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Rigid, linear π-conjugated acetylene linkers connecting a hydro-
gen-bond acceptor to a hydrogen-bond donor are established
building blocks for self-assembled hydrogen-bonded macro-
cycles. Kohn-Sham molecular orbital and Voronoi deformation
density analyses reveal that the acetylene linker plays an
unprecedented, non-innocent role in the cooperativity of these
hydrogen-bonded macrocycles. The acetylene linker can ab-
stract electron density from the hydrogen-bond acceptor and

donor, due to the linkers’ low-lying π-LUMO. As a result, the
hydrogen-bond acceptor becomes less negatively charged,
which both hampers the cooperativity, as well as the hydrogen
bond strength, in the hydrogen-bonded macrocycles. This effect
becomes more pronounced when the size of the acetylene
linker increases. The findings presented in this work can act as
design principles for the development of novel supramolecular
macrocycles based on hydrogen bonds.

Introduction

Supramolecular chemistry utilizes molecular recognition and
self-assembly processes for non-covalent synthesis.[1] The
spontaneous generation of a well-defined structure from a set
of molecular building blocks bound by non-covalent interac-
tions allows for the construction of novel materials.[2] Well-
known is the application of motifs with strong reversible
hydrogen bonds.[3] Also in biological systems, which have
inspired synthetic supramolecular chemists, hydrogen bonding
is utilized to provide the needed reversibility in association.
Well-known is the DNA double helix which is held together by
hydrogen bonds between the Watson-Crick base pairs adenine
and thymine; and guanine and cytosine.[4,5] Later, it has been
found that DNA can also fold into other hydrogen-bonded
structures, such as guanine quadruplexes, which consist of
layers of four guanines held together by Hoogsteen-type
hydrogen bonds.[6]

In our previous work,[7] we showed that hydrogen bonds in
these guanine quartets experience a large synergetic effect due
to the covalent component, i. e., attractive orbital interactions,
in these bonds. The Hoogsteen-type base pair consists of two
hydrogen-bond acceptors on one guanine moiety binding with
two hydrogen-bond donors on the opposing guanine moiety.
Consequently, charge flows within the hydrogen bonds due to
the donor–acceptor interactions between the donating σ lone-
pair-like orbitals on the oxygen and nitrogen atoms and the
accepting σ* orbital on the N� H groups. Note that this
mechanism demonstrates the important covalent character of
hydrogen bonds.[5,8] This yields a charge separation within the
dimer, making the dimer better for subsequent hydrogen
bonding than the original monomer. Recently, González-
Rodríguez and coworkers[9] obtained hydrogen-bonded as-
sembled quartets by the synthesis of a ditopic monomer which
is based on guanosine and cytidine nucleosides at the termini,
linked by a linear and rigid π-conjugated p-diethynylbenzene
linker. These quartets are prone to self-assemble via a stacking
mechanism, thereby forming tubular nanostructures.[9e]

In this work, we propose supramolecular building blocks by
taking inspiration from nature which utilizes cooperativity in
the guanine quartets and applying to the concept of macro-
cycles (Scheme 1). We have designed a series of monomers (Py-
Linker-Ur) constructed from a hydrogen-bond acceptor side,
consisting of pyrido[2,3-b][1,8]naphthyridine (Py; red), and
hydrogen-bond donor side, consisting of 1-(2H-
cyclopenta[c]pyridin-3-yl)urea (Ur; blue), which are connected
by a rigid, linear π-conjugated acetylene linker, comprising of
zero to five acetylene units (Linker; purple). Four identical
monomers can form hydrogen-bonded quartets [Py-Linker-
Ur]4, which have their hydrogen bonds pointing all in the same
direction. From previous work,[7,10] we know that in such a case,
the hydrogen bonding can be strengthened by charge
separation in the σ-electronic system through the covalent
component in the hydrogen bond and hence demonstrate
cooperativity. We want to investigate if these cooperative
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effects can hold over a long distance via the π-conjugated
linkers and understand the mechanism behind the synergy in
the σ- and π- electronic systems. This quantum chemical study
using ZORA-BLYP-D3(BJ)/TZ2P[11] is based on a quantitative
Kohn-Sham molecular orbital theory together with an energy
decomposition analysis (EDA),[12,13] complemented by a Voronoi
deformation density (VDD) analysis[14] of the charge distribution
to monitor the electronic rearrangements and flow in the
formed hydrogen bonds. The goal is to propose design
principles for new supramolecular macrocycles.

