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A B S T R A C T   

Charge repulsion can be used to control and fine tune the supramolecular aggregation of amino acid substituted 
diketopyrrolopyrroles in water. This is a simple method to access a number of different aggregation states with 
distinct photophysical properties without the need for extensive synthetic tuning, process engineering, or solvent 
optimisation. Most importantly, these different aggregates show different optical gaps, HOMO-LUMO gaps, 
electroactivity, and exciton binding energies. These systems expand the absorbance range achieved from one 
chromophore unit and also create systems with large Stokes shifts. This work therefore answers the demand for 
tailoring aggregate structures by manipulating charge repulsion in an aqueous environment.   

1. Introduction 

Diketopyrrolopyrroles (DPPs) are pigments that have been used in 
many applications including as colouring agents, in bioimaging, and in 
optoelectronic devices [1–6]. DPPs have become widely popular for 
photoresponsive applications due to their high molar extinction co-
efficients, high fluorescence quantum yields, large Stokes shifts, thermal 
and photo-stability, as well as excellent charge separation and charge 
carrier transport [7–11]. DPP-based systems make use of a push-pull 
donor-acceptor-donor (D-A-D) π-system that can be modified depend-
ing on the electron-donating groups attached (for example, thiophene or 
phenyl groups) [7,12,13]. Such changes allow HOMO-LUMO gap 
tunability which consequently effect the efficiency of exciton formation 
via charge separation [9,14–16]. As a result, differences in photo-
physical properties can be easily achieved from chemical modification 
[17–19]. Furthermore, the packing of such molecules into organized 
assemblies can contribute to further changes in the photophysical 
properties. This has been exemplified with nanoparticles, crystals, films, 
gels, and polymers [2,3,20–22]. Advantages of delocalised DPP assem-
blies typically include chemical stability, material robustness, and 
enhancement of DPP photophysical properties [6,7,23]. 

With regards to supramolecular assemblies, the aromatic DPP unit 
lends itself as a useful tool for creating assemblies via π-π stacking. The 
advantage of highly directional π-stacked assemblies, such as those 
constructed from DPPs, is the creation of a channel of intermolecular 

electron delocalization, referred to as the charge transfer pathway, 
through the π-stacked units. This delocalization runs through the entire 
assembled structure and thus influences charge carrier mobility 
throughout a material [7,21,24–30]. The efficiency of charge carrier 
mobility is influenced by a variety of factors, with the packing motifs of 
the assemblies being the most significant. For example, a more rigid and 
planar aromatic unit is favoured due to tighter packing and thus DPPs 
with appended thiophene groups are preferred over other examples [7, 
21]. Therefore, the mode of packing is a crucial step in designing ma-
terials for charge transfer processes as differences in aggregate orien-
tation or packing motifs result in distinct material properties. 

Different assembled structures from the same monomer can be ach-
ieved by manipulating the thermodynamic principles of the self- 
assembly process as exemplified by numerous cases in literature 
[31–33]. Overall, DPP aggregate packing is typically modified by 
changing phase (for example, from solution to thin film), by changing 
chemical structure (for example, by changing the appended aromatic 
group(s) on the DPP core), or by altering experimental conditions (such 
as solvent and temperature, or thermal annealing versus spin-coating of 
films) [16,29,34–44]. Furthermore, most systems are formulated using 
organic solvents and, despite real opportunities, there is much less 
investigation on aqueous-based materials. By taking advatange of the 
hydrophobic effect, monomers with aromatic segments can be tailored 
into organised structures within an aqueous medium. This additionally 
provides a greener approach to the formation of self-assembled systems. 
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Dithiophene-functionalised DPP-based monomers (DTDPP, Fig. 1a) 
have previously been used to assemble fibral aggregates that create a 
three-dimensional network within hydrogel materials [45,46]. As is seen 
with similar hydrogelators, the gelation process is directed with a pH 
switch method (from high to low pH) where the degree of assembly and 
the extent of gelation vary depending on the changing pH of the system, 
with a significant transition point being at the apparent pKa value 
(Fig. 1b) [47–49]. The degree of protonation of the carboxylic acid 
groups directs the packing via charge repulsion, where at a low pH (no 
charge repulsion) lateral aggregation of smaller fibral aggregates into 
tape aggregates occurs [50]. 

