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ABSTRACT: Low Molecular Weight Gelators are able to form nanostructures, typically fibers, which entangle to form gel-phase
materials. These materials have wide-ranging applications in biomedicine and nanotechnology. While it is known that supramolecu-
lar gels often represent metastable structures due to the restricted molecular dynamics in the gel state, the thermodynamic nature of
the nanofibrous structure is not well understood. Clearly, 3D extended structures will be able to form more interactions than 1D
structures. However, self-assembling molecules are typically amphiphilic, thus giving rise to a combination of solvophobic and
solvophilic moieties where a level of solvent exposure at the nanostructure surface is favorable. In this study, we introduce a simple
packing model, based on prisms with faces of different nature (solvophobic and solvophilic) and variable interaction parameters, to
represent amphiphile self-assembly. This model demonstrates that by tuning shape and ‘self’ or ‘solvent’ interaction parameters
either the 1D fiber or 3D crystal may represent the thermodynamic minimum. The model depends on parameters that relate to fea-
tures of experimentally known systems: the number of faces exposed to the solvent or buried in the fiber; the overall shape of the
prism; and the free energy penalties associated with the interactions can be adjusted to match their chemical nature. The model is
applied to describe the pH dependent gelation/precipitation of well-known gelator Fmoc-FF. We conclude that, despite the fact that
most experimentally produced gels probably represent metastable states, one-dimensional fibers can represent thermodynamic

equilibrium. This conclusion has critical implications for the theoretical treatment of gels.

A wide range of small molecules which are able to self-
assemble into supramolecular gels have been investigated over
the years as promising new materials with potential applica-
tions in nanotechnology and biomedicine.""” Low Molecular
Weight Gelators (LMWGs), spontaneously form nano- or
micro-structures in solutions to create a solvent supporting
network. LMWGs are highly variable in their molecular com-
position and include peptides,'”"® sugar derivatives,”? and
other amphiphiles,'> > offering opportunities for the assembly
of materials with broad ranging properties in a simple bottom-
up approach. In these systems, the functionality is dictated by
supramolecular structure and the structure can in turn be tuned
by changing the self-assembling unit as well as the self-
assembly pathway.'"> *'*° This pathway dependence clearly
suggests that there are both thermodynamic and kinetic aspects
to gel formation and gel structure. Indeed, metastable gels,
obtained by controlling the pathway and kinetics of the gela-
tion, have resulted in materials with different nanostructures
and properties.””* In some cases, different kinetically trapped
gels could eventually evolve into the same gel state by using
elevated temperatures to overcome kinetic barriers, which
suggests that gels may represent thermodynamic minima that
can be accessed reversibly.””

LMWGs are usually amphiphilic in nature. As such, sol-
vophobic parts of the molecules have a tendency to aggregate
while solvophilic parts are preferentially solvent-exposed, thus

giving rise to the formation of supramolecular nanostructures.
It is clear that not all amphiphiles are able to gelate and there
must be a balance between the solvophobic and solvophilic
parts to allow the formation of the nanostructures that remain
stabilized within the solvent environment. When this balance
is not met, the molecule may either be too solvophilic, result-
ing in the molecule not aggregating, or forming small aggre-
gates such as micelles that remain in solution, while when it is
too solvophobic it may precipitate or crystallize. Therefore,
the gelation tendency is observed for molecules with a limited
solubility in a given solvent.””*>>*

For the thermodynamic nature of the gel state, two different
scenarios have been proposed. In the first scenario, the gel
state (GS) is a kinetically trapped metastable state, which
avoids the transformation of the system to the crystals state
(CS)."" *** The main argument supporting this is that a 3D
extended structure (CS) allows a higher number of stabilizing
interactions than a 1D structure (GS). Depending on the depth
of the metastable state and the activation barriers around it, the
system could transition to the CS and this gel-crystal transition
has been observed for several systems.” " "%

