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Process Dependent Complexity in Multicomponent Gels

Rebecca I. Randle, Rebecca E. Ginesi, Olga Matsarskaia, Ralf Schweins,
and Emily R. Draper*

Mixing low molecular weight gelators (LMWGs) can be used to combine
favorable properties of the individual components within a multifunctional
gel. Such multicomponent systems are complex enough in themselves but
the method of combining components is not commonly considered
something to influence self-assembly. Herein, two multicomponent systems
comprising of a naphthalene-based dipeptide hydrogelator and one of two
modified naphthalene diimides (NDIs), one of which forms gels, and the
other does not, are investigated. These systems are probed, examining the
structures formed and their gel properties (when preparing a solution from
either a mixed powder of both components or by mixing pre-formed solutions
of each component) using rheology, small angle neutron scattering (SANS),
and absorbance spectroscopy. It is found that by altering the method of
preparation, it is can either induce self-sorting or co-assembly within the
fibers formed that underpin the gel network.

1. Introduction

Low molecular weight gelators (LMWGs) self-assemble and form
gels through the entanglement or crosslinking of fibers.[1–3] The
aggregates and gel networks themselves are held together by
non-covalent forces such as van der Waals forces and hydro-
gen bonding[2,3] and so are greatly influenced by factors such as
pH[4–6] and solvent.[7,8] Mixing two LMWGs together has many
advantages such as combining the desirable properties of each
component,[9–11] for example combining a stiffer gelator with
a softer but electronically-active gelator to improve rigidity, or
combining p-type gelators with n-type gelators to create a bulk
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heterojunction.[12,13] Combining gela-
tors has reported applications in
optoelectronics,[14–16] photo-patterning
gels,[17,18] and in biological fields.[19–22]

If both components can form a gel, there
are many possible types of fibrous networks
that may be created.[20,23,24] At the first level
of assembly (Figure 1), the two components
can form self-sorted, socially self-sorted,
or randomly co-assembled fibers. At the
next level, we need to consider whether
these fibers will assemble into homo- or
hetero-aggregates. Then, on a larger scale,
various microstructures and networks are
possible. If one system forms gel networks
before another, this will have an impact
upon further self-assembly (Figure 1).[25]

Even when the gelators do not co-assemble,
there is also the possibility that one
component will influence how the other

system assembles.[18,26–28] There are even examples of non-
gelating components incorporating into gelling fibers[12,23] and
examples of gel networks being significantly altered when form-
ing in the presence of a non-gelling component.[29,30] All this
shows the high level of complexity which is often difficult to pre-
dict as well as difficult to characterize fully. Therefore, under-
standing both the primary and larger scale structures is impor-
tant for the overall properties, and even more important when
trying to design systems for specific purposes.

Naphthalene diimides (NDIs) are photo- and electrochromic
molecules,[11,14,31–36] with some examples being able to form
hydrogels.[17,37–45] We have previously reported a dipeptide func-
tionalized NDI hydrogelator that forms soft photo- and elec-
trochromic gels.[17] For an application where a material would be
manually handled, a soft gel would not be suitable. This problem
could be remedied with the addition of another component to
provide an increased degree of stiffness. A range of stiff transpar-
ent gelators with similarly functionalized dipeptides have been
reported.[43,45–53] Using these gelators in conjunction with NDIs
would not compromise the water solubility or color of the sys-
tem. In this approach, a “best of both worlds” could potentially
be achieved, but as highlighted in Figure 1, there is a lot to con-
sider in terms of assembly, rather than just mixing the properties.
We recently described in our previous work the importance of the
aggregated state upon coloration of the NDIs,[54] and so any effect
of a second component on the NDI self-assembly could signifi-
cantly impact the performance of the material.

There are numerous reports of multicomponent gel
systems.[22–24,55–62] Techniques such as imaging and nuclear
magnetic resonance (NMR) spectroscopy have been used to
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Figure 1. Cartoon illustrating hypothetical examples of the different levels
of complexity in a two-component system from the primary assembly up
to the tertiary assembly level.

