directly reflect the acid-base or
the anion-cation interactions in solution.
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The development of purely organic fluorescence emitters is of great importance for their low cost and
high performance. Responding to this demand, carbazole is a promising emitter due to its extensive
freedom for functionalisation, high thermal and chemical stability, as well as low cost. Herein, the effect
of protonation on the fluorescence of various pyridine-functionalised carbazole-based bipolar host
materials was studied both in solution and in the solid-state. The restriction of intramolecular rotation of
the molecules upon protonation of the pyridyl-moiety together with easier planarization of the
protonated acceptor and the donor moieties and relocalisation of the LUMO orbital on the protonated
species was found to increase the fluorescence quantum yield from 16% to 80%. Additionally, in the
solid-state, the J-type packing of the molecules further facilitated the increase in the fluorescence
quantum vyield from 1% to 49%. In both cases, the pronounced bathochromic spectral shift was
observed indicating that the gap between the emissive state and the first triplet state of the molecules
was diminished upon protonation. Therefore, implementing this strategy could further boost the

rsc.li/materials-advances development of future emitters.

Introduction

Over the last 35 years the field of supramolecular chemistry, study-
ing molecular assemblies held together by weak intermolecular
interactions, has become one of the most intriguing fields of
chemistry." Supramolecular chemistry offers insight into smart
molecular design, taking advantage of the directionality of non-
covalent bonds and the self-assembling capabilities of molecules. It
encompasses a wide variety of applications: weak interactions have
been utilised in emission modulation of organic luminescent
materials,” which have widely been applied in fluorescent
imaging,>* drug release,”” sensors,*™° photoelectric devices,"
and organic light-emitting diodes (OLEDs)."?

The various applications of the purely organic luminescent
materials speak for the importance of their development.
However, simultaneously achieving high efficiency, long life-
time and low cost with blue organic emitters is still a consider-
able challenge.'® Additionally, carbazole has commonly been
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utilised in the design of blue-light emitting diodes for its high
triplet energy.''> Herein, we have selected it as a central unit
due to its extensive freedom for functionalisation, high thermal
and chemical stability, as well as low cost.'®*® A relatively new
approach to smarter emitter design is bipolar host
materials."*>®> They are designed to hold both electron-
donating and electron-withdrawing units within the same
molecule. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
are determined by the electron-donating and electron-
withdrawing units, respectively. In comparison to unipolar host
materials, bipolar host materials promote balanced charge flux
and broaden the exciton recombination.?®>"** However, the
construction of bipolar host molecules with spatially separated
donor and acceptor moieties allows the formation of an intra-
molecular charge transfer (ICT) state, which may exhibit a
twisted structure resulting in the excited state energy being
consumed by the rotary motion of the molecule.>”*” This
results in quenching of the fluorescence and low emission
quantum yield.

A way of improving the quantum yield without the tedious
work of redesigning the molecular structure is the restriction of
the intramolecular rotation by weak interactions.*®*° Inter-
molecular interactions, such as strong hydrogen-bonding upon
protonation, can be used to affect the fluorescence of a
compound.®**?*' The effect on the fluorescence depends on
the strength of the acid, i.e., the stabilising power of the

Mater. Adv., 2022, 3,1703-1712 | 1703
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Scheme 1 The compounds L1-L4 studied for the protonation-induced fluorescence enhancement, reference compounds L5-L7, and the acids used

in the protonation with their corresponding pK, values.**

counter-anion involved in the protonation process.**** In our
previous studies, protonation significantly enhanced the
fluorescence intensity of quinoline derivatives over 50-fold
increasing the fluorescence quantum yield up to 30%.%> Herein,
the effect of the intermolecular interactions on the emission
characteristics of the carbazole-based materials upon protona-
tion both in solution and in the solid-state were investigated.
Protonation of L1 and L2 (Scheme 1) was found to facilitate the
planarization of the pyridyl and the carbazole units, while
hindering the complete rotation of the pyridyl moiety. This
phenomenon together with changes in the electronic profile
due to protonation explain the bathochromic shift in the
fluorescence spectra and the enhancement of the fluorescence
quantum yield. In L3 and L4, the complete rotation of the
pyridyl became more accessible upon protonation, thus leading
to fluorescence quenching. However, in solid-state, protonation
enhanced fluorescence quantum yield of all the compounds
increasing the fluorescence quantum yield of L4 from 1% to a
noteworthy 49%.°>*® We envision this strategy to further
enhance the development of purely organic emitter materials.

Results and discussion
Materials

The rationale behind the molecular design is to improve the emission
quantum yield by protonation-induced fluorescence enhancement.

1704 | Mater. Adv, 2022, 3,1703-1712

Therefore, aromatic, moderately electron-accepting benzophenyl and
pyridyl groups were introduced to the electron-rich carbazole core to
achieve donor-acceptor bipolar host materials.'*”** Here the benzo-
phenyl unit is chosen as the electron-withdrawing moiety for L1 and
L2, but several research groups have opted for other solutions, such as
quinoline or pyridine groups.***® For compounds L3-L5, pyridyl,
phenylpyridyl, and methylpyridinium groups were chosen as the
electron-withdrawing moieties. Compound L5 was studied for the
intriguing alternative of the methylated pyridyl group with a constant
positive charge on the nitrogen instead of protonation by an acid. In
all the other compounds, the pyridyl group acts as a Lewis base for the
efficient protonation of the compound. The mono-substituted
pyridine-functionalised carbazole-based bipolar host emitter (L1)
was synthesised by simple two-step synthesis and studied alongside
with a similar di-substituted carbazole derivative (L2)." The N-
substituted pyridine-containing carbazole derivatives L3 and L4 were
studied for the different position of the electron-withdrawing moiety
on the carbazole core.**** Compounds L5-L7 were used as reference
compounds that do not have pyridyl groups as effective protonation
sites. Six different organic acids (A-F) with pK, values ranging from
0.52 to 2.87 (Scheme 1) were used for the protonation of the carbazole
derivatives.* Several acetic acid derivatives were selected to investigate
the effect of acidity (pK,) on fluorescence enhancement of the parent
compounds via protonation. Additionally, benzenesulfonic acid (C)
was selected to study the stability of aromatic vs. aliphatic counter-
anions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis and fluorescence spectroscopy

The normalised absorption and fluorescence spectra of com-
pounds L1-L4 are shown in Fig. 1 (see Fig. S1 and S2 in the ESI{
for absorption and fluorescence spectra of other compounds).
Compounds L1/L2 show three distinctive absorption bands at
250/260 nm, 287/300 nm, and 345/323 nm, respectively. The
additional pyridyl group of L2 slightly changes the electronic
structure of the molecule and induces minor changes in the
spectrum. According to the time-dependent density functional
theory (TDDFT) calculations performed by Rajamalli et al.,
these absorption bands can be assigned to the intramolecular
charge transfer bands from the carbazole moiety to the benzo-
phenyl at 345 nm (L1) and 323 nm (L2), and to the absorption
of the pyridylcarbazole donor at 287 nm (L1) and 300 nm (L2).
The spectra of L3 and L4 are also structurally similar to each
other showing absorption bands at 291 nm (L3) and 292 nm
(L4) of the carbazole moiety and bands at 333 nm (L3) and 326-
339 nm (L4) attributed to the pyridyl and phenylpyridyl groups.

The fluorescence of L1, L2 and L4 were measured in 10 ° M
dichloromethane (DCM) solution using 340 nm excitation and
they all display broadband fluorescence reaching a maximum
at 474 nm, 473 nm, and 415 nm, respectively. An excitation
wavelength of 290 nm was used for L3, which shows two
fluorescence maxima at 341 nm and 356 nm. The fluorescence
data were also used to calculate the fluorescence quantum
yields for L1-L4, and values of 16.1%, 18.1%, 10.5%, and
32.0% were obtained at room temperature.

The titration of compounds L1 and L3 with benzenesulfonic
acid (C) from 0 to 2.0 (L3) or 4.0 (L1) equivalents of acid is
presented in Fig. 2. Titrations with other acid-base pairs are
shown in the SI (see Fig. S3-S14, ESIT). Protonation of L1 with
benzenesulfonic acid results in a decrease of the intensity of all
original absorption bands, while new bands arise at 319 and
382 nm, from which the latter is characteristic of the cationic
species.*> From Scheme 1, it can be seen that L1 has two
possible protonation or hydrogen-bond acceptor sites: the

Norm. Intensity (a.u.)

400
Wavelength (nm)

500

Fig. 1 The normalised absorption and fluorescence spectra of L1-L4 in
solution (107> M in DCM, ey = 340 nm for L1, L2, and L4, and 290 nm for
L3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The absorption (a) and fluorescence (b) of L1, and the absorption

(c) and fluorescence (d) of L3 while titrating with benzenesulfonic acid (C)

from 0.0 to 2.0-4.0 equivalents of acid (10> M in DCM, /e = 340 nm (L1)

and 290 nm (L3)). The fluorescence intensities have been corrected for

inner filter effects.**

pyridyl and the carbonyl group of the benzophenyl. Due to
greater basicity of the pyridyl nitrogen compared to the benzoyl
oxygen, the protonation occurs predominantly on the pyridyl
group. The protonation leads to an observable increase in the
fluorescence intensity until the titration reaches 2.0 equivalents
of the acid (see Fig. S15a, ESIt). The most significant increase
in the fluorescence intensity for L1 was observed while titrating
with trichloroacetic acid, reaching a fluorescence enhancement
factor of 2.8 due to the protonation of the pyridine unit at
2.0 equivalents of acid (see Fig. S15a, ESIt). Similar results were
obtained for L2 (see Fig. S15b, ESIf), with the fluorescence
increasing up to 3.0 equivalents of acid due to two pyridyl
acceptor units in addition to the benzophenyl unit. A hypso-
chromic shift of 30 nm of the fluorescence maximum was
observed for L2, possibly due to improper hydrogen bonding
shortening the length of the interaction between the proton
acceptor and donor causing also a reduction in intensity.*’
After the saturation point is reached, the fluorescence intensity
begins to decrease in the case of L1 and L2 possibly due to
change in polarity upon excess acid, which is also supported by
the loss of isosbestic points in the absorption spectra beyond
the saturation limit.*"

A time-dependent density functional theory (TD-DFT) study
was performed to shed light on the different photochemical
behaviour of L1 upon protonation, specifically on the observed
fluorescence increase. The CAM-B3LYP level theory was
selected as the working method as in previous computational
studies for carbazole systems,*® which have resulted in similar
and acceptable relative deviations between experimental and
calculated transition energies (up to 0.6 eV). Analysis of the two
less energetic vertical transitions (Table 1) clearly indicates a
different absorption profile between the two species. The first

