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ABSTRACT: A tetra-gold supramolecular organometallic cage constructed with two pyrene-bis-imidazolylidene ligands 
and two carbazolyl-bis-alkynyl linkers (1) was studied as host for a series of substituted polycyclic aromatic 
hydrocarbons (PAHs). For the two smaller PAHs used (2-naphthalenol and 1-pyrenemethanol), the presence of the -
OH groups at the periphery of the molecules did not enhance the binding affinity of the guest, compared with the 
unsubstituted PAHs. This observation indicated no hydrogen bonding of these two guests with the NH of the carbazole 
linker, as well as negligible dispersive interactions of the substituents with the π-system of 1. In the case of 3-
perylenemethanol, the CH2OH group produced a significant increase in the binding affinity, vs perylene. Similarly, 3-
methylperylene shows an increased binding affinity compared to perylene. MN15-L/def2-QZVP calculations gave Gibbs 
reaction energies for the displacement of perylene from the host by the substituted perylenes becoming more exergonic 
in the order: -1.6 (3-methylperylene) > -4.3 (3-ethylperylene) > -4.5 kcal/mol (3-perylenemethanol). The experimental 
and DFT results indicate that the peripheral dispersive interactions can make a significant contribution to the host-guest 
bonding energy, in addition to the conventional -stacking interactions. Our work highlights the importance of 
dispersive interactions in the contribution to the binding affinity of host-guest chemistry complexes. .

INTRODUCTION 
Polycyclic aromatic hydrocarbons (PAHs) are naturally 
occurring compounds that are widespread environmental 
contaminants.1 Lower PAHs (2-3 rings) are known to 
exhibit acute toxicity, while most of the larger PAHs (4- 
to 7-rings) are carcinogenic to a variety of organisms. On 
the other hand, the rigid planar conjugated structures of 
PAHs endow unique optical and morphological 
properties that have found multiple applications in the 
fabrication of optoelectronic devices,2 such as light 
emitting diodes (OLEDs)3 and organic field-effect 
transistors (OFETs).4 The properties of a PAH are 
strongly dependent on its structure, which is mostly 
determined by the number of aromatic rings, the manner 
in which the rings are fused, and the nature of their 
substituents. In addition, the introduction of 
functionalities at the periphery of the PAH can allow 
tuning its properties, so that their utility in the fabrication 
of tailor-made materials and devices can be expanded.5 
The problems PAHs cause as pollutants, together with 
their high value for the fabrication of optoelectronic 
devices, have motivated the development of a large 
number of molecular hosts for selective PAH 
encapsulation and sequestration.6

NHCs (N-heterocyclic carbenes) are currently 
recognized as very convenient scaffolds for the 
construction of Supramolecular Organometallic 

Complexes (SOCs).7 During the last four years we 
described a series of NHC-based supramolecular 
organometallic complexes (SOCs),8 among which 
several were used as hosts for the encapsulation of 
PAHs.9 In particular, we recently described a tetra-gold 
metallorectangle that combines two pyrene-bis-
imidazolylidene ligands with two carbazolyl-bis-alkynyl 
linkers (1, in Scheme 1).9a The two cofacial pyrene 
moieties separated by almost exactly 7 Å, render this 
molecule a very effective receptor toward PAH 
molecules, and the observed binding affinities were 
among the largest reported for a metallosupramolecular 
host.9a The recognition abilities of the 
metallosupramolecular host 1 are explained by the 
effective  stacking interactions between the host and 
the PAH guest. Incorporation of functionalities in the host 

that add further non-covalent interactions with the PAH 
molecules can provide methods for enhancing guest 
selectivity and facilitate the separation of structurally 
similar organic molecules. Recently, Li and Stoddart 
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highlighted the importance of lateral interactions for 
designing hosts capable of binding guests in multiple 
locations and modes.6f We also showed that for a 
pyrene-Au(I)-based metallotweezer with a carbazolyl 
linker (2, in Scheme 1), the presence of the N-H group in 
the carbazole linker enabled the receptor to show 
significant enhanced binding toward PAHs substituted 
with H-bonding groups, as a consequence of the 
combined action of stacking and hydrogen-
bonding.9e 
Scheme 1. Carbazolyl-connected tetra-Au(I) 
metallorectangle (1) and di-Au(I) metallotweezer (2).