Figure 2. Chemical structure of the molecules used in this study.

assess assembly.[12,63–66] However, the way the components are
mixed is not often highlighted. For example, combining two
water-soluble components can be carried out by simply mixing
an equal weight of each solid together in water, or by combining
two preprepared solutions (of higher concentration) together
to allow the dilution to the desired final concentration. One
could imagine the solution mixed materials could have larger
scale structures “locked-in” before gelation is triggered, whereas
starting from powders of each could result in co-assembly or
different structures formed.

Here, we report how the method of combination of the gelator,
a naphthalene moddified with a dipeptide (1-NapFF),[43] with an
NDI modified with an amino acid (NDI-F, which does not form
gels[54]) or a dipeptide (NDI-GF, which does form gels[17]) can
impact the self-assembled structures formed at both high pH and
in the gel state. The chemical structures of 1-Nap-FF, NDI-F, and
NDI-GF are shown in Figure 2.

2. Results and Discussion

Multicomponent gels were prepared using 1-NapFF with either
NDI-F or NDI-GF, in each case at a ratio of 5:5 mg mL−1. Solu-
tions were initially prepared at pH 11 and then gels were formed

Figure 3. Cartoon showing the two different methods of preparation in-
vestigated in this study. The different colors represent different molecules
used.

using glucono-𝛿-lactone (GdL) to enable a slow homogeneous
pH switch.[67] Two different methods of preparation of the solu-
tions at high pH were used (Figure 3). The first method involved
preparing separate solutions of each of the components at 10 mg
mL−1 in water each using two equivalents of sodium hydroxide
(NaOH). These solutions were then mixed in a 1:1 ratio to af-
ford a solution with a final concentration of 5 mg mL−1 of each
component at pH 11. These solutions are referred to here as so-
lution mixed or S solutions. The second method involved mixing
the components as powders in the same vial and then adding
two equivalents of NaOH and water to give a solution at a final
concentration of 5 mg mL−1 of each component at pH 11. These
are referred to as powder mixed or P solutions. In these solu-
tions, one would imagine there would be more opportunity for
co-assembly to occur as the molecules are not dispersed hetero-
geneously in solution. The different multicomponent solutions
prepared from 1-NapFF with NDI-GF are referred to as S or P
whereas mixes of 1-NapFF with NDI-F will be referred to as S*
or P*. Full experimental protocols are described in the Support-
ing Information and Table S1.

First, we examined the structures formed in both solutions
at high pH. All individual components formed worm-like mi-
celles, which is evidenced by shear thinning behavior[53] (Fig-
ures S1, Supporting Information). At high pH, both S and S*
mixes have a much higher viscosity than the individual compo-
nents. This change in viscosity suggests an interaction between
components.[1,54] This observation is also seen for P and P* but
the effect is not as pronounced, Figures S2–S3, Supporting Infor-
mation, suggesting that bulk viscosity is influenced by the prepa-
ration method.

The structures in these solutions were investigated using small
angle neutron scattering (SANS). The data for the solutions of
NDI-GF alone at pD 11 (pD due to deuteration of solvent), were
fit to a flexible elliptical cylinder model with a large axis ratio im-
plying that the self-assembled structures present are tape-like flat
cylinders (Figure S4 and Table S2, Supporting Information).[68]

The data for 1-NapFF alone at pD 11 fit to a hollow cylinder model
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Figure 4. SANS from a) P* (brown) and S* (red) solutions and b) P (turquoise) and S (blue) solution. UV-Vis absorption spectra of 1-NapFF (black)
(c) P* (brown) and S* (red) gels and (d) P (turquoise) and S (blue) gels. c) NDI-F solution at pH 6 (pink) and d) NDI-GF gel (purple) spectra were also
shown.