Mater. Adv., 2022, 3,1703-1712 | 1705
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Table 1 The electronic transition, absorption wavelengths Ama, (nm),
electronic excitation energies Eq (eV), oscillator strengths (f), and config-
urations of the 2 low-lying excited states of L1 and its protonated form
(LLH*) obtained by TDDFT/CAM-B3LYP/6-31G(d,p) based on the opti-
mized ground state geometries in DCM

Electronic Wave
Compound transition Amax Eex f functions® CI (%)b
L1 So = S1 319 3.89 002 H-9->1L 42
H-3 > L 28
H-6 - L 11
H->L 4
H-2 - L 3
H—-9 —» L+10 3
So —» S, 294 422 070 H o> L 69
H - L+2 7
H-9 - L 5
H - L+3 4
H - L+4 3
H-3 - L 2
L1H" So = S1 335 3.70 0.86 H —> L 84
H-4 > L 5
H-1-> L 3
So — S, 319 3.89 0.00 H-7 — L+1 38
H-2 —» L+1 28
H-5 —» L+1 20
H-7 —» L+11 3

“ The wave functions based on the eigenvectors predicted by TD-DFT.
H stands for HOMO and L stands for LUMO. ? Percentage contribution
of the wavefunction configuration interaction to the excitation.

vertical transition of L1 is unlikely to be observed, as indicated
by its small oscillator strength. The most energetic absorption
band experimentally observed should correspond to the second
vertical excitation, being mostly composed by an interaction
between the frontier molecular orbitals. The first vertical exci-
tation expected upon protonation is largely bathochromically
shifted and is associated with a large oscillator strength. In
L1H", the interaction between the frontier molecular orbitals
becomes predominant in the transition to S1, whilst the second
transition is unlikely to be observed. Graphic inspection of the
HOMO and LUMO orbitals (Fig. 3) shows a significant differ-
ence in LUMO upon protonation, shifting its location from the
benzophenyl to the pyridyl moieties. The observed more ener-
getic absorptions in L1 and its protonated form correspond
mostly to intramolecular charge transfer. This occurs in the
former case between the carbazole and the benzophenyl moi-
eties and in the latter between the same carbazole and the
protonated pyridyl. The enhancement in the fluorescence is
likely a result of two factors, the change of the lowest lying
electronic transition and the easier planarization of the
protonated pyridyl and the carbazole moieties in L1H" (ca.
1 kecal mol ™', see Fig. S64, ESIT).

Compounds L3 and L4 were found to behave conversely to
L1 and L2 as they do not exhibit fluorescence enhancement
upon protonation. The case of L3 is discussed here in detail.
The absorption and fluorescence spectra of L3 upon protona-
tion with benzenesulfonic acid is presented in Fig. 2c and d
(For L4 see Fig. Slic, ESIf). Molecules L3 and L4 experience
similar changes in their absorption upon protonation as L1 and
L2, displaying a band arising at 366 nm (for L3), characteristic

1706 | Mater. Adv,, 2022, 3,1703-1712
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AEq,,
6.215 ¢

Fig. 3 Graphic representation of frontier molecular orbitals and respec-
tive energies (eV) of L1 and its protonated congener (L1H*), as determined
by TD-DFT at CAM-B3LYP/6-31G(d,p) level.

of the cationic species (Fig. 2¢). Two fluorescence bands were
observed for L3 in DCM at 341 and 357 nm. However, due to the
greater stability of the aromatic counter anion, benzenesulfonic
acid has the greatest effect on the fluorescence of L3, and
titration points up to 4.0 were not acquired since the fluores-
cence of L3 is completely quenched upon addition of
2.0 equivalents of acid. Compound L4 depicts similar effects
as L3, only not as prominently due to the extra phenyl spacer
separating the pyridyl from the carbazole core. Compound L4
also displays a new broad low-intensity red-shifted fluorescence
band arising at 575 nm likely as a result of a charge transfer
state of the protonated species.

Inspection of the vertical transitions of L3 and L4, (TD-DFT/
CAM-B3LYP/6-31G(d,p)), reveals that the most energetic transi-
tions correspond to local excitation states (m-m*), with the
orbitals located over the carbazole and its N-substituents.
Protonation of these species results in stabilization of the
frontier molecular orbitals (and a decrease on the HOMO-
LUMO gap by 1-1.2 eV) accompanied with moving of the
electron acceptor orbital, almost exclusively, to the carbazole
N-substituent (Tables S5, S6 and Fig. S61, S62, ESIt).

The fluorescence quantum yield (@, of all the compounds
were determined during the acid titrations. Titration with
benzenesulfonic acid (C) shows a saturation point at 2.0
achieving a remarkable increase in the @, of L1 from 16% to
80% (Table S1 and Fig. S16a, ESIt). With the exception of
benzenesulfonic acid, the acids follow the expected trend of
their respective pK, values, trifluoro- and trichloroacetic acid
each time having very similar effects and chloroacetic acid (F)
barely having any effect on the @5 Similar results were obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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also for L2 (see Fig. S16b, ESIT). Compounds L6 and L7 were
studied for the sole purpose of demonstrating that the observed
effects were due to protonation and no other interactions. As
expected, neither of the compounds show changes in fluores-
cence upon protonation (see Fig. S12-5S14, ESIt), assuring that
the observed effects for L1-L4 are due to protonation of the

pyridyl group.

'H NMR spectroscopy

Protonation of the pyridyl group of L3 with benzenesulfonic
acid was further studied with "H NMR spectroscopy (Fig. 4) in
order to elaborate the difference leading to quenching of the
fluorescence compared to the fluorescence enhancement of L1
and L2. The "H NMR of other compounds are shown in the EST{
(see Fig. S17-S30). The spectra showed characteristic behaviour
of protonation, with chemical shifts moving to a lower field due
to the deshielding effect upon protonation. Saturation can be
seen at 1.0 equivalents of acid, as expected, Additionally, H,.
experiences an unusually large change in its chemical shift of
up to 0.61 ppm upon 2.0 equivalents of acid, indicating a strong
interaction between L3 and benzenesulfonic acid compared to
the 0.20 ppm shift in L1 at 1.0 equivalents of the same acid (see
Fig. S23, ESIf). Natural population analysis of L3 and its
protonated form (Fig. 5a), taken at the same DFT level of theory
as above, showed a 0.05 increase in the natural charge of H,
upon protonation. This is accompanied by a more significant
change in the natural charge of the H,-bound carbon due to the
proximity to the established N-H bond. The NMR shift change
of H. is also reflected by the 0.03 change in the natural charges.
Inspection on the bond lengths and strengths through Wiberg
indexes (WI) analysis shows that protonation results in the N-C
bond between the carbazole and the pyridyl moiety to shorten
(1.41 Ain L3 vs. 1.38 A in L3H") and to strengthen (WI = 0.99 in
L3 vs. 1.08 in L3H"). The changes in the length of pyridyl
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Fig. 4 The *H NMR spectra of L3 while titrating with benzenesulfonic acid
from 0.0 to 2.0 equivalents of acid (30 mM in CDsCN, 500 MHz at 303 K).
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endocyclic bonds indicate the reorganisation of the electron
density in the pyridyl to accommodate the extra positive charge,
with only a slight disturbance on the carbazole moiety (Fig. S71,
ESIt). The significant change in the chemical shift of H. can
also be attributed to the easier rotation about the carbazole-
pyridyl N-C bond in solution upon protonation (Fig. 5b). More-
over, the placement of the pyridyl unit out of the carbazole
plane decreases 3.0 kcal mol ™" in the protonated species, thus
making the complete rotation about the N-C bond even more
accessible. The easier pyridyl rotation out of the carbazole
plane in L3 (and in L4 to some extent) results in lower
fluorescence quantum yield in solution (<1%).

Solid-state fluorescence

From the perspective of applications, the compounds were also
studied in the solid state. For the purpose of discussing solid-
state samples, the salts were named consistent with the ligand
numbering (L1-L7) with an added H to describe proton transfer
and with letters (a—f) representing the anion resulting from the
deprotonation of the acid (A-F) and in square brackets to
indicate a salt. The solid-state fluorescence spectra of L1, L3,
L4 (and their corresponding benzenesulfonate salts) and L5 are
shown in Fig. 6 and listed in Table 2. Compound L2 was not
studied in solid state due to the insolubility of the protonated
salt at higher concentrations. Similarly, L5 was not studied in
solution due to its solubility only in high polarity solvents
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Fig. 6 Fluorescence of the solid-state samples of L1, L3, L4, and L5, and
the acid complexes of L1, L3, and L4, at an excitation wavelength of
330 nm, 333 nm, 331 nm, 303 nm, 326 nm, 310 nm, and 320 nm,
respectively.

Table 2 The fluorescence data of L1-L4 (and their corresponding ben-
zenesulfonate salts), and L5 with absolute quantum yield values both in
solution and in the solid state

In dichloromethane® Solid state

)~ex F, maxb (pfc )~ex F, max ¢f
Compound  (nm) (nm) (sol) (nm)  (nm)  (SS, %)
L1 340 474 16.14 330 442 1.51
[LlH]c 340 472 79.45 326 521 15.81
L2 340 473 18.06 — — —
[LZH]C 340 451 79.18 — — —
L3 290 341, 356 10.52 333 360 2.46
[LSH](: 290 341, 356 0.97 310 483 25.09
L4 340 415 32.03 331 369 1.21
[L4H]c 340 420 0.14 320 457 49.02
L5? — — — 303 469 21.65

@ Measured at the concentration of 1.0 x 10~° M at 25 °C. ? Reported at
1.0 or 2.0 equivalent of benzenesulfonic acid according to the number
of protonation sites. © Reported at 4.0 equivalent of benzenesulfonic
acid for the protonated ligands, except for [L3H]c at 2.0. ¢ Not soluble
in dichloromethane, hence no solution studies were performed.

making the comparison to other compounds measured in DCM
ineffectual.

The fluorescence maxima (Fp,ax) of the ligands and their
respective benzenesulfonate salts in solution remain almost
identical for all compounds during the titration. When chang-
ing to solid state, the F,,, of the pure ligand experiences a
hypsochromic shift, or stays invariable, whereas the protonated
ligand in the solid state displays a bathochromic shift com-
pared to the F,, in solution. In contrast to solution, the
fluorescence quantum yield of L3 and L4 increases in solid
state and L4 experiences a remarkable increase from 1% to 49%
in the protonated form.*>*® The bathochromic shift of the
fluorescence maxima observed for all the protonated ligands
(Fig. 6) in the solid state suggests J-type packing for these
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compounds. This type of packing is described as having a large
Stokes shift, which readily limits self-absorption and leads to
strong fluorescence in the solid state.*” The hypsochromic
shift, or no change, of the pure ligands indicates that this type
of packing is not dominant for these compounds, and results in
weak fluorescence in the solid state due to quenching as a
result of aggregation.

