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Thermodynamics of the self-assembly of
N-annulated perylene bisimides in water.
Disentangling the enthalpic and entropic
contributions†‡
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Luis Sánchez *a

We report on the self-assembling features of the amphiphilic N-annulated perylene bisimides (N-PBIs)

1–4 in water. Their self-assembly is investigated both experimentally and theoretically and is shown to be

entropically driven in all cases. Importantly, the hydrophilic/hydrophobic ratio, determined by the number

and flexibility of the oligo(ethylene) glycol (OEG) chains present in monomers 1–4, plays a relevant role in

the exothermic/endothermic nature of the self-assembly enthalpy. Thus, the process is enthalpically

favoured in compounds 1 and 2, which are end-capped with two flexible OEG chains, but enthalpically

unfavoured in compounds 3 and 4, which are end-capped with bulkier and rigid phenyl groups decorated

with three OEG chains. Molecular dynamic simulations including water molecules show the influence of

the initial arrangement of the hydrophilic side chains and the number of water–side chain interactions on

the enthalpy of the self-assembly. Thus, the π-stacking of 3 to form the aggregated species is

accompanied by the rupture of a larger number of stabilizing water–side chain interactions than that

computed for compound 1. The loss of these interactions determines the sign of the enthalpy contri-

bution and, therefore, the global stability of the aggregated species in aqueous media.

Introduction

Complexity, adaptability, and robustness are key features of
self-assembled biological systems in which water plays a
pivotal role.1 Supramolecular self-assembly in aqueous media
yields biocompatible materials and aqua-plastics that contain
water as a key component to achieve strong non-covalent inter-
actions.2 The common feature of all these natural or synthetic
self-assembled structures is the presence of amphiphilic mole-
cules, consisting of hydrophilic and hydrophobic fragments
that are soluble in polar and apolar environments and, as a
result, form highly organized structures. Cell membranes, in
which multiple assembled components provide structural
integrity to the cell and regulate exchanges with the environ-

ment or with the double helix of DNA, which contains all the
genetic code of the living organisms, are paradigms of self-
assembled amphiphilic systems in water.3 A large number of
supramolecular ensembles attained by the self-assembly of
amphiphilic systems, based either on natural motifs (e.g., pep-
tides or lipids) or synthetic scaffolds, can be found in the lit-
erature as functional materials4 or nanoreactors.5

In all these systems, the hydrophobic effect determines the
thermodynamics of the self-assembly process, with dissimilar
contributions to the enthalpic and entropic terms. In natural
environments (i.e., in aqueous media), the self-assembly
events are entropically driven. Typical examples are the self-
assembly of the tobacco-mosaic virus, the formation of
β-amyloids or the formation of collagen fibres.6 The supramo-
lecular polymerization mechanism of synthetic amphiphiles,
especially those with aromatic central hydrophobic cores such
as hexaperibenzocoronenes,7 naphthalene (NDIs)8 and pery-
lene diimides (PBIs),9 benzene tricarboxylic acids,10 oligophe-
nylenes,11 phenylene ethynylenes,12 phenylene vinylenes13 and
4,4-difluoro borodipyrromethene (BODIPY) derivatives,14 has
been elucidated.15 However, a detailed investigation of the
enthalpic and entropic contributions has not been performed,
and, in particular, the structural factors controlling these con-
tributions in the aqueous self-assembly of many of these
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systems are far from clear. Thus, only a few examples of entro-
pically driven self-assembly of artificial amphiphiles can be
found in the literature.16 To the best of our knowledge, only in
the case of PBIs and NDIs endowed with oligo(ethylene) glycol
(OEG) side chains of different length, a detailed investigation
of the thermodynamics associated with their self-assembly has
been reported.17 The synergy of UV-visible and isothermal
calorimetric experiments indicates that self-assembly of these
amphiphilic systems in aqueous media is entropically driven
and enthalpically disfavoured. These scaffolds self-assemble
by strong π-stacking of the aromatic moieties, but, more
especially, by gain of entropy resulting from the release of
water molecules trapped in the hydration shell of the hydro-
philic OEG side chains.