Results and Discussion

Structure and bond strength in hydrogen-bonded quartets

The optimized structures of our newly designed [Py-Linker-Ur]4
quartets based on the diptopic Py-Linker-Ur monomers are
represented in Figure 1 (see Supporting Information for
computational details). The strongest hydrogen bonds, i. e.,
complexation energy, are obtained for the quartet consisting of
the parent monomer without linker PyUr and amounts
� 96.4 kcalmol� 1. The hydrogen bonds in the quartet become
less stabilizing when the acetylene linker is introduced and
continues to decrease when the size of the linker increases, as
reflected by the reduction in hydrogen bond strength to
� 92.5 kcalmol� 1 for Py-1-Ur and to � 84.3 kcalmol� 1 for Py-5-
Ur. Increasing the linker also affects the hydrogen bond lengths
within the quartets. Where the outer and center hydrogen
bonds, denoted HB1 and HB2 in Figure 1, respectively, become
consistently longer, the inner hydrogen bond HB3 gets shorter
going from PyUr to Py-5-Ur.

By applying the activation strain model (ASM),[15] we
pinpoint the interaction energy to be the leading term in
determining the trend in hydrogen bond strength in the [Py-
Linker-Ur]4 quartets upon increasing the size of the acetylene
linker (Table 1). In line with the hydrogen bond strength, the
interaction energy between the monomers constituting the

quartets becomes less stabilizing when the size of the linker
increases, going from � 155.1 kcalmol� 1 for PyUr to
� 132.0 kcalmol� 1 for Py-5-Ur. The strain energy, on the other
hand, shows an opposite trend, since it is the largest and hence
most destabilizing for the PyUr and nearly consistent for all
systems that include an acetylene linker. Nevertheless, for all
monomers, most of the strain-induced deformation originates
from the dihedral rotation of the Ur moiety, which is needed in
order to facilitate the formation of the triple-hydrogen bond
between the interacting monomers (Figure S1).

To identify the cooperative effect in the hydrogen bonds
that constitute the [Py-Linker-Ur]4 quartets, we have calculated

Scheme 1. Schematic representation of quartet consisting of monomers with
a hydrogen-bond acceptor side, pyrido[2,3-b][1,8]naphthyridine (Py; red),
and hydrogen-bond donor side, 1-(2H-cyclopenta[c]pyridin-3-yl)urea (Ur;
blue) with a linear π-conjugated linker of acetylene chain, consisting of zero
to five acetylene units (Linker; purple).

Figure 1. Geometries of [Py-Linker-Ur]4 quartets with different acetylene
linkers, including hydrogen bond lengths (in Å) and hydrogen bonding
energies, i. e., complexation energy, (in brackets and in kcalmol� 1).
Computed at ZORA-BLYP-D3(BJ)/TZ2P
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the synergy for all systems by comparing the interaction energy
of the quartets with the sum of the pairwise interactions
(Table 1). We find that all [Py-Linker-Ur]4 quartets contain a
stabilizing cooperative effect as illustrated by the negative ΔEsyn.
In other words, the hydrogen bonds between the Py-Linker-Ur
monomers in the quartet are effectively more stabilizing than
the hydrogen bonds in the dimer. The cooperative effect
persists under experimental conditions as it still exists in the
organic solvent (chloroform) utilized in experiments[9] (Table S9)
and, as shown in previous work,[7a,9d,e] remains almost unaffected
in layers of stacked systems. The cooperative effect in the
quartets, however, becomes consistently less pronounced when
the size of the acetylene linker increases, since the synergy
reduces from � 16.3 kcalmol� 1 for PyUr to � 7.2 kcalmol� 1 for
Py-5-Ur. This demonstrates that increasing the size of the
acetylene linker has a predominant effect on the cooperativity.
The reason behind this phenomenon will be discussed later.