Crystallography

Crystallisations of all studied compounds were carried out to
further analyse the changes in the solid-state fluorescence. The
crystallisation of the acid-base pairs was performed with a 1:1
acid-base ratio in various solvent systems (see ESI,t Fig. S34-
S58). Unfortunately, not all crystallisations yielded X-ray dif-
fraction quality crystals, and obtaining the weaker acid-base
pairs proved to be difficult. The suitable single crystals
obtained were subjected to a single-crystal X-ray diffraction
analysis. The molecular packing of L3, L4, [L1H]c, and [L4H]c is
shown in Fig. 7 along with the most common packing patterns
described as J-type.*® Despite the weaker acids (D-F) having
little to no effect on the fluorescence of the compound in
solution, in the solid-state the protonation seems to occur
regardless of the strength of the acid.

All obtained solid-state structures had the expected 1:1
stoichiometry. The charge-assisted hydrogen bond distances
between the oxygen of the conjugate base and the protonated
nitrogen (O- - -N) were found to be between 2.588(2)-2.784(3) A
(see ESIt Table S3). The bond lengths were affected by the
crystal packing due to the size of the anion. Due to the non-
determinable positions of H atoms from X-ray diffraction
analysis, all N-H bonds were refined to 1.04 A based on the
average of neutron diffraction studies of similar compounds.*’
The structures of [L1H]a and [L4H]b (see Fig. S39 and S51, ESI)
have two independent acid-base pairs in the asymmetric unit
cell, whereas other structures were observed with one acid-base
pair in the asymmetric unit cell. Additionally, in the structures
of [L1H]a-b, [L3H]a, and [L4H]a-b (see ESI,T Fig. S39-S42, S47
and S49-S52, respectively) the counter anion was found to be
disordered over two or three positions. Counter anions that are
disordered might show that their location is to simply satisfy
charge balance, having no preference as to where they were in
the packing, i.e., no strong bonding or interaction results from
their presence. This again might create differences between the
solid-state and solution studies. In addition to these, [L1H]c
(see ESI,T Fig. S43) crystallised with a solvent molecule inter-
acting with the carbonyl group of the benzophenyl acceptor
[C74-H74---027, 3.437(4) A].

From the solid-state fluorescence samples, X-ray diffraction
quality single crystals could be obtained for compounds [L1H]c,
L3, L4, [L4H]c, and L5 (in addition to other acid-base pairs not
studied for their solid-state fluorescence). Compound L3 crys-
tallises in the chiral orthorhombic space group P2,2,2, in a
dimer-type zigzag packing stabilised by off-centre n-rn interac-
tions between the carbazole cores of two molecules with an
interplanar distance of 3.6 A (Fig. 7a). Compound L3 also forms
intermolecular interactions through C-H-.--n edge-to-face

© 2022 The Author(s). Published by the Royal Society of Chemistry



Materials Advances

a) TI-TT 3.569A, 3.588 A b)
CH-TT 3.420A, 3.450A
C-H-N 3.383A

CH-TT 3.831A, 4.004A
C-H-N 3.503A

o o

TS &y
P gl oo e 4
R W e Y

Paper

c) TI-TT 3.576A
C-H--F 2.912(4)A

— =l
e
A A-?K—“:.%__
S R
=il

i

d) TI-TT 3.808A e) TI-TT 3.698A, 45.9°
CH-TT 3.753A CH--r 3657A, N-H--O 2.706(2) A ----
Y N-H--O 2781(3)A B o ]
ISV cv;g;% a S T ) S
l 7 W

i P

Fig. 7 Molecular packing patterns and most dominant interactions of (a) L3 (b) L4 (c) L5 (d)

)

Py S

/ //_'/

= //_'/

c) L5 (d) [L1H]c, and (e) [L4H]c determined by single-crystal X-ray

diffraction and the schematic presentations of different J-type packing patterns, where (f) brick (g) staircase, and (h) ladder pattern.

interactions to the carbazole core (Fig. 7a) and C-H- - N inter-
actions of the pyridyl nitrogen to the neighbouring hydrogens
all together forming a three-dimensional network of intermo-
lecular interactions. Similar to L3, L4 also crystallises in the
orthorhombic space group, yet now in centrosymmetric Phca
stabilised by similar off-centre n-n (3.8 A), C-H-- - edge-to-
face, and C-H--'N interactions (Fig. 7b). Supported by the
hypsochromic shift in the solid-state fluorescence results,
compounds L3 and L4 were determined to have H-type packing,
which ultimately leads to quenching of the fluorescence. Com-
pound L5 crystallises in the centrosymmetric monoclinic C2/c
space group in a J-type packing in a brick pattern (Fig. 7c and f)
stabilised by strong n-7 (3.6 A) and C-H- - -F interactions from
the surrounding anions. This type of packing induced by the
ionic interactions gives rise to fairly strong fluorescence due to
restricted intramolecular rotation of the pyridine moiety. How-
ever, the methylene group was found to be disordered over two
positions possibly leading to some fluorescence quenching.
Complex [L1H]e crystallises in the centrosymmetric triclinic
P. Space group in a dimer-type head-to-tail packing of the
pyridyl-carbazole motif in a staircase pattern (Fig. 7d and g)
stabilised by off-centre n-m interactions of two aromatic rings
with an interplanar distance of 3.8 A. The complex [L1H]c is
also stabilised by acid-base pair hydrogen bonding (N1-
H1.--051, 2.781(3) A), and C-H.--n edge-to-face interactions
(H29) to the aromatic ring of the benzenesulfonate. The
complex [L4H]e crystallises in the centrosymmetric monoclinic
P2,/c space group with weak off-centre m-n interactions
and intermolecular interactions between the ligand and the
anion (N23-H23---0O71, 2.706(2) A) also in a staircase pattern

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 7e and g) inducing strong fluorescence commonly
observed in J-type packing, which was also suggested by the
bathochromic shift in the solid-state fluorescence maxima for
these compounds. In the crystal structure of [L1H]c the packing
of the carbazole moiety is coplanar, in contrast to [L4H]c where
the carbazoles pack at a 45.9° angle making the off-centre n-n
interactions observed for [L4H]c at an interplanar distance of
3.7 A less effective. For [L4H]e, the n-n interactions are
observed between the carbazole core and the phenyl ring
attached to the carbazole moiety. The off-centre packing of
[L4H]c forces the carbazole backbone to a bent conformation
with an angle of 165.7° between the centroid of the central
carbazole ring (C3 C4 C9 N10 C11), the carbazole nitrogen
(N10), and the carbon of the adjacent phenyl ring (C14),
whereas for most of the determined structures the carbazole
lies close to parallel to the neighbouring phenyl or pyridyl ring
with an angle close to 180°. Molecules of [L4H]c with twisted
conformation have to be less densely packed in the highly
restricted crystal lattice resulting in weaker intermolecular
interactions.

The protonation of all the compounds shows also an
increase in the @ of solid-state samples due to restricted
internal rotation of the molecule, as sterically hindered mole-
cules show stronger fluorescence in solid-state.”® Unfortu-
nately, attempts to crystallise [L3H]e did not yield X-ray
diffraction quality crystals, and therefore, could not be com-
pared to [L1H]c and [L4H]c. However, for L3 and L4, the more
structural packing induced by the planar conformation of the
ligand, strong n-n/C-H- - -t interactions, and hydrogen bonding
effectively quench the fluorescence in the solid-state.®
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For compounds L5, [L1H]c, and [L4H]c, there is a compromise
between the quenching due to intermolecular interactions and
both the J-type packing and steric hindrance inducing stronger
fluorescence. Additionally, the network of intermolecular inter-
actions in the crystal structure of [L1H]c may dissipate the
excited-state energy to degree through
conversion,” a process that does not occur in the less dense
packing of [L4H]e, resulting in a much higher @ in the solid
state compared to [L1H]c.

some internal

Conclusions

The effect of protonation on the fluorescence of small pyridine-
functionalised carbazole donors has been studied in both
solution and solid state. In these compounds, a carbazole core
acts as a donor, whereas benzophenyl, pyridyl, and phenylpyr-
idyl moieties were chosen for acceptors in the design of bipolar
host materials. All compounds showed absorption bands in the
UV region and a wide variety of emission wavelengths from 300
to 600 nm. All compounds could be protonated using six
different organic acids displaying a diversity of interaction
strengths related to the pK, of the acid used in the protonation.
The observed bathochromic shift and the increase in the
fluorescence intensity of L1 and L2 was explained primarily
by the different localisation of the LUMO orbital on the proto-
nated species and secondly by the easier planarization of the
protonated pyridyl and the carbazole moieties. The fluores-
cence quantum yield of L1 increased from 16% to 80% upon
protonation in solution. The bathochromic shift upon proto-
nation, in addition to DFT, suggests that the protonation of
these compounds effectively lowers the energy of the emissive
state lowering the energy gap between the emissive state and
the first triplet state, which could facilitate reverse intersystem
crossing and result in more efficient TADF. In compound L3,
the placement of the pyridyl unit out of the carbazole plane
decreased in energy upon protonation making the rotation
about the N-C bond even more accessible, thus quenching
the fluorescence. In the solid state, the rotation around the N-C
bond was restricted in all the compounds upon protonation. All
protonated compounds also favoured the beneficial J-type
packing resulting in a large bathochromic shift in the fluores-
cence intensity, with the quantum yield changing from 1% to
49% upon protonation in the best case, whereas all the pure
ligands acted much like many other organic compounds in
solid state and the fluorescence was quenched due to aggrega-
tion effects. Hereby, we have proposed an effective way for
fluorescence modulation through protonation-induced restric-
tion of the intramolecular rotation, which could enable the
development of future bipolar host materials.

Experimental

All reagents and solvents were obtained from commercial
suppliers and used without further purification. Absorption
spectra were collected using Varian Cary 100, 300 Series II
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Series UV-Visible Spectrophotometer, and fluorescence spectra
were collected using Varian Cary Eclipse Fluorescence Spectro-
photometer. The measurements were taken in a 1 cm quartz
cuvette and the excitation and the emission bandpasses were
set to 2.5 nm and 2.5 nm, respectively. All the measurements
were performed at room temperature. The integrated relative
intensities were determined in respect to the natural fluores-
cence of the compound using that as a zero point and 9,10-
diphenylanthracene was used as a reference in determination
of the fluorescence quantum yield of the compounds.