With these precedents in hand, we now present our 
studies on how the presence of substituents on PAH 
molecules influence their binding affinities with our tetra-
Au(I) metallorectangle 1. As will be described in the 
following sections, the binding affinities of these guests 
are highly influenced by dispersive London forces, a 
relatively weak interaction that has been largely ignored 
in discussions of molecular stability and reactivity,10 and 
for interpreting the formation of host-guest inclusion 
complexes.11

RESULTS AND DISCUSSION
In order to determine whether the presence of 
substituents capable of hydrogen bonding would 
influence the binding affinities of PAHs with the 
metallorectangle 1, four substituted polycyclic aromatic 
hydrocarbons depicted in Scheme 2 were used as 
guests to form the corresponding inclusion complexes 
with 1. Compounds 3-5 contain an OH group, which, in 
principle, can form a hydrogen bond with an NH group of 
1. For comparison, for the reasons that will be fully 
explained below, we also included 3-metylperylene (6) in 
this study. 3-Ethylperylene (7) is included in Scheme 2 

because it was used as a model guest in our DFT 
studies (vide infra).
Scheme 2. Substituted PAHs used in the study.

For the determination of the binding affinities with 3 - 6, 
we performed 1H NMR titrations using the same 
conditions as we used before for the determination of the 
association constants of 1 with the corresponding 
unfuctionalized PAHs.9a Hence, the titrations were 
carried out in CD2Cl2, at room temperature, using a 
constant concentration of 1. In all cases, addition of the 
substituted PAHs induced an upfield 1H NMR shift of the 
pyrene protons of 1. Together with these changes, we 
also observed that the signal due to the NH proton 
shifted downfield upon addition of the guests (see ESI 
for details). This shift was significantly larger with 4 and 
5, compared to the smaller functionalized PAH, 3. In this 
regard, with 2-naphthalenol (3), the upfield shift of the 
signal due to the NH proton was practically negligible, 
while the largest shift observed during the titrations with 
1-pyrene-methanol (4) and 3-perylenemethanol (5) was 
+0.75 ppm in both cases. This large upfield shift 

observed for the signal of the NH proton in 1 upon 
addition of 4 and 5 contrasts with the smaller shifts 
observed when the related unsubstituted PAHs were 
added, which were 0.2 and 0.4 ppm, for pyrene and 
perylene, respectively, as we previously reported.9a 
Based on the changes observed, we were able to 
determine the association constants of 1 with the smaller 
substituted PAHs 3 and 4, by processing the data using 
a 1:1 stoichiometric model.12 The association constants 
found were 20±1 and 3360±90 M-1, for 3 and 4, 
respectively, i.e. almost identical to those found 
previously for naphthalene and pyrene.9a These values 
indicate that for the case of 2-naphthalenol and 1-
pyrenemethanol, the presence of the hydroxyl group 
does not provide any enhancement in the binding affinity 
of the guest, compared to the unsubstituted analogue 
PAH molecules. This result may be due to the location of 
the functionalized guest molecule in the cavity of the 
guest, in a manner where a maximum face-to-face 
overlap with the pyrene panels of the host is established, 
in an orientation where the -stacking interaction 
between the host and the guest is maximized. We think 
that, in this situation, the establishment of an effective 
hydrogen bonding interaction with the NH group of the 
carbazolyl linker might require the guest molecule to shift 
from the position that facilitates the maximum -
stacking interaction. In addition, the establishment of a 
hydrogen bond between the guest and the NH group of 
the host should require that the guest accommodates in 
such a manner that needs to fit between the two gold 
atoms in order to come close enough to the NH group. 
With the two Au atoms separated by a distance of about 
6.5 Å in the empty molecule of 1, the approach of the guest to 
the NH bond should be accompanied by metal-guest 
interactions (vide infra). This situation contrasts with the easy 
approach of guests to the NH bond in the metallotweezer 2, as 
we demonstrated earlier.9e In this case, the molecule is flexible 
enough as for allowing that the two gold atoms separate and 
accommodate to show the most favorable orientation with 
respect to the molecule of guest upon hydrogen bond 
formation with the NH group of the carbazole linker.