and the data is comparable with that previously reported (Figure
S5 and Table S3, Supporting Information).[8,46,69] S at high pD is
best fit by combining a hollow cylinder and a flexible elliptical
cylinder model, implying the data represent a simple addition of
the two single components with dimension remaining similar
to that of the individual components and hence self-sorting (Fig-
ure S6 and Table S4, Supporting Information). In comparison,
P fits best with a flexible elliptical cylinder model alone, show-
ing that a new structure is formed (Figure S7 and Table S5, Sup-
porting Information). These data show that at high pD there is
a difference in aggregation where the structures of 1-NapFF in
P have been disrupted by NDI-GF, or the two components are
co-assembling.

NDI-F alone at high pD fits to a flexible elliptical cylinder with
a power law (with a high axis ratio much like NDI-GF), Figure S8
and Table S6, Supporting Information). Both S* and P* at pD 11
fit to a combination of hollow and flexible elliptical cylinders im-
plying self-sorting is occurring (Figures S9–S10 and Tables S7–
S8, Supporting Information.

The scattering intensities of S and S* are comparable to a sim-
ple addition of scattering profiles of 1-NapFF and the respective
NDI (Figures S11a–S12a, Supporting Information). P* is also
comparable to this in the mid to high Q region (Figure S12b, Sup-
porting Information). The scattering in P is much weaker than S
and 1-NapFF across all regions of Q and is more comparable to
NDI-GF (Figure S11b, Supporting Information). This difference
in scattering intensity between preparation methods is more pro-

nounced in the two gelator systems, Figure 4a,b, which suggests
that even at high pD, there may be co-assembly leading to smaller
aggregates and weaker scattering.

Next, we formed gels from each of the solutions by the ad-
dition of GdL to produce gels at a final pH of 3.8 to determine
whether the differences in structure persisted in the gel phase
First, we examined the apparent pKa values of the mixed systems.
These values correspond to the pKa of the aggregates and are typ-
ically linked to the pKa at which self-assembly starts to occur.[45,70]

If self-sorting is occurring, then it would be expected that there
would be no change in the apparent pKa of either component
in the mixed system. If different structures were formed or co-
assembly were occurring, a shift in the apparent pKa values would
be expected. For the NDI systems, the pKa values correspond to
the protonation/deprotonation of the two carboxylic acid groups
of the amino acid moieties. For 1-NapFF, the presence of a sec-
ond pKa has been linked to a change in structure as pH is lowered
for a closely-related molecule.[53] When combined, the apparent
pKa values of the NDIs are found at the approximate value of the
single components. The first apparent pKa of NDI-F is more sig-
nificantly shifted to a higher value in the mixtures (Figures S13–
S19 and Table S9, Supporting Information). The first pKa value
associated with 1-NapFF is shifted to a higher value in S, P and
S* (Table S9, Supporting Information), showing that the pH at
which changes in structure occur for the 1-NapFF and NDI-F is
affected by the addition of a second component and by prepara-
tion method.
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On decreasing the pH, each multicomponent system (and the
single component 1-NapFF and NDI-GF systems) forms gels
that are frequency independent and break at low strain (Figures
S20–S31, Supporting Information) suggesting that the compo-
nents do not disrupt each other sufficiently to stop the forma-
tion of large-scale networks, even with a non-gelling component
present.[71] The break point or yield point is defined as the point
at which the gels are no longer showing a linear viscoelastic be-
havior, and so the value is taken as the point at which G′ deviates
from linearity upon increasing strain.