For NMR assignments, '"H and "*C NMR spectra were
recorded using either Bruker 300 Avance or Bruker Avance III
500 MHz spectrometer at 303 K. Chemical shifts are reported
on the J scale in ppm using the residual solvent signal as
internal standard (CDCls; 6H 7.26, CD,Cl,; 0H 5.32, CD3;CN; 6H
1.94, DMSO-ds; 0H 2.50). For '"H NMR spectroscopy, each
resonance was assigned according to the following conven-
tions: chemical shift (6) measured in ppm, observed multi-
plicity, number of hydrogens, observed coupling constant
(J Hz), and assignment. Multiplicities are denoted as s (singlet),
d (doublet), t (triplet), q (quartet) m (multiplet), and br (broad).

The absorption, fluorescence, excitation spectra, and abso-
lute fluorescence quantum yield values for the solid-state
samples were obtained by using an FLS-1000 spectrofluorom-
eter equipped with a calibrated integrating sphere (Edinburgh
Instruments, UK). Absorption spectra did not show sharp peaks
hence the initial fluorescence spectra measurements were
performed by using 340 nm excitation wavelength as it was
done during solution studies. Then by using fluorescence
wavelength maxima the excitation spectra were measured and
excitation wavelength maxima were detected. These wave-
lengths were chosen then to measure both fluorescence spectra
and absolute fluorescence quantum yields.

The experimental and refinement details for all complexes
studied with single-crystal X-ray diffraction are given in the
ESL.f All structures were measured using a Bruker-Nonius
KappaCCD diffractometer with an APEX-II detector with
graphite-monochromatized Mo-K,, (1 = 0.71073 A) radiation or
Agilent Super-Nova dual wavelength diffractometer with an
Atlas detector using mirror-monochromated Cu-Ka (4 =
1.54184 A) radiation. The program CrysAlisPro5 was used for
the data collection and reduction on the Super-Nova diffract-
ometer. Data collection and reduction the Bruker-Nonius Kap-
paCCD diffractometer were performed using the program
COLLECT®®> and HKL DENZO AND SCALEPACK,> respectively,
and the intensities were corrected for absorption using
SADABS.>* The structures were solved with intrinsic phasing
(SHELXT)* and refined by full-matrix least-squares on F* using
the OLEX2 software,®® which utilises the SHELXL-2015
module.?” Non-hydrogen atoms were assigned anisotropic dis-
placement parameters unless stated otherwise. Hydrogen
atoms bonded to oxygen were located from Fourier difference
maps and refined with an O-H distance restraint of approxi-
mately 0.84 A. Other hydrogen atoms were placed in idealised
positions and included as riding, with a value of 1.04 A used for
N-H bonds, which was based on an average of neutron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffraction values reported for this moiety with similarly
hybridised neighbouring atoms.*® Isotropic displacement para-
meters for all H atoms were constrained to multiples of the
equivalent displacement parameters of their parent atoms with
Uiso(H) = 1.2Ucq(parent atom).

All theoretical calculations were carried out using the
Gaussian 16> software package without symmetry constrains.
Solvent effects (dichloromethane) were considered in every calcula-
tion using the Polarizable Continuum Model (PCM) initially devised
by Tomasi and coworkers®®®" as implemented on Gaussian 16, with
radii and non-electrostatic terms for Truhlar and coworkers’ SMD
solvation model.*> Density Functional Theory (DFT) and Time-
Dependent DFT (TD-DFT) were used for the ground and vertical
excitations of L1, L3, L4 and their corresponding cationic forms,
respectively. All calculations have been performed using the CAM-
B3LYP® functional and 6-31G(d,p)**®® basis set. The ground state
geometry of L1, L3, L4 and their corresponding cationic forms has
been fully optimised with default cut-offs on forces and step size to
determine convergence. The analytical calculation of the vibrational
frequencies at the same level of theory verified the optimised
structure by checking that they corresponded to true minima of
the potential energy surface by the absence of imaginary frequen-
cies. The first six low-lying excited states have been determined
within the vertical TD-DFT, with the default linear response non-
equilibrium solvation procedure. A Natural Population Analysis
(NPA)**7° and the resulting Wiberg indices”””® were calculated as
implemented on Gaussian 16 to study the electronic structure and
bonding of the optimised species.
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Essi Taipale,”” Marcel Siepmann,” Khai-Nghi Truong,” and Kari Rissanen*®

Abstract: The synthesis of iodine(l) complexes with either
benzoimidazole or carbazole-derived sp® N-containing Lewis
bases is described, as well as their corresponding silver(l)
complexes. The addition of elemental iodine to the linear
two-coordinate Ag(l) complexes produces iodine(l) complexes
with a three-center four-electron (3c-4e) [N-I-N]* bond. The
'H and 'H-""N HMBC NMR studies unambiguously confirm the
formation of the complexes in all cases via the [N—Ag—N]"
—[N—I-N]" cation exchange, with the "N NMR chemical shift

change between 94 to 111 ppm when compared to the free
ligand. The single crystal X-ray crystallographic studies on
eight 1" complexes revealed highly symmetrical [N——N]*
bonds with I-N bond distances of 2.21-2.26 A and N—I-N
angles of 177-180°, whilst some of the corresponding Ag™"
complexes showed a clear deviation from linearity with
N—Ag—N angles of ca. 150° and Ag—N bond distances of 2.09-
2.18 A,

J

Introduction

The basis of halogen bonding has been known for more than
two centuries, and since then, it has played a major role in
important achievements especially by R. S. Mulliken™ and O.
Hassel,” which earned them the Nobel prize in chemistry in
1966 and 1969, respectively. However, at the time, the results
were not collectively understood, and it took roughly 30 years
for it to gain its footing as a truly intriguing interaction in the
field of supramolecular chemistry.” This relatively novel inter-
action was defined in 2013 to “occur when there is evidence of a
net attractive interaction between an electrophilic region asso-
ciated with a halogen atom (X) in a molecular entity and a
nucleophilic region in another, or the same, molecular entity”,
where X=Cl, Br, or 1.**' Although halogens are generally viewed
as electronegative, since the 1990s it has been well established
that strongly polarized halogen atoms manifest a positively
charged electrostatic potential, a so-called o-hole.*¥ Alterna-
tively, this phenomenon can be explained by the charge-
transfer theory by Mulliken or polar flattening.”” Therefore, a
halogen atom is capable of interacting with a nucleophilic site,
i.e. a Lewis base.” Since its discovery, halogen bonding has
begun to unearth its potential in the design and preparation of
self-assembled systems, as well as in crystal engineering.®'"
This all due to its tunability, strength, and high directionality,
making it an essential addition to the ‘modern chemist's

toolbox'.B"

[a] E. Taipale, M. Siepmann, Dr. K.-N. Truong, Prof. K. Rissanen
University of Jyvaskyla
Department of Chemistry
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In a classical halogen bond consisting of a covalent bond
and a halogen bond (D—X:-D), the halogen atom exists in a
formal oxidation state of —1 (e.g. in alkyl halides)."? When
electron is removed from the halogen atom, it becomes a
positively charged halogen(l) cation (X™), which forms three-
center four-electron (3c-4e) [N-X—N]* bonds, in which X*
simultaneously interacts with two nucleophiles (Lewis bases, D)
both contributing a lone pair to stabilize the interaction
[D--X--D] "> When aromatic Lewis bases are involved, the
interaction is further enhanced by efficient charge transfer from
the halogen(l) cation to the nucleophilic sites.">'”'® These
halogen(l) cations were first discovered in the 1960s and since
then, they have found applications in form of Barluenga’s
reagent”” in synthetic chemistry as iodinating agents for
aromatic electrophilic substitutions and aromatic amines, yet
can also be used as oxidizing agents.**? The exceptional
strength of 3c-4e halogen bonds in halogen(l) complexes has
made these an interesting sub-class of halogen-bonded com-
plexes, however, due to their inherent reactivity only a few tens
of unique iodine(l) complexes have been reported to date in
the solid-state."***>% There are no reported X-ray structures of
iodine(l) complexes with bicyclic aromatic amines such as
benzoimidazoles or quinolines. Herein, benzoimidazole and
pyridylcarbazole derivatives were chosen to probe halogen
bonding with polycyclic and larger XB acceptors leading to
eight new [N—I-N]* halogen(l) (also known as halonium) and
[N-Ag—NI1* silver(l) complexes in the solid-state, along with
compelling evidence of halogen(l) complex formation in
solution.

Results and Discussion
The syntheses of compounds 1-4 and 6-7 (Scheme 1) followed
previously reported methods,”*>” whilst compound 5 was

obtained commercially. The ligands were reacted with silver(l)
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Scheme 1. Synthesized ligands 1-7 (compound 5 obtained commercially)
used for the formation of the iodine(l) complexes.**")

salts (AgPF;, AgBF,, and AgSbF) in a 2:1 ratio to obtain the
[N-Ag—N]1* silver(l) complexes. The corresponding [N—I-N]*
halogen(l) complexes were obtained through the [N—-Ag—N]"
—[N—I-N]* cation exchange reaction (Scheme2) by the
addition of elemental iodine (I,) to a solution of the silver(l)
complexes,">"**® which concomitantly resulted in the immedi-
ate precipitation of Agl.

The conversion from the free ligand to the silver(l) and
iodine(l) complexes was confirmed with '"H NMR spectroscopy
(Figures S1-S5 and Table S1) and 'H-""N HMBC correlation
measurements (Figures S6-S10). Ideally, all NMR measurements
would have been performed in a non-coordinating solvent such
as CD,Cl,, but unfortunately, due to the solubility of either the
ligand or the silver salt, all NMR measurements were
necessarily!">'**® performed in polar solvents, such as CD,CN,
acetone-d; or DMSO-d;. The 'H NMR analyses of the silver
complexes [L-Ag-LIPF, (exemplified in Figure 1) indicated a full
conversion from the ligands to the silver(l) complexes and

@
NN S NSN- Ag—N R,

2 + AgX — 3 i: ii

X@
®
, S NSN—IENDINN
-
-Agl

Scheme 2. Synthesis of the [4-Ag-4]PF, silver(l) and [4-1-4]PF¢ iodine(l)
complexes via a cation exchange reaction.">'>** All other complexes were
prepared in an analogous fashion (where X=PF, BF,~, or SbF¢").
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Figure 1. The comparison of the 'H NMR spectra of ligand 4, the silver(l)
complex [4-Ag-4]PF,, and the iodine(l) complex [4-1-4]PF¢ (from bottom to
top). All values are in ppm and referenced to CD;CN ("H) (500 MHz, 298 K).

demonstrated significant complexation-induced changes in the
chemical shifts. Changes in the chemical shifts when going
from the free ligand to the silver(l) complex were found in the
range of 0.02-0.47 ppm, with the greatest change being
observed for [3-Ag-3]PF, (Figure S3).

