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/Abstract: Depending on the connectivity of solubilizing oli-
goethylene glycol (OEG) side chains to the m-cores of amphi-
philic naphthalene and perylene bisimide dyes, self-assembly
in water occurs either upon heating or cooling. Herein, we
show that this effect originates from differences in the en-
wrapping capability of the m-cores by the OEG chains.
Rylene bisimides bearing phenyl substituents with three
OEG chains attached directly to the hydrophobic mt-cores are
strongly sequestered by the OEG chains. These molecules
self-assemble at elevated temperatures in an entropy-driven
process according to temperature- and concentration-de-
pendent UV/Vis spectroscopy and calorimetric dilution stud-
ies. In contrast, for rylene bisimides in which phenyl sub-
stituents with three OEG chains are attached via a methyl-
ene spacer, leading to much weaker sequestration, self-as-
sembly originates upon cooling in an enthalpy-driven pro-

N

\

cess. Our explanation for this controversial behavior is that
the aggregation in the latter case is dictated by the release
of “high energy water” from the hydrophobic m-surfaces as
well as dispersion interactions between the m-scaffolds
which drive the self-assembly in an enthalpically driven pro-
cess. In contrast, for the former case we suggest that in ad-
dition to the conventional explanation of a dehydration of
hydrogen-bonded water molecules from OEG units it is in
particular the increase in conformational entropy of back-
folded OEG side chains upon aggregation that provides the
pronounced gain in entropy that drives the aggregation pro-
cess. Thus, our studies revealed that a subtle change in the
attachment of solubilizing substituents can switch the ther-
modynamic signature for the self-assembly of amphiphilic
dyes in water from enthalpy- to entropy-driven.

/

Introduction

Self-assembly has emerged as an efficient method for the de-
velopment of functional materials possessing enticing proper-
ties, including self-healing and stimuli-responsiveness among
many others.!" Such emergent functions of larger entities are
encoded in the monomer design, which forecasts the domi-
nant non-covalent forces that take part in the formation of tar-
geted architectures.? In nature, these interactions are often
not primarily governed by the specific non-covalent bonds be-
tween the self-assembling molecules but by the solvation
properties of water, which plays a prominent role in the gener-
ation of these dynamic structures.”
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Emulating nature’s strategy for artificial supramolecular ag-
gregates has proved to be challenging since our understand-
ing of the role of water in these systems is still at its infancy.”!
Nevertheless, a wide variety of nano-scale structures in aque-
ous media has been generated, for example, for peptide am-
phiphiles®® and m-amphiphiles consisting of diverse hydro-
phobic cores including hexabenzocoronenes,® naphthalene
and perylene bisimides,®™® benzene tri-carboxylic acid,” oligo-
phenylenes,"” phenylene ethynylenes,™ and phenylene vinyl-
enes,? etc.

While the distinct mechanisms mediating the self-assembly
of aforementioned structures at room temperature in water
has been explored in detail, providing insights into isodesmic,
cooperative and anti-cooperative models, understanding of
thermodynamic factors which drive the self-assembly, viz. en-
thalpy or entropy, is yet to transpire.'”” This gap in the knowl-
edge is probably related to the fact that the majority of the
supramolecular aggregations are performed in organic media
under the control of enthalpic factors (termed “ordinary tem-
perature response”) assisted by non-covalent bond formation
and reduction in degrees of freedom associated with self-as-
sembly (Figure 1¢)."™ However, in aqueous environments as
given in nature, there are many examples for entropically
driven self-assembly processes (Figure 1a) where the aggrega-
tion is favored at elevated temperatures (termed “inverse tem-
perature response”) including tobacco mosaic virus,"® B-amy-
loids,"® collagen fibrils,"” etc. In contrast, among synthetic
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Figure 1. Schematic representation of entropically driven (a) and enthalpically driven (c) self-assembly. (b) Chemical structures of PBI 1-2 and NBI 1-2.

supramolecular systems such cases are still rare."'® Neverthe-
less, the design principles which underpin these bifurcated
thermal responses can have wider implications ranging from
the development of thermoresponsive materials to drug
screening. For example, enthalpically driven drug-protein inter-
actions are known to evade undesirable physicochemical prop-
erties" and ligands that bind with an entropic advantage can
adopt multiple binding modes and thus circumvent the devel-
opment of resistance.” This, in turn, calls for a detailed under-
standing of the enthalpic and entropic factors that govern self-
assembly and rational design strategies which can encode this
information into monomeric building blocks.