The alternative scenario is that for certain gelators the 1D
structures formed in the GS represent the thermodynamic
minimum. For some examples which have clearly defined
solvophobic and solvophilic sections, preferential formation of
1D structures, akin to worm-like micelles, is quite intuitive,



e.g., Stupp’s peptide amphiphiles.” The concept of thermody-
namically favored formation of 1D nanostructures has been
successfully applied in molecular dynamic simulations and in
studies of gels to develop tools to investigate the gelation
tendencies as a function of the free energy.'™ ** Furthermore,
self-healing gels depend on the possibility of gels to represent
the thermodynamic equilibrium (although it could be argued
that a local minimum could also represent a gel state that can
be reversible accessed). It has been argued that “thermody-
namically stable gels” represent deep local minima surrounded
by high activation barriers which may make it impossible to
access the global minimum, the CS.7*>7**

Simple models have previously been used to describe gela-
tion and crystallization behavior of proteins. Dixit et al. devel-
oped a theoretical model to rationalize the gel-crystal equilib-
rium for proteins.”” This model is based on the idea that only
in the CS the molecules are organized by well-ordered packing
while the GS is an amorphous disordered state. However, it is
known that the GS, in the case of most LMWGs, is actually
the result of extended well-ordered interactions. Therefore,
this kinetic model is not necessarily applicable for LMWGs.

The problem in the case of LMWGs is further complicated
due to the similarity and degree of order of the molecular
packing in both the CS and the GS, which has been observed
experimentally.’”>® **> * The shape is critical to represent
LMWGs and although they have been represented by spheres
before,'® ** these procedures considered each molecule repre-
sented by a number of beads rather than representing each
molecule by only one unit. LMWGs are not reasonably repre-
sented by spheres because with a spherical potential in the 3D
extended structure the CS will always be the most stable. A
model for these molecules should take into account the am-
phiphilicity of the LMWG, which is clearly critical to for-
mation of 1D fibers and gelation. Therefore, the challenge is to
develop a simple packing model, which takes into account the
amphiphilicity of the units, to determine whether fibers, repre-
senting the GS, are able to provide a thermodynamic minimum
that is more stable than the CS.

In this paper we introduce a model that represents the self-
assembling molecules as prisms which present faces of differ-
ent nature: solvophobic; and solvophilic. The concept of faces
of different nature depending on the chemical groups present
on them is commonly applied in crystallography and models
have been developed to rationalize the final shapes of crys-
tals.*>® However, these are kinetic models which deal with
the different growth rates on the different faces of crystals. In
contrast, our model focuses on the potential equilibrium stabil-
ity of fibers of differing lateral dimension (based in the indi-
vidual molecular units) with reference to the crystals (vida
infra).

This model shows how the amphiphilicity of the assembling
units introduce the possibility of achieving a thermodynamic
minimum with a 1D infinite structure rather than a 3D one,
demonstrating that fibers can represent the thermodynamically
favored assembled form for certain LMWGs.

The model is developed for an isolated fiber as a pre-
condition for the formation of gels as the thermodynamic
minimum state (but is also generally applicable for self-
assembling molecules that form 1D structures, not all of which
will form gels). The gel will result from the entanglement of
the fibers to create a nanofibrous network. If the network
involves only a minimal contact surface between fibers the

interactions between the fibers can, as a first approximation,
be considered negligible in comparison with the whole fiber
surface. Therefore, while the model considers only the ther-
modynamics of the initial fiber formation this step is the criti-
cal factor in determining whether the resulting gel will be at
the thermodynamic minimum, relative to the crystal state.
However, if the network involves significant overlap between
the fiber surfaces then this approximation is no longer valid
and the network represents a metastable state that tends to-
wards the crystal state.

