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ABSTRACT: We investigated the tunability of hydrogen bond
strength by altering the charge accumulation around the frontier
atoms with remote substituents. For pyridine···H2O with NH2 and
CN substituted at different positions on pyridine, we find that the
electron-withdrawing CN group decreases the negative charge
accumulation around the frontier atom N, resulting in weakening of
the hydrogen bond, whereas the electron-donating NH2 group
increases the charge accumulation around N, resulting in
strengthening of the hydrogen bond. By applying these design
principles on DDAA−AADD, DADA−ADAD, DAA−ADD, and
ADA−DAD hydrogen-bonded dimers, we find that the effect of the substituent is delocalized over the whole molecular system. As a
consequence, systems with an equal number of hydrogen bond donor (D) and acceptor (A) atoms are not tunable in a predictable
way because of cancellation of counteracting strengthening and weakening effects. Furthermore, we show that the position of the
substituent and long-range electrostatics can play an important role as well. Overall, the design principles presented in this work are
suitable for monomers with an unequal number of donor and acceptor atoms and can be exploited to tune the binding strength of
supramolecular building blocks.

1. INTRODUCTION

Hydrogen-bonded arrays are used as building blocks in
supramolecular polymers that can be used in a wide range of
applications.1−6 A well-known example is the 2-ureido-4-
pyrimidone (UPy) monomer that was developed by Meijer et
al., which forms four hydrogen bonds and can be used for the
manufacturing of strong, reversible self-assembling polymer
systems.7−10 As the properties of materials can be controlled
by tuning the hydrogen bond strength,11−13 a design principle
to control the binding strength is highly desirable.
A widely used model to predict and explain trends in

hydrogen bond strengths is the secondary electrostatic
interaction (SEI) model by Jorgensen and Pranata.14 In this
model, the bond strength is related to the diagonal (i.e.,
secondary) interactions between two adjacent hydrogen bonds,
which can either be attractive (green arrows in Figure 1a) or
repulsive (red arrows in Figure 1a). When two hydrogen bond
donor atoms D (with a partial positive charge) are on one
monomer and both hydrogen bond acceptor atoms A (with a
partial negative charge) are on the other monomer, the
diagonal interactions in the resulting DD−AA dimer will be
attractive. On the other hand, when the donor and acceptor
atoms are alternating, such as in DA−AD dimers, the resulting
diagonal interactions will be repulsive. The model thus
assumes that the hydrogen bond strength can be increased
by maximizing the number of attractive while minimizing the
number of repulsive SEIs. Indeed, there are impressive

examples of DDD-AAA and DDDD-AAAA systems with
exceptionally high binding strengths.15−19

Despite the model’s successful predictions for hydrogen
bond strengths,15−22 it is rather limited for further tuning the
hydrogen bond strength. This is because the SEI model views
hydrogen bonds as interacting point charges and does not
consider any other bonding components that contribute to the
binding strength.23−26 Hence, besides increasing the number of
attractive interactions, the model does not provide chemists
with any other design principles to influence hydrogen bond
stability. However, by considering the origin of the predictive
power of the SEI model, we can actually obtain simple tools to
further tune the hydrogen bond strength.
To understand this in more detail, we take one step back and

quickly recap the actual nature of hydrogen bonds, which are
not only electrostatic but also partly covalent in nature.24−29

This covalent component originates from the donation of
electron density from the lone pair orbital on the acceptor
atom A into the antibonding σ*orbital on the hydrogen bond
donor group D (Figure 1b). In addition, there are a number of
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other bonding components that contribute to the hydrogen
bond strength, including Pauli repulsive interactions,30 π-
resonance assistance31−34 dispersion interactions,35 and
cooperative effects.36−39 An overview of the different
components that contribute to hydrogen bond formation is
given in ref 24.
The reason that the SEI model is predictive is that in

systems with attractive SEIs there is a larger monomeric charge
accumulation around the frontier atoms (Figure 1a).25 This
charge accumulation makes the acceptor atoms A more
negative and donor atoms D more positive, which enhances
(1) the electrostatic interaction and (2) the orbital interaction.
The electrostatic interaction is mainly enhanced because the
primary interactions, i.e., the hydrogen bonds, are formed
between atoms with larger partial charges. The orbital
interaction is strengthened because a positive charge
accumulation around the donor atoms stabilizes the LUMO,
while a negative charge accumulation around the acceptor
atoms destabilizes the HOMO (Figure 1b). Hence, the
accumulation of charge results in a smaller HOMO−LUMO
gap and therefore a better orbital interaction.24,25

It follows from these insights that the hydrogen bond
strength can be tuned by modifying the charge accumulation in
the monomers. This can be accomplished not only by
increasing the number of attractive secondary interactions25

but also by other molecular modifications such as the
introduction of substituents on remote positions.40−44 This
has for example been done successfully for the Watson−Crick
DNA base pair guanine−cytosine by Fonseca Guerra and co-
workers40 and for enaminone derivatives by Gilli and Gilli.41

Rocha-Rinza and co-workers showed that the hydrogen bond
strength is enhanced with increased acidity and basicity of the
hydrogen bond donor and acceptor groups, respectively.45,46