We have previously reported that self-assembly of perylene
bisimide dyes, appended with oligoethylene glycol chains, is
driven by entropic factors in water."® While mechanistic stud-
ies on the self-assembly process were hampered for this deriv-
ative due to its strong aggregation tendency, recently we suc-
ceeded in obtaining an understanding of the entropically
driven self-assembly for amphiphilic dyes in water utilizing
smaller naphthalene bisimide homologues."® During these in-
vestigations, we came across a surprising observation that the
glycol chains in these molecules are back-folded to the aro-
matic core to sequester the hydrophobic surfaces from the sur-
rounding bulk water. We reasoned that this specific orientation
might be crucial in directing the self-assembly toward an en-
tropic driven process. If this hypothesis is correct, molecules
without this specific orientation of glycol chains should accord-
ingly self-assemble in water driven by enthalpic factors as in
the organic solvent. To gain deeper understanding of these
processes and to realize control over the enthalpically and en-
tropically driven self-assembly in water, we designed an array
of bolaamphiphilic rylene bisimide dyes where the orientation
of glycol chains was modified by a subtle change in the mono-
mer design. PBI 1 and NBI 1, designed analogous to our previ-
ous molecules and an example of Ghosh et al.,”" consists of a
perylene and naphthalene bisimide core, respectively, and are
appended on both sides with a phenyl substituent bearing
three oligoethylene glycol (OEG) chains (henceforth referred to
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as wedge) (Figure 1b). In contrast, for PBI 2 and NBI 2, this
amphiphilic wedge is attached via a methylene spacer to disfa-
vor the back folding. In organic solvents, all the newly de-
signed dyes self-assemble at lower temperatures and disas-
semble at elevated temperatures, characteristic of an enthalpi-
cally driven self-assembly process. Interestingly, in water, PBI 1
and NBI 1 follow an entropically driven self-assembly which is
favored at higher temperatures, whilst PBI 2 and NBI 2 show
common enthalpically driven self-assembly, favored at lower
temperatures. Combined utilization of UV/Vis spectroscopy
and isothermal titration calorimetry (ITC) allowed us to gain
deeper insights into the thermodynamic properties pertaining
to their self-assembly. Structural insights obtained by 2D NMR
and PM7 optimizations point towards the crucial role of the
orientation of glycol chains in orchestrating such bias of self-
assembly in water.

Results and Discussion

Temperature-dependent self-assembly and morphology of
the aggregates

The thermodynamic fingerprint of bolaamphiphilic PBIs and
NBIs were first probed by temperature-dependent UV/Vis
measurements. Generally, moieties which self-assemble in an
entropically driven fashion show an increased aggregation ten-
dency at higher temperatures and undergo disaggregation at
lower temperatures. The reverse is true for enthalpically driven
self-assembly, where the aggregation is favored at lower tem-
peratures. First, we investigated the temperature-dependent
changes of all the molecules in an organic solvent. In a solvent
of intermediate polarity like CHCl;, both PBI 1 and PBI 2 exist
like many other perylene bisimides with solubilizing groups at
imide positions in their monomeric form® in a wide concen-
tration range and exhibit typical vibronic progressions of the
So—S,; electronic transition (Figure S1a,b). However, in a polar
solvent like MeOH, both PBIs self-assemble into supramolecular
aggregates, owing to the stabilization by dispersion interac-
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Figure 2. Temperature-dependent UV/Vis spectra (density corrected) of (a) PBI 1 (c=9.9x 10 °m), (b) PBI 2 (c=9.8x10°m), (c) NBI 1 (c=3.9x10°m) and
(d) NBI 2 (c=1.0x10"*m) in water. Arrows indicate spectral changes upon heating.