Our model is in good agreement with both proposed theo-
ries, as it shows that the GS or CS can represent the thermo-
dynamic minimum depending on key characteristics of the
system related to balance of solvophobicity and solvophilicity
of the LMWG in a solvent. Finally, the model is extended to
other geometries to show its validity and applicability to
known experimental examples. We demonstrate that the model
can be used to describe the behavior of aromatic peptide am-
phiphiles under changing pH conditions.”'

USING PRISMS TO REPRESENT LMWG

The amphiphilicity of LMWGs is clearly a key property that
allows the molecules to self-assemble into nanostructures. The
presence of “regions” of different nature — solvophobic and
solvophilic — allows these molecules to adopt orientations
based on a balance between the interactions with the solvent
and interactions with other solute molecules. Here, we de-
scribe the use of square based prisms (Sq), cubes, to represent
the amphiphilicity of the self-assembling units by considering
equal sized faces of different nature (Fig. 1). However, the
model can be readily extended to other regular shaped prisms
(Fig. S1-S5). The model considers the fiber to be of infinite
length in the z-direction with the base of the prisms in the xy-
plane, the cross-section of the fiber. The width of the fiber is a
function of the parameter d, which is defined as the number of
units per side (Fig. 1).
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Figure 1. Schematic of the model from fibers to the molecular unit
(Left), and the cross-section as a function of n (the number of
solvophilic faces in the unit) and as a function of d (the number of
units along one side of the fibre, Right). Solvophilic faces are
shown in red and solvophobic in black. Lines inside of the fiber
are two faces of the same nature, solvophobic or solvophilic,
opposed to form the most stable structure. The graph shows the
evolution of the fractions of the different units as a function of d.
Yellow represents corner units (two faces exposed to solvent),



blue the sides (one face exposed) and green the fraction of unex-
posed units.

FORMULATION

The model accounts for the Gibbs energy as the sum of the
contributions of the different faces of the prisms that make up
the fiber. Clearly, neither the entropic (e.g., the immobilization
of the molecules into the fiber, the release of solvent, efc.) nor
enthalpic (e.g., H-bonding, n-stacking, efc.) contributions are
strictly additive. However, it is common to approximate them
as such. For example, the estimation of solvation Gibbs ener-
gies in terms of surface area contributions, common with
proteins, uses the additivity of entropic contributions and
cooperative effects within H-bonding are well known.”*> How-
ever, this is a relatively minor approximation within our
mesoscale model and should not affect the validity of the
general results that the model achieves.

There are two different types of faces: solvophilic (/, red in
Fig. 1) and solvophobic (k, black in Fig. 1), and these faces
can be either exposed to the solvent (s) or buried inside the
fiber (b). Hence, there are four possible interactions and their
contributions to the Gibbs energy are yy,, Y, Vs and yi.

The magnitude, and relative ordering of these parameters is
clearly system dependent and different examples are provided
below. The favorability of the formation of fibers over crystals
requires the interactions between the solvent and exposed
faces of the LMWG to be more favorable than the solvent-
solvent interactions. While if the solvent-solvent interaction is
more favorable, crystals will always be preferred as they elim-
inate solvent-monomer interactions at the limit of infinite size.
Therefore, the relative stability of the solvent-solvent and
solvent-fiber interactions is considered within the model with
the election of the values used for the y,, and y;; parameters. In
addition, the model also depends on the solvophobic interac-
tions through the parameter y, which is fundamentally the
result of solvent-solvent interactions. However, this depend-
ence does not stop the interaction being well described in
terms of Gibbs energy contributions when hydrophobic sur-
faces contact each other, rather than contacting water. There-
fore, the relative stability of the solvent-solvent and solvent-
fiber interactions is considered within the model with the
election of the values used for the y,, and y;, parameters. These
parameters do not consider only the direct interaction of the
solvent with the self-assembling molecule but also the effect
on the solvent, as it is considered implicitly.

