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Css Nanographene Tetraimide — A Receptor for Phthalocyanines with

Subnanomolar Affinity

M. A. Niyas, Kazutaka Shoyama, and Frank Wiirthner*

Abstract: Phthalocyanines are extensively used by the
dye and pigment industry and in photovoltaic and
photodynamic therapy research due to their intense
absorption of visible light, outstanding stability, and
versatility. As pigments, the unsubstituted phthalocya-
nines are insoluble owing to strong intermolecular n-n-
stacking interactions, which causes limitations for the
solution chemistry for both free base and metalated
phthalocyanines. Here we show a supramolecular host—
guest strategy to dissolve phthalocyanines into solution.
Cqs nanographene tetraimide (1) binds two free base/
zinc/copper phthalocyanines in a 1:2 stoichiometry to
solubilize phthalocyanines as evidenced by 'H NMR
spectroscopy, UV/Vis absorption and single-crystal X-
ray analysis. Binding studies using a tetra-tert-butyl-
substituted soluble phthalocyanine revealed binding
affinities of up to 10° M~ in tetrachloromethane, relat-
ing to a Gibbs free energy of —52kJmol". Energy
decomposition analysis revealed that complexes be-
tween 1 and phthalocyanines are stabilized by dispersion
interactions followed by electrostatics as well as signifi-
cant charge-transfer interactions. )

Phthalocyanines (Pcs) are an important class of compounds
with four isoindole units joined by nitrogen atoms to form
an aromatic macrocycle (Figure 1a).! Following Linstead’s
pioneering work, Pcs and metal phthalocyanines (MPc)?
attracted worldwide interest in scientific and industrial
applications.”! Among those, the utilization of copper Pc as
the largest produced organic pigment, utilized in its (-
polymorphic state as cyan colorant, stands out. But there are
many more applications of this highly stable aromatic and
unique 18 n-electron system macrocyclic scaffold owing to
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Pc1 (R2=H, M =2H)
ZnPc1 (R2=H, M = Zn)
CuPc1 (R2=H, M = Cu) 1
Pc2 (R? = tert-butyl, M = 2H)

ZnPc2 (R? = tert-butyl, M = Zn)

Figure 1. Chemical structures of a) Pc derivatives and b) receptor
1.Dash in ‘tert-butyl’ in Figure 1 is changed from en-dash to hyphen.

its intense absorption of visible light, high stability, and
moderate cost of manufacture, i.e. as colorants for printer
inks, tattoo inks as well as for textile or paper dyeing, for
colour filters in liquid-crystal displays, as colour toners in
photocopiers and laser printers, as semiconductors for
organic photovoltaics, and as photosensitizers in photo-
dynamic therapy.’! Unsubstituted Pcs (Pcl and MPel,
Figure 1a) are in general highly crystalline and are insoluble
in organic or aqueous solvents. Although peripheral sub-
stitutions have been used to study Pcs in solution phase,
many large-scale applications still use unsubstituted Pcs.>”
For instance, the B-polymorph of CuPcl (known as Pigment
Blue 15:3) is the only blue pigment in European tattoo
industry and is now banned due to concerns over health
hazards.® Dissolving such insoluble Pcs in their monomeric
form in solution is important but challenging due to strong
intermolecular interactions between these extended planar
n-systems and the resulting thermodynamically very stable
non-meltable crystalline state (sublimation temperatures
>500°C).”! Inspired by reported examples for high affinity
synthetic hosts"” and our earlier work on the binding of
polycyclic aromatic hydrocarbons by expanded n-
receptors'"'? we hypothesized that such electron-deficient
n-receptors should be able to dissolve also monomeric
unsubstituted Pc compounds into solution phase.'”! Here we
show that Cg, nanographene tetraimide 1 can bind unsub-
stituted Pcs and MPcs and keep them dissolved in organic
solvents by supramolecular host-guest interactions. The
structural evidence obtained by 'HNMR experiments at
slow exchange regime and single crystal X-ray analysis
revealed a 1:2 stoichiometric complex formation. Binding
studies with soluble tetra-tert-butyl substituted Pc (Pc2)
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showed a subnanomolar affinity in apolar organic solvents
for a 1:2 stoichiometric complex.
Cg, nanographene 1 (Figure 1b) was synthesized by a (@)

palladium catalysed one-pot cascade annulation reaction

between pyrene tetra boronic acid pinacol ester and _——— Pcia
dibromonaphthalimide.'” Four terphenyl groups on the
imide positions prevent 1 from self-aggregation while
allowing aromatic guest molecules of size <1 to bind on

both n-faces. The guest molecule Pel (Figure 1a) has indeed Pc1-b
a perfect shape and size complementarity to Cy nano- #
graphene 1, ideal for benefiting from dispersion

interactions.™ Further, tetraimide 1 has a low-lying LUMO #

energy level, which should, similar as demonstrated by
Martin and others for so-called electron-rich bucky catchers
for the solubilization of Cg,!' provide in addition to the
common dispersion interactions additional charge-transfer
interactions to electron-rich Pcs. Thus, we anticipated that 1
can bind Pcl with ultra-strong binding affinities that should
enable dissolution of insoluble Pcs into common organic
solvents.