tions originating from m-m stacking.”” At lower temperatures,

the transition corresponding to the 0-1 vibronic progression at
491 nm is prominent for PBl 1 compared to that at 527 nm (0-
0 transition), suggesting the formation of an H-type aggregate
(Figure S2a).”? However, with an increase in temperature, the
ratio of the 0-0/0-1 transition intensity increases along with a
concomitant hyperchromism, suggesting disaggregation. Simi-
larly, temperature-dependent measurements of PBI 2 in MeOH
also revealed the formation of H-type aggregate at lower tem-
peratures, which disassembles and regains the vibronic pro-
gression of the monomer at higher temperatures (Figure S2b).
Akin to the PBIs mentioned above, naphthalene bisimide de-
rivatives NBI 1 and NBI 2 also exist in monomeric form in
CHCI; (Figure S1c¢,d) and undergo self-assembly in MeOH at
lower temperatures (Figure S2c,d). However, the propensity of
aggregation is much lower compared to their PBI homologues
attributed to a less extended m-core.”” Here also, the H-type
aggregates formed upon cooling disassemble at elevated tem-
peratures, indicated by the hyperchromism along with the re-
instating of monomer vibronic structure. In a gist, all the deriv-
atives presented in the current work undergo an “ordinary
temperature response” in MeOH, where the aggregation is fa-
vored at lower temperatures, driven by enthalpic factors.
Subsequently, we have investigated the temperature-depen-
dent self-assembly of all the derivatives in water. PBI 1, even at
very low concentrations, exists in an aggregated state in water
with a prominent 0-1 transition (at 498 nm) suggesting a co-
facial packing of the molecules with an H-type excitonic cou-
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pling (Figure 2a). Surprisingly, upon increasing the tempera-
ture, we observed a pronounced hypochromic shift for the
bands at 498 nm and 545 nm along with a decrease in the
ratio of 0-0/0-1 transitions, opposite to its behavior in MeOH.
These spectral changes point towards an increased degree of
association, that is, aggregate growth into larger structures as
reported before for an analogous PBI derivative in water.'"®
Similarly, NBI 1, which exhibits a vibronic progression of its
monomeric state at lower temperatures, undergoes aggregate
growth at elevated temperatures as indicated by hypochrom-
ism along with a concomitant decrease in the ratio of the vi-
bronic transition at 384 nm with respect to that at 363 nm
(Figure 2¢). In both cases, spectral changes upon temperature
variation in water are contrary to the behavior in MeOH and
point towards an increasing tendency of association with tem-
perature, indicating the contribution of entropic factors in driv-
ing the self-assembly.

PBI 2, in which the amphiphilic wedge is attached via a CH,
spacer, also exhibits H-type aggregation due to co-facial stack-
ing in water (Figure 2b). However, unlike PBI 1, here we ob-
served the emergence of the 0-0 vibronic transition of the mo-
nomer band at 537 nm upon increasing temperature, suggest-
ing a partial disassembly of the aggregate. In an even more
pronounced fashion, NBI 2 also disassembles at higher temper-
atures as indicated by hyperchromism and monomer-like vi-
bronic progression, identical to its behavior in MeOH (Fig-
ure 2d). Both these observations indicate the ‘ordinary temper-
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ature response’ exhibited by PBI 2 and NBI 2 in water, where
the aggregate formation is disfavored at higher temperatures.

Unfortunately, quantitative insights into the thermodynamic
parameters of the self-assembly are difficult to derive from
these temperature-dependent UV/Vis measurements since the
fraction of aggregated species covered in the accessible tem-
perature window remained narrow. Nevertheless, these experi-
ments reveal a surprising bias of self-assembly in water, where
bolaamphiphilic molecules with amphiphilic wedge directly
connected to the core undergo an entropically driven self-as-
sembly, favored at higher temperatures, whereas those having
the wedge connected through a methylene spacer undergo
enthalpically driven self-assembly, like in organic solvents.

To obtain insights into the morphology of aggregates in
water, atomic force microscopy (AFM) measurements were per-
formed on all the derivatives by spin coating aqueous stock
solutions at 22 °C (Figure S3). Predominantly, island-like clusters
were observed for PBI 1, PBI 2 and NBI 1 with height profiles
ranging from 1.0-1.8 nm. Closer inspection revealed that these
lamellar structures are formed by the bundling of one dimen-
sional nanofibers, which might be due to the interdigitation of
long side chains at higher concentrations. For NBI 2, we ob-
served shorter nanoparticles with a height of 1.5-1.8 nm.