Measurements of the ligand and silver(l) salts proceeded
straightforwardly, but for some of the ligands the solubility of
the iodine(l) complex proved problematic. Since the synthesis
comprises precipitation of Agl due to the cation exchange
reaction, the poor solubility of the iodine(l) complexes could
not be readily observed other than by the lower concentration
indicated by the 'H NMR spectra. Nevertheless, the '"H NMR
spectra were recorded for all of the iodine(l) complexes, except
for [7-1-7]1". Complexes from ligand 7 remained elusive, since
the Ag® and |I" complexes could not be solubilized, and
therefore NMR analysis was not performed for these complexes.
The comparison of the '"H NMR spectra of the ligand 4, the
silver(l) complex [4-Ag-4]PF,, and the iodine(l) complex [4-1-4]
PF, is shown in Figure 1. As expected, the cation exchange from
the silver(l) to the iodine(l) results in a further downfield change
in the chemical shifts of the bound ligand. Again, none of the
silver(l) complex was observed in the spectrum for [4--4]PFg
(Figure 1), indicating a complete conversion. The changes in the
chemical shifts in the '"H NMR spectrum from the silver(l)
complex to the iodine(l) complex are within the range of 0.13-
0.59 ppm, making the total chemical shift change from ligand
to iodine(l) complex between 0.36-1.06 ppm. The largest
change in the chemical shift upon conversion from the ligand
to the iodine(l) complex was observed for ligand 3 (Figure S3),
however, the poor solubility of [3-I-3]PF; resulted in a
broadened and less accurate spectrum.

The use of 'H-""N HMBC NMR spectroscopy provides a more
powerful tool compared to the relatively small changes in the
'H NMR spectra. The wide chemical shift range of the "N NMR
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and the direct involvement of the nitrogen nuclei in the
complexation event render "N a convenient technique for
monitoring the cation exchange reaction.'8%0323%3 However,
due to the fact that the N nuclei is much less abundant in
comparison to 'H, not all the 'H-">"N HMBC spectra could be
obtained owing to the low solubility of several of the iodine(l)
complexes. This is potentially made worse due to line broad-
ening caused by an ongoing association-dissociation equili-
brium, observed more prominently for weaker halogen-bond
acceptors.”” However, all three spectra of the complexation
(ligand, silver(l), and iodine(l)) were obtained for several of the
ligands (Figures S6-S10). The comparison of the 'H-""N HMBC
correlation spectra of the ligand 4, the silver complex
[4-Ag-4]PF,, and the iodine(l) complex [4-1-4]PF; is shown in
Figure 2. All ligands, except 5 (as predicted), provided two
signals for the two nitrogen atoms in different environments.
The sp>-acceptor N-atom (N1) signal change was 44 ppm going
from the ligand to the silver(l) complex [4-Ag-4]PF,. Upon
addition of the molecular iodine, an additional change of
50 ppm was observed for [4-1-4]PF,, making it a total difference
of 94 ppm (between the uncoordinated ligand and the iodine(l)
complex). The largest change in the chemical shift from the

PFS PF
A ls@1/\2 ¢ 1/\2 /\2
N SN—=NZN SN—Ag—N? Z =
N2 226 & N NSN-AG-NT NN NTINN £
N2 -221 =
N2 -217 *
N1 -234 [4—1—4PFg .- ——————_
&
-
2
N1 =184, [AAg—MPFj— Smmic s mims S o &
N1 -140 - O

F2 [ppm]

Figure 2. The comparison of the 'H-""N HMBC correlation spectra of the
ligand 4, the silver(l) complex [4-Ag-4]PF¢, and the iodine(l) complex
[4-1-4]PF. All values are in ppm and referenced to CD,CN ('H) or CD;NO,
("*N) (500 MHz, 298 K).

Table 1. The 'H-""N HMBC chemical shifts of the N1 (top) and N2 (bottom)
nuclei upon silver(l) and iodine(l) complexation for ligands 1-6 (where N1
is an acceptor for the silver(l) and iodine(l), and N2 is the non-coordinating
nitrogen). All values reported in ppm.

Complex® Ligand [N-Ag-N]* [N-I-NJ*
[1-X-11* —1389 —1785 —232.0
—2383 —233.1 —2285
[2-X-2]*® —1384 —180.7 —232.2
—223.1 —2182 —214.1
[3-X-3]*" —~138.0 —180.2 -
—239.1 —235.0 —229.7
[4-X-4]* —140.3 —184.2 —234.4
—2259 —220.6 —216.6
[5-X-5]7 —70.1 —106.1 -1819
[6-X-6]+" —67.7 —124.8 -
—251.9 —251.0 -

[a] With PF¢~ counter-anion. [b] Poor solubility of the iodine(l) complex. [c]
Only N1.
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ligand to the iodine(l) complex was observed for [5-1-5]PF
(111 ppm, Figure S9).

Whilst the "N NMR resonances of the acceptor N1 are
deshielded upon complexation, the inert N2 is shielded and
experiences only minor changes in the chemical shift (9-
10 ppm). Due to the low solubility of [3--3]PF,, only the inert
N2 resonance was observed, however the same trend was
found in these chemical shift changes (Figure S8). The 'H-"N
HMBC chemical shifts are summarized in Table 1.

The solvent and counter-anion coordination to the silver(l)
cation has previously been reported to affect the pyridine "N
NMR coordination shifts."2***" Here, only AgPF was used in the
NMR analysis, and as a weakly coordinating anion, PF,~ should
not compete to coordinate to the silver(l). However, the CD;CN
is a coordinating solvent and interacts with the silver(l),
decreasing its positive charge and, consequently, decreasing
the charge transfer from the nitrogen atoms of the ligands to
the silver(l) metal centers, resulting in smaller "N NMR
coordination shifts. A significant change (48%) in the "N NMR
resonance has previously been reported for the [bis(pyridine)
silver()]* triflate complex upon solvent change from CDCl; to
CD,CN.“" However, this should not be the case with the iodine
(I) complexes due to the 3c-4e halogen bond, which forms only
linear, two-coordinate [N—I—N]* species.

To further confirm the formation of the iodine(l) complexes,
extensive efforts were made to crystallize and analyze the solid-
state structures of these complexes. To date, only a limited
number of X-ray structures of iodine(l) complexes have been
reported due to their inherent reactivity as halogenating and
oxidizing reagents.”>” The X-ray structures of ligands 3-4 and
6-7 (Figures S22, S26, S39, and 548), silver(l) complexes of all
seven ligands, and the iodine(l) complexes of 1, 2, 4, and 5
(Figures S13, S15, S20, S28, S34, S35, S36, and S37) were
successfully obtained. As seen in the above NMR analysis, the
iodine(l) complexes for 3, 6, and 7 were found to be problem-
atic with regards to solubilizing them, even in the most polar
solvents, rendering meaningful crystallization attempts moot.

The silver(l) complexes (Figures S11, S17, S18, S23, S27, S30,
S32, S33, S40, S42, S44, S49) demonstrated Ag—N bond lengths
between 2.086(3) - 2.177(2) A (listed in Table S2), which is well
within the previously reported values for similar structures.***”
Several silver(l) complexes were found to crystallize as dimers
bonded through argentophilic closed-shell (d'°-d"°) interactions.
The Ag*-+Ag™ argentophilic interactions were determined to be
between 3.02 - 3.34 A (Table S2) for the argentophilic dimers,
yet longer interactions were also observed for two complexes
[5-Ag-5]PF¢ (d(Ag*--Ag*)=3.81 A, Figure $31) and [6-Ag-6]PF,
(d(Ag*™-Ag*) =3.61 A, Figure S41). Figure 3 depicts the single
crystal X-ray structure of [7-Ag-7]PFs with coordinating
acetonitrile and the argentophilic interactions between two
[7-Ag-7]1" cations. The complex experiences a decisively short
Ag™-Ag™ interaction of 3.018(2) A, well below the van der
Waals radii of two Ag atoms (3.44 A).*” The strong Ag*--Ag*
interaction causes torsion and applies strain to the ligand, but
due to the inherent flexibility of 7, close ligand-assisted Ag™
--Ag" contact is possible, such as the perpendicular C—H--xt
(C37 to centroid =3.6 A) interactions.

© 2021 Wiley-VCH GmbH
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167.6(2)°

N53-Agl  2.176(5)
N23-Agl  2.167(5)
N101-Agl  2.597(9)
Agl-Agl®  3.018(1)

Figure 3. The X-ray structure of [7-Ag-7]PF,, showing the argentophilic
dimer observed in solid-state (counter-anions and hydrogen atoms omitted
for clarity. Thermal displacement ellipsoids drawn at the 50% probability
level; all lengths in A). Symmetry operator: a=1—x, 1—y, 1—z

Silver(l) has a flexible coordination sphere and is able to
accommodate multiple coordination geometries, which is also
evident in these structures In addition to argentophilic
interactions, structures were commonly observed with solvates,
especially when acetonitrile was used as the crystallization
solvent. In the structure of [6-Ag-6]SbF (Figure S44) and
[7-Ag-7]PF, (Figure 3), the acetonitrile is bonded to the silver
making it three or even four-coordinate (in case of Ag*--Ag™
interactions as well). Both the argentophilic interactions and the
coordinating solvates affect the [N-Ag-N]" bond angle varying
it from 149.11(8)° to a symmetry enforced, perfect linear
geometry of 180°.

The silver(l) complexes favor two types of packing; either a
dimeric packing with argentophilic interactions or an alternat-
ing anion-ligand packing with slipped 7-7 interactions between
the ligands. The positively charged silver(l) complex results, in
both cases, in the anions closely interacting with the C—H of the
five-membered ring (1-4) and the aromatic C—H motifs. These
two types of packing are depicted in Figure 4. The interactions
in the complex naturally vary depending on the ligand, anion,
and solvent.

From the seven ligands investigated, iodine(l) complexes for
four ligands were obtained in solid-state and all the [N-I-N]*
bond lengths and angles are listed in Table S2 as well as in
Figure 5. In contrast to the silver(l) complexes with varying
coordination angles, the iodine(l) structures have a strong
preference toward linearity due to the highly directional nature
of the I cation, with the largest deviation being observed for
[1-1-11PFs with 176.9(2)°, which is still less than the previously
reported [N—I—-N]* bond angle of 175°2°? All N—I bond lengths
were also found to be within the narrow range of 2.213(3)-
2.263(3) A, corresponding to the Ry values of 0.63 - 0.64 shown
in Table S3 (Ryg = dyg/(Xyqw + Byaw), Where dyg is the distance
between the halogen atom and the electron donor, X,q is the
van der Waals radii of the halogen atom and B, is the van der
Waals radii of the electron donor atom™). These values indicate
even stronger interactions than usually reported for 3c-4e
halogen(l) complexes (Rys =0.65-0.69, d(N-I)=2.23-2.31 A).['2*"
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Figure 4. The packing of [4-Ag-41SbF, as argentophilic dimers (top) and [2-
Ag-2]PF, (bottom) as three monomers.