However, to calculate the total contribution to the Gibbs en-
ergy of the fiber (Gy.,), these individual contributions are
multiplied by the fraction of faces (fj, fi, fis and fi) involved
in the different interactions (Eq. 1). By using fractions of the
different types of units rather than absolute numbers of units,
it is straightforward to consider infinitely large systems in the
comparison between fibers and crystals. This is not possible in
standard computational methods, which contain fixed number
of molecules.

Gribre = fis " Vis + fib " Yo + frs * Vis + fro
Yo (1)

These parameters can be related with the total contribution
to the Gibbs energy of the crystal state (G,,,,) and the solution
state (Gyop):

Gerys = fin " Yo + frn " Vo  (2)

Gsotw = fis  Vis + fxs " Vks  (3)
PARAMETERS DEFINITION

The model derives its parameters from rational considera-
tions:

n < My The number of solvophilic faces in the unit (n)
cannot be higher than the maximum number of solvent ex-
posed faces in the cross-section (m,,). For example, m,,,, of
square prisms is 2 and it already covers the whole fiber surface
with solvophilic faces, which has a stabilizing effect (Fig. 1).
However, when the units have one more solvophilic face
(n=3), the extra faces are buried, which has a destabilizing
effect, adding no stabilizing effect to compensate it. This also
limits the solubility of the molecules considered in this theory
and gives rise to two types of fibers:

* n < my,: the fiber exposes both, solvophilic and sol-
vophobic faces to the solvent; i.e. the fiber surface has hetero-
geneous faces and therefore has an amphiphilic character.

* 1 = M, the fiber shows a homogenously solvophilic sur-
face but as a result will have solvophilic faces buried in the
core for d>2 (Fig. 1).

n =0 is included as a non-amphiphilic reference and n =3
is included to show the effect of having n > m,,q,.

Gerys < Gy This requirement excludes molecules that are
too well solvated to form crystals or fibers.

MODEL DEVELOPMENT

First, we derive a quantitative formula to describe how ex-
posure of unit faces changes with increased width of a model
fiber (d). The fractions of exposed faces are calculated by
dividing the number of units with m faces exposed to the sol-
vent in the cross-section (N,,) by the total number of units on
the cross-section (N,,), giving rise to parameters f,, (Eq.4).
Square prisms can have zero (buried, f), shown in green), one
(fiber side, f;, blue) or two faces (corner of the fiber, f, yel-
low) exposed to the solvent (Fig. 1). Both parameters are a
function of the parameter d.
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The f,, plots start at d=2 because d=1 would require a dif-
ferent formulation to represent all the faces in the cross-
section exposed to the solvent (Fig. 1). In the fraction plot it
can be seen how f; (the contribution of the corners) is only
important at small values of d and decreases rapidly with
increasing fiber width (Fig. 1). Also f; (the sides of the fiber)
contributes at small values of d (except for the minimum width
where the fiber has no side units) and its contribution decreas-
es more slowly, relative to f5. The contribution of f; increases
with d and it tends to 1 at infinite values of the d. While the
exact interplay of the different parameters is described in
detail below, this graph already suggests the possibility of
balanced interactions at low d, which would correspond to
fiber-like structures. The equations for f5, f; and f, can be
found in Table S3.

To calculate the G, it is necessary to consider the relation-
ship between f,, and the fraction of faces involving the differ-
ent interactions (f;,). The relationship between these parame-
ters depends on the geometry of the units and on the number

(4)



of solvophilic faces. The general relationship between these
two parameters is described with the equation:

fine = ZZ: fm@inem )
m=0

Where the factor a,,, represents the number of faces that
units with m faces exposed to the solvent have involving the
different interactions (s, /b, ks or kb). Therefore the general
equation 1 is now:

2 2
Gfiber = Z (fmals,m) Yis + Z (fmalb,m) Yip
m=0 m=0
2
+ Z (fmaks,m) Yks
m=0

2
+ Z (fin@ipm) Vieo (6)
m=0

The factors a;,,,, can be determined for the case of squares
with n =1 (Sq,;) by looking at the disposition of the units in
the structure in Fig. 1 (., values not mentioned are 0):

int = Is: Units with m = 2 and with m = I expose one sol-
vophilic face to the solvent, therefore: ay, = 1 and ay,; = 1.