Thermodynamic profiling of self-assembly

Intrigued by the unique bias of the self-assembly in water by
subtle substituent variation, we decided to obtain deeper in-
sights into the parameters which pertain the association as
well as their self-assembly mechanism in this solvent. For this,
we applied concentration-dependent UV/Vis studies as an ef-
fective tool since a broader range of aggregated species can
be covered, surpassing the limitations of our previous experi-
ments. Initially, we measured the UV/Vis spectra of PBI 1 and
PBI 2 at different concentrations in water at 25°C (Figure S4).
However, very little changes in their vibronic structure were
observed with varying concentrations owing to the high ag-
gregation tendency of these extended m-scaffolds in water.
The naphthalene derivatives NBI 1 and NBI 2 appeared to be
suitable candidates in this respect since their smaller m-core
assert moderate aggregation constants in aqueous media.

At lower concentrations, NBI 1 in water shows distinct vi-
bronic progression akin to monomeric spectra with an absorp-
tion maximum, 4, at 384 nm, corresponding to the 0-0 tran-
sition (Figure 3c). With an increase in concentration, we could
observe a hypochromic shift along with the absorption maxi-
mum shifting to the 0-1 transition at 363 nm, correlating to
the spectral changes observed in temperature-dependent
measurements. Such a pattern is characteristic of an H-type ex-
citonic coupling, where the m-surfaces are arranged co-facially
in an aggregate. While plotting the corresponding degree of
aggregation against the dimensionless product ¢ (NBI 1)K,, we
noticed a deviation from the sigmoidal transition characteristic
for the isodesmic self-assembly. An analysis by Goldstein-Stryer
model® according to the Equation (1) revealed that NBI 1 ag-
gregates in a weakly anti-cooperative fashion with a coopera-
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tivity factor =5 and a nucleus size of 2 (for details, see the
Supporting Information).

K.cr = Z no" ' (K.c,)" + Z no'"' (Kec;)" (M
n—1

n=s+1

in which K, is the elongation constant, s is the nucleus size, o
is the cooperativity factor, ¢; is the monomeric concentration
and ¢, the total concentration of dye molecules.

In such processes, the nucleation is more favored than the
elongation toward extended aggregates. It is likely that this
anti-cooperativity arises from the sterical congestion imparted
by the oligoethylene glycol wedges upon self-assembly in a
discotic stack. Noticeably, the association constant of elonga-
tion regime in water is quite weak (K,=350m"" at 25°C) con-
sidering the strong hydrophobic interactions operative in this
medium.

Similarly, for NBI 2 concentration-dependent studies were
performed in water at 25°C (Figure 3d). With increasing con-
centration, A,., at 384 nm is shifted to 365 nm, implying the
formation of an H-type aggregate as in the previous case.
However, unlike NBI 1, the transition from monomers to aggre-
gate trace a sigmoidal shape within this concentration regime
explained well by the isodesmic model according to Equa-
tion (2).%

» :1_2KcT+1—\/4KcT+1 2)

w03 2K

in which a,q, is the degree of aggregation, K is the aggrega-
tion constant and ¢y, the total concentration of molecules.

Even though the two derivatives differ only by a CH, group
in imide substituents, the aggregation constant of NBI 2 (K=
9.1x10°m™" at 25°C) is 25-fold higher than that of NBI 1. Such
an increase in binding strength is unlikely to be caused by the
hydrophobic nature of the CH, group alone and might reside
in the specific geometry of the amphiphilic wedges.

In an attempt to quantify the thermodynamic parameters
encoded in the self-assembly of NBI 1 and NBI 2, we per-
formed these concentration-dependent experiments at differ-
ent temperatures from 10°C to 50°C (Figures S5, S6). The cor-
responding natural logarithms of the association constants
were then plotted against the inverse of temperature as
shown in Figure 3e, f. The association constants of NBI 1
indeed increases with rising temperatures (Figure 3e), which
corroborates with our temperature dependent UV/Vis meas-
urements. Furthermore, NBI 1 reveals a non-linear relationship
between the association constants with respect to tempera-
ture. The traditional van't Hoff plot is inadequate to describe
such systems which deviate from linearity due to the assump-
tion of constant enthalpy and entropy at different tempera-
tures.”” Hence, we utilized a simplified Clarke-Glew Equa-
tion (3) (also referred to as integrated/extended van't Hoff
equation) by incorporating the change in heat capacity at con-
stant pressure, AC,."®** According to this, the natural loga-
rithm of association constant at temperature T is expressed as:
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Figure 3. Schematic diagram showing self-assembly via (a) anti-cooperative and (b) isodesmic mechanism. (c) Concentration-dependent UV/Vis spectra of NBI
1 in water at 25°C. Inset: Corresponding plot of the fraction of aggregated species, a,q,, against dimensionless product ¢ (NBI 1)K, and analysis of the data
based on the Goldstein-Stryer model. (d) Concentration-dependent UV/Vis spectra of NBI 2 in water at 25 °C. Inset: Corresponding plot of the fraction of ag-