The tunability with remote substituents has also been
studied by numerous groups for supramolecular building
blocks.47−50 Sijbesma et al. studied the association behavior of
several DAD−ADA systems and acylated derivatives.47 They
found that the association constant is increased approximately
tenfold by acetylation of the DAD monomer 2,6-diaminopyr-
idine, which was attributed to an increased acidity of the
hydrogen bond donor groups D. Wilson et al. investigated the
effect of electron-withdrawing groups (EWGs) and electron-
donating groups (EDGs) on monomers with DDA and AAD
motifs.48 They illustrated that the association constant is
increased by up to two orders of magnitude with remote EDGs
on AAD and with remote EWGs on DDA, the latter being
accompanied by an increased positive charge accumulation
around the hydrogen bond donor groups.
In the current work, we aim to tune the hydrogen bond

strength in a rational way by increasing the charge
accumulation around the frontier atoms using EWG CN and
EDG NH2 as remote substituents. We start by substituting a
simple pyridine···H2O model system as a proof of principle.
Subsequently, we go to the tautomeric quadruple DDAA−
AADD and DADA−ADAD systems that were studied in ref 25
and finally to the triple hydrogen-bonded DDA−AAD and
DAD−ADA dimers. Our results show that these simple tuning
tools are successful for the single and triple hydrogen-bonded
systems but more difficult for quadruple hydrogen-bonded
systems because of the cancellation of counteracting
substituent effects. We therefore conclude that these design
tools are mainly suitable for monomers with an unequal
number of hydrogen bond donor and acceptor groups.

Figure 1. (a) In systems with attractive SEIs (green arrows), there is a larger monomeric charge accumulation than in systems with repulsive SEIs
(red arrows). This larger accumulation of charge enhances both the electrostatic interaction and orbital interaction in the resulting dimer.25 (b)
Larger accumulation of negative charge around the hydrogen bond acceptor group destabilizes the σ-lone pair orbital, while a larger accumulation
of positive charge around the hydrogen bond-donating group stabilizes the σ* orbital. This results in a decrease in the highest occupied molecular
orbital (HOMO)−lowest unoccupied molecular orbital (LUMO) gap and therefore a better orbital interaction when the charge accumulation is
more pronounced. The green and red colors refer to a stronger and weaker orbital interaction, respectively.
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2. COMPUTATIONAL METHODS
2.1. Computational Settings. All calculations were

performed using the density functional theory (DFT)-based
program Amsterdam Densi ty Funct ional (ADF)
2017.208.51−53 We used the dispersion-corrected BLYP-
D3(BJ) functional in combination with a TZ2P basis set for
geometry optimizations and energies,54−57 which accurately
reproduces the structural and energetic properties of hydrogen-
bonded systems.58−60 The hydrogen bond strength was
computed by subtracting the energy of the fully optimized
monomers from the energy of the dimer that is formed by
these monomers,

Δ = − −E E E EdimerAB monomerA monomerB

All optimizations were done using C1 (i.e., without) symmetry
constraints. The molecular figures were illustrated using
CYLview.61 Full computational details are available in
Supporting Information Methods 1.
2.2. Voronoi Deformation Density (VDD) Charges.

The atomic charge distribution is analyzed using the Voronoi
deformation density (VDD) method.62 The VDD method
partitions the space into the so-called Voronoi cells, which are
nonoverlapping regions of space that are closer to nucleus A
than to any other nucleus. The charge distribution is
determined by taking a fictitious promolecule as a reference
point, in which the electron density is simply the superposition
of the atomic densities. The change in density in the Voronoi
cell when going from this promolecule to the final molecular
density of the interacting system is associated with the VDD
atomic charge Q. Thus, the VDD atomic charge QA

VDD of atom
A is given by

∫ ρ ρ= − [ − ]Q r r r( ) ( ) dA
VDD

Voronoi cell of A promolecule

Instead of computing the amount of charge contained in the
atomic volume, we thus compute the flow of charge from one
atom to the other upon formation of the molecule. The
physical interpretation is therefore straightforward. A positive
atomic charge QA corresponds to the loss of electrons, whereas
a negative atomic charge QA is associated with the gain of
electrons in the Voronoi cell of atom A.

3. RESULTS AND DISCUSSION
3.1. Pyridine···H2O Systems. We start with a simple

model system, namely, the interaction between pyridine and
H2O. Pyridine was substituted with NH2 and CN on either the
meta or para position from N. The ortho position was not
included to prevent the formation of additional hydrogen
bonds between the substituents and the water molecule. Since
NH2 is electron-donating in nature,63 it is expected to
strengthen the hydrogen bond by making the nitrogen atom
more negative. On the other hand, the electron-withdrawing
CN group63 is expected to make the nitrogen atom less
negative, resulting in weakening of the hydrogen bond
strength.
As can be seen in Figure 2a, the substituent effects are

indeed exactly as anticipated. The hydrogen bond strength for
the unsubstituted pyridine···H2O system is −7.9 kcal mol−1.
The substitution with EWG CN results in weakening the
strength by 1.0 and 1.2 kcal mol−1 for the para and meta
positions, respectively, which is accompanied by a slight
increase of the hydrogen bond length and a decrease of the