Herein, we report on the self-assembling features of a series
of amphiphilic N-annulated PBIs (N-PBIs) that self-assemble in
an entropically driven manner in aqueous solution (com-
pounds 1–4 in Fig. 1). The hydrophilic/hydrophobic ratio in
compounds 1–4 is biased by both the OEG-bearing side groups
attached to the imide nitrogens and the lack (compounds 1
and 3) or presence (compounds 2 and 4) of the 4-(2-(2-(2-meth-
oxyethoxy)ethoxy)ethoxy)-1,1′:4′,1″-terphenyl fragment linked
to the central nitrogen atom of the N-PBI core. A detailed
thermodynamic analysis has been carried out by utilizing the
denaturation model, which allows derivation of a complete set
of thermodynamic parameters.18 In good analogy with
reported amphiphilic NDIs and PBIs, the self-assembly of
N-PBIs 1–4 is entropically driven. However, the self-assembly

process is enthalpically disfavoured for compounds 3 and 4,
whilst it is enthalpically favoured for amphiphiles 1 and 2.
These findings indicate that, in the self-assembly of com-
pounds 1–4, the nature of the hydrophilic side chains attached
to the imide groups biases the enthalpic and entropic contri-
butions, whereas the nature of the substituent attached to the
nitrogen of the aromatic core exerts a negligible influence on
these contributions.

To shed light on the origin of the entropic and enthalpic
contributions to the self-assembly of N-PBIs 1–4, molecular
dynamics (MD) simulations were performed including explicit
water molecules. Theoretical calculations on compounds 1
and 3 reveal that the arrangement of the side chains in the
monomers plays a pivotal role in the energetics of the self-
assembly. For compound 1, the proximity and flexibility of the
OEG chains allows partial coating of the hydrophobic aromatic
core. This, together with the small number of OEG chains,
determines that compound 1 releases, upon aggregation, a
lower number of water molecules non-covalently bonded to
the OEG chains, and presents an enthalpically favoured
process. In the case of compound 3, the rigidity of the trialkox-
yphenyl unit impedes efficient coating of the central aromatic
core, and, thereby, the OEG side chains are more exposed to
the environment, interacting with a larger number of water
molecules. The π-stacking of successive units of 3 to form the
aggregated species is thus accompanied by rupture of a larger
number of stabilizing water–OEG chain interactions and
affords an enthalpically disfavoured process. The results pre-
sented herein contribute to our understanding of the ener-
getics, disentangling the enthalpic and entropic contributions,
of the self-assembly of amphiphilic N-PBIs in aqueous media.
The comparison with previous thermodynamic data of refer-
able amphiphilic systems also contributes to establishing
structure–function relationships in entropically driven self-
assembly processes, in which dissimilar back-folding of the
peripheral glycol chains, with sequestration of the aromatic
cores from water, plays a determinant role.

Results and discussion
Synthesis and self-assembly in solution

The synthesis of N-PBIs 2–4 was accomplished following a
similar protocol to that reported previously for compound 1.19

It involves a convergent methodology in which the preparation
of the hydrophilic peripheral wedges and the synthesis of the
N-annulated tetraester perylene 5 are key steps (Scheme S1‡).
The dendritic amino-based wedge 13 and the tetraester 5 were
prepared following previously reported methodologies.19,20

The synthesis of the hydrophilic amine 8 begins with the
O-alkylation of the hydroxy groups of commercial pyrogallol.
The selective mononitration and the subsequent catalytic
hydrogenation of the nitro group afford aniline derivative 8 in
good yield.21 On the other hand, the dianhydride 12 bearing
the hydrophilic terphenyl segment was prepared by a copper-
assisted nucleophilic substitution of 4,4′-diiodo-1,1′-biphenyl

Fig. 1 (a) Chemical structure of amphiphilic N-PBIs 1–4. (b) Schematic
representation of the self-assembly of 1–4, highlighting the sign of the
enthalpic and entropic terms.
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and subsequent Suzuki cross-coupling reaction with the
boronic acid 10.21a The final nucleophilic addition of amine
8 21b or 13 19 in the presence of Zn(AcO)2 and imidazole yields
the amphiphilic N-PBIs 2–4.