To test our hypothesis, we added insoluble Pecl into a
solution of 1 in CHCI; and found that the red colour of 1
was changed to dark purple. The colour change indicated
that Pcl was dissolved due to the presence of 1 (no colour
was observed in the absence of 1 in CHCL;). Single crystals
were obtained from a defined 1:2 stoichiometry of 1 and
Pcl by slow vapour diffusion of n-hexane into a CHCl,
solution over 3 days. The obtained crystal structure of
1-2Pcl confirmed the 1:2 stoichiometry of host and guest in Top view from Pc1-a Top view from Pc1-b
the noncovalent complex (Figure 2, Table S1).! The crystal
structure revealed a 1:2 stoichiometric complex that is
dimerized to form a hexalayer complex (Figure 2). We then
used 'HNMR titration to determine the identity of the
noncovalent species formed upon addition of solid Pcl to a
solution of 1. Even at 295K in the rather competitive
solvent CDCl; (known for its excellent solubilization of
aromatic m-scaffolds) the 'H NMR titration revealed the
stepwise binding of guest to host at the thermodynamic
equilibrium. Furthermore, separate signals for host, 1:1 and
1:2 host-guest complexes show that the dynamics of guest
exchange are in the slow exchange regime, which is typical
for strongly bound supramolecular complexes (Figure 3,
Figure S2). Upon addition of 0.5 equiv of Pel, 'HNMR
signals of 1 split into monomeric 1 and a set of new signals
corresponding to 1:1 complex of 1 and Pcl. Evidence of 1:1
stoichiometry comes from the splitting of fert-butyl protons
of 1 into two new signals. Due to the D,, symmetry of 1, all
the tert-butyl protons in the monomeric 1 are chemically
equivalent showing only one signal in the '"H NMR spectra.
However, as Pcl binds, the environment around the protons
are different leading to splitting of signals. Owing to the D,
point group of Pcl, a 1:1 stoichiometric complex (C,
symmetry) would show two signals while a 1:2 stoichiomet-
ric complex (D,, symmetry) shows only one signal for the
tert-butyl protons of 1 (guest exchange is at slow exchange
regime while the guest rotation is at fast exchange). Upon Figure 2. X-ray crystal structure of 1-:2Pc1 showing a) the hexalayer
addition of 1.0 equiv of Pcl, an additional set of signals  complex structure, top views from b) Pcl-a and c) Pcl-a, and
emerges with one signal for the fert-butyl protons of 1  d) packing structure.
corresponding to 1:2 complex. At this point, all the three
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Figure 3. "H NMR (CDCl;, ¢(1) =3.6x10"* M, 400 MHz) titration at a slow exchange regime (295 K) showing free host 1, 1:1 stoichiometric 1-Pc1,
and 1:2 stoichiometric 1-2Pc1. Only '"H NMR signals on the aromatic plane of 1 and tert-butyl chains of 1 are shown for clarity. Aliphatic protons
on the tert-butyl substituent of 1 are symmetric in the free host and during titration split into two new signals indicating the symmetry breaking
due to 1:1 stoichiometric binding. On further titration, one additional signal emerges while all the free and 1:1 complex signals disappear. Thus,
the symmetry is regained in the final titration product, which corresponds to a 1:2 stoichiometric complex. Schematic representation of stepwise
complexation of 1 and Pc1 are also shown for free host to 1:1 to 1:2 stoichiometric host-guest complexes as derived from "H NMR titration at a

slow exchange regime.

species (1:0, 1:1, and 1:2 complexes of 1:Pcl) coexist at
equilibrium. Further addition of Pecl to 2.0 equiv shows only
one set of signals corresponding to the 1:2 complex and
even further addition to 4.0 equiv does not change the
spectra anymore. The non-changing spectra indicate the end
of the titration where all nanographene 1 molecules are
complexed. Excess addition of Pecl did not show any signals
for free Pcl, indicating its insolubility. The remaining Pcl
exists in the solid state. Thus, indeed 1 dissolves Pcl into
solution in a stoichiometric manner such that the maximum
amount of Pcl dissolved can be two equivalents of 1.