hydrogen bond angles in comparison with the unsubstituted
pyridine···H2O system. Interestingly, resonance structures
(Supporting Information Figure 1) predict the accumulation
of electronic density of the π-system due to the substituent to
be most pronounced on the ortho and para position (see also
ref 64). However, we find that the substituent effect with CN is
even slightly more pronounced on the meta position, which
shows that these simple resonance structures are not always
successful in predicting substituent effects and inductive effects
should also be taken into account. Substituting with EDG NH2
results in the strengthening of the hydrogen bond by 0.8 and
0.5 kcal mol−1 for the para and meta positions, respectively,
which is accompanied by a slight decrease of the hydrogen
bond lengths. The hydrogen bond angles N···H−O tend to be
closer to 180° when substituted with NH2 than with CN.
Next, we further rationalize the changes in hydrogen bond

strength by analyzing the electrostatic potential surfaces
(EPSs) of the prepared monomers. As can be seen in Figure
2b, the negative charge accumulation around the hydrogen
bond acceptor atom N becomes less pronounced (i.e., less red)
when substituted with CN in comparison to the unsubstituted
system. This is perfectly in line with the fact that CN is
electron-withdrawing in nature. On the other hand, the charge
accumulation around N becomes more pronounced with EDG
NH2. This enhancement of negative charge is larger when NH2

Figure 2. (a) Hydrogen bond energies in brackets (in kcal mol−1),
N−O bond lengths in bold (in Å), and N···H−O bond angles in red
italic (in degrees) for the pyridine···H2O systems. (b) Electrostatic
potential surfaces (at 0.01 Bohr‑3) from −0.1 (red) to 0.1 (blue)
Hartree e−1 for the prepared monomers, i.e., the monomers with the
same geometry as in the interacting dimer. All data were obtained at
the BLYP-D3(BJ)/TZ2P level of theory.
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is substituted at the para position, in agreement with its larger
increase in hydrogen bond strength.
We subsequently analyzed the σ-lone pair energies of the

hydrogen bond acceptor atom N (Supporting Information
Figure 2). Recall from Figure 1b that enhanced accumulation
of charge will result in destabilization, while a diminished
accumulation of charge results in stabilization of the orbital
energy. For EWG CN, the diminished accumulation of charge
does indeed result in stabilization of the HOMO by 0.7 eV, for
both the para and meta positions. As the LUMO energy is the
same for all systems (because the hydrogen bond is always
formed with H2O), the HOMO−LUMO gap is larger for
systems with CN as the remote substituent. This results in
weakening of the orbital interaction and hence weakening of
the hydrogen bond energy. The σ-lone pair for pyridine with
NH2 is destabilized by 0.3 and 0.2 eV at the para and meta
positions, respectively. This is in line with the fact that NH2 at
para has a more pronounced strengthening effect on the
hydrogen bond energy than NH2 at the meta position.
Overall, these results demonstrate that the hydrogen bond is

indeed tunable in a predictable way by altering the charge
accumulation of the frontier atom with remote substituents.
We will now continue to use this principle on larger molecular
systems, namely, DDAA−AADD and DADA−ADAD dimers.
3.2. Quadruple Hydrogen-Bonded Tautomers. Now

that we understand the substituent effects of NH2 and CN for
the simple pyridine···H2O model system, we go to the
quadruple hydrogen-bonded systems DDAA−AADD and
DADA−ADAD (Figure 3a). The DDAA and DADA
monomers can be substituted on four different positions,
namely, at positions 1−4 (see Figure 3b for atomic numbering
and Figures 4 and 5 for molecular structures). However, only
CN has been substituted at all four positions because NH2
forms intramolecular hydrogen bonds with the outer amine
and carbonyl groups of the monomers, which has pronounced
effects on the hydrogen bond strength.6 Since we are purely
interested in the remote substituent effects, we have therefore
substituted NH2 on positions 2 and 3 only. The names of the
molecular systems include the type and position of the
substituent in parentheses. For example, DDAA−AADD with
CN substituted on position 1 is named DDAA(CN,1)−
AADD(CN,1).
In this manuscript, we only consider the homodimers, as

these already reveal the substituent effects that are the subject
of our study. However, we have also computed the dimers in
which only one of the two monomers has been substituted
(Supporting Information Figure 3). For these heterodimers
with NH2 as the remote substituent, we find that the energetic
changes are approximately halved with respect to their
corresponding homodimers, which is in line with the fact
that we go from two substituted monomers to only one. When
substituted with CN, we find for all dimers except for
DADA(CN,4) that going from two to one substituted
monomer results in a small lowering of the hydrogen bond
energy, which is likely caused by long-range electrostatic
interactions (vide infra).
Before going to the substituted systems, we consider the

properties of the unsubstituted DDAA and DADA monomers
and dimers. It is known from previous work25 that DDAA−
AADD has stronger interactions than DADA−ADAD because
of its more pronounced monomeric charge accumulation,
which enhances both the electrostatic interaction and orbital
interactions in the dimer. This charge accumulation is nicely