The chemical structure of the new compounds was con-
firmed by standard spectroscopic techniques. The N-annulated
PBI cores of the four amphiphiles 1–4 show the characteristic
set of resonances in their 1H NMR spectra: a singlet and a
doublet at δ ∼9 and ∼8.7 ascribed to the ortho protons and an
additional doublet at δ ∼8.8 corresponding to the bay protons
(Fig. S1‡). These resonances are especially useful to give a first
insight into the self-assembly of the aromatic units in solution.
Thus, concentration-dependent 1H NMR spectra of com-
pounds 2–4 in CDCl3 display a clear upfield shift of all the aro-
matic resonances upon increasing the concentration (Fig. S1‡).
It is worth mentioning that compounds 3 and 4, in which the
side hydrophilic segment is the trialkoxyphenyl moiety co-
valently attached to the imide functional group, display very
broad aromatic resonances, diagnostic of efficient π-stacking.
Since all the aromatic signals shield upon increasing the con-
centration, and considering the previous work on N-annulated
PBIs,22 π-stacking of the aromatic units with the pyrrolic moi-
eties in a parallel arrangement is a plausible self-assembly
mode for these amphiphiles in CDCl3.

Our main goal is to unravel the self-assembling features of
amphiphiles 1–4 in aqueous media and to disentangle the
thermodynamics of the process (i.e., enthalpic and entropic
contributions). Previous studies on compound 1 in polar sol-
vents demonstrated that dioxane is a good solvent. In dioxane,
the UV-vis spectrum of 1 shows the typical absorption pattern
of molecularly dissolved PBI-based derivatives, with two
intense, well-resolved peaks at 525 and 495 nm and a shoulder
at 465 nm (Fig. 2a).19,22,23 In aqueous media, a clear hypso-
and hypochromic effect is observed, with absorption maxima

at 543 and 503 nm and a shoulder at 478 nm, which implies
the formation of H-type aggregates. Similar changes have been
observed for amphiphiles 2–4 (Fig. S3a–S5a†).

To derive the thermodynamic parameters associated with
the self-assembly of amphiphile 1 in aqueous media, we initially
used variable-temperature UV-vis experiments in water as
solvent. The high stability of the aggregated species formed in
water results in negligible disassembly at high temperatures.
Although previous reports on amphiphilic PBIs make use of
concentration-dependent UV-vis experiments or isothermal
titration calorimetry to derive the thermodynamic parameters,17

we envisioned that the solvent denaturation (SD) model could
be of great utility for these amphiphilic systems.18 To apply this
model, increasing amounts of solutions of the investigated self-
assembling unit in a good solvent are added to a solution of the
same self-assembling units in a bad solvent, keeping constant
the total concentration cT, which favours the disassembly of the
aggregated species (Fig. 2a–d). Based on the SD model and
applying eqn (1)–(3), it is possible to calculate the Gibbs free
energy gain upon monomer addition (ΔG′), which depends on
the molar fraction X, and it is equal to ΔG if X = 0, the para-
meter m, which relates the ability of the good solvent to associ-
ate with the monomer, thereby destabilizing the aggregated
species, the degree of cooperativity σ, and the nucleation (Kn)
and elongation (Ke) constants.