Nature of bonding in dimers

To fully understand the bonding mechanism underlying the
cooperative self-assembly of the hydrogen bonds in the studied
[Py-Linker-Ur]4 quartets, we first analyze the formation of the
[Py-Linker-Ur]2 dimers, where the geometries are taken from
their respective quartets. By utilizing the energy decomposition

analysis (EDA), we establish that the hydrogen bonds are
significantly covalent in nature, as the orbital interactions are, in
line with our previous work,[5] more than half of the magnitude
of the electrostatic interactions (Table 2). Notably, the orbital
interaction stems mainly from the charge transfer within the σ-
orbital system, nevertheless, the polarization in the π-orbital
interaction is, as a result of the extended π-systems of the Py-
Linker-Ur monomers, not negligible.

The trend in interaction energy along the series is due to a
combination of both a reduced stabilizing electrostatic and
orbital interactions that make the hydrogen bond in the dimer
weaker when the size of the acetylene linker increases. Table 2
shows that the hydrogen-bond interaction energy in the dimer
weakens upon increasing the linker size from � 34.0 kcalmol� 1

for PyUr to � 31.1 kcalmol� 1 for Py-5-Ur. This trend in
interaction energy is originating from electrostatic interactions
with a smaller contribution of the orbital interactions. The latter
energy term especially plays a role going from PyUr to Py-1-Ur.
The dispersion interaction and Pauli repulsion, on the other
hand, remain constant or show even an opposite trend and
hence are not responsible for the observed trend in interaction
energy.

A detailed Voronoi deformation density (VDD) analysis[14]

reveals that it is, in fact, the non-innocent role of the acetylene
linker that leads to a weakening of the stabilizing electrostatic
and orbital interactions in forming the dimer when increasing
the size of the acetylene linker. The acetylene linker is able to
better accept electronic density when it increases, due to its
consistently more stabilizing π*LUMO orbital.[16] As a result, the
hydrogen-bond acceptor Py becomes positively charged, going
from � 30 milli-electrons for PyUr to +59 milli-electrons for Py-
5-Ur (Figure 2). This effectively hampers the electrostatic
interaction with the already positively charged hydrogen-bond
donor Ur, which becomes, due to the acetylene linker, even
more positively charged.

Furthermore, the positive charge on the Py moiety of Py-
Linker-Ur induced by the acetylene linker also has a destabiliz-
ing effect on the orbital interactions (See Figure 3 for bonding
mechanism). This is most apparent when going from PyUr to
Py-1-Ur, where the orbital interaction on Py goes from � 20.3 to
� 19.0 kcalmol� 1. The accumulation of positive charge on Py
results in a stabilization of the σHOMO,Py hydrogen-bond accept-
ing orbitals on the Py moiety from � 5.3 eV, � 5.5 eV, and

Table 1. Bonding and interaction energies (in kcalmol� 1) of the [Py-
Linker-Ur]4 quartets with different acetylene linkers.

[a,b]

System ΔE ΔEstrain ΔEint ΔEsum ΔEsyn

PyUr � 96.4 58.8 � 155.1 � 138.8 � 16.3

Py-1-Ur � 92.5 45.2 � 137.6 � 126.2 � 11.4

Py-2-Ur � 88.8 48.1 � 136.8 � 127.0 � 9.8

Py-3-Ur � 86.5 48.0 � 134.5 � 125.8 � 8.7

Py-4-Ur � 85.2 47.9 � 133.1 � 125.6 � 7.5

Py-5-Ur � 84.3 47.8 � 132.0 � 124.8 � 7.2

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] Total complexation energy,
i. e., hydrogen bond energy, is computed as: ~E=~Estrain+~Eint; and
synergy is computed as: ~Esyn=~Eint� ~Esum. See Computational Details in
Supporting Information.