In contrast to the silver(l) complexes, the packing of the
iodine(l) complexes always occurs in the same way (Figure 6)
resembling the monomeric packing pattern of the silver(l)
structures with slipped m-r interactions between the ligands.
Whereas silver(l) complexes prefer anion-coordination and
argentophilic interactions, the halogen(l) complexes do not
possess the required empty orbitals for such an interaction."
The anions in the iodine(l) complexes do not interact with the
halogen(l) ions, and only affect the solubility of the species and
the packing in the crystal structure.’”® Even when packing
asymmetrically in solid-state, anions do not induce any effect
on the symmetry of the [N—I-N]* bond." Short I"-I" inter-
complex distances in solid-state, reminiscent to the Ag*-Ag*
argentophilic interactions, are very rare.’'*¥ In the case of the
iodine(l) complexes studied here, no short I*+1" inter-complex
distances were observed.

Due to the inherent reactivity of the iodine(l) ion, proto-
nated side products are fairly common in the pursuit of iodine
() complexes, and in this case, one protonated species [3-H]l of
ligand 3 with iodide as a counter-anion was obtained (Fig-
ure S25). In addition, repeated attempts were made to crystal-
lize [6-1-6]T and [7-1-7]%, though with no success. The larger
size of the ligand and low solubility of the Ag" and I*
complexes play a critical role in the crystallization of these
species. Due to the weak C—H and 7r-7 interactions observed for
ligand 7, crystals recovered from the crystallization of [7-1-7]PFg

© 2021 Wiley-VCH GmbH
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[1--1]PF,

Figure 5. Single crystal X-ray structures of the determined halogen(l) complexes [1-I-1]PFy, [2-1-2]PF,, [4-1-4]PF, and [5-1-5]PF, (counter-anions omitted for
clarity. Thermal displacement ellipsoids drawn at the 50% probability level; all lengths in A).

were revealed to be the parent ligand itself (Figure S43).
Additionally, in most cases with ligands 6 and 7, acetonitrile
was also found coordinating to the silver(l), making the
N—Ag—N angles deviate from linearity (152.19(9)°).

An unusual case also arose whilst pursuing the solid-state
structures, with the observation of an asymmetric [7-Ag-MeCN]
PF; complex (Figure 7), where acetonitrile coordination to the
Ag" is retained despite the 2:1 stoichiometry. This rare
asymmetric 2-coordinate silver(l) structure also suggests an
enhanced nucleophilicity of the ligand 7, or the existence of
steric hindrance between the ligands in the close argentophilic
dimer of the symmetric [7-Ag-7]" (Figure 3) complex, making
the asymmetric structure [7-Ag-MeCNIPF, isolable as a minor
product.

The asymmetric [7-Ag-MeCN]PF,; shows a slightly shorter
bond length between the silver(l) and 7 compared to its
symmetric counterpart (cf. 2.167(5) A). The crystallization con-
ditions could also affect whether asymmetric or symmetric
complexes are formed. The symmetric complex was obtained
from acetonitrile evaporation, whereas the asymmetric complex
was obtained from an acetonitrile/dichloromethane mixture
diffused with pentane at 277 K. The only similar linear two-
coordinate N—Ag-CH,CN complex was reported by Vogtle et al.
more than 20 years ago."”
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Due to the difficulties in obtaining the iodine(l) complex
from ligand 6, an alternative approach was attempted to
synthesize it. It has been previously reported that the addition
of elemental iodine in excess, could lead to an |, adduct
formation, which eventually undergoes heterolytic cleavage of
the I, to form an iodine(l) complex with a I;~ counter-anion (due
to a second molecule of I,).2% This was also supported by the X-
ray structure of [5-1-5]l; (Figures S37-38). Due to the consistency
with other complexes’ names, the 1" complex of ligand 5 is
named as [5-1-5]l; (despite there being three elemental iodine
solvates in the crystal lattice, viz. [5-1-5]l5- 3 1,). For the [5-1-5]l;
complex, though the normal synthesis route was used, the
resulting iodine(l) complex crystallized more readily with 15~ as
the counter-anion, rather than with PF;~. However, whilst
attempting to crystallize [6-1-6]l; in the presence of excess |,, a
neutral halogen-bonded complex 6:-1, was observed, where the
I, is directly bonded to the ligand’s nitrogen atom (Figure 8).
For this complex, the N—I bond length was found to be similar
(2.397(9) A, Ry;=0.68, Table S3) to other aromatic amine-I,
complexes.* Similarly the iodine I-I bond length was found to
be 2.810(1) A, which is much longer than that of free iodine
(2.715 A) in solid-state, and in-line to those previously reported
for the analogous pyridine-l, halogen-bonded complexes.“®

© 2021 Wiley-VCH GmbH
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oL

Figure 6. The packing of [1-I-1]PF, in solid-state. Intermolecular 7-
(centroid-centroid) interactions highlighted in red.

N
2.149(2) 2.116(3)

Figure 7. The asymmetric silver(l) structure of [7-Ag-MeCN]PF (counter-
anion omitted for clarity. Thermal displacement ellipsoids drawn at the 50 %
probability level; all lengths in A).

In addition to structural studies the halogen-bonded
complex 6:1, was further studied with UV-Vis and fluorescence
spectroscopy due to the fascinating photophysical properties
ligand 6 has previously revealed upon protonation.*” In the
protonation experiments of 6,“” the protonation was found to
decrease the energy of the placement of the pyridyl unit out of
the plane making the molecular rotation more accessible, as
well as change the lowest lying electronic transition, which
resulted in quenching of the fluorescence. However, similar
behavior with the halogen-bonded species was not observed.
In contrast to the protonated species, an 8% increase in the
integrated fluorescence intensity was observed (Figure S47),
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178.2(3)°

‘ 2.397(9) 2.810(1)

Figure 8. X-ray structure of the halogen-bonded complex 6:1, (thermal
displacement ellipsoids drawn at the 50% probability level; all lengths in A).

which is most likely a result of halogen-bond assisted intra-
molecular charge-transfer.*¥

Conclusion

Herein, we have prepared symmetric 2-coordinate silver(l)
complexes for ligands 1-7, along with an asymmetric
[7-Ag-MeCN]PF, acetonitrile-adduct complex. Some of the
ligands manifested short argentophilic interactions and were
observed as dimeric complexes in the solid-state. The silver(l)
complexes served as precursors to the target iodine(l) com-
plexes. The formation of the complexes was confirmed via 'H
and 'H-""N HMBC NMR analyses, which showed 0.36-1.06 ppm
changes in the 'H NMR chemical shifts, and 94-111 ppm
changes in the "N NMR chemical shifts from the 'H-""N HMBC
measurements, upon conversion from the free ligand to an
iodine(l) complex. The conversion from the ligand to the silver
() and iodine(l) complexes lowers the solubility of the species,
even in the most polar solvents such as DMSO. The crystal-
lization process, being highly dependent on the crystallization
conditions such as solvent and solubility, was unsuccessful for
the few low-solubility complexes, and therefore the identity of
some of the iodine(l) complexes was only confirmed in solution.
However, further confirmation of the identity of the iodine(l)
complexes was provided by single crystal X-ray structures for
four of the ligands. The iodine(l) complexes experienced
extremely strong halogen bonds with Ryg values of 0.63-0.64,
even surpassing most of the previously reported 3c-4e bonded
[N—I-N]* complexes. The work herein has extensively studied
iodine(l) complexes of benzoimidazole and pyridylcarbazole
derivatives, and despite limited solubility, demonstrated each of
the ligands being capable of this interaction. The results
reported here, within this fast-growing field of research, provide
valuable information for the development of XB-based materials
for future applications.
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Experimental Section

All reagents and solvents obtained from commercial suppliers were
used without further purification. Synthesis of all prepared com-
pounds is described in the Supporting Information. For NMR
assignments, 'H and 'H -®"N HMBC NMR spectra were recorded
using either Bruker 300 Avance or Bruker Avance Il 500 MHz
spectrometer at 303 K. Chemical shifts are reported on the J scale
in ppm using the residual solvent signal as internal standard (CDCl;,
OH 7.26; CD,Cl,, 6H 5.32; CD4CN, 6H 1.94; (CD;),CO, 6H 2.05; DMSO-
de, OH 2.50). For ®N NMR, CD;NO, is used as an external reference.
For 'H NMR spectroscopy, each resonance was assigned according
to the following conventions: chemical shift () measured in ppm,
observed multiplicity, number of hydrogens, observed coupling
constant (J Hz), and assignment. Multiplicities are denoted as s
(singlet), d (doublet), t (triplet), g (quartet) m (multiplet), and br
(broad).

The UV-Vis and fluorescence studies of 6:1, were performed at room
temperature. Absorption spectra were collected using a Varian Cary
100, 300 Series Il Series UV-Visible Spectrophotometer, and
fluorescence spectra were collected using a Varian Cary Eclipse
Fluorescence Spectrophotometer. The measurements were taken in
a 1cm quartz cuvette and the excitation and the emission band
passes were set to 2.5 nm and 2.5 nm, respectively.

The single crystal X-ray crystallographic experimental and refine-
ment details for all complexes are given in the Supporting
Information. Deposition Numbers 2106003 (for [1-Ag-1]PF),
2106004 (for [1-1-1]PFg), 2106005 (for [1-I-1]PF,_, >2), 2106006 (for
[2-Ag-2]PF¢), 2106007 (for [2-Ag-2]PF¢., >2), 2106008 (for [2-I-2]
PF¢), 2106009 (for 3), 2106010 (for [3-Ag-31PF,), 2106011 (for [3-H]
1), 2106012 (for 4), 2106013 (for [4-Ag-4]1SbF), 2106014 (for [4-1-4]
PF), 2106015 (for [5-Ag-51PF¢), 2106358 (for [5-Ag-5]BF,), 2106359
(for [5-Ag-5]OTf), 2106360 (for [5-1-5]PF¢), 2106361 (for [5-1-5]BF,),
2106362 (for [5-1-5]0Tf), 2106016 (for [5-I-51I;), 2080281 (for 6),
2106017 (for [6-Ag-6]PF,), 2106018 (for [6-Ag-6]BF,), 2106019 for
([6-Ag-6]SbF), 2106020 (for 6:1,), 2080282 (for 7), 2106021 (for [7-
Ag-7]PF), and 2106022 (for [7-Ag-MeCNIPF,) contain the supple-
mentary crystallographic data. These data can be obtained free of
charge by The Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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DOI: 10.1039/x0xx00000x The directionality of the [N-I-N]* halogen bond makes iodine(l) ions impeccable tools in the design and construction of

[N-1-N]* halogen-bonded assemblies. The synthesis of dimeric iodine(l) cages with imidazole-derived N-donor tripodal
ligands is described, as well as their corresponding silver(l) precursors. The addition of elemental iodine to the parent two-
coordinate Ag(l) complexes produces iodine(l) complexes with three-center four-electron (3c-4e) [N-I-N]* bonds. Complex
formation via this cation exchange was confirmed by H and *H->N HMBC NMR studies in solution, and additionally by
electrospray ionisation and ion mobility mass spectrometry analysis (MS) in the gas phase. The structural analysis of the
single crystal X-ray structures of 11 silver(l) cages and the computationally modelled iodine(l) cages, along with MS analysis,
revealed structural similarities between the two different capsular assemblies. In addition to strong electrostatic
interactions, C-H---F hydrogen bonds were determined to have a directing effect on the silver(l) cage formation and binding

of suitably sized anions into the cavities in the solid state.