ΔG′ ¼ ΔGþmX ð1Þ

ΔG′ ¼ �RT ln Ke ð2Þ

σ ¼ Kn=Ke ð3Þ

In this work, the good and bad solvents are dioxane and
water, respectively. Plotting the variation of the degree of
aggregation α, obtained by measuring the variation of the

Fig. 2 (a–d) UV-vis spectra of amphiphile 1 in water/dioxane mixtures at different temperatures and cT = 10 μM. The arrows indicate the changes in
the UV-vis spectra upon adding increasing amounts of dioxane. (e–h) Denaturation curves of 1 in water/dioxane mixtures at different temperatures.
Red lines depict the fit to the SD model.
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absorbance at a specific wavelength (526 nm),24 results in sig-
moidal curves that can be fitted to the SD model (Fig. 2e–h).
Table 1 collects the thermodynamic parameters derived for
compound 1 at 20 °C, and Table S1‡ includes the ΔG′ values,
together with the m parameter and the degree of cooperativity
σ for the four investigated temperatures. The σ = 1 value
demonstrates the isodesmic character15a of the self-assembly
process of 1 and, more importantly, the increasing values of
ΔG′ display the higher stability of the aggregated species upon
increasing the temperature, which is diagnostic of an entropi-
cally driven process.17

The denaturation experiments performed at four different
temperatures, and considering a molar fraction of dioxane
Xdioxane = 0, allow the derivation of the corresponding ΔG′
values in pristine water, which, upon applying eqn (2), yield
the elongation binding constant Ke. The van’t Hoff analysis
affords the corresponding enthalpy (ΔH) and entropy (ΔS)
changes (Fig. S2‡ and Table 1). Fig. 3 depicts the thermo-
dynamic signature of 1 at 20 °C. The thermodynamic data
indicate that the self-assembly of this amphiphile in water is
enthalpically favoured (ΔH = −17.8 kJ mol−1) and entropically
driven (TΔS = 19.8 kJ mol−1).

Following this methodology, the self-assembly mechanism
of amphiphiles 2–4 was also investigated and the corres-
ponding thermodynamic parameters were derived by applying
the SD model, utilizing water and dioxane as bad and good sol-

vents, respectively (Fig. S3–S5‡). The formation of H-type
aggregates from amphiphiles 2–4 in aqueous media is demon-
strated by the hypso- and hypochromic effect observed in the
UV-vis spectra of the aggregated species compared to the
monomeric species.19 In the case of the T-shaped compounds
3 and 4, endowed with the lateral terphenyl moiety, the
intense band at ∼300 nm displayed in dioxane also experi-
ences a slight hypsochromic and a strong hypochromic effect
upon addition of water, which is diagnostic of the partici-
pation of this segment in the π-stacking of the aromatic back-
bone, which yields the final H-type aggregates. The formation
of H-type aggregates is corroborated by the strong quenching
of the emissive features of the monomeric units upon aggrega-
tion (Fig. S6‡). A detailed analysis of the derived thermo-
dynamic data indicates that the ΔG′ values increase upon
increasing the temperature, implying entropically driven self-
assembly processes (Tables S1–S4‡). Importantly, the increase
in the Gibbs free energy (ΔΔG′) released upon aggregation is
higher in amphiphiles 2 and 4, which are decorated with the
lateral terphenyl units (ΔΔG′ = 13 and 17 kJ mol−1 for 2 and 4,
respectively), than that calculated for 1 and 3, in which the
lateral substituent is the OEG chain (ΔΔG′ = 4 and 11 kJ mol−1

for 1 and 3, respectively). These findings can be justified by
considering the larger hydrophobic effect due to the larger
π-surface of the T-shaped 2 and 4, in comparison to 1 and 3. It
is also important to remark that the ΔG′ values are lower for
amphiphiles 3 and 4, in which the imide substitution is the
trialkoxyphenyl fragment, in comparison to compounds 1 and
2, which is diagnostic of their higher stability (Table 1 and
Tables S1–S4‡). Inspection of the thermodynamic data
extracted from the SD model also reveals that the degree of
cooperativity, σ, remains similar for compounds 2 to 4, while it
equals to unity for compound 1. In all cases, σ increases until
reaching a value equal to unity upon increasing the tempera-
ture. These data contrast with those reported previously for
referable amphiphilic NDIs, in which the self-assembly was
anticooperative,17b but they are in good agreement with that
reported for amphiphilic PBIs.17a