Using absorbance spectroscopy, we can observe that the spec-
tra of S/S* and P/P* gels are comparable to the positions to NDI-
GF/NDI-F and 1-NapFF alone (Figure 4c,d). There is a difference
in the peak ratios in the NDI component (at 365 and 385 nm) in
NDI-GF, S and P gels, suggesting a difference in molecular pack-
ing of the NDI component in each system (Figure 4d). The ratio
of peaks is 1:0.96, 0.91:1 and 1:0.55 for 365:385 nm in systems
of NDI-GF, S and P respectively (Figure S32, Supporting Infor-
mation). NDI-GF and S are more comparable than P. These data
suggest that the aggregates are self-sorted in S but may be co-
assembling in P. Gels of 1-NapFF, S and NDI-GF (but not P) un-
dergo a small bathochromic shift during gelation (Figures S33–
S36, Supporting Information) and is most significant in NDI-GF
(Figure S34, Supporting Information).[72–75] The molecular pack-
ing of NDI-GF also changes during gelation (Figures S37–S39,
Supporting Information).

For S* and P*, the influence of preparation method is more
significant than in S and P. The spectrum of S* appears as an
overlay of components whereas that of P* lacks definition be-
tween 365 and 385 nm, which suggests that S* is more likely
to be self-sorted than P* (Figure 4c, consistent with previous dis-
cussion). A small shoulder at 385 nm is seen in spectra at high
pH of P* which suggests subtle changes to packing as gelation
occurs (Figure S39, Supporting Information). No change is ob-
served in S and shifting in peaks is seen with gelation unlike what
is observed for the NDI-GF systems (Figure S40, Supporting In-
formation).

As single component systems, 1-NapFF forms opaque gels and
NDI-GF forms yellowish gels under these conditions (Figure 5).

When analyzing the bulk rheological data, the two gelator sys-
tems formed stiffer gels than gels formed by the single compo-
nent systems (Figures S42a and Table S10, Supporting Informa-
tion). We would expect increased stiffness as the overall concen-
tration of the system has increased. Therefore, not much can be
taken from this observation, but the change in the yield and flow
point indicates a change in network or fibers (Table S10, Sup-
porting Information).[18,23,60] Gel strength and stiffness are influ-
enced by the preparation method (Figure 6a,b and Table S10, Sup-
porting Information). In all mixed gels, the stiffness is dominated
by the 1-NapFF component (which alone has a G′ of 18 kPa), but
two gelator systems are stiffer (G′ of 66 and 35 kPa for S and P
respectively).

The yield point for P is the same as 1-NapFF alone at 6% strain,
whereas the yield point of S is weaker at 4% strain. Neither gel
shows an increase in G″ before breaking (Figure 6b and Figure
S42a, Supporting Information) as seen in the single components,
which suggests that the gel networks formed are different to ei-
ther of the single components. P* gels are slightly stiffer than
1-NapFF alone (G″ of 26 kPa) and S* gels are less stiff (12 kPa),

Figure 5. Photographs of solutions at pH 11 and their corresponding gels.

Table S10, Supporting Information. Both have comparable yield
points to 1-NapFF of 6% but S* has a higher flow point of 40%
strain, than 1-NapFF and P* which are both at 32% strain, Ta-
ble S10, Supporting Information. Only 1-NapFF and S* show a
slight rise in G″ as the gel begins to break, which suggests that
NDI-F disrupts the network of 1-NapFF more when prepared in a
non-homogeneous environment (P*), Figure 6a and Figure S42b,
Supporting Information.

Scattering data from a 1-NapFF gel fit to hollow cylinder model
with a total radius of 15 Å combined with a power law, Figure S43
and Table S11, Supporting Information. The data for the NDI-GF
gel fit to a flexible elliptical cylinder with a radius of 13 Å, Figure
S44 and Table S12, Supporting Information. Both S and P gels
fit to a flexible elliptical cylinder with a power law, differing in
radius with 24 Å and 34 Å respectively, Figures S45–S50 and Ta-
bles S13–S14, Supporting Information. S gels have more similar
features to that of the single components, which could suggest
that the gel structures have aligned, templated each other or are
intimately mixed, as shown by the doubling in radius. P gel fits
are less similar to the individual components and are more than
double in radius, suggesting a co-assembled new fiber has been
formed. However, this data alone does not prove self-sorting or
co-assembly in the fibers but does show differences in structures
at high pD leads to differences in bulk gel properties and other