Table 2. Energy decomposition analysis of the hydrogen bond in the [Py-Linker-Ur]2 dimers with different acetylene linkers (in kcalmol
� 1).[a,b,c]

System ~Eint ~Velstat ~EPauli ~Eσ ~Eπ ~Eoi ~Edisp

PyUr � 34.0 � 42.3 40.6 � 20.3 � 3.9 � 24.2 � 8.1

Py-1-Ur � 32.1 � 38.7 37.6 � 19.0 � 3.7 � 22.7 � 8.2

Py-2-Ur � 31.6 � 37.7 36.7 � 18.7 � 3.8 � 22.4 � 8.1

Py-3-Ur � 31.3 � 37.0 36.2 � 18.5 � 3.8 � 22.4 � 8.1

Py-4-Ur � 31.2 � 36.7 36.0 � 18.5 � 3.9 � 22.4 � 8.1

Py-5-Ur � 31.1 � 36.4 35.7 � 18.4 � 4.0 � 22.4 � 8.1

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] Geometries of dimers taken from the optimized quartets. [c] Interaction energy is decomposed as: ~Eint=
~Velstat+~EPauli+~Eoi+~Edisp. See Computational Details in Supporting Information.
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� 5.8 eV for PyUr to � 5.5 eV, � 5.7 eV, and � 6.2 eV for Py-1-Ur.
This, consequently, gives rise to larger σ-HOMO–σ-LUMO orbital
energy gaps between the monomers upon forming the dimer
and hence weakens the orbital interactions. Thus, introducing
an acetylene linker, and by elongation thereof, the hydrogen
bond of the [Py-Linker-Ur]2 dimers gets weaker, due to the
electron acceptance capability of the acetylene linker, thereby
weakening the stabilizing electrostatic and orbital interactions
between the interacting monomers.

Cooperativity in the hydrogen-bonded quartets

Next, we investigate the origin of cooperativity in the [Py-
Linker-Ur]4 quartets by stepwise adding a monomer to the
system, i. e., M2=monomer+monomer, M3=dimer+monomer,
M4= trimer+monomer. Here, we are analyzing the quartets
constructed from the monomers PyUr, Py-1-Ur, and Py-5-Ur
(Table 3). All other quartets have the same characteristics and
can be found in Table S2. As mentioned above, all systems
contain a stabilizing cooperativity as illustrated by the negative
ΔEsyn. This cooperative effect in the quartets, however, becomes
consistently smaller when the size of the acetylene linker
increases. By performing the energy decomposition analysis
(EDA),[13] we find that the main contributors to the synergy, as
well as the trend therein, are the electrostatic and orbital
interactions, as these energy terms become consistently more
stabilizing upon stepwise formation of the system but weaker
when the length of the acetylene linker increases. Interestingly,
although the σ-orbital interaction is the strongest in these
hydrogen bonds, the π-orbital interaction has a larger synergy.
Nevertheless, the reduction of this stabilizing effect when the
size of the acetylene linker increases is larger for the former
than the latter orbital interaction.

Figure 2. Voronoi deformation density (VDD) charges Q (in milli-electrons)
for the Py-Linker-Ur monomers in the geometry of the optimized quartet,
where the total VDD charge on the hydrogen-bond acceptor (Py; red),
acetylene linker (Linker; purple), and hydrogen-bond donor (Ur; blue) are
given. Computed at ZORA-BLYP-D3(BJ)/TZ2P.

Figure 3. a) Schematic molecular orbital diagram of the hydrogen bond formation between the Py and Ur moiety of two interacting monomers; b) key σ-
orbitals (isovalue=0.03 Bohr� 3/2) located on the monomer of PyUr that interact upon forming the dimer.

Wiley VCH Montag, 15.01.2024

2401 / 326511 [S. 30/35] 1

ChemistryEurope 2024, 2, e202300036 (4 of 9) © 2023 The Authors. ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH

Excellence in Chemistry Research Worldwide

Research Article
doi.org/10.1002/ceur.202300036

 27514765, 2024, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ceur.202300036 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [17/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Both the synergy in the electrostatic and orbital interactions
originate from charge transfer between the occupied and
unoccupied orbitals of the interacting fragments, leading to an
increased charge separation in the system. This charge separa-
tion becomes smaller for the systems with a larger acetylene
linker. The Voronoi deformation density (VDD) charge analysis[14]

quantifies the charge transfer between the monomers that
constitute the quartets. Upon stepwise formation of the [Py-
Linker-Ur]4 quartets, the σ-donor–acceptor interactions be-
tween the hydrogen-bond donor and hydrogen-bond acceptor
leads to a charge transfer between the interacting fragments
(Figure 4). Resultingly, charge flows from one terminal mono-
mer to the other terminal monomer leading to charge
separation in the system, which systematically increases upon
stepwise formation of the quartet. This charge transfer between
the fragments, however, becomes less pronounced when the
acetylene linker is introduced, due to the prior discussed
electron acceptance capability of the acetylene linker, which
makes the hydrogen-bond acceptor positively charged. Thus,
for these systems, the charge transfer is initially already weaker
than for PyUr, and constructing the quartet will only make the
charge separation less pronounced.

As a result of the charge separation in the system, the
hydrogen-bond acceptor becomes more negatively charged,
whereas the hydrogen-bond donor becomes more positively
charged (Figure 5). This effect is most prominent when the
dimer M2 is formed and only small upon forming the trimer M3.
For example, the hydrogen-bond acceptor of PyUr becomes

increasingly more negatively charged from � 30 to � 81 to
� 86 milli-electrons from M to M2 to M3, whereas the hydrogen-
bond donor becomes more positively charged from 30 to 86 to
92 milli-electrons along the same series. This effect, again,
becomes less prominent when the size of the acetylene linker
increases.

The charge separation upon stepwise formation of the
quartet, because of the charge transfer, also causes the synergy
in the σ-orbital interactions. Kohn-Sham molecular orbital (KS-
MO) analysis[12] shows that the accumulation of charge on the
terminal hydrogen-bond acceptor (Py) and donor (Ur) affects
the orbital energies of the orbitals involved in the hydrogen
bonds located on these termini. The increasing negative charge
on the terminal hydrogen-bond acceptor Py destabilizes, i. e., an
increase in energy, the σ-HOMOs (Table 4). For instance, the σ-
HOMOs of PyUr go from � 5.3, � 5.5, and � 5.8 eV in M to � 4.8,
� 4.9, and � 5.2 eV in M3. The σ-LUMOs, on the other hand,
become stabilized, due to the increased positive charge on the
terminal hydrogen-bond donor Ur. For example, the σ-LUMOs
of PyUr go from � 2.1, � 1.2, and � 0.2 eV in M to � 2.4, � 1.5,
and � 0.5 eV in M3. As a result, the HOMO–LUMO energy gap
between the interacting fragments becomes smaller, leading to
enhanced σ-orbital interactions.

In addition, the charge separation within the system also
promotes the π-orbital interaction. The increased negative
charge on hydrogen-bond acceptor and positive charge on the
hydrogen-bond donor not only destabilizes and stabilizes the
σ-HOMO and σ-LUMO, respectively, but also the π-HOMO and

Table 3. Energy decomposition analysis and synergy (in kcalmol� 1) of the stepwise formation of the [Py-Linker-Ur]4 quartets with different acetylene
linkers.[a,b,c]