Similarly to compound 1, the values of Ke for compounds
2–4 were calculated at different temperatures and the corres-
ponding van’t Hoff analysis was performed (Fig. S2‡). To our
surprise, whilst the slopes of the van’t Hoff plots of com-
pounds 1 and 2 were positive, those of compounds 3 and 4
were negative. This trend points out that in the case of amphi-
philes decorated with the OEG dendron wedges (compounds 1
and 2) the self-assembly is enthalpically favoured, while the
opposite is found for compounds 3 and 4, in which the OEG
side chains are attached through the trialkoxyphenyl peri-
pheral segments. As suggested by the values of ΔG′, which
increase upon increasing the temperature, the self-assembly of
these amphiphiles is entropically driven, with the entropy
values increasing from compound 1 to compound 4 (Fig. 3).
Enthalpically favoured π-stacking of PBIs and PBI-based self-
assembling units is well documented due to the attractive
π-stacking of the aromatic moieties.17,22 Further confirmation
of this stacking is given by variable-temperature UV-vis experi-

Table 1 Global thermodynamic analysis of compounds 1–4 in aqueous
mediaa

Compound ΔG b Ke
c ΔH b ΔS d

1 −37.7 ± 8 5.3 × 106 −17.8 67.4
2 −37.6 ± 6 5.1 × 106 −21.0 79.0
3 −33.5 ± 1 9.4 × 105 20.4 184.2
4 −33.6 ± 1 9.8 × 105 36.4 244.1

a At 20 °C and a molar fraction of dioxane Xdioxane = 0. b In kJ mol−1.
c In M−1. d In J K−1 mol−1.

Fig. 3 Thermodynamic contributions for the self-assembly of amphi-
philic N-annulated PBIs 1–4 in water obtained by applying the SD model
at 20 °C.
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ments performed in apolar decalin as solvent for compounds
1 and 2 (amphiphiles 3 and 4 are insoluble in this solvent) and
fitting the variation of the absorbance to the one-component
equilibrium model (Fig. S7‡).25 These experiments reveal the
formation of H-type aggregates upon self-assembly, and Gibbs
free energies and degrees of cooperativity very similar to those
obtained in aqueous media (Table S5‡).

The thermodynamic insights previously reported for the
self-assembly of PBIs and NDIs in water have been justified by
invoking the following arguments: (1) the hydrated OEG side
chains exert a remarkable steric effect, which hinders the self-
assembly, and (2) the self-assembly provokes a release of water
molecules to the bulk, which results in entropically driven pro-
cesses (Fig. 1b).17 The result of these two opposite effects is
that the enthalpic contribution due to the π-stacking of the
aromatic moieties is smaller than the loss in interaction ener-
gies ascribable to the breaking of hydrogen bonds between
OEG chains and water. The final thermodynamic result for the
self-assembly of these amphiphilic PBIs and NDIs is an enthal-
pically unfavoured and entropically driven aggregation
process. Similar reasoning could be applied to the self-assem-
bly of amphiphiles 3 and 4, but not to amphiphiles 1 and 2,
for which the self-assembly is enthalpically favoured (Fig. 1b
and 3).

The thermodynamic parameters derived for 1–4, and
especially the ΔG values, are comparable to those reported for
amphiphilic PBIs endowed with longer OEG side chains,
which present values of ΔG ∼−45 kJ mol−1,17a but are more
negative than those reported for the amphiphilic NDIs with
OEG side chains of different length.17b The ΔG values derived
for these NDIs are in the range of −20 kJ mol−1, and increase
with the length of the OEG side chains.17b Importantly, and in
good agreement with the findings observed for 3 and 4, the
self-assembly of all these amphiphilic PBIs and NDIs, deco-
rated with amphiphilic aromatic moieties, is entropically
driven but enthalpically disfavoured.17a,b Interestingly, the NDI
2 compound reported in ref. 17c, in which OEG side chains are
directly connected to the aromatic moiety, but the aromatic
ring is linked to the NDI core via a methylene bridge, exhibits
an enthalpically favoured self-assembly process (ΔH ∼−23 kJ
mol−1) in line with the outcomes found for N-PBIs 1 and 2.
This comparison between related N-PBIs, PBIs and NDIs with
OEG side chains suggests that the flexibility of the side chains
determines the endothermic/exothermic character of the
enthalpy contribution for the self-assembly process in water;
i.e., the larger capacity of OEG side chains to protect the hydro-
phobic π-core from water, the more favourable is the (exother-
mic) enthalpy-driven aggregation (see the theoretical discus-
sion below).