revealed by electrostatic potential surfaces (EPSs, Figure 1a).
However, the disadvantage of using these EPSs in combination
with remote substituents is that the changes in charge
accumulation caused by the substituents are relatively small
in comparison with the intrinsic charge accumulation in the
unsubstituted systems. Hence, a more suitable way to probe
the substituent effects is by analyzing the Voronoi deformation
density (VDD) charges, which are given in Figure 3b. The
VDD charges show that the hydrogen bond donor groups have
a larger positive charge, while the hydrogen bond acceptor
groups have a larger negative charge in DDAA than in DADA,
which is perfectly in line with the EPSs in Figure 1a. This larger
accumulation of negative charge destabilizes the lone pair
orbitals, while the larger accumulation of positive charge
stabilizes the σ-LUMO orbitals (Figure 6a), resulting in a
smaller HOMO−LUMO gap and hence a stronger orbital
interaction.
We now address the question of how the hydrogen bond

strength, VDD charges, and orbital energies are affected by the
remote substituents. We start by considering the quadruple
hydrogen-bonded dimers that are substituted with the
electron-withdrawing CN group (Figure 4). Overall, we see
that all hydrogen bond donor groups become more positive,
while all hydrogen bond acceptor atoms become less negative
with CN as the remote substituent (Figure 3b). This is
accompanied by stabilization of all molecular orbitals (Figure
6b). Initially, we expected that these substituent effects would

Figure 3. (a) Hydrogen bond strength ΔE (in kcal mol−1) and O···N
or N···N bond lengths (in Å) of the unsubstituted DDAA (left) and
DADA (right) dimers. (b) Voronoi deformation density (VDD)
charges (in me−) of the hydrogen bond donor (green rectangles) and
acceptor (red rectangles) groups of the prepared unsubstituted
monomers, and the change in VDD charge for the same hydrogen
bond donor and acceptor groups when substituted with CN or NH2.
For example, the VDD charge of the NH2 group in DDAA becomes
52 me− more positive when going from DDAA to DDAA(CN,1). All
data were obtained at the BLYP-D3(BJ)/TZ2P level of theory.
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be most pronounced for the nearest frontier atoms, which
would make the tunability of the DDAA−AADD dimers fairly
straightforward. However, the substituent effects are actually
delocalized over the whole molecular system, making it very
difficult to predict how the hydrogen bond interactions are
affected by the substituent.
To understand this in more detail, we consider the DDAA

system with CN at position 1. If the nearest frontier atoms
would be most affected by the substituent, CN at position 1
would cause strengthening of the hydrogen bond because of
enhanced positive charge accumulation around the hydrogen
bond donor groups. However, as can be seen in Figure 4, the
DDAA(CN,1)−AADD(CN-1) dimer is actually 1.1 kcal mol−1

less stable than the unsubstituted DDAA−AADD dimer. At
first sight, the substituent CN does indeed have the most
pronounced effect on the nearby NH2 group, which becomes
52 me− more positive in comparison with the unsubstituted

group, whereas NH, N, and O become more positive by 13, 12,
and 26 me−, respectively. However, the lone pair orbitals of the
hydrogen bond acceptor groups are actually more stabilized
than the virtual orbitals (Figure 6b), even though the occupied
orbitals are farther away from the substituent than the virtual
orbitals. As a result, the substituent CN actually leads to an
increase instead of a decrease of the HOMO−LUMO gap,
which explains why the total hydrogen bond strength is
weakened by CN at position 1.
For substitution with CN at position 4, the hydrogen bond

acceptor atoms N and O are the nearest to the substituent. We
therefore expected that the substituent effect would be most
pronounced on N and O, resulting in diminished charge
accumulation around N and O and hence weakening of the
hydrogen bond. However, the hydrogen bond energy of
DDAA(CN,4)−AADD(CN,4) is in fact more stable with
respect to the unsubstituted dimer by −0.6 kcal mol−1.
Looking at the VDD charges in Figure 3b, we see that the
hydrogen bond acceptor atoms become less negative by 49
me− in total, whereas the hydrogen bond donor groups
become more positive by 29 me− in total. Hence, the
substituent effects are delocalized over the whole molecular
system but more pronounced for the acceptor atoms.
Consulting the orbital energies in Figure 6b, we find that the
lone pair orbitals are stabilized to a larger extent than the σ*
orbital, resulting in a net increase of the HOMO−LUMO gap.
Neither the VDD charges nor the orbital energies thus explain
the resulting stabilization of the hydrogen bond energy.
However, there is a third factor that we did not consider so
far, which is the long-range electrostatic interaction between
the interacting monomers, including the interactions between
the substituent and the other monomer.
To further understand this effect, we divided the monomers

into three regions and computed the sum of atomic VDD
charges for each region (Figure 7). For the unsubstituted
DDAA monomer, the upper region (blue rectangle), which
includes both hydrogen bond donor groups, has a partial
positive charge of +392 me−. On the other hand, the lower
region (red rectangle) includes both hydrogen bond acceptor
groups and has a partial negative charge of −459 me−. The

Figure 4. Hydrogen bond strength ΔE (in kcal mol−1) and O···N or N···N bond lengths (in Å) for the DDAA (up) and DADA (down)
homodimers with CN substitution at position 1, 2, 3, or 4. The value in brackets gives the difference relative to the unsubstituted dimer. All data
were obtained at the BLYP-D3(BJ)/TZ2P level of theory.