int = Ib: Only units with m = 0 bury their solvophilic face
inside of the fiber: ay,g = 1.

int = ks: Only units with m =2 expose one solvophobic
face to the solvent: oy, = 1.

int = kb: Units with m = 2 bury 4 solvophobic faces, while
m=1and m = 0 bury 5 each: oy, =4, aup,; = 5 and o9 = 5.

The resulting equation is:

Griver(Sq1) = (2 + fO) Vis + fo Yo + [2 Vis
+ (412 + 5f1 + 5£0) Yio (7)

Related equations can be developed for other regular shaped
prisms (Table S4). For ease of comparison between the com-
peting states, the results are presented using the 4G,

Gcrys (8)

In this way the results can be interpreted:

AGpper < 0 ; Gpper < Gepy: The fiber represents the thermo-
dynamic minimum.

AGfiber = Gfiber -

AGpper > 0 ; Gpper > Gepys: The crystal represents the ther-
modynamic minimum.

The proposed formulation is applied to derive the 4G, €x-
pressions for S¢ with 0 to 3 solvophilic faces (Table S1). n =0
corresponds to a non-amphiphilic molecule; and » = 3 is high-
er than the n,,,, proposed (7, = M. = 2) in the parameters
definition section. These are used as controls to show how
amphiphilicity is required to have fibers at thermodynamic
equilibrium.

Finally, taking into account that in solvation all the faces are
exposed (fs = 1) and in the crystal all are buried (f, = /) and
applying equation 5 to equations 2 and 3, the relationship
between the parameters for the different types of interactions

(y) and of the crystal Gibbs energy (G..,) and of solvation
excess Gibbs energy (Gy,,) can be obtained (Table S2). The
resulting equations for Sg, are:

Gcrys =nypy+ (6 —n) Ykb )

Gsow =N Yis + (6 —n) Yks (10)

Minimum values for G, and G,,, were calculated (Table
S2) using the minimum values for y;, and y;, mentioned below,
i.e. 0 and 2 respectively. The equations are applied from these
minimum values and as well as a function of d they are pre-
sented as a function of the parameters y;, or y;, (and hence of
Gepys OF Gyop) to show the effect in the 4Gy, of increasing the
destabilizing effect of these interactions. The parameters y;,
and yy,, can be related with the interactions in a given LMWG,
and the difference between G, and G, can be related to the
solubility of a given molecule on a given solvent. In the case
of a molecule which is not soluble in a given solvent, G, <
G,on, While for a soluble molecule the difference between
these two parameters will be minor.

RESULTS. AGsixer CALCULATION

In order to determine whether a fiber state could represent
the thermodynamic minimum, we define the following energy
penalty parameters:

ys = 0: (red face exposed at the surface, Fig. 1) Solvophilic
faces that are solvent exposed are assumed to be the lowest
energy penalty as these represent the most stable interactions
(e.g., a carboxylate group in water). Since we calculate differ-
ences in Gibbs energy between states, it is set to zero as a
reference point.

yw = 1: (black, internal, Fig. 1) The second coefficient, the
solvophobic faces buried, is set to 1 as a slightly less stabiliz-
ing interaction than solvent exposed solvophilic faces, alt-
hough still relatively favorable (e.g., aromatic moieties in
aqueous solution, which, when buried inside the fiber, can
establish m-stacking interactions).

7 = 2: (black, surface exposed, Fig. 1) The interaction of
the solvophobic faces with the solvent is less favorable com-
pared to the two previous types of interactions. This mimics,
for example, the exposure of an aliphatic chain to water. The
increment of this parameter would be related with increasing
the length of the carbon chain.

v > 0: (red, internal, Fig. 1) There are two possibilities for
interactions of a buried solvophilic face:

* v = 2. solvophilic faces buried in a solvophobic environ-
ment — at best comparable to y;, (e.g., a carboxylate group and
the repulsion it generates depending on the pH, and hence, in
the fraction of charged groups in the inner part of the fiber).