gregated species, d,qq,

against concentration and analysis of the data based on the isodesmic model. Plot of natural logarithm of association constant (In K,,)

against reciprocal of temperature and corresponding fit according to Clarke-Glew equation for (e) NBI 1 and (f) NBI 2.

In [K(T)] = In [K(6)] + A”ge) F@ - H

(3)

in which, In [K(0)] is the natural logarithm of the equilibrium
constant at the reference temperature 6, AH(0) is the enthalpy
change at the reference temperature and AC, is the change in
heat capacity at constant pressure.

Indeed, the present method provides a better fit for the var-
iation of association constants with temperature. Such a curve
exhibits a negative slope, suggesting that the self-assembly
process is endothermic (enthalpically disfavoured). The stan-
dard enthalpy change of association, AH’,,, of 17.0 kJmol™'
derived from the Clarke-Glew equation indeed supports this
observation. However, the entropic component, —TAS?,,, occu-
pies a value of —31.5kJmol™', making the overall process
spontaneous with a AG°,, of —14.5kJmol™". Furthermore,
Clarke-Glew equation also allows us to calculate a heat capaci-
ty change at a constant pressure of —419 Jmol 'K™' for NBI 1.
The endothermic nature of NBI 1 self-assembly in water is fur-
ther confirmed by an independent method, i.e., isothermal ti-
tration calorimetry (ITC). In order to trace the heat signals asso-
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ciated with the self-assembly of current derivatives, we per-
formed an ITC dilution experiment where a concentrated aque-
ous solution of the corresponding molecule was injected into
pure water taken in the cell?” While performing this, we ob-
served that NBI 1 gives exothermic signals upon dilution (or
dissociation) confirming that the association process is endo-
thermic (enthalpically disfavored) (Figure S7a,b).

NBI 2 exhibits a linear relationship between the logarithm of
its association constant and the reciprocal of temperature, and
in contrast to NBI 1, a decrease in association constants was
observed with elevated temperatures (Figure 3 f). The positive
slope of the curve suggests an exothermic self-assembly pro-
cess, which is enthalpically favoured. A standard enthalpy
change, AH°,, of —219kimol™" and a standard entropy
change, —TAS°,.,, of —0.6 kJmol™" is deduced for the self-as-
sembly of NBI 2 from Clarke-Glew equation. Agreeing with
our previous observations of a higher aggregation tendency
for NBI 2, the change in standard free energy, AG°,,,, possesses
a value of —22.6 kkmol™', which is considerably lower than
that of NBI 1. Finally, a heat capacity change at constant pres-
sure, AC,, of —128 Jmol™' K" is estimated for the self-assem-
bly of NBI 2. ITC dilution experiment was conducted also here
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to verify the exothermic nature of NBI 2 self-assembly (Fig-
ure S7¢,d). The dilution of NBI 2 aggregate initially gave endo-
thermic signals (corresponding to disassembly), which subsid-
ed after a few injections while reaching saturation, and
showed constant exothermic signals corresponding to the
heat of injection. This supports our observation from UV/Vis
experiments that the self-assembly of NBI 2 is enthalpy driven.
The combined thermodynamic signature for NBI 1 and NBI 2
aggregation at 25°C is depicted in Figure 4.

B AHe
[ ]-TAs®
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20+
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kJ mol’
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Figure 4. Thermodynamic profiles for the self-assembly of NBI 1 and NBI 2
in water obtained by concentration-dependent UV/Vis experiments.

Structural insights by 2D NMR and PM7 calculations

In order to obtain structural insights to explain the striking dif-
ference in the self-assembly characteristics of the two mole-
cules with and without a methylene spacer, we resorted to 1D
and 2D NMR studies. The '"H NMR of NBI 1 in CDCl; shows
sharp and well-resolved signals, suggesting a monomeric state
(Figure S8). However, in D,O the naphthalene core protons are
upfield shifted and broadened suggesting a self-assembled
state aided by m-m stacking. In NBI 2, the naphthalene protons
are more upfield shifted and broadened in comparison to NBI
1 at the same concentration (Figure S9). This corroborates with
the higher aggregation tendency observed for NBI 2 in our
UV/Vis studies.