Macromol. Rapid Commun. 2023, 44, 2200709 2200709 (4 of 8) © 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 6. Rheological strain sweeps at frequency of 10 s−1 a,b) SANS data c,d) for S (blue), P (turquoise), S* (red) and P* (brown) gels. G′ are the solid
shapes and G″ are the empty shapes. Rheological experiments were measured at 10 rads−1 in triplicate and error was calculated from their standard
deviation.

structure parameters such as radius and length in the gels (Tables
S13–S14, Supporting Information).

The data for NDI-F at low pD fit to a hollow cylinder with a
power law with a radius of 42 Å, Figure S54 and Table S15, Sup-
porting Information. For S* and P* both gels have a similar ra-
dius of 35 Å (Figures S49–S52 and Tables S16–S17, Supporting
Information). S* gels fit to a combination of hollow cylinder and
flexible cylinder, whereas P* fits to a flexible cylinder with a power
law. The presence of the two models in S* gels could suggest
self-sorting is occurring, whereas one model in P* suggests co-
assembly has occurred. The observation from all systems demon-
strates that the presence of an NDI species, even a non-gelating
one, has influence over the networks of 1-NapFF.

To test further whether the S gels had a higher propensity to
form self-sorted fibers and P gels co-assembled fibers, we used
the melting points of the gels. True melting point is defined as
when the gel is no longer acting as a viscoelastic material, and so
would flow. This could be indicative of fibers untangling, dehy-
drating, disassociating, aggregates falling apart due to increased
solubility and then eventually becoming liquid like again or even
precipitating. However, what happens during this process com-
pletely depends on the solubility of the molecules, how they are
assembled and then how the network has been formed. Due to
the variety in what could be happening during heating this re-
sults in changes in G′ or G″, and so increases and decreases in
values can be seen. The melting point here is defined as when
there is a change in G′ or G″. From this we can also determine if
the fibers were self-sorted and not effected by the presence of an-

other network, one would expect to see separate melting points
for each of the components. If co-assembly had taken place, we
would expect to see one single melting point or completely differ-
ent melting profile.[76] For the case of 1-NapFF alone there were
two transitions at 55 and 83 °C and for NDI-GF one transition
at 72 °C (Figure S55, Supporting Information). NDI-F does not
have a gel melting point as it does not gel. The S gel shows three
transitions when the temperature of the gel is increased there are
three transitions at 55, 70, and 84 °C, which supports the other
data collected that this system is self-sorted. Conversely the P gel
only has one transition at 80 °C, again support the theory that is
co-assembled (Figure 7a and S56a,b, Supporting Information).

Both S* and P* gels have one melting point each at 58 and
65 °C respectively (Figures 7b and S56c and S56d, Supporting In-
formation). The character of the 1-NapFF has been lost, meaning
that the network has been disrupted by the presence of the non-
gelling component, this was seen in the SANS data. It is more
difficult from this data to determine whether they are self-sorted
or co-assembled. We hypothesized that the structures formed in
solution were kinetically trapped and therefore given time, the ag-
gregates in the P/P* solutions could change to become compara-
ble to the S/S* solution. A P and P* solution were therefore left to
age, and an aliquot used to prepare gels every two weeks for (Fig-
ures S57–S72 and Table S18–S21, Supporting Information). Sin-
gle components were also aged for comparison. P gels do change
with aged solutions, but not comparable to S gels. The results
were found to be similar to the ageing of 1-NapFF alone (Figures
S55–S62 and Table S18–S19, Supporting Information). After ten

Macromol. Rapid Commun. 2023, 44, 2200709 2200709 (5 of 8) © 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 7. Hydrogel temperature sweeps for a) P (turquoise data) and
S (green data) b) P* (red data) and S* (brown data). G′ are the solid
shapes and G″ are the empty shapes. Tests performed at 0.5% strain and
10 rads−1.