Figure 5. Hydrogen bond strength ΔE (in kcal mol−1) and O···N or
N···N bond lengths (in Å) for the DDAA (up) and DADA (down)
homodimers with NH2 substitution at position 2 or 3. The value in
brackets gives the difference relative to the unsubstituted dimer. All
data were obtained at the BLYP-D3(BJ)/TZ2P level of theory.
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atoms that connect these two regions (yellow rectangle) have a
small positive charge of +65 me−. Note that this charge
delocalization is perfectly in line with the electrostatic potential
surface in Figure 1a. So, how is this charge delocalization
affected by the substituents? We start with DDAA(CN,4),
whose red region now also contains the electron-withdrawing
CN substituent. As a result, this region becomes 65 me− more
negative in comparison with the unsubstituted system. This
charge is mainly coming from the blue region, which becomes
64 me− more positive in comparison with the unsubstituted
system. Hence, even though the charge accumulation around
the frontier atoms is slightly unfavorable (Figure 3b) for
DDAA(CN,4), the charge redistribution in the overall system
is actually favorable for its dimerization energy. After all, the
blue region is now more positive, while the red region is now
more negative, resulting in stronger electrostatic interactions
and hence a stronger binding strength.
Going to the DDAA(CN,1) monomer, the blue region

becomes less positive by −79 me−, while the red region

becomes less negative by +73 me− in comparison with the
unsubstituted system. In this case, the charge redistribution is
thus unfavorable for the dimerization energy because the
regions have a smaller partial charge, resulting in weaker
electrostatic interactions. This is again perfectly in line with the
observed weakening of the binding energy in the DDAA-
(CN,1) dimer. These results show that the substituent does
not only affect the charge accumulation around the frontier
atoms but instead affects the charge redistribution in the whole
molecular system, which must be taken into account when
tuning the binding strength of hydrogen-bonded arrays.
For the DDAA(CN,2) dimer, the hydrogen bonding is less

stable by 0.3 kcal mol−1 in comparison with the unsubstituted
system (Figure 4). The hydrogen bond donor groups become
more positive by 22 me− in total, whereas the hydrogen bond
acceptor atoms become less negative by 31 me− in total
(Figure 3b). Furthermore, the occupied orbitals are more
stabilized than the virtual orbitals, resulting in a larger
HOMO−LUMO gap and hence a weakened orbital energy
(Figure 6b). Both the charge redistribution and orbital energies
are thus in line with the observed destabilization of ΔE.
However, the DDAA(CN,3) dimer is destabilized by 1.2 kcal
mol−1, which is considerably more pronounced than for the
DDAA(CN,2) dimer. This difference in ΔE cannot be
explained by the change in charge accumulation around the
frontier atoms, which is almost the same for the hydrogen
bond donor groups (+27 me−) as for the hydrogen bond
acceptor atoms (+23 me−), and neither with the HOMO−
LUMO gap, which is increased by approximately the same
amount as for the DDAA(CN,2) dimer. Furthermore, the
long-range electrostatic interactions do also not explain the
relatively large destabilization of DDAA(CN,3)−AADD-
(CN,3) because, similarly to DDAA(CN,4) (Figure 7), CN
at position 3 should lead to more pronounced charge
accumulation. Other factors are at play, which underlines the
complex nature of hydrogen bonds in multiple hydrogen-
bonded arrays.

Figure 6. (a) Isosurfaces (at 0.04 Bohr−3/2) and energies (in eV) of the orbitals of the prepared monomers that participate in orbital interactions.
(b) Change in orbital energy (in eV) when DDAA (left) or DADA (right) is substituted with CN or NH2. The colors correspond to the text color
in Figure 6a. All data were obtained at the BLYP-D3(BJ)/TZ2P level of theory.

Figure 7. Voronoi deformation density charges (in me−) for the
prepared DDAA (up) and DADA (down) monomers without
substituents (left) and with substituents (middle and right). Data
was obtained at the BLYP-D3(BJ)/TZ2P level of theory.
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Next, we go to the DADA−ADAD systems with CN as a
substituent. As these molecules have an alternating pattern of
hydrogen bond donor and acceptor groups, we expected that
these systems are more difficult to tune because the substituent
will have a counteracting effect on two neighboring atoms.
However, as can be seen in Figure 4, the hydrogen bond
strength is actually changed by comparable values as for the
DDAA systems. The substitution with CN at position 1 leads
to a weakening of 0.8 kcal mol−1, whereas CN at position 4
leads to strengthening of the hydrogen bond energy by 1.2 kcal
mol−1 with respect to the unsubstituted DADA dimer. The
hydrogen bond strength with CN at positions 2 and 3 remains
approximately unchanged. By consulting the VDD charges
(Figure 3b) and orbital energies (Figure 6b), we find the same
results as for the DDAA systems. That is, the substituent
effects are again delocalized over the whole molecular system,
which is evident from the loss of electronic density for all
frontier atoms and stabilization of all molecular orbitals. This
stabilization is more pronounced for the occupied lone pair
orbitals than for the virtual σ* orbitals, resulting in increased
HOMO−LUMO gaps for all four systems. These findings do
explain the weakening of DADA(CN,1)−ADAD(CN,1) but
not why CN at position 4 leads to a more stable hydrogen
bond energy. However, by consulting the monomeric charge
redistribution in Figure 7, we see that the blue region in
DADA(CN,4) becomes more positive by 60 me−, while the
red region becomes more negative by 67 me− in comparison
with DADA. Hence, the overall charge redistribution is actually
favorable for the dimerization energy due to the long-range
electrostatic interactions, which is the same as already
encountered for the DDAA(CN,4) dimer.
We then go to the electron-donating NH2 substituent, which