Subsequently, the discrepancies between the aggregate
structure of both compounds were probed via 'H-"H rotating-
frame Overhauser effect spectroscopy (ROESY). In Figure 5, a
selected region of ROESY spectrum of NBI 1 in D,O is shown.
Interestingly, nuclear Overhauser effect (NOE) correlations
could be observed between the glycol chain protons (H%/H¢,
H" and naphthalene core protons (H% of the NBI 1, indicating
that the OEG chains are proximal to the hydrophobic core.
Such a correlation can only be explained if the chains are
back-folded over the aromatic core and not extended into the
bulk solvent. Recently, we have observed such a folding pro-
cess on analogous naphthalene bisimide derivatives in molecu-
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Figure 5. Partial chemical structure of NBI 1 with significant protons as-
signed (above). Selected region of 'H-'"H ROESY spectrum of NBI 1 in D,O
(c=5.0x10"*m) showing NOEs between glycol chains and naphthalene core
(circle).

lar dynamics (MD) and 2D NMR studies."® Previously, other
groups have attributed this conformation of side chains to the
shielding of the m-surface due to hydrophobic effects.”™?® It
should be noted that this process is exclusive to aqueous
media and was not observed for the ROESY studies of NBI 1 in
an organic solvent (Figure S10). Cross peaks corresponding to
such a folding process could not be observed in the ROESY
spectrum of NBI 2 in D,O (Figure S11).

In an effort to understand what leads to the proximity of
these chains to the core in the case of NBI 1 and not in NBI 2,
we resorted to semi-empirical PM7 calculations in water (Fig-
ure S12). The optimized geometry of NBI 1 in water shows
that the phenyl ring of the amphiphilic wedge is oriented
nearly coplanar to the naphthalene core. This facilitates the
OEG chains to fold backwards to sequester the hydrophobic
component from the bulk water. In contrast, the amphiphilic
wedge is oriented almost orthogonal to the naphthalene core
in NBI 2 imparted by the sp’ hybridization of the CH, spacer
group. As a result, the glycol chains in NBI 2 are extended
away from the m-core, and thus their propensity to fold back-
wards is limited compared to that of NBI 1.

Interpretation of the enthalpy versus entropy driven aggre-
gation

The common explanation for entropy driven aggregation pro-
cesses as observed for NBI 1 and PBI 1 is a release of hydrated
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H,O molecules forming H-bonds with the glycol units
(Figure 6).?% This explanation is reasonable and has been
adopted in our previous work"®¢¢ because sterically demand-
ing wedges as given with OEG side chains cannot accommo-
date larger amounts of coordinated water molecules without
sterical encumbrance upon close cofacial stacking of the dyes.
Accordingly, a significant amount of these glycol-bound water
molecules have to be released to aid the association. The
energy-intensive process of breaking these H-bonds surpasses
the enthalpic gain arising from -7 stacking, making the over-
all enthalpy of aggregation positive. However, removal of hy-
drated water molecules into the bulk solvent leads to a surge
in the entropy, which drives the self-assembly.

However, taking into account the structural characterizations
and the differences in the thermodynamic signature for the ag-
gregation processes of the here investigated dyes, we propose
that another effect plays a major role and that the aggregation
processes of NBI 1 and PBI 1 are primarily governed by the
gain in entropy originating from the release of the back-folded
OEG chains. Indeed, to sequester the hydrophobic m-surfaces
of these rylene dyes a large number of otherwise freely rotat-
ing bonds have to be frozen in a specific conformation. The
concomitant entropic loss by freezing such a multitude of con-
formationally mobile sections has to be huge and accordingly
the release of OEG chains upon m—m stacking of the dyes will
provide a huge gain in entropy.?” This view is also supported
by the quite low aggregation constant determined by UV/Vis
experiments for NBI 1 considering the solvophobic effects op-
erative in water. Back-folding of glycol chains restricts the m-n
stacking due to steric hindrance, which in turn decreases the
aggregation constant. Furthermore, we observed that the
mechanism of aggregation of NBI 1 deviates from the isodes-
mic model and is better described by a weakly anti-coopera-
tive model. The anti-cooperativity observed for NBI 1 can also