Figure 1. Selected region of the 1H NMR spectra (CD2Cl2) of 
1, and subsequent addition of one equivalent of perylene 
(middle), and 5 (top). The shifts observed for two 
representative signals of the host are also indicated.
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The NMR spectra resulting from the titrations performed 
with 3-perylenemethanol could not be used for 
determining its association constant, because the value 
apparently exceeds the limits for being determined by 
NMR spectroscopic means (NMR titrations are only valid 
for determining constants below 104-105 M-1).12 
Unfortunately, the titrations performed using Uv-vis or 
fluorescence spectroscopy did not provide reliable 
results that could give us a meaningful association 
constant. Neither the Uv-vis nor the fluorescence 
titrations showed distinctive bands that could be used to 
monitor the consumption of the free guest and formation 
of the host-guest adduct upon addition of increasing 
amounts of 5. Under these circumstances, we decided to 
perform an experiment in order to assess whether the 
association constant of 5 was larger than that previously 
found for perylene (1.6×105 M-1).9a The experiment 
involved preparing a solution of perylene@1 by adding 
one equivalent of perylene to 1, followed by addition of a 
stoichiometric amount of 5 in order to see if 5 replaces 
perylene in the cavity of the host. As can be observed 
from the series of spectra shown in Figure 1, the addition 
of one equivalent of perylene to a solution of 1 instantly 
produces the quantitative formation of perylene@1. 
Subsequent addition of one equivalent of 5, resulted in 
the complete encapsulation of 5 to form 5@1, with the 
concomitant release of perylene. This simple experiment 
demonstrates that the binding constant associated with 
the formation of 5@1 is significantly larger than that for 
perylene@1.
Single crystals suitable for X-ray diffraction studies of 
5@1, were obtained by slow diffusion of hexane into a 
concentrated solution of the complex in chloroform. The 
molecular structure of this host-guest complex is shown 
in Figure 2. The structure of 5@1 confirms that a 
molecule of 3-perylenemethanol is accommodated inside 
the cavity of the metallorectangle 1. The host structure 
has a two-fold symmetry axis that connects the two 
centroids of the pyrene moieties of the metallorectangle, 
therefore the –CH2OH functionality of the guest occupies 
two symmetry-related orientations in the molecule, with 
50% occupancy each one (only one of these orientations 
is shown in Figure 2). The distance between the planes 
formed by the cofacial pyrene units is 7.142 Å, therefore 
very similar to the one shown for the empty host (7.214 
Å),9a indicating that the encapsulation of the guest occurs 
at a minimum energy cost due to the negligible induced-
fit distortions. It is important to point out that the centroid 
of the planar guest is perfectly aligned with the centroids 
of the pyrene panels of the host. In addition, the longer 
axis of the perylene moiety of 5 is perfectly aligned with 
the longer axis of the pyrene-di-imidazolylidene ligands 
of the metallorectangle, therefore rendering an 
orientation for which the face-to-face contact between 
the host and the guest is maximized. This orientation of 
the guest within the cage is identical to that found for the 
structure of perylene@1,9a therefore indicating that the 
presence of the –CH2OH functionality has negligible 
influence on the orientation of the guest within the cavity 
of the metallorectangle. The distance between the 
oxygen atom of the guest and the NH hydrogen atom of 
the carbazolyl linker of the host is 5.58 Å, therefore the 
existence of a hydrogen bonding interaction can be fully 

discarded (at least for the solid-state structure of the 
complex).

Figure 2. Two perspectives of the molecular structure of 
5@1. Hydrogen atoms and solvent (CHCl3), were omitted 
for clarity. The red sphere represents the oxygen atom of 
the 3-perylene-methanol guest.