Theoretical calculations

To shed light on the differences found in the enthalpic and
entropic contributions to the energetics of the self-assembly of
amphiphiles 1–4, we have modelled the aggregation process in
water of compounds 1 and 3 (as representative examples of
enthalpically favoured and unfavoured self-assemblies) by

using MD simulations (see ESI for further details‡).26 Prior to
examining the self-assembly process, an initial structural and
energetic analysis of monomers 1 and 3 is recommended, and,
in particular, an analysis of the conformational freedom of the
OEG side chains in water, and of the most prominent inter-
actions. Fig. S8‡ displays the time evolution of the minimum
distance between any atom of the peripheral OEG chains at
the imide position and the centroid of the central benzene
ring of the N-PBI core for monomers 1 and 3. For 1, the OEG
chains are flexible enough to protect part of the N-PBI core
from water by CH⋯π interactions, with contacts in the range
3.0–4.5 Å along the dynamics. In contrast, the more rigid
trialkoxyphenyl groups attached to the imides for 3 impede
the OEG chains in efficiently reaching the π-conjugated N-PBI
skeleton (core–side chain distances of ∼8.5 Å after 1 ns;
Fig. S8‡). Then, the hydrophobic N-PBI skeleton of 3 is more
exposed to the solvent. In terms of energetics, the chain–core,
core–solvent and chain–solvent interactions (Ēc‐ch

pot , Ē
c‐solv
pot and

Ēch‐solv
pot ) have also been evaluated for monomers of 1 and 3 (see

ESI‡ for an extended discussion). The most important differ-
ence between 1 and 3 comes from the Ēch‐solv

pot term (−831 and
−1192 kJ mol−1, respectively). This is in line with the less
effective wrapping of 3 by OEG chains, which are more
exposed to the environment with a larger number of interact-
ing water molecules. The self-assembly of 3, compared to 1,
would therefore require the rupture of a larger number of sta-
bilizing water–OEG chain interactions, which can be enthalpi-
cally unfavourable.

To investigate the energetics of the self-assembly, a new set
of MD simulations was performed for dimers and tetramers of
1 and 3. Dimers and tetramers were initially organized in close
contact (aggregated form) according to the previous MD simu-
lations and using the same N-PBI concentration employed for
the monomer by fixing the N-PBI : H2O ratio (ESI‡). Prior to
determining the energetics, the structural supramolecular
parameters defining the relative disposition of the molecules
in the dimer were analysed along the MD trajectories (Fig. 4).
These parameters are the distance between the centroids of
the central N-PBI rings (d ) and the twisting angle between
adjacent N-PBIs (α). α is taken as the angle formed by the lines
passing through the centroid of the central benzene ring and
the imide nitrogen atom. On average, d ranges between 3.3
and 3.4 Å for dimer 1, in line with a typical π-stacking inter-
action, although larger d values are also found due to the rela-
tive sliding of adjacent N-PBIs. Dimer 3 displays a less effective
π-stacking, with d values slightly larger (3.6–3.8 Å), owing to
the steric hindrance of the bulky lateral chains at the imide
positions. For angle α, dimer 1 shows a value centred around
45°, ranging from 40 to 60°, whereas dimer 3 presents an
angle of 25° with a significant smaller fluctuation. These out-
comes indicate that, compared to 1, the rotation motion of
vicinal N-PBI units along the stacking axis is more impeded
for 3, due to the bulkier lateral groups. As a consequence,
supramolecular aggregates of 3 are more rigid and give rise to
more regular helices than those of 1, as can be seen for the tet-
ramers in Fig. S10.‡ Indeed, the lateral phenyl rings in 3 inter-
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act through π-stacking interactions, and contribute to achiev-
ing the helical arrangement. This is in line with the experi-
mental, broad aromatic NMR signal registered for compounds
3 and 4.