weeks, gels of P* were comparable to the gels formed when so-
lutions were freshly prepared (with some subtle changes likely
a result of aging solution as rheological trends were comparable
to 1-NapFF ageing), Figures S62–S64 and S68–S72 and Tables
S19 and S21, Supporting Information. Therefore, we concluded
that this was not simply a case of kinetically trapped structures in
the P samples converting to S structures overtime. Instead, the
P samples are using a completely different assembly pathway to
form structures with different mechanical, optical and morpho-
logical properties to that of the S samples. More discussion about
this aging study is found in Supporting Information.

3. Conclusion

Multicomponent systems of NDI-F or NDI-GF and 1-NapFF and
their gelation processes have been characterized by a range of
techniques. We observed significant variation in properties when
components are combined in different ways. Sample prepara-
tion was shown to change visual color, molecular packing and
aggregation of both solution and gels. Consequently, networks
and bulk properties are affected.

When components can assemble before combination, self-
sorted structures are formed. Whereas when components are
mixed together as solids, we hypothesize the likelihood of co-
assembled or random fibers increases. Data from one and two
gelator multicomponent systems support this hypothesis. This

was even more apparent in the P* and S* when only one compo-
nent was a gelator. The preparation method of multicomponent
systems is a factor that is often overlooked in multicomponent
studies and has a significant impact upon self-assembling sys-
tems at different length scales, even when only one component
can form gels. It also opens up new possibilities for structures
and properties using the same systems.

4. Experimental Section
Full protocol and experimental procedures can be found in the Support-

ing Information.
Preparation of Solutions: Single component solutions were prepared

at concentrations 5 mg mL−1. Solids were dissolved in one or two molar
equivalents of aqueous NaOH (0.1 M) for 1-NapFF and thNDIs respec-
tively. The remaining volume of solutions were made up with deionized
water. Solutions were stirred overnight until all solids had dissolved. Mul-
ticomponent solutions were prepared either by powder or solution com-
bination. Powder mixing refers to adding the two components together as
solids and adding the appropriate total volume of aqueous NaOH (0.1 M).
The remaining volume of solutions were made up with deionized water.
Solutions were stirred overnight until all solids had dissolved. Solution
mixing refers to each component being prepared as described for sin-
gle component systems at a concentration of 10 mg mL−1. After stirring
overnight, an equal volume of each of these solutions was added together
and gently shaken to mix.

Hydrogel Preparation: All hydrogels were prepared from solutions de-
scribed as above using a pH trigger. 2 mL of the solution was pipetted
into a 7 mL Sterilin vial that contained a pre-weighed amount of glucono-
𝛿-lactone (GdL) and shaken gently to dissolve the GdL. These then formed
gels with a final pH of 3.8.

UV-Vis Absorption Measurements: Absorption spectra were collected
using a Cary 60 UV-visible spectrophotometer from Agilent Technologies.
Solutions were measured in a 0.1 mm pathlength quartz cuvette (Hellma
Analytics).

Small Angle Neutron Scattering: SANS measurements were performed
using the D11 instrument (Institut Laue Langevin, Grenoble, France). So-
lutions were prepared as previously described above using deuterated sol-
vent and base. Gels were prepared as described above and transferred to
2 mm quartz cuvette immediately after the addition of GdL. The solutions
were left to gel overnight before measurement. These were placed in a
temperature-controlled sample rack during the measurements. Data were
reduced using Mantid software and data fitted using SASview.

Rheology: Rheological tests were performed using an Anton Paar
Physica 101 rheometer. Strain, frequency, and temperature data were col-
lected using a vane (ST10-4V-8.8/97.5) geometry and a cup measuring sys-
tem. Viscosity measurements were performed using an Anton Paar Phys-
ica 301 rheometer using a cone plate geometry (75 mm diameter, 1.0°

angle, 50 μm).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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