This current work takes inspiration from the previous gelation work 
[45], describing the formation of fluid-like colloidal dispersions instead 
of solid-like hydrogels. This allows the fabrication of a material with a 
high degree of assembly while also having the advantage of increased 
diffusion within the aqueous matrix that can be beneficial in certain 
applications [51]. The packing within the self-assembled aggregates can 
be controlled by changing the pH of the system while the chemical 
structure, phase, and external experimental conditions remain the same. 
Despite all systems being based on the DTDPP unit, different 
self-assembled structures with distinctive photophysical and electro-
chemical properties are formed. This results in a wide variety of su-
pramolecular architectures and self-assembled materials that can be 
accessed from one monomeric template. Most importantly, this work 
presents significant structural changes that can be accessed by simple 
changes in solution conditions as opposed to the expensive and 
time-consuming processes explored in literature thus far. 

2. Results and discussion 

Four different DTDPP-R-OH monomers were examined with 
different amino acids substituted on the core to investigate changes 
stemming from the variable R group. As shown in the previously pub-
lished hydrogel paper, these monomers are molecularly dissolved in 
organic solvents and aggregated in high pH aqueous environments (at 
pH 10.5) [45]. In this current work, different concentrations were used 
depending on the DTDPP-R-OH based on the minimum gelation con-
centrations (mgc) as described in the previous hydrogel work [45]. 
However, it is important to note that no gelation is occurring with the sol 
materials despite using the same concentration as the hydrogels. For 
DTDPP-V-OH a concentration of 10 mg/mL was used, for DTDPP-F-OH 
and DTDPP-A-OH, a concentration of 5 mg/mL was used, and for 
DTDPP-L-OH a concentration of 15 mg/mL was used. Similar to the 
hydrogel work, a starting sol phase at pH 10.5 was initially prepared. 
Pre-determined amounts of HCl were then added whilst the solution was 
stirred vigorously to result in the colloidal sols ranging from pH 10 to pH 
2 (Table S1 in ESI). The apparent pKa values (determined by apparent 
pKa titrations) [45] of the DTDPP-R-OH derivatives vary; pH 5.5 for 
DTDPP-V-OH, pH 7 for DTDPP-F-OH, pH 6 for DTDPP-L-OH, and pH 5.5 
for DTDPP-A-OH. The first three derivatives also have a secondary pKa 
value at pH 4. A second apparent pKa is likely due to a structural tran-
sition as has been observed for related systems [52]. 

Structural analysis on the aggregates dispersed throughout the sol 
was then carried out. Small-angle X-ray scattering (SAXS) was used to 
investigate the dimensions and shape of the aggregates present. Shear 
viscosity measurements were used to understand how the aggregate size 
and shape affects the mechanical properties of the different sols. Finally, 
absorbance spectroscopy was used to probe information on the extent of 

Fig. 1. (a) Chemical structure of the DPPs investigated. (b) Cartoon representation of self-assembly via a pH trigger. (c) to (g) show cartoon representations of the 
supramolecular architectures available from the DTDPP-R-OH monomers used here from (c) dispersed aggregates in sol material, (d) dimer stacks, (e) oligomeric 
stacks, (f) 1-dimensional fibres, and (g) tape-like aggregates. 
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aggregation within the different sol materials. As shown by the work of 
Kasha and Spano, the molecular orientation within the aggregates can 
also be probed by absorbance spectroscopy as the aggregation of chro-
mophores can influence electronic distribution in the excited states [24, 
53–57]. In essence, their work shows that electron excitation in absor-
bance spectroscopy leads to geometry relaxation and nuclear reorgani-
zation and thus this can distinguish between different types of stacking 
conformations in comparison to the monomer. Typically, H-aggregates 
result in hypsochromic shifts whereas J-aggregates result in bath-
ochromic shifts. Furthermore, this can also be identified by the differ-
ence in oscillator strengths where H-aggregates have a characteristic 0-0 
< 0–1 vibronic peak ratio and, in contrast, J-aggregates have a 0-0 > 0–1 
ratio. 