The experimental measurements indicate that the self-
assembly of 1 is enthalpically favoured, while for 3 it is enthal-
pically unfavoured. Table 2 shows the average ΔH̄aggr obtained
from the MD simulations for dimers and tetramers of 1 and 3.
ΔH̄aggr is calculated as ΔH̄aggr ¼ H̄b � nH̄nb, where H̄b and H̄nb

are the average enthalpy of the bonded (aggregate) and non-
bonded (monomer) states, respectively, and n denotes the
number of N-PBI molecules. In both cases, the experimental
sign for ΔH̄aggr is well reproduced with a significant difference
between 1 and 3. In particular, an exothermic aggregation
enthalpy ΔH̄aggr is obtained for 1, whereas an endothermic
aggregation process is predicted for 3.

To further understand this different trend, we performed
an analysis decomposing the aggregation enthalpy into several
contributions. From basic thermodynamics, the enthalpy of a
system is calculated by H = Ekin + Epot + pV, where Ekin and Epot,
denote the kinetic and potential energy (both terms would
give the internal energy), respectively, and the last term corres-
ponds to the product between the pressure and volume. In this
context, we can assume that the enthalpy changes due to the
aggregation process are mainly ruled by the potential energy,

and thus the kinetic energy and pV components can be
omitted (see Table S8‡). Therefore, the aggregation enthalpy
can be estimated as an interaction energy (ΔĒint) as
ΔH̄aggr � ΔĒint ¼ Ēb � nĒnb, where Ēb and Ēnb are the average
potential energy contributions for the bonded (aggregate) and
non-bonded (monomer) states, respectively. In the simplest
picture, the average potential energy for a system (monomer,
dimer, or tetramer) can be further decomposed into three
main components: Ē ¼ ĒN‐PBI

pot þ ĒH2O
pot þ ĒN‐PBI‐H2O

pot , where ĒN‐PBI
pot

and ĒH2O
pot represent the average potential energy of the N-PBIs

and water self-interactions, respectively, and ĒN‐PBI‐H2O
pot corres-

ponds to the average potential energy due to solute–solvent
interactions. In the following, we analyse the average inter-
action energy ΔĒint for each contribution as ΔĒi ¼ Ēi

b � nĒi
nb,

where i denotes each subsystem (N-PBI, H2O or N-PBI–H2O).
Table 3 shows the average interaction energy contributions

estimated for dimers of 1 and 3 from the MD trajectories. For
both molecules, the ΔĒN‐PBI

pot and ΔĒH2O
pot terms are negative, indi-

cating that the N-PBI⋯N-PBI and H2O⋯H2O interactions
resulting from aggregation are favourable. ΔĒN‐PBI

pot accounts for
the π-stacking between the N-PBI cores and the dispersive
interactions between the lateral chains. ΔĒH2O

pot takes into
account the new hydrogen bonds formed among water mole-
cules, which were previously interacting with the N-PBI mono-
mers. Finally, ΔĒN‐PBI‐H2O

pot is indeed positive because of the

Fig. 4 Time evolution of the selected structural parameters (d and α) computed along the MD trajectory for dimers of N-PBIs 1 and 3. Green and
blue lines represent the average values in intervals of 50 points (100 fs). Distance d and angle α are defined on the right using the dimer of 1.