* 0 <yp<2: solvophilic faces buried in such a way that
they interact favorably. This case takes into account the possi-
bility that solvophilic faces can establish interactions in the
buried areas with other solvophilic faces (e.g., through hydro-
gen bonding of amide groups in aqueous solution, or through
n-stacking interactions between aromatic molecules in organic
solvent. The parameter is varied depending on the strength of
the intermolecular interactions). Stability expected to be to-
wards that of solvophilic exposed to the solvent (y,, = () and
always more stable than the solvophobic exposed to the sol-
vent (Vi = 2).



As the parameters y;, and yy, are set to 0 and 1 respectively
for the G, calculations, G, only depends on the parameter
v and Gy, only on y, and hence the plots are made with
these parameters in the y-axes and with the d variable in the x-
axes. The plots also show the evolution of the optimum d,
defined as the d value with the minimum 4G, (din), in
function of the y-axes. If the d,,;, is lower than 30, which is the
maximum d considered in the plots, then the fiber is the ther-
modynamic favored assembly.

The results show that for the Sg, the 4Gy, is positive for all
the values of y;, (Fig. 2 A) and it gets closer to 0 as d rises
(Fig. 2 A and F). However, by adding amphiphilicity to the
units (n#0) the results show values of 4Gy, below 0 and
values of d,,;, below 30. These evidence the fiber to be the
thermodynamic favored product. Differences can be found
between fibers which have solvophobic faces exposed to the
solvent, S¢; (Fig. 2 B-C), and fibers which do not expose
solvophobic faces to the solvent, Sg, and Sq; (Fig. 2 D-E). In
addition, results for the four types of Sq only as a function of d
(yi» and y,, are set to 2) are shown for more direct comparison
between the four cases (Fig. 2 F). It can be seen how AGgp.
tends to the minimum at high d’s for Sq,; Sq; shows a d,;,
which is different from 2 while Sq, and Sg¢;, which are over-
lapped, have a d,,;,, which is 2 (favoring the thinnest possible
fiber).
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Figure 2. AGpy,, for Sqy (A), Sq; (B-C), Sq, (D) and Sg; (E) as a
function of d and: as a function of y,, with fixed v, (A and C);
and as a function of y,, with fixed y,, (B, D and E). AG,, for Sgy,
Sq1, Sq> and Sq; as a function of d with fixed y,, and y,, (both =2)
(F). d,in 1s represented with a white line (A-E).

Fibers exposing both solvophilic and solvophobic faces at
the surface have a preferred width (d,;, value) which is de-
pendent on the interaction parameters (Fig. 2 B-C, F). When
buried solvophilic faces are able to form interactions between
themselves (0 <y, < 2) wider fibers (4 < d,,;; < 30) are also
stabilized relative to the crystal state (white line in Fig. 2 B).
However, as y;;, increases (decreased stability of the solvophi-
lic face when buried) the d,,;, value rapidly decreases and thin
fibers (2 < d,,;, < 4) are obtained (Fig. 2 B). Conversely, as the
energy penalty for exposing solvophobic faces to the solvent

increases, the fibers get wider (Fig. 2 C) in order to decrease
the fraction of corner units (Fig. 1). These results suggest that
the width of amphiphilic fibers can be tuned with changes in
the unit of LMWG.