The experimental results described above suggest that 
the presence of the hydroxyl groups in 3 and 4 do not 
provide any measurable enhancement in the binding 
affinities of these guests, compared to their 
unfunctionalized analogues. For the case of 5, the 
experiments show that the binding affinity of this guest is 
significantly enhanced compared to that found for 
perylene. However, as observed from the X-ray 
diffraction molecular structure of 5@1, this enhancement 
cannot be ascribed to a hydrogen bonding interaction in 
the resulting host-guest complex. To shed some light on 
this point, we decided to study the binding affinity of 3-
methylperylene (6) with our metallorectangle 1. 3-
Methylperylene does not have any functional group that 
can engage in hydrogen bonding with the host, but the 
presence of the methyl group will let us know the effect 
of a non-polar substituent on the periphery of the guest 
molecule. If only the steric influence is at play, then we 
should expect a decrease of the association constant 
with respect to that shown when unfunctionalized 
perylene was used. If, on the contrary, the binding 
affinity is increased, then we should consider that other 
type of non-covalent interactions might be playing a role 
in the stabilization of the resulting host-guest complex. 
As we did for the other guests used in this work, we 
performed the corresponding 1H NMR titration in CD2Cl2 
at room temperature. The titration with 6 produced 
similar perturbations of the signals of the protons of the 
host, as those shown for the titrations with 3-5, although 
in this case the maximum downfield shift shown for the 
signal due to the NH proton was 0.39 ppm, therefore 
significantly smaller than those observed during the 
titrations with 4 and 5. As happened for the titration with 
5, the maximum shifts were attained when a 1:1 
(host:guest) stoichiometry was achieved, therefore 
indicating that the association constant was very high 
and exceeded the limits for its determination by 1H NMR 
spectroscopy. This made us proceed as we did before 
for the case of 3-perylenemethanol. In this case, we 
performed an experiment in which we added one 
equivalent of 6 to a pre-formed sample of perylene@1. 
The 1H NMR spectrum of the sample indicated that the 
molecule of 6 had been trapped in the cavity of 1 forming 
6@1, with the concomitant release of perylene (see ESI 
for full details). This experiment indicates that the 
association constant for the formation of 6@1 is larger 
than that for perylene@1. In a similar manner, we 



wanted to know if the binding affinity of 6 with the 
metallorectangle could be compared with the large 
affinity shown by 5. By performing a similar competitive 
experiment, this time adding 5 on a pre-formed sample 
of 6@1, we observed that the binding constant 
associated to the formation of 5@1 is larger than that for 
6@1. Therefore, the order of the association constants 
was established as perylene@1 < 6@1 < 5@1, with the 
association constant of perylene@1 being 1.6×105 M-1, 
as we previously published.9a

To add to the experimental data, we optimized the 
structures and obtained the energies of inclusion 
complexes of perylene, 3-metyl-perylene (6), 3-
ethylperylene (7), and 3-perylenemethanol (5) with a 
truncated model of 1, using the MN15-L/def2-QZVP DFT 
method in a chloroform solvent continuum. The 
truncated host model 1' differed from 1 by the 
replacement of NBu groups by NMe, and by replacement 
of the remote t-Bu groups of the carbazole fragments by 
hydrogen atoms. This model 1' retained the important 
four t-Bu groups on the pyrene fragments. The computed 
geometries differed slightly. Perylene was nearly 
perfectly centered in perylene@1', the orientation 
reflected in the X1-X2-X3 angle being 179.5° where X2 
is the centroid of the perylene, and X1 and X3 are the 
centroids of the pyrene fragments of 1'. The calculated 
X1-X3 distance, 6.97 Å, was similar to the experimental 
in 5@1, 7.14 Å. The calculated structures of 6@1' and 
7@1' displayed a slight shift of the guest in the cavity, 
resulting in the X1-X2-X3 angles of 177.1 and 172.9°, 
respectively. This slight horizontal shift was apparently to 
avoid the Me and Et substitutes approaching the nearby 
gold atoms too closely. As a result, the carbazole N-X2 
distances became unequal, e.g., 10.85 and 10.75 Å in 
7@1'. The X1-X3 distances were slightly shorter in 6@1' 
and 7@1': 6.88 and 6.92 Å, respectively, compared to 
perylene@1'. Finally, the calculated  structure of 5@1'  
was characterized  by  the  X1-X2-X3 



Figure 3. Calculated host-guest structures of 1’ with perylene, 3-methylperylene, 3-ethylperylene and 3-perylenemethanol. 
The energy diagram represents the calculated Gibbs energies for the substitution of perylene by 3-perylenemethanol (5), 3-
methylperylene (6), and 3-ethylperylene (7). 

angle of 178.9°, and the X1-X3 separation of 6.93 Å. The 
calculated NH···OH separation of 3.69 Å was too long 
for a hydrogen bonding interaction.
Using the calculated molar Gibbs energies of the four 
inclusion complexes, we derived the reaction energies 
for substitution of perylene in perylene@1' by 5, 6, and 
7. These reactions were increasingly exergonic in the 
order -1.6 (6) > -4.3 (7) > -4.5 kcal/mol (5), in a 
qualitative agreement with the experimental data for 5 
and 6 (Figure 3). It is of note the more favorable reaction 
energy with 7 vs 6 and similar reaction energies of 5 and 
7, suggesting that dispersive interactions make an 
important contribution to the guest-host bonding energy. 
The dispersive interactions are expected to correlate 
with the size or surface area of the host. 