Table 2 Average aggregation enthalpy Δ�Haggr (in kJ mol−1) obtained
from the MD simulations for dimers and tetramers of 1 and 3. T = 300 K,
p = 1 bar

Compound ΔH̄aggr (dimer) ΔH̄aggr (tetramer)

1 −169 ± 29 −111 ± 41
3 43 ± 42 50 ± 69

Table 3 Average interaction energy contributions (in kJ mol−1)
between dimer and monomer states of 1 and 3

Compound ΔĒN‐PBI
pot ΔĒH2O

pot ΔĒN‐PBI‐H2O
pot ΔĒint

1 −275 −176 286 −165
3 −311 −131 467 25
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smaller number of interactions between water and N-PBIs in
the dimer with respect to the monomers in solution. It is note-
worthy that for both dimers the sum ΔĒPBI

pot þ ΔĒH2O
pot is very

similar (−451 kJ mol−1 for 1 and −442 kJ mol−1 for 3).
Therefore, ΔĒN‐PBI‐H2O

pot is the determining factor for the sign of
ΔĒint and, consequently, of ΔH̄aggr. In fact, ΔĒN‐PBI‐H2O

pot for 3 is
about 1.6 times larger than that computed for 1. This is due to
the larger number of OEG–water contacts (H-bonds) that are
lost in 3 compared to 1, as a consequence of aggregation
(Table S6‡). For instance, the average number of H-bonds lost
per N-PBI monomer calculated for dimers of 1 and 3 was
found to be 1.5 and 2.7, respectively. This rupture of H-bonds
is even higher for tetramers (3.1 and 4.8 for 1 and 3, respect-
ively) due to the additional hindrance effects of the non-term-
inal monomers on the supramolecular aggregates (see
Table S9 and ESI‡ for an extended discussion).

It is important to stress that the theoretical insights
extracted here to rationalize the experimental thermodynamic
parameters for the self-assembly of N-PBIs 1 and 3 are not only
specific for these systems, but also applicable to other related
PBI and NDI systems.17 MD simulations for related PBI and
NDI systems show that the flexibility and, thus, the capacity of
the OEG side chains to protect the hydrophobic π-conjugated
core from water is key to determining the enthalpically
favoured or unfavoured character of the self-assembly (see ESI
for further discussion‡).

Conclusions

The synthesis and self-assembling features of a series of
amphiphilic N-annulated PBIs 1–4 in water have been
thoroughly investigated, both experimentally and theoretically.
The thermodynamic parameters derived from the solvent
denaturation method indicate that the self-assembly of the
four investigated amphiphiles 1–4 is entropically driven. This
feature is understood by considering the water molecules,
initially bonded to the hydrophilic side chains of the mono-
meric species, which are released to the bulk upon aggrega-
tion. The hydrophilic/hydrophobic ratio, determined by the
number and flexibility of the oligo(ethylene) glycol chains
present in the monomers of compounds 1–4, plays a relevant
role in the exothermic/endothermic nature of the aggregation
enthalpy. Self-assembly is enthalpically favoured for com-
pounds 1 and 2, which are decorated with flexible, hydrophilic
dendron wedges attached to the imide functional groups, and
enthalpically unfavoured for compounds 3 and 4, which are
end-capped with rigid, hydrophilic trialkoxyphenyl rings.
Molecular dynamics simulations in water show that the
arrangement and flexibility of the hydrophilic side chains and
the number of interactions between these chains and water
molecules strongly determine the enthalpy of the self-assem-
bly. Thus, the π-stacking of successive units of amphiphile 3 to
form the aggregated species is accompanied by the rupture of
a larger number of stabilizing water–side chain interactions
than that computed for compound 1. The loss of these water–

OEG interactions determines the sign of the enthalpy contri-
bution and, therefore, the global stability of the aggregated
species in aqueous media. The thermodynamic insights pre-
sented herein contribute to our understanding of the ener-
getics, including enthalpy, entropy and free energy of the self-
assembly of amphiphilic N-PBIs in aqueous media, and to
establish structure–function relationships in entropically
driven self-assembly processes in which dissimilar back-
folding of the peripheral glycol chains, with sequestration of
the aromatic cores from water, plays a determining role.
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