The results for the fibers exposing only solvophilic faces
show a constant fiber width (d,,;,) for y;, # 0. (Fig.2 D-F). This
is not surprising as the minimum fiber width (d = 2) shows no
buried solvophilic face and, as there is not solvophobic face
exposed to the solvent on these fibers, burying solvophilic
faces involves the only destabilizing effect. In the Supporting
Information it is shown how changing the base of the prism to
hexagons (Fig. S3-S4 C, Hx) results in some amphiphilic units
not favoring fibers as their thermodynamic minimum, but
others do, depending on n. Overall, this packing model
demonstrates that fibers can be at thermodynamic equilibrium
under some conditions due to the amphiphilicity of the
LMWG.

COMPARISON WITH EXPERIMENTAL
OBSERVATIONS FOR KNOWN LMWG

The model has successfully demonstrated that 1D packing
can represent the thermodynamic minimum. This is demon-
strated by using Sg (cubes) and a packing which increases
equally in all the directions of the xy-plane in order to provide
a situation where both 1D and 3D packing are possible. The
formulation can be extended to other shapes and dimensions
and similar results are obtained (see Supporting Information).
This suggests that the formulation is flexible and can be
adapted to represent specific LMWGs.

When considering a specific example, it is important to con-
sider what interactions will be competing and the relative
strength of these interactions. This is a user-input aspect of the
model, the model itself does not prescribe the relative weights
of the different interactions, rather it evaluates the resulting
stability of structures based on the user inputs. As such, the
model is able to predict if a self-assembling molecule has
parameters within the user-defined bounds then it should pref-
erentially form a fiber rather than a crystal (e.g., a hydrophilic
interaction on one face that is twice as strong as the possible
interactions between the remaining hydrophobic faces results
in a fiber). Or alternatively, the model can be used to rational-
ize the types of structures found by determining what the
relative strengths of the interactions are that could result in
such a structure.

Tang et al. demonstrated how the structure for N-fluorenyl-
9-methyloxycarbonyl-dyphenylananine (Fmoc-FF-OH) varies
with the pH.”' They showed how at high pH’s the negatively
charged Fmoc-FF-O" remain in solution, but as the pH de-
creases and they become protonated they self-assemble into
nanostructures, resulting in the formation of a gel. However,
when the pH is below 6, the system precipitates due to lateral
aggregation (Fig. 3 F). Note that Adams ef al. reported a single
apparent pKa for this same system at 8.9, observed upon low-
ering of the pH using a hydrolyzing sugar ester (gluconolac-
tone).”> However, in the Tang report a heat-cool cycle was
used at each incremental pH change in an effort to unlock any
kinetic aggregates, and therefore is more likely to represent the
equilibrium state.”’

Prisms with a hexagonal base were used to mimic Fmoc-FF-
OH either with one solvophilic face, which represents the
COOH terminus (Hx;, Fig. 3 A), or with two, non-contiguous,
solvophilic faces (Hx;.;, Fig. 3 C), representing the COOH



and hydrophilic carbamate (-CO(C=0)-) linker. The prism
used to represent a certain LMWG within the model is also a
user-input aspect. Due to the simplicity of the model, more
than only one shape could be appropriate to represent a given
LMWG. Equally, different numbers of solvophilic and sol-
vophobic faces could be used, as is the case for the example of
Fmoc-FF-OH. As it is not possible to standardize the way
these parameters are decided, the different reasonable possibil-
ities need to be evaluated.