System ~Eint ~Velstat ~EPauli ~Eσ ~Eπ ~Eoi ~Edisp

PyUr M2 � 34.0 � 42.3 40.6 � 20.3 � 3.9 � 24.2 � 8.1

M3 � 39.1 � 45.5 40.4 � 21.2 � 4.8 � 26.0 � 8.1

M4 � 82.0 � 90.6 81.3 � 44.0 � 12.5 � 56.6 � 16.2

~Esyn � 16.3 � 6.3 � 0.1 � 4.2 � 5.6 � 9.8 0.0

Py-1-Ur M2 � 32.1 � 38.7 37.6 � 19.0 � 3.7 � 22.7 � 8.2

M3 � 35.4 � 40.6 37.4 � 19.6 � 4.5 � 24.1 � 8.2

M4 � 73.8 � 81.2 75.2 � 40.1 � 11.4 � 51.5 � 16.4

~Esyn � 11.4 � 4.6 � 0.1 � 2.6 � 4.6 � 7.2 � 0.0

Py-5-Ur M2 � 31.1 � 36.4 35.7 � 18.4 � 4.0 � 22.4 � 8.1

M3 � 32.9 � 37.2 35.7 � 18.8 � 4.5 � 23.3 � 8.1

M4 � 68.1 � 74.7 71.5 � 38.0 � 10.6 � 48.6 � 16.2

~Esyn � 7.2 � 1.6 � 0.1 � 1.6 � 3.2 � 4.8 0.0

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] M2=monomer+monomer, M3=dimer+monomer, M4= trimer+monomer. [c] See Table S2 for the analyses
of all [Py-Linker-Ur]4 quartets.
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π-LUMO of the monomers. Thus, building the quartet signifi-
cantly reduces the π-HOMO–LUMO gap, thereby enhancing the

π-polarization (Tables S3 and S4). The effect on the orbital
energies, however, becomes less pronounced when the

Figure 4. VDD charges Q (in milli-electrons) of the monomers upon stepwise formation of the [PyUr]4, [Py-1-Ur]4, and [Py-5-Ur]4 quartets, computed at ZORA-
BLYP-D3(BJ)/TZ2P.

Figure 5. VDD charges Q (in milli-electrons) of the terminal hydrogen-bond acceptor (Py; red) and hydrogen-bond donor (Ur; blue) for fragments upon
stepwise formation of the [PyUr]4, [Py-1-Ur]4, and [Py-5-Ur]4 quartets, computed at ZORA-BLYP-D3(BJ)/TZ2P.
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acetylene linker increases, in line with the above-mentioned
reduced charge transfer. This, ultimately, leads to less synergy
in both the σ- and π-orbital interaction when the linker
becomes longer.

Expanding towards phenyl linkers

In the final section of this manuscript, we examine the effect of
using a phenyl linker (Py-Ph-Ur) and an acetylene-phenyl-
acetylene linker (Py-1-Ph-1-Ur) between the hydrogen-bond
acceptor and donor, which are frequently used by González-
Rodríguez et al (Figure 6).[9]

In analogy with linking the hydrogen-bond donor and
acceptor with an acetylene linker, connecting them with a
phenyl Py-Ph-Ur or acetylene–phenyl–acetylene linker Py-1-Ph-
1-Ur results in a weakening of the hydrogen bond strength in
the quartet from � 96.4 kcalmol� 1 for PyUr to � 77.3 and
� 84.3 kcalmol� 1 for Py-Ph-Ur and Py-1-Ph-1-Ur, respectively.
The quartets constructed from these monomers benefit from a
stabilizing cooperativity as illustrated by the negative ΔEsyn,
which, in turn, originates from the strengthening of the
electrostatic interaction and orbital interactions upon building
the quartet (Table S5). Nevertheless, the cooperativity of these
systems is significantly less pronounced compared to the
quartet constructed from the parent monomer without any
linker. This is due to the non-innocent role of the phenyl linker,
which, in contrast to the acetylene linker, donates electron
density towards the termini. As a result, the hydrogen-bond
donor Ur becomes less positively charged, going from
+30 milli-electrons for PyUr to +10 milli-electrons for Py-Ph-Ur
(Figure S2), thereby, hampering both the hydrogen bond
strength and cooperativity in these systems. Using an
acetylene–phenyl–acetylene linker as in Py-1-Ph-1-Ur some-
what counteracts this phenomenon, due to the acetylene
moieties, making it act more like the original acetylene linkers
discussed above.

Conclusions

In this work, we have demonstrated and explained the origin of
cooperativity in a series of hydrogen-bonded macrocycles
consisting of a hydrogen-bond acceptor side and a hydrogen-
bond donor side, which are connected by a rigid, linear π-
conjugated acetylene linker of different lengths. All studied
macrocycles show a cooperative effect, but the magnitude
thereof becomes less stabilizing upon increasing the size of the
acetylene linker. This follows from our dispersion-corrected
density functional theory (DFT-D) calculations based on quanti-
tative Kohn-Sham molecular orbital theory and Voronoi defor-
mation density (VDD) analyses.