In order to measure accurate binding constants and to
determine the Gibbs energies for the interaction of 1 with
Pcs, we next synthesized a highly soluble 2,9,16,23-tetra-tert-
butyl-29H,31 H-phthalocyanine (P¢2) and its zinc-coordi-

nated counterpart ZnP¢2 (Figure 1a)."" Guest molecules
Pc2 and ZnPc2 were synthesized as a regioregular isomer
(C4, point group) based on the reported procedures
(Scheme S1).! Single crystals of 12P¢2 obtained under
similar conditions to 1-2Pcl confirmed the 1:2 stoichiometry
(Table S2, Figure S1).I*! Further, we went on to quantify the
binding affinity using UV/Vis titration experiments (Ta-
ble 1).

As 1 has a high extinction coefficient (¢=2.96x
10°M'ecm™ at A=490 nm in CHCl;), UV/Vis titration at
low concentration (c(1)=1.0x10"°M) was conducted to
determine the binding constants (Figures S5-S9). The
divalent binding event of 1 and Pc¢2 showed subnanomolar
binding in CHCI; with a pronounced anti-cooperativity
(Ky=4.6x10°M™, K,=2.2x10" M ™). To get insight into the

Table 1: Association parameters of host 1 with Pc2 and ZnPc2 guests in different solvents.

Guest Solvent Ky [M7#

Pc2 chloroform! 4.6x10°
toluene! 7.7x10°
tetrachloromethanel? 1.5%10°

ZnPc2 chloroform! 1.5x10%

K, (M AG, AG,

[k) mol "]l (k) mol ™™
2.2x107 —48.9 —41.4
1.4%10 —50.2 —40.5
1.1x107 -51.8 —39.7
7.4%10° —46.2 —38.8

[a] Association constants K;,, determined using global-fit-analysis with the program bindfit!"” for a 1:2 binding model at 295 K. [b] Gibbs free
energies AG,, (295 K) calculated from K, according to AG,,(295 K) =—RTIn(K; ;). [c] UV/Vis titration performed at ¢(1) =1.0x10"° M at 295 K.
All binding constants reported are within 0.5 k| mol™" of error in Gibbs free energy. Experimental details, errors, and mole fraction plots are given

in the Supporting Information.
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effect of the solvent further studies were performed in the
less polar solvents toluene and CCL.[™ The first binding
constant increased 1.7 times in toluene (K;=7.7x10°M™)
and 3.3times to nanomolar affinity in CCl, (K;=1.5x
10° M) while the second binding affinity was maintained
(K;=1.4x10" M in toluene and K,=1.1x10" M~!in CCl,).
As a comparison of freebase Pc to ZnPc, we also performed
binding studies for ZnP¢2 with 1. ZnPc2 also showed similar
subnanomolar binding in CHCl; (K;=1.5x10°M", K,=
7.4x10°M™"). Although the binding constant is three times
lower for ZnPc2, the difference only corresponds to
2.7 kImol™" in free energy, indicating the effect of the metal
ion on binding is rather weak. Thus, our binding affinity
investigations showed that the solubilization of Pecl by 1
originates from the ultra-strong binding of 1 towards Pcl.
Such a high binding strength is unusual for apolar molecules
in apolar solvents!'"™'” especially for multiple guest
binding.*"!

We then conducted an energy decomposition analysis on
the crystal structures of 12Pcl and 1.2P¢2 to investigate the
contributing intermolecular interactions. ALMO-EDA (Ab-
solutely Localized Molecular Orbitals—Energy Decomposi-
tion Analysis)®®" was used as the method to gauge the nature
of intermolecular interactions (Figure S10, Table S4).
ALMO-EDA revealed the importance of dispersion inter-
actions followed by electrostatics as the major contributors
towards the stabilization of complex in the crystal structure.
However, also charge-transfer interactions play a significant
role in the stabilization of this host-guest complex as
expected from electron-donating and -accepting nature of its
components. This effect of charge-transfer interaction is
indeed more appreciable when we compare the binding
strength of 1 with hexabenzocoronene!™ (HBC, K;=8.1x
10°M™, K,=1.6x10°M™" in CHCL;), that has a similarly
sized n—surface but a lower lying HOMO level compared to
Pcs.” A much higher affinity (about three orders of
magnitude) for the Pc complexes in comparison to HBC
could be attributed to the enhanced charge-transfer inter-
action in 1-Pc2 due to the energetically better matching
HOMO of Pcs with the LUMO of 1. The crystal structures
also provided insights on the origin of the anti-cooperativity
for the binding of the two Pc guests on each side of 1. Thus,
analysis of m—n overlap showed differences for the two
bound Pcl molecules in the 1:2 complex shown in Fig-
ure 2b. Pcl-a has an overlap of 97 % of its flat aromatic n—
surface with 1 while Pcl-b has only 62% overlap (Fig-
ure S11). These observations indicate that 1 and Pcl would
generate a stronger binding than those of 1 and Pc2.