Focusing initially on DTDPP-V-OH, the SAXS data (Fig. 2a) show two 
types of behavior between the samples between pH 10 to pH 7 and pH 6 
to pH 2. The higher scattering intensity for the low pH set shows that 
these samples contain a greater number of scatterers (Fig. S1, Support-
ing Information). This means that despite the DTDPP-V-OH monomer 
concentration remaining the same throughout the pH range, the con-
centration of aggregates (i.e. the degree of assembly) increases with a pH 
decrease. At high pH (between pH 10 and pH 7), the data is best fit to a 
model of a sphere in combination with a power law (Table S2 in ESI). 
The radius of the sphere is 15 Å to 17 Å, which is roughly equivalent to 
the molecular radius (Table S1, Supporting Information). This suggests 
that the aggregate packing at and above pH 7 is a dimer stack with the 
carboxylate anion groups pointing in different directions to minimise 
charge repulsion (Fig. 1d). For the samples from pH 6 to pH 2, the data 
fit best to a flexible elliptical cylinder model combined with a power law 
(Table S3, Supporting Information). This suggests that long fibrillar 
structures are formed once the system has reached the apparent pKa and 
increased π-π stacking can occur (Fig. 1f). Additionally, as the fibral 
surface charges are diminshed at low pH, lateral aggregation of the fibral 
structures occurs to form tape-like aggregates (Fig. 1g). The fit param-
eters indicate a radius decrease on lowering the pH which is interpreted 
as tighter fibral packing as charge repulsion is eliminated. 

The viscosity data for DTDPP-V-OH pH range also show distinctions 
between the high pH and low pH set (Fig. 2b and Fig. S2, Supporting 
Information). These data show an increase in viscosity and in shear- 
thinning behavior as the pH of the DTDPP-V-OH sols decreases, indi-
cating the presence of small aggregates above pH 6 and of larger 
persistent entangled aggregates below pH 5. Additionally, these mea-
surements suggest that the lower pH samples include a greater number 
of aggregates as was also recorded in the SAXS data. Absorbance spec-
troscopy shows changes in aggregation by shifts in absorbance wave-
length and vibronic peak ratios (Fig. 2c and Fig. S3, Supporting 
Information). The spectra for the samples between pH 10 are pH 6 are 
identical, with an absorbance maximum at 504 nm. The sample at pH 5 
exhibits a bathochromic shift of 23 nm, with the λmax at 527 nm. The 

data for pH 4 to pH 2 are not shifted further, however, the vibronic peak 
ratios switch and the new λmax is at 572 nm. The lower pH samples also 
exhibit band broadness and a 492 nm shoulder band, both indicating an 
increase in the degree of aggregation (as also seen in the SAXS and 
viscosity data). The peak ratios (Table S4 in ESI) are smaller than unity 
for pH 10 to pH 5 samples, and greater than unity for pH 4 to pH 2 
samples. The previously published photophysical spectra of DTDPP-R- 
OH in organic solvents show absorbance maxima at 534 nm and 539 
nm in EtOH and THF respectively [45]. In comparison to the molecularly 
dissolved DTDPP-V-OH, the pH 10 to pH 6 samples exhibit around a 30 
nm hypsochromic shift while the pH 5 sample has around a 10 nm 
hypsochromic shift. The pH 4 to pH 2 samples exhibit around a 40 nm 
bathochromic shift. 