Table 4. [VP(1]
Orbital energies of key orbitals (in eV) participating in the hydrogen bond for fragments of the [PyUr]4, [Py-1-Ur]4, and [Py-5-Ur]4 quartets, where the σ-
HOMOs are located on the hydrogen-bond acceptor (Py) and the σ-LUMOs on the hydrogen-bond donor (Ur).[a]

System σHOMO,Py σHOMO–1,Py σHOMO–2,Py σLUMO, Ur σLUMO–1, Ur σLUMO–2, Ur

PyUr M � 5.3 � 5.5 � 5.8 � 2.1 � 1.2 � 0.2

M2 � 4.8 � 4.9 � 5.1 � 2.4 � 1.5 � 0.5

M3 � 4.8 � 4.9 � 5.2 � 2.4 � 1.5 � 0.5

Py-1-Ur M � 5.5 � 5.7 � 6.2 � 2.1 � 1.2 � 0.2

M2 � 5.2 � 5.4 � 5.8 � 2.3 � 1.4 � 0.4

M3 � 5.2 � 5.4 � 5.9 � 2.3 � 1.4 � 0.4

Py-5-Ur M � 5.8 � 6.0 � 6.5 � 2.1 � 1.2 � 0.2

M2 � 5.6 � 5.7 � 6.2 � 2.3 � 1.4 � 0.4

M3 � 5.6 � 5.7 � 6.2 � 2.3 � 1.4 � 0.4

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P.

Figure 6. Geometries of a) monomers with phenyl linker (Py-Ph-Ur) and
acetylene-phenyl-acetylene linker (Py-1-Ph-1-Ur); and b) their respective
quartets with hydrogen bonding energy and synergy (in kcalmol� 1).
Computed at ZORA-BLYP-D3(BJ)/TZ2P.
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Our analyses reveal that the cooperativity in the formation
of the macrocyclic quartets stems from charge transfer between
the occupied and unoccupied σ-orbitals of the interacting
fragments, leading to an increased charge separation in the
system. Importantly, the acetylene linker plays a non-innocent
role in the formation of the macrocyclic quartets. As the size of
the acetylene linker increases, it is able to abstract electron
density from the terminal hydrogen-bond acceptor and donor
due to a consistently more stable π-LUMO. As a result, the
termini become positively charged, which both hampers the
hydrogen bond strength, as well as the cooperativity, in the
hydrogen-bonded macrocycles with increasing linker size.

Finally, this work demonstrates that our findings are also
applicable to the hydrogen-bonded macrocycles containing the
experimentally viable linker synthesized by González-Rodríguez
et al.[9] We, therefore, envision that the herein obtained findings
can act as design principles for the development of novel
supramolecular macrocycles based on hydrogen bonds.

Experimental Section
All calculations were carried out using the Amsterdam Density
Functional (ADF) program (version 2019.301).[17] All stationary points
and energies were calculated at the BLYP level of the generalized
gradient approximation (GGA): exchange functional developed by
Becke (B) and the GGA correlation functional developed by Lee,
Yang, and Parr (LYP).[18] The DFT-D3(BJ) method developed by
Grimme and coworkers,[19] which contains the damping function
proposed by Becke and Johnson,[20] is used to describe non-local
dispersion interactions. Scalar relativistic effects are accounted for
using the zeroth-order regular approximation (ZORA).[21] This level is
referred to as ZORA-BLYP-D3(BJ)/TZ2P and has been proven to
accurately describe weak interactions.[7c,10c,22] A large uncontracted
optimized TZ2P Slater type orbitals (STOs) basis set containing
diffuse functions were used. The TZ2P all-electron basis set,[23] with
no frozen-core approximation, is of triple-ζ quality for all atoms and
has been augmented with two sets of polarization functions on
each atom. The accuracies of the integration grid (Becke grid) and
the fit scheme (Zlm fit) were set to VERYGOOD.[24] All calculations
above have been performed in vacuo. In addition, the effect of
solvation in chloroform has been tested for [PyUr]4 quartet at the
same ZORA-BLYP-D3(BJ)/TZ2P level including Conductor like
Screening Model (COSMO) of solvation[25] (Tables S9 and S10).
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