has been substituted at positions 2 and 3 of the DDAA and
DADA monomers (Figure 5). In general, the hydrogen bond
donor groups become less positive while the hydrogen bond
acceptor atoms become more negative in comparison with the
unsubstituted system (Figure 3b), which is accompanied by
destabilization of all molecular orbitals (Figure 6b). However,
these changes are smaller than obtained with CN as the remote
substituent, which is in line with our findings for pyridine···
H2O (Figure 2). For NH2 at position 2, we see that the charge
redistribution in DDAA is again delocalized over the whole
molecular system and that there is no prominent difference
between the changes in VDD charge for the hydrogen bond
donor (−23 me−) and acceptor groups (−19 me−). There is a
more noticeable difference between the changes in orbital
energies, which undergo a more pronounced destabilization for
the σ lone pairs than for the σ* orbital on NH2 and NH.
However, despite the resulting net decrease in the HOMO−
LUMO gap, the DDAA(NH2,2) dimer is actually 1.0 kcal
mol−1 less stable than the unsubstituted system. A possible
explanation might again be the long-range electrostatic
interactions between the interacting monomers, but as one
of the hydrogens of the NH2 substituent is now partly
overlapping with the yellow region, the analysis as done in
Figure 7 is less straightforward for this specific system.
For DDAA(NH2,3)−AADD(NH2,3), the hydrogen bond

energy is strengthened by 1.3 kcal mol−1. This is not only in
line with a greater increase of negative charge around the
hydrogen bond acceptor atoms (−17 me−) in comparison with
the hydrogen bond donor groups (−3 me−) but also with a
decrease in the HOMO−LUMO gap. Finally, NH2 at positions
2 and 3 in the DADA systems results in the same but less

pronounced trend than for the DDAA systems. That is, the
hydrogen bond strength is weakened by 0.4 kcal mol−1 on
position 2, and strengthened by 0.4 kcal mol−1 at position 3.
However, contrary to the trends found so far, the virtual
orbitals are affected by approximately the same amount as the
occupied orbitals, resulting in an almost unchanged HOMO−
LUMO gap.
Summarizing our findings up to here, we see that the

hydrogen bond strength of the DDAA and DADA dimers is
more difficult to tune than anticipated. This is mainly because
the redistribution of charge after substitution is delocalized
over the whole molecular system. Since each monomer has the
same number of hydrogen bond donor and acceptor atoms, the
substituent effects counteract and thus cancel each other,
resulting in very small and unpredictable effects. Hence, tuning
the hydrogen bond strength should be easier for systems with
an unequal number of donor and acceptor atoms. We have
investigated this with two DAA−ADD and ADA−DAD
systems, which will be further discussed in the next section

3.3. Triple Hydrogen-Bonded Tautomers. We have
investigated two triple hydrogen-bonded systems, namely, the
DAA−ADD and ADA−DAD dimers (Figure 8). These
systems were obtained by removing the upper hydrogen
bond in the quadruple hydrogen-bonded systems while

Figure 8. (a) Hydrogen bond strengths ΔE (in kcal mol−1) and O···N
or N···N bond lengths (in Å) of the unsubstituted DAA−ADD (left)
and ADA−DAD (right) dimers. (b) Voronoi deformation density
(VDD) charges (in me−) of the hydrogen bond donor (green
rectangles) and acceptor (red rectangles) groups of the prepared
unsubstituted monomers, and the change in VDD charge for the same
hydrogen bond donor and acceptor groups when substituted with CN
or NH2. For example, the VDD charge of the NH group in DAA
becomes 20 me− more positive when going from DAA to
DAA(CN,1). All data were obtained at the BLYP-D3(BJ)/TZ2P
level of theory.
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Figure 9. Hydrogen bond strengths ΔE (in kcal mol−1) and O···N or N···N bond lengths (in Å) for the DAA−ADD (upper two rows) and ADA−
DAD (lower two rows) dimers with CN substitution at position 1, 2, 3, or 4. The value in brackets gives the difference relative to the unsubstituted
dimer. All data were obtained at the BLYP-D3(BJ)/TZ2P level of theory.