The pH changes are mimicked by changing the energetic
penalties for each type of face (Fig. 3 E). The solvophilic faces
buried (y;) change from being highly unfavorable (9) due to
the charge repulsion of COO™ to be more favorable due to the
possibility of forming hydrogen bonds of COOH (2). The y,
does not involve a penalty (0) when the molecule is charged
but it gets less favorable (3.5) when it is neutral. The term for
the solvophobic faces exposed to the solvent (y;,) is kept con-
stant and unfavorable (4.5) but the term for these faces buried
(vi) changes from involving the same energy penalty as previ-
ous due to the proximity of negatively charged groups (4.5) to
involve a minimum penalty due to the neutrality which mini-
mizes the repulsion with the / faces, and to the possibility of z-
stacking interactions with other k faces. The value of 4.5 was
chosen as it is the half of the maximum energetic penalty used
in this work, 9. The maximum y; (3.5) was chosen to have a
value between the minimum y;, (2) and 4.5. The x-axes of the
results show only the changes in the parameter y, (Fig. 3 B
and D).
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Figure 3. Fitting of the Hx; (A) and the Hx;,,; (C) prisms with the
Fmoc-FF-OH molecule (Solvophilic faces in red and solvophobic
in black). Results showing the changes of Gy, (Blue), Gpper
(Grey) and G (Orange) for Hx; (B) and the Hx;.; (D). The
colored areas show the most stable state in each region. The plots
are presented as a function of y;, but the extreme values for the
four parameters to reproduce the non-protonated and protonated
states are presented in E. Experimental observation for the system
by Tang et al. (F), adapted from ref 51.

The results for these two prisms are shown as a phase
change diagram showing which phase involves the minimum
energetic state with colored areas. It has to be taken in consid-
eration that for the Hx,,; both solvophilic faces are treated as
equal, but only the side representing the acid group realistical-
ly suffers significant parameter changes. However, the Hx;
does not take into account the changes in the interactions with
the carbamate group, which although being less important than

those in the acid group, they might still be significant. There-
fore, the most accurate representation may reasonably be a
combination of both hexagonal based prisms. However, alt-
hough the two prisms differ in the points where the phase
transitions occur, both, Hx; and Hx;;; (Fig. 3 B and D) show
how the system changes from solution to fiber state and finally
to the crystal state as the parameters which mimic the pH drop
(Fig. 3 E). Therefore, the model qualitatively reproduces the
experimental changes with the pH shown by Tang et al. (Fig.
3 F) involving three different self-assembly states depending
on the pH of the system.

CONCLUSIONS

A simple packing model for LMWG has been proposed
based on prisms with tunable faces with different levels of
solvophobicity or solvophilicity. This model includes tunable
parameters which can be related to the characteristics of a
given gelator, including the shape; the proportion of solvophi-
lic and solvophilic surface; and their solubility and crystalliza-
tion tendency. For more complex molecular structures, it
would become necessary to extend the simple prisms used in
this work to form more complex molecular shapes. Nonethe-
less, the model clearly shows that the amphiphilicity of mole-
cules dictates the tendency to form 1D extended structures
versus the 3D extended crystalline structure and it is shown
that by simply changing the strength of interaction parameters
(comparable with e.g. introducing extra H-bonding or stacking
interactions to favor or disfavor solvent interactions) a system
can be switched from preferential 1D assembly to preferential
crystallization. Thus, the model demonstrates that for selected
classes of LMWGs the fiber structure can be the thermody-
namic minimum.

The formulation has also been successfully applied for other
regular shapes, which allows to easily fit LMWGs into the
model, and also for irregular cross-sections which allows the
model to be extended to 2D objects (Fig. S6-S7 and Table S6).

The versatility of the model in terms of shapes and cross-
sections has allowed the application of the model to reproduce
experimental results for a specific LMWG. For example, the
pH responsive gelation of Fmoc-FF-OH, which is soluble at
high pH, results in gelation at intermediate pH and gives rise
to lateral aggregation and eventual precipitation at low pH, can
be accurately described by simply changing the surface inter-
action parameter from unfavorable (repulsion of anionic
groups at high pH) to favorable (fibril formation at intermedi-
ate pH where surface ionization occurs) to unfavorable (low
pH). This demonstrates the potential applications of a simple
model to enhance the understanding of the thermodynamics of
nanostructures formation.

ASSOCIATED CONTENT

Further formulation to other shapes (Fig. S1-S5 and Table S4-S5),
which allow an easier fitting to different real LMWG, and dimen-
sions (Fig. S6-S7 and Table S6). This material is available free of
charge via the Internet at http://pubs.acs.org.
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