Introduction

The term clathrate was first devised by H. M. Powell in 1948
when the first definition of a solid-state cage-like
supramolecular structure came to life. According to Powell, a
clathrate was a kind of a solid-state inclusion compound “in
which two or more components are associated without an
ordinary chemical union, but through the complete enclosure of
one set of molecules in a suitable structure formed by another” .
These structures are generally further divided into two
categories: the first are clathrates, viz lattice inclusion
compounds, in which guests are trapped into a host matrix,
generally speaking, a crystal lattice; the second are molecular
host-guest inclusion compounds, in which the guest is trapped
inside a larger, often macro- or multimacrocyclic, host molecule
or a self-assembled concave entity comprising multiple
components, e.g., molecular capsules and cages.!

Molecular hosts and capsular assemblies have attracted
much interest since Rebek’s first hydrogen-bonded
supramolecular capsule in 1993.2 The possibility of
encapsulating various guests in these cages has yielded a
plethora of applications,3 ranging from biomedical applications
and selective encapsulation,*> to stabilisation of reactive
compounds using supramolecular capsular entities and catalysis
in confined spaces.®’ To date, various host-guest capsular
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assemblies have been reported using molecules such as
resorcin[4]arenes,8-11 calix[4]-arenes,12-14 and
pyridine[4]arenes.1>16 The self-assembled capsular assemblies
comprise two or more suitable preorganised molecules
spontaneously forming capsular entities with either metal
coordination,’-21 or hydrogen bonding.22.23

Ever since the 1990s, halogen bonding has developed into a
true competitor for hydrogen bonding and other non-covalent
interactions to the point that, to date, it is one of the most
studied interactions in supramolecular chemistry.24-27 Halogen
bonding was only recently defined by IUPAC as a net attractive
interaction between the positive regions of the electrostatic
potential associated with a halogen atom and a Lewis base.?8
Perhaps the controversial nature of the halogen bond led to its
late definition, however, halogen bonding has been deftly
utilised in the formation of supramolecular assembilies,
amongst other non-covalent interactions, for its strength,
tunability, and directionality, which provides the necessary
tools for sufficient control of the self-assembly processes.
Despite its utility, the use of halogen bonding in the formation
of discrete molecular capsules is rare, with only a few examples
previously reported using the classical halogen bond.29-31

More recently, halogen bonding has also received interest
in the form of halogen(l), especially iodine(l), cations.32-34 The
halogen(l) cations, also known as halenium ions (X*), can be
considered as extremely polarised halogen atoms which are
capable of forming symmetric three-center four-electron (3c-
4e) [L-X-L]* bonds and constructing a halogen(l) complex by
simultaneously interacting with two Lewis bases (L; commonly
aromatic amines).35-38 The [N-X-N]* 3e-4e bonds are found to
be among the strongest halogen bonds, which in addition to
their high directionality and robust nature, has made them an
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interesting supramolecular synthon in modern-day crystal
engineering.

lodine(l) ions are commonly used in organic chemistry as
halogenating agents3°%2 and their inherent reactivity makes
them harder to isolate and structurally characterise. Recently, a
number of heteroleptic or unconventional iodine(l) complexes
have been prepared and characterised, mainly in the solid
state.37.3843-48 So far, only a few supramolecular capsular or
macrocyclic*® assemblies incorporating [N-I-N]* halogen bonds
have been reported,’°-53 which are obtained using the
analogous silver(l) metallocages as the starting point for the
iodine(l) cages, obtained via the [N-Ag—N]* to [N-I-N]* cation
exchange reaction.>*

Herein, we report the solid-state structures of 11 parent
silver(l) tripodal metallocages, and a comprehensive
theoretical, gas, and solution-state study confirming the
formation of iodine(l) [N-I-N]* cages. This report serves as
further proof of the indisputable importance of halogen(l) ions
as supramolecular synthons, and not just in simple
monodentate ligand-complexes, but also in more sophisticated
capsular assemblies.

Results and Discussion

Synthesis of the silver(l) and iodine(l) cages

The imidazole- and benzoimidazole-based N-donor tripodal
ligands 1 - 6 with a trialkylbenzene backbone were chosen for
the capsular assembly (Scheme 1).
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Scheme 1 The structures of N-donor tripodal ligands 1 - 6 used in the formation of the
iodine(l) cages.

Journal Name

The most common route for iodine(l) complex formation is
through the [N-Ag-N]* = [N-I-N]* cation exchange reaction.5*
All cage reactions were performed in either acetonitrile or
DMSO dictated by the lower solubility of some of the
complexes. In the first step, presented in Scheme 2, two
equivalents of ligand are mixed with three equivalents of a
silver(l) salt (here AgPFs, AgBF4, or AgSbFg). Many different
weakly coordinating anions can be used, as it has been shown
that the counteranions do not influence the linear
centrosymmetric geometry of the [N-I-N]* halogen bond
neither in solution nor in solid state.>® In the second step,
elemental iodine (I2) is added to the parent silver(l) cage
solution and stirred for an hour. Due to the more complex
structure of the cages the reaction requires more time for
completion than for the previously reported small-ligand
iodine(l) complexes.** Upon completion of the reaction, the
silver iodide (Agl) precipitates from the solution leaving the
cationic tris-iodine(l) cage with the three anions in the solution.
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Scheme 2 The synthesis of the iodine(l) cage of tripodal ligand 4 through its analogous
silver(l) metallocage.

Ligands 1 — 6 were straightforwardly synthesised, with only 6
not being previously described in the literature. Imidazole,
benzoimidazole, or dimethyl-benzoimidazole moieties are
attached to the core benzene ring via methylene-linkers,
making the ligands flexible and large enough to accommodate
guests inside. The ligands must be able to first bind silver(l), and
then iodine(l), cations leading to two distinct complexes, which
in many cases prefer slightly different conformations with
dissimilar bond lengths and angles. The syntheses of the ligands
are straightforward and mostly follow literature procedures,
with a few adaptions stated in the Supporting Information.ss

2| J. Name., 2012, 00, 1-3

Crystallography of the silver(l) cages
The X-ray structures of ligands 1 - 5 have been previously
reported,2157-60 as well as the [1-Ag-1]X cages with various
counter-anions.17.:206162 |n addition, cages [3-Ag-3]BF4!8 and
[4-Ag-4]BF;2! have been X-ray structurally characterised. In
total, 11 single crystal X-ray structures of the analogous silver(l)
cages were determined (Figures S1-S11), two of them
polymorphs to previously reported structures.17.20 Unlike the
halogen(l) 3c-4e bonds, the [N-Ag-N]* environment is easily
distorted by the solvent or anion coordination to the silver(l)
cations and angles of as small as 149° have previously been
reported.** Further demonstrating this, the silver(l) cages were
determined to have varying N-Ag bond lengths from 2.068(12)
A to 2.170(7) A and N-Ag-N angles ranging from 163.1(2)° to
180.0(5)°. These bond lengths are similar to previously observed
ones with smaller monodentate versions of these ligands.*>
However, in the silver (1) cage formation the N-Ag-N angles are
more linear when compared to the simple mononuclear
complexes where the anion to silver(l) cation interactions can
cause distortion from linearity.4>

The cages were designed to encapsulate small guests inside
the cavites of the cages. In nine out of 11 cases, the electron

This journal is © The Royal Society of Chemistry 20xx
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density map of the X-ray crystallographic analysis indicated that
one of the counterions was positioned inside the cages.
However in the case of [1-Ag-1]SbFs and [3-Ag-3]SbFe the
electron density inside the cavity was diffuse, indicating a
heavily disordered SbFg anion, and due to this they could not be
modelled adequately, and were accounted for using SQUEEZE
in the final model.®3 Figure 1 depicts, as an example, the
encapsulation of a hexafluoroantimonate(V) anion in
[6-Ag-6]SbF¢ as a result of the C-H---anion and cation---anion
interactions between the ligand, the Ag(l) cations and the SbFg
anion. Moreover, the complexes observed in the solid state
generally encapsulate one anion leaving the two remaining
anions outside the cage.

The anion interactions inside the cage were estimated by
determining the shortest distances between the anionic and
cationic species for structures [3-Ag-3]BFs; and [3-Ag-3]PFe,
[5-Ag-5]BF, and [5-Ag-5]PF¢, and also for [6-Ag-6]PFs and
[6-Ag-6]SbFs, in which the anion resides inside the cage cavity.

Figure 1 The thermal ellipsoid (top) and spacefill (bottom) representations of the
X-ray crystal structure of [6-Ag-6]SbFs. Solvents and anions omitted for clarity
except for the encapsulated SbPFs anion in the bottom image. Thermal
displacement ellipsoids are drawn at the 50% probability level. The N-Ag-N bond
lengths and angles were determined to be between 2.091(4) - 2.095(4) A and
172.3(2) - 173.0(2)°.