Figure 10. Hydrogen bond strengths ΔE (in kcal mol−1) and O···N or N···N bond lengths (in Å) for the DAA−ADD (up) and ADA−DAD
(down) dimers with NH2 substitution at position 1, 2, or 3. The value in brackets gives the difference relative to the unsubstituted dimer. All data
were obtained at the BLYP-D3(BJ)/TZ2P level of theory.
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maintaining a conjugated system. We used the same
substituents as for the quadruple hydrogen-bonded systems,
i.e., EWG CN and EDG NH2. Because of the hydrogen bond
pattern, these monomers cannot dimerize with itself but form
heterodimers instead. The heterodimers were formed with one
substituted and one unsubstituted monomer, resulting in one
substituent per dimer. We named the molecular systems in the
same way as the quadruple systems. For example, a DAA−
ADD dimer with CN on position 2 at DAA is called
DAA(CN,2)−ADD (the atomic numbering is given in Figure
8). CN has been substituted at all possible positions, i.e.,
positions 1−4 in DAA and ADA and positions 1−3 in ADD
and DAD, whereas NH2 has only been substituted at positions
1−3 in DAA and ADA and position 2 in ADD and DAD to
prevent the formation of intramolecular hydrogen bonds. The
systems substituted with CN are shown in Figure 9, and the
systems substituted with NH2 are shown in Figure 10.

We start with the systems substituted with CN. It can be
seen in Figure 8b that substitution with CN makes all
hydrogen bond donor groups more positive while making all
hydrogen bond acceptor groups less negative. This is
accompanied by stabilization of all molecular orbitals (Figure
11), except for one of the virtual orbitals in DAD(CN,1) and
DAD(CN,3). This means that the substituent effects of CN are
favorable for the hydrogen bond donor groups (more positive
and lower σ* virtual orbital) and unfavorable for the hydrogen
bond acceptor groups (less negative and lower σ lone pair
orbital). As the dimers have an unequal number of donor and
acceptor atoms, it is therefore expected that CN on DAA or
ADA results in weakening, whereas CN on ADD or DAD
results in strengthening of the hydrogen bonds.
As can be seen in Figure 9, the dimers with CN on ADD or

DAD are considerably more affected than the dimers with CN
on DAA or ADA. For the DAA(CN)−ADD and ADA(CN)−
DAD dimers, the change in hydrogen bond energy varies

Figure 11. (a) Isosurfaces (at 0.03 Bohr−3/2) and energies (in eV) of the orbitals of the prepared DAA and ADD monomers that participate in
orbital interactions and the change in orbital energy (in eV) when DAA (left) or ADD (right) is substituted with CN or NH2. The colors
correspond to the text color in (a). (b) Isosurfaces (at 0.03 Bohr−3/2) and energies (in eV) of the orbitals of the prepared ADA and DAD
monomers that participate in orbital interactions, and the change in orbital energy (in eV) when ADA (left) or DAD (right) is substituted with CN
or NH2. The colors correspond to the text color in (b). All data were obtained at the BLYP-D3(BJ)/TZ2P level of theory.
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between +0.4 kcal mol−1 for DAA(CN,3)−ADD and −0.4 kcal
mol−1 for ADA(CN,4)−DAD only, which is small in
comparison with the changes observed for pyridine···H2O
and the quadruple hydrogen-bonded systems. It is surprising
that the hydrogen bond strength is not much destabilized
when CN is substituted on DAA or ADA, even though these
monomers have two hydrogen bond acceptor groups. A
possible explanation might again be the long-range electrostatic
interactions between the partially negatively charged sub-
stituents and positively charged hydrogen bond-donating
groups on the opposing monomer.
Interestingly, the dimers with CN on ADD or DAD are all

stabilized by a substantial amount in comparison with the
unsubstituted system. As the ADD and DAD monomers have
two hydrogen bond donor groups, these changes in binding
energy are in line with the expectations. For the DAA−
ADD(CN) dimer, the hydrogen bonding is stabilized by 2.6,
1.1, and 1.0 kcal mol−1 for positions 1−3, respectively. This
shows that the position of the substituent plays an important
role in the observed changes in the binding strength. As CN at
position 1 is the farthest from the hydrogen bond donor
groups but causes the largest stabilization of ΔE, these results
underline the fact that the substituent effects are not limited to
the nearest frontier atoms but are instead delocalized over the
whole molecular system. At this point, it is important to
emphasize that relatively small differences in the binding
energy are associated with large changes in the binding
constant K; a Gibbs free energy stabilization of 2.7 kcal mol−1

corresponds to a 100-fold increase in the binding constant K.3

Hence, these substituent effects can have profound effects on
self-assembling polymer systems.
For the ADA−DAD(CN) dimer, the hydrogen bond

strengths are stabilized by 1.6, 0.8, and 1.0 kcal mol−1 for
positions 1−3, respectively. This shows again that the position
of the substituent has a large effect on the observed changes in
binding strength. Comparing positions 1 and 3, we see that the
changes in VDD charge and orbital energies are actually very
similar, but still the stabilization of ADA−DAD(CN,1) is 0.6
kcal mol−1 more pronounced than for the ADA−DAD(CN,3)
dimer. A reason for this might be the long-range electrostatic
interaction between the substituent with a partial negative
charge and the frontier atoms of the other monomer. As the
nitrogen atom N on ADA has a smaller partial negative charge
than O (−207 and −329 me− for N and O respectively, see
Figure 8), its destabilizing long-range interactions with CN
might be less pronounced, resulting in larger net stabilization
of the hydrogen bond strength.
Finally, we go to the electron-donating substituent NH2