Figure 4. Calculated host-guest structure of H-bonded 
5@1’. Distances are given in Å. 

Finally, an attempt was made to calculate a structure of 
5@1' with 3-perylenemethanol shifted inside the cage 
enough to establish a hydrogen bond with an NH group 
of 1' (Figure 4). Indeed, such structure could be 
optimized, characterized by the X1-X2-X3 angle of 
137.2°, X1-X3 distance of 7.02 Å, and the NH···OH 
distance of 2.375 Å consistent with a weak hydrogen 
bond. This product structure was 4.0 kcal/mol higher in 
energy compared to the structure of 5@1' described 
above, indicating that the energy of hydrogen bonding is 
not sufficient to induce the horizontal shift of the guest in 
1'. In addition, as can be observed in Figure 4, the 
structure of the host is highly distorted when compared 
with the X-ray diffraction structure of free 1,9e and also 
with respect to the DFT calculated structures shown in 
Figure 3. The two gold atoms close to the NH group 
where the hydrogen bonding interaction is taking place 
are separated by a distance of about 7 Å, while the 
separation between the other two gold atoms is of 5.9 Å. The 
larger separation of the two gold atoms close to the hydrogen 
bonded NH group facilitates the accommodation of the guest, 
with the oxygen located between the two gold atoms at a 
distance of 3.30-3.33 Å (the sum of the van der Waals radii for 
Au and O is 3.18 Å). However, the structural distortion 
produced in the host has an energy cost that may also help to 
explain the higher energy of the structure depicted in 
Figure 4 compared to the non-hydrogen bonded 
structure of 5@1' shown in Figure 3.

CONCLUSIONS

In summary, we performed a study to determine the 
influence of substituents on PAHs on the binding 
affinities of these molecules with a tetra-Au(I)-based 
metallorectangle 1. We expected that the presence of a 
carbazole linker in the host could encourage 2-
naphthalenol, 1-pyrenemethanol, or 3-perylenemethanol 
to form a hydrogen bond with one of the NH groups of 
the host and, thus, might lead to an enhanced binding 
affinity due to the combined stacking and hydrogen-
bonding interactions. Our results indicate that, for the 
smaller PAHs (anthracene and pyrene), the added 
alcohol group does not produce any enhancement in the 
binding affinity with 1, while for perylene, the addition of 
a CH2OH group produced a significant increase of the 
binding affinity of the guest compared to that of the 
parent perylene. We further observed that the methyl 
group of 3-methylpyrene also produced an enhancement 
of the binding affinity of the guest, compared to perylene. 
As confirmed by X-ray crystallography and by DFT 
calculations, the host-guest complex 3-
pyrenemethanol@1 does not show hydrogen bonding 
between the guest and the host. The NH group is, in 
principle, capable of hydrogen bonding to the OH of the 
guest, but the calculated energy of the corresponding 
DFT-optimized hydrogen-bonded structure is 4.0 
kcal/mol larger than the structure not possessing a 
hydrogen bond. This is because to form the hydrogen 
bond, the guest must shift from the position of the best 
face-to-face surface overlap with 1, needed for optimum 
-stacking. This would also produce an important 
distortion of the structure of the molecule, which has an 
energy cost. On the other hand, the introduction of a 
methyl or an ethyl group at the periphery of the perylene 
molecule produces a stabilization of the resulting host-
guest inclusion complex, compared to the one with 
encapsulated perylene. For the system under study, it 
seems clear that London dispersion can make a 
significant contribution to the host-guest bonding energy 
(on the order of 5 kcal/mol). Therefore, our work 
highlights the importance of dispersive interactions in the 
contribution to the binding affinity of host-guest chemistry 
complexes. The role of this type of non-covalent 
interaction in supramolecular complexation processes is 
still widely debated13 and, only recently, a few studies on 
how dispersive interactions influence the binding 
affinities in host-guest systems have been reported.11,14
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