For the second crystal of 1 with Pc¢2, however, the
situation is more complex. Here both molecules Pc2-a and
Pc2-b show an equal n-n overlap of 69% with 1 (Fig-
ure S11), which is rather unexpected from the negative
cooperativity factor (e =4 K,/K;, which was in the range of
0.03-0.19) observed by solution experiments (Table S3).
Further investigation by ALMO-EDA analysis of each pair
of 1.Pc2 complex (separate interaction pairs 1.Pc2-a and
1-Pc2-b were taken from crystal structure coordinates)
revealed that strong repulsive interactions dominate for the
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complex 1-Pc2-b, thus making 1-Pc2-a the more stable
interaction motif in the complex (Figure S12, Table S5).

In our initial studies, we showed that the free base Pcl
forms a 1:2 stoichiometric host-guest complex with ultra-
high binding affinity that led to Pcl solubilization. Now we
went on to test if this strategy is also applicable to the more
interesting metalated counterparts, ZnPcl and CuPcl. To
our delight, UV/Vis absorption spectroscopy revealed the
solubilisation of both ZnPcl and CuPcl through complex-
ation with 1. New low energy bands at 700 nm in the mixed
solution of 1-Pc1/1-ZnPc1/1-CuPcl indicate that Pcl/ZnPcl/
CuPcl are dissolved due to the presence of 1 (Figure 4a).
On addition of Pc¢/ZnPcl/CuPcl to 1 in CHCl;, the change
in absorption bands at 490 nm is similar to the changes seen
in concentration dependent UV/Vis spectra of a fixed-ratio
for 1 and Pc2 (Figure 4b). This change in absorption of 1 on
addition of guest molecules shows that the solubilisation of
Pc1/ZnPcl/CuPcl is due to host-guest complexation. Such
changes in absorption spectra are also manifested in the
visual colour change of the solution from red (monomeric 1)
to dark purple (1-Pcl/1:ZnPcl/1-CuPcl) on addition of
insoluble Pc guests (Figure 4c). Finally, "H NMR titration at
the slow exchange regime (295 K) also showed the stoichio-
metric capture of ZnPcl to form 1-2ZnPcl in CHCI; similar
to 1.2Pcl (Figure S3). Further, a MALDI-TOF mass spec-
trometric analysis showed formation of 1:1 stoichiometric
1.ZnPcl and 1:2 stoichiometric 1-2ZnPcl complexes (Fig-
ure S4).

In conclusion, we showed that insoluble Pc pigments can
be dissolved in monomeric form by strong host-guest
interactions. Cy nanographene 1 acts as a ditopic receptor
that binds two Pc/MPcs with ultra-high binding strength,
triggering solubilisation of otherwise insoluble Pc/MPcs in
organic solvents. Binding constants determined by titration
studies showed subnanomolar affinity for both the first and
the second binding events in apolar organic solvents. Such
high affinity became possible because of the large n-surface
of 1 that can interact with flat Pcs through dispersion,
electrostatic, and charge-transfer interactions. In our future
research we will apply such complexes to perform reactions
of Pcs under benign low-temperature conditions™ and for
studies on light-induced processes as well as applications in
organic solar cells. Furthermore, we aim for water-soluble
derivatives of 1 for the dissolution of Pc pigments in water
which might, for example be useful for photodynamic
therapy, removal of tattoos, and a variety of other
applications.
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Figure 4. a) UV/Vis absorption spectra of 1 with Pc1, ZnPc1, and
CuPc1 showing the solubilisation of Pc1/MPc1 due to complexation
(CHCl5, ¢(1) =5.0x107° M, ¢(Pc1/ZnPc1/CuPc1) =1.0x107° M).

b) Concentration dependent UV/Vis absorption spectra of a 1:2
stoichiometric mixture of 1 and Pc2 at different concentrations in
CHCl; at 295 K. The dotted spectrum in pink denotes 1 while the
dotted spectrum in blue corresponds to Pc2 in CHCl; at 298 K.

c) Photographs of solutions of host 1 (red colour, ¢(1) =5.0x107° M),
guests Pc1, ZnPcl, and CuPc1 (almost colourless due to very low
solubility, ¢(Pe1/ZnPc1/CuPc1) =1.0x107° M), and complexes 1-2Pc1,
1-2ZnPc1 and 1-2CuPc1 (dark purple, ¢(1) =5.0x107° M, ¢(Pc1/ZnPc1/
CuPc1)=1.0x107* M) in CHCl,. The colour change from red to dark
purple on addition of guests indicates complexation by the solubiliza-
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