NBI 1

Sty A
1 l/ Self-assembly in water /] l/

3 AV
—E L

NBI 2
Ve = & -8

o +
9 @ H,O Release €
e & | N ¢ € ¢
? » ®
f‘ = Water bound to glycol chains @
AH>0 AH <0

& = Water at hydrophobic surface
Entropically driven Enthalpically driven
Figure 6. Schematic representation of self-assembly processes of NBI 1 (left)
and NBI 2 (right) in water. At glycol chains, H-bonded water molecules are
indicated in red, while the "high-energy” water molecules at hydrophobic
surfaces are shown in orange. The double-headed arrows in NBI 2 structure
represents possible rotation of the wedges.
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be attributed to such sterical constraint, which is aided by the
back-folding process as observed in our ROESY experiments.

Our results might be also of relevance for biological systems,
for which the entropically driven host-guest binding and self-
assembly is in general attributed to an increase in entropy of
water molecules upon release into the bulk.P" Here also back-
folded side chains might often be redistributed more flexibly
upon aggregation, which could contribute to the overall entro-
py via an increase in the conformational entropy of the chains.

In contrast to these dyes, the thermodynamic signatures of
NBI 2 and PBI 2 reveal that the association of these molecules
is primarily driven by enthalpic factors. The lack of spatial cor-
relations of the side chains and the m-core in 2D NMR studies
of NBI 2 indicates that the hydration shells of glycol chains are
mostly arranged in an extended fashion away from the rylene
core (Figure 6). Thus, during the self-assembly of monomers by
ni-7t stacking there is no significant increase in the degrees of
freedom of side chains upon aggregation due to the lack of
back-folding. This, in turn, means that the thermodynamic sig-
nature is primarily arising from the contributions of the hydro-
phobic NBI core, which probably stacks co-facially in a cog-
wheel type arrangement as reported for a similar derivative by
Percec et al.*” The water molecules at such non-polar surfaces
are known to be energetically frustrated due to the less-fa-
vored H-bonding capacity with respect to bulk water and are
termed as “high energy water”.’® Upon association, these
water molecules are released into the bulk, leading to a large
energetic gain that drives the self-assembly via favorable en-
thalpy, leading to a non-classical hydrophobic interaction. Fur-
thermore, dispersion forces from the m—m interactions might
also contribute to the favorable stacking.*” Unlike NBI 1, the
ni-stacking of NBI 2 is not counteracted by the folded chains
since they are extended away from the core. This leads to a
higher association constant as revealed by concentration-de-
pendent studies. Furthermore, the lack of sterical constraints
for the more flexibly attached OEG wedges (due to a rotatable
methylene group) allows NBI 2 to aggregate in an isodesmic
manner.

Conclusions

The understanding of the relevant thermodynamic parameters
is quintessential to control self-assembly processes. In this
regard, we demonstrated here the importance of conforma-
tional effects with a subtle modification, that is, addition of a
simple CH, spacer unit, to modulate an aggregation process
from enthalpically to entropically driven for archetypal rylene
bisimide dyes in water. In an organic solvent like methanol, all
the studied molecules aggregate upon cooling and dissociate
upon heating. In water, however, molecules in which the am-
phiphilic wedge is directly attached to the m-core (PBI 1 and
NBI 1) exhibit entropically driven self-assembly where the ag-
gregation is favoured at higher temperatures. In contrast, com-
pounds where the wedge is attached via a methylene spacer
(PBI 2 and NBI 2) aggregate upon cooling driven by enthalpic
factors. In-depth concentration- and temperature-dependent
UV/Vis studies allowed us to extract the thermodynamic pa-
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rameters of their self-assembly, which was further confirmed
by ITC measurements. Structural insights obtained by 2D NMR
and PM7 studies point towards the role of the orientation of
side chains in orchestrating this bifurcated thermal response.
We hypothesize that many if not all amphiphilic systems char-
acterized by such back folded conformations in water will ag-
gregate in an entropy-driven fashion due to the substantial
gain in entropy upon liberation of conformationally frozen ro-
tatable hydrophilic side chains. Therefore, the elucidation of
the temperature-dependent self-assembly of other s-amphi-
philes in water will be of high interest. Further, we suggest
considering this phenomenon also for supramolecular interac-
tions involving biomacromolecules.
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