(Figure 10). As can be seen in Figure 8b, all hydrogen bond
acceptor atoms become more negative, while all hydrogen
bond donor groups become less positive, except for NH in
DAA(NH2,1), N in ADA(NH2,1), NH in ADA(NH2,2), and N
in ADA(NH2,3), which gain 0, 4, 1, and 0 me−, respectively.
This redistribution of charge is accompanied by destabilization
of all occupied and virtual molecular orbitals (Figure 11), and
this destabilization is generally more pronounced for the σ lone
pair than for the σ* virtual orbitals. For the DAA(NH2)−ADD
dimer, hydrogen bonding becomes stronger by 1.0, 0.2, and 0.7
kcal mol−1 for positions 1−3, respectively. As the DAA
monomer has two acceptor groups, this result is in line with
the expectations. Here, we see again that the substituent effect
is strongly dependent on the position of the substituent.

For the other three types of dimers, namely, DAA−
ADD(NH2), ADA(NH2)−DAD, and ADA−DAD(NH2), the
changes in hydrogen bond strength vary between 0.0 and −0.2
kcal mol−1. Hence, the NH2 substituent effects are
considerably smaller than the effects obtained with CN. We
saw already for the pyridine···H2O that NH2 has a less
pronounced effect on the hydrogen bond strength than CN.
Furthermore, by comparing the changes in VDD charges
(Figure 8) and orbital energies (Figure 11) between CN and
NH2, we see that the changes obtained with NH2 are
considerably smaller than obtained with CN, which explains
why the resulting changes in hydrogen bond strengths are
smaller as well. We therefore conclude that hydrogen bonding
is easier to tune with CN than with NH2 as the remote
substituent.

4. CONCLUSIONS
We have used remote substituents on a number of hydrogen-
bonded systems to tune the hydrogen bond strength by
altering the charge accumulation around the frontier atoms.
Our density functional theory-based study on pyridine···H2O
with NH2 and CN substituted on the meta and para positions
of pyridine shows that the electron-withdrawing CN
substituent decreases the negative charge accumulation around
the frontier atom N, resulting in weakening of the hydrogen
bond, whereas the electron-donating NH2 group increases the
charge accumulation around N, resulting in strengthening of
the hydrogen bond. These results demonstrate that simple
hydrogen-bonded systems are indeed tunable in a rational way.
We subsequently applied these principles on larger hydro-

gen-bonded systems, namely, on quadruple DDAA−AADD
and DADA−ADAD tautomers and on triple DAA−ADD and
ADA−DAD dimers, using CN as an electron-withdrawing and
NH2 as an electron-donating substituent. We find that the
substituent effects are not limited to the nearest frontier atoms
but are instead delocalized over the whole molecular system. In
general, we see that the remote substituent CN makes all
hydrogen bond donor groups more positive and all hydrogen
bond acceptor groups less negative, which is accompanied by
stabilization of all molecular orbitals. For NH2, we find the
opposite effect. That is, the hydrogen bond donor groups
become less positive, whereas the hydrogen bond acceptor
atoms become more negative, which is accompanied by
destabilization of all molecular orbitals.
For the quadruple hydrogen-bonded systems, the changes in

hydrogen bond strengths are small, namely, between −1.3 and
1.2 kcal mol−1, and furthermore unpredictable. This is because
the monomers have the same number of donor and acceptor
groups, resulting in cancellation of the counteracting
substituent effects. Furthermore, we found that the sub-
stituents do not only alter the charge accumulation around the
frontier atoms but instead affect the charge redistribution in
the whole molecular system. Hence, the change in hydrogen
bond strength is also affected by resulting changes in long-
range electrostatic interactions.
For the triple hydrogen-bonded systems, the tuning is more

effective with CN than with NH2 as the substituent. Most
dimers become more stable with CN as the remote substituent,
but this stabilization is more pronounced with CN on an ADD
or DAD monomer than on a DAA or ADA monomer, which is
in line with expectations. For the DAA−ADD(CN) series, the
hydrogen bond is strengthened by 2.6, 1.1, and 1.0 kcal mol−1

for positions 1−3, respectively, which illustrates that the
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position of the substituent plays an important role in tuning
the hydrogen bond strength as well. The latter seems to be
caused by long-range electrostatic interactions between the
substituent and the hydrogen-bonded monomer. The NH2
substituent is less effective in tuning the hydrogen bond
strength.
In summary, our results demonstrate that hydrogen bonds

are tunable in a rational way using remote substituents.
However, besides altering the charge accumulation of the
frontier atoms, there are also other factors at play that
influence the binding strength, including long-range electro-
static interactions. The principles presented in this manuscript
are mainly suitable for systems with an unequal number of
hydrogen bond donor and acceptor groups to prevent the
cancellation of counteracting effects and can be used for tuning
the strength of supramolecular building blocks.
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