This journal is © The Royal Society of Chemistry 20xx
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The shortest silver(l) to fluorine (Ag::-F) contact distances were
found to be between 2.66(1) A—2.802(9) A, whereas the C-H---F
hydrogen bonds were found to vary between 2.33 A — 2.66 A.
All these C—H-:-F(anion) hydrogen-bond distances are shorter
than the sum of the van der Waals radii of Ag, F and H atoms
(Ag--F = 3.19 A, F--H = 2.67 A). However, for cages with the
shortest Ag---F contacts, the hydrogen-bond distances (C-H::-F)
were found to be the longest, indicating that these distances
rely heavily on the orientation of the anion inside the cage

cavity.
The anion-to-cage interactions were further studied with
Hirshfeld surface analysis (Figures S12-S17) using

CrystalExplorer. 6465 |n each case, large bright red spots can be
observed on the Hirshfeld surface of the anions in the regions
where the fluorines are in close contact with the silver(l) cations
confirming the interactions to be shorter than the van der Waals
radii. Slightly smaller, though still fairly bright red spots can also
be seen for the C-H---F interactions. The 2D fingerprint plots of
the Hirshfeld surface analysis provide information on the
unique crystal packing in each case, at the same time easily
revealing similarities between the structures. The fingerprint
plot depicts the relationship of the distance to the nearest atom
center interior to the surface (d;) and to the exterior to the
surface (d.).5* The fingerprint plots (Figures S12-S17) display the
Ag---F and C-H---F interactions as a pair of spikes at the bottom-
left part of the plot. The percentage contributions to the close
intermolecular contacts can also be determined from the 2D
plots. For all cages, the contribution of the Ag:-F contacts was
determined to be between 9 — 17 % (largest for [5-Ag-5]BF4),
whereas the C-H---F hydrogen bonds contributed 82 - 91% to
the overall
generally stronger than hydrogen bonding, and in here, they act
in unison. Therefore, even though the Hirshfeld surface depicts
Ag---F contacts to be the closest, the hydrogen bonds most
certainly play a role in the stabilisation of the anion. In some
cases, a small percentage (< 4%) of other interactions (F---N and
F---C) were observed to contribute to the anion binding. The
results from the Hirshfeld surface analysis indicate a multitude
of stabilising interactions directed toward the anion. For
example, Figure 2 depicts the X-ray crystal structure of
[6-Ag-6]SbFs with the calculated Hirshfeld surface for the SbFe
anion inside the cage, where the punctures in the surface
display strong cation-anion (Ag*-FgSb’) interactions.
Additionally, the strong interactions are supported by the non-
disordered nature of the SbFg anion with well-defined thermal
movement inside the cage due to the supramolecular
interactions.56.67

interactions. The electrostatic interactions are

Characterisation of the iodine(l) cages

Despite numerous silver(l) cages, to date, only the solid-state
structure of dimeric [N-I-N]* halogen-bonded cage made from
1 has been reported.>3 The nucleophilic nature of the iodine(1)38
cation renders the interactions with anions very weak, and the
inability to get diffraction quality single crystals of the iodine(l)
cages in this study highlights the challenge in obtaining solid-
state crystal structures of larger [N-1-N]* halogen(l) assemblies
with multiple 3c-4e bonds.5051 Unfortunately, also in this study,
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the crystallisation of the [N-I-N]J* cages proved to be
unsuccessful. Therefore, the iodine(l) cages were modelled with
fixed N—I bond lengths of 2.25 A and 180° angles for the most
accurate description based on the known coordination
geometry of the [N-I-NJ]* halogen bond (Figure 3 and Figures
S$18-523).566869 The resulting calculated iodine(l) cage
structures are very similar to the analogous silver(l) crystal
structures (see below discussion and Figure S10), apart from the
slight distortion of the silver(l) cages in the solid state due to
packing effects.

The cage composition was further confirmed in the gas
phase with electrospray ionisation mass spectrometry (ESI-MS)
and ion mobility mass spectrometry (IM-MS) analysis51.70
(Figures S24-S41). For ligand 4, the formation of the cages was
verified by the detection of the ions [4,Ag3+PFs]?* and
[4,13+PF¢]2* at m/z values of 787 and 815, respectively.
Additionally, the cages were observed with other anions in the
gas phase, such as |- and PF,0;. In ion mobility mass
spectrometric experiments, the silver(l) and iodine(l) cages
appear with very similar, narrow-width arrival time
distributions confirming that the overall cage structures have
not changed during the Ag(l)-to-I(l) ion exchange reactions. The
IM-MS provided evidence of the cages being close in their sizes,
though the iodine(l) cages are slightly bigger than the
corresponding silver(l) cages. All silver(l) and iodine(l) cages
depicted a narrow peak width in the arrival time distribution
indicating a discrete, well-defined structure. Also, the iodine(l)
and silver(l) cages show closely related fragmentation patterns
in collision-induced dissociation (CID) experiments (Figures S42-
S43). The dissociation of the mass-selected doubly charged
[LAgsPFs]2* and [LaIsPFg]2* ions leads to a singly charged [LAg]*
and [LI]* ions, respectively. The corresponding singly charged
[LAg,PFs]* and [LI,PFg]* fragments are, however, not observed,
which indicates a subsequent, rapid loss of AgPFs or IPFg ion
pairs leading again to a second [LAg]* and [LI]* fragment,
respectively. The fact that these ion pair losses do not occur
similarly from the parent ions directly is in agreement with an

Figure 3 The spacefill representation of the calculated structure of [6-1-6]PFg
iodine(l) cage.

This journal is © The Royal Society of Chemistry 20xx
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encapsulated PFg counterion, which can only escape in the form
of the ion pairs when the cage has already fragmented. This
assumption is also in line with the observation of 2+, but no 1+
or 3+ charge states for the intact cages. The fragmentation was
studied at different collision voltages to obtain a survivor yield
curve for both the silver(l) and the iodine(l) cages (Figure S44).
The 50% survivor yields are obtained at collision energies of 17
V for [La2l3PFg]2+ and of 26 V for [L,AgsPFs]2*. Thus, the iodine(l)
cage is somewhat less stable in the gas phase than its silver(l)
analogue. In conclusion, not only the sizes of the two cages are
in the same range, but also the ionisation behavior (only +2
charge states) and the fragmentation patterns. This is
straightforward evidence that both cages have analogous
capsular structures.

The formation of the silver(l) and iodine(l) cages in solution
was studied with 'H NMR and 'H-15N HMBC measurements
(Figure 4 and Figures S45-S54). Ligand 1 was not included in the
NMR study since similar experiments have been previously
reported.>3 Earlier studies have shown that the formation of the
silver(l) cage results in a downfield change in the 'H NMR
chemical shifts of the ligand,*3-4553 most prominently observed
for the imidazole C(2) proton (H,, singlet, Figure 1, top). Changes
in the IH NMR chemical shift range were between 46 0.16 and
A6 0.48 ppm when going from the uncomplexed ligands to the
silver(l) complexes. The cation exchange reaction from Ag* to I*
results in a further downfield shift, which for these ligands,
ranges from A6 0.16 to Ad 1.21 ppm, resulting in notable shift
differences between the free ligands and the iodine(l) cages of
up to almost 1.7 ppm. It has been previously observed that the
solubility of the complex is often lower for the I* complex than
for the Ag* complex, and greatly reduced compared to the
respective free ligand.*> A complete set of measurements in
CDsCN could be performed only for two ligands (4 and 5) out of
the five systems, as the solubility of some of the silver(l) and
iodine(l) cages required the use of DMSO-dgs, and the poor
solubility of the silver(l) complexes results in an incomplete
conversion of the silver(l) cage to the iodine(l) cage, as
confirmed by 'H NMR spectroscopy. This is most clearly
observed for ligand 2, while being much less pronounced for 3
and 6. However, the majority of the silver(l) cages fully convert
to the iodine(l) cages. The conversion from the ligands to the
silver(l) complexes were further studied with 'H-15N HMBC
measurements (Figures S46, S48, S50, S52, and S54). Even
though the 1H NMR spectra could be obtained for all the silver
(1) and iodine(l) cages, in most cases the decreased solubility of
the iodine(l) cages would cause them to precipitate out
of solution during the time required for satisfactory quality
HMBC acquisitions to be collected, and therefore, a full set of
15N NMR resonances were obtained for only one iodine(l) cage,
[2-1-2]PFs (Figure S2). However, as demonstrated before,4>
upon coordination to silver(l), or iodine(l), the resonance of the
coordinating nitrogen (N1) is found to change markedly
downfield due to the deshielding effect upon complexation. In
contrast, the non-coordinating nitrogen (N2) is shielded and
experiences only minor changes in the opposite direction. Due
to low solubility, the signal of the coordinating nitrogen (N1) is
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Figure 4 The 'H (top) and 'H-15SN HMBC* (bottom) NMR spectra of the uncomplexed
ligand 4 (black), the [4-Ag-4]PF; silver(l) complex (blue), and the [4-1-4]PF iodine(l)
complex (red), where H, is the proton between the coordinating (N1) and non-
coordinating (N2) nitrogens. All values are in ppm and referenced to CDsCN ('H) and
CD3NO; (*>N) (500 MHz, 303 K). *Due to poor solibility, the *H->N HMBC NMR spectra of
the iodine(l) complex could not be obtained.

in some cases undetectable, making the N2 value ever more
important, and giving valuable information about the
complexation. The silver(l) complexation induces a coordination
shift around -50 ppm in the 15N NMR resonance of N1 for all
ligands, whereas the resonance of N2 only changes by around
+5 ppm.

Conclusions

In summary, we have presented comprehensive evidence of
dimericimidazole-based iodine(l) cage formation in the solution
and gas phase. The formation of the iodine(l) cages occurs via
the Ag* to I* cation exchange reaction from the analogous
silver(l) cages. In addition to NMR and MS experiments, the
silver(l) cages were also crystallised and further studied in the
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solid state using X-ray crystallography. The resulting endohedral
cavity of the self-assembled dimeric cages yields an anion
encapsulation with strong supramolecular interactions. The
silver(l) crystal structure of [6-Ag-6]PF¢ and the calculated
structure of [6-1-6]PFs along with the ion mobility-MS analysis,
clearly display structural similarities amongst the two well-
defined structures with the silver(l) cage having slightly shorter
Ag-N bond lengths (2.068(12) - 2.170(7) A) and less linear N—
Ag—-N angles (163.1(2)° - 180.0(5)°) than expected for the
iodine(l) cage. This is strongly reflected in the almost identical
arrival time distributions determined in ion mobility mass
spectrometric experiments, which reveal only a very slight size
increase when the silver ions are replaced by iodine(l). The
flexibility of the cages enabled them to host anions of varying
sizes, forming complexes with strong supramolecular
interactions in each case. In addition to anion-cation
interactions, a surprisingly large contribution to the anion
stabilisation was made by the C—H---F hydrogen bonds.

For all the complexes, [L,Ags]?* ions were observed in the
mass spectra, which indicates a stonger interaction of one anion
compared to the remaining two. This would suggest that the
anion encapsulation occurs for each complex in the gas phase.
Furthermore, this would also support the occurrence of the
anion encapsulation in solution. However, during the
crystallisation, conceivably the inherent anisotropic nature of
the 3c-4e [N-I-N]* bond results in conflicting anion interactions,
with the repulsive nature of the I*--F interactions and the
attractive endohedral cavity,53 making the anion encapsulation
and the crystallisation process of the iodine(l) cages more
problematic. However, the directionality of the [N-I-N]*
halogen bond makes iodine(l) ions excellent tools in
supramolecular cage design and crystal engineering. The work
presented here serves as further proof of the indisputable
importance of halogen(l) ions as supramolecular synthons,
aiding the design of more complex supramolecular capsular
assembilies.
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