Overall, these results indicate that there are broadly two regimes of 
behavior. At high pH, when charge repulsion dominates the packing, the 
DTDPP-V-OH is dispersed as small aggregates (i.e. dimer stacks) 
throughout the aqueous matrix. As the pH of the system decreases below 
the apparent pKa value (at pH 5.5), removal of charge leads to increased 
aggregation and the formation of long fibrillar structures. Interestingly, 
this transition is observed first in the SAXS data at around pH 6. For the 
viscosity and absorbance data, a transition in behavior is seen at pH 5. 
This implies that the viscosity and absorbance data require a significant 
concentration of the fibrillar structures to be present for an effect to be 
observed. The formation of the fibrillar structures also necessitates a 
change in packing within the aggregates, with H-type aggregates present 
above pH 5 and J-type aggregates present below this pH. 

For DTDPP-A-OH series, a similar transition occurs from small to 
large aggregates as the pH decreases. Fitting the SAXS data above pH 6 
(Fig. 3a, Fig. S4 and Table S5, Supporting Information) suggests the 
formation of either dimer stacks or oligomer stacks (Fig. 1d and e). This 
extended stacking at high pH could be due to the smaller R group that 
allows tighter packing. At low pH, the SAXS data suggests fibral struc-
tures and a greater concentration of aggregates dispersed through the sol 
(Table S6, Supporting Information). The viscosity data show a transition 
from low to higher viscosity values at around pH 5, indicating a greater 
number of structures below the apparent pKa value as suggested by the 
SAXS data (Fig. 3b and Fig. S5, Supporting Information). Interestingly, 
for DTDPP-A-OH, absorbance spectroscopy (Fig. 3c and Fig. S6, Sup-
porting Information) does not suggest a transition from H- to J-type 
aggregates as the vibronic peak ratio is smaller than unity throughout 
the entire pH range (Fig. S7 and Table S7, Supporting Information). This 
shows that it is not always the case that the formation of specific types of 
aggregates leads to H- or J-aggregation. For DTDPP-L-OH range, H-type 
dimer stacks are present above pH 6 and J-type aggregates from pH 5 to 
pH 2 (Fig. 3c, Figs. S8–S9 and Table S8, Supporting Information). The 
viscosity (Fig. 3c and Fig. S10, Supporting Information) and SAXS 
(Fig. 3a, Fig. S11 and Tables S9–S10, Supporting Information) data also 
show a change in aggregation above and below the apparent pKa with 

Fig. 2. DTDPP-V-OH pH range (a) SAXS data; (b) viscosity measurements (error bars based on triplicate runs); (c) normalized absorbance spectra (recorded using a 
0.01 mm path length cuvette). 
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suggestions for dimer stacks at high pH and fibral aggregates at low pH. 
This is also accompanied with an increase in the concentration of ag-
gregates at low pH. 

In comparison to the three systems with aliphatic amino acids, the 
DTDPP-F-OH assembles into more extensive structures throughout the 
entire pH range. Firstly, this is indicated by the Bragg peaks in the SAXS 
data that show a higher degree of ordering between the structures 
(Fig. 3a, Fig. S12, Supporting Information). Additionally, the SAXS data 
are best fit to cylindrical models at all pH values, showing the presence 
of fibrous structures even above the apparent pKa value (Tables S11–12, 
Supporting Information). However, there is still a transition between 
high and low pH, as is indicated by the combination of a power law 
model to the cylindrical models which suggests the presence of much 
longer fibral structures. The viscosity data (Fig. 3b and Fig. S13, Sup-
porting Information) shows shear-thinning behaviour across the whole 
pH range indicating the presence of structures even above the apparent 
pKa value, in agreement with the SAXS data. The viscosity increases with 
decreasing pH, showing an increase in the size and concentration of 
structures. The absorbance data shows a distinct change in packing with 
H-type aggregates above the apparent pKa value and with J-type ag-
gregates below (Fig. 3c, Figs. S14–15 and Table S13, Supporting Infor-
mation). Therefore, the DTDPP-F-OH results suggest that the additional 
interactions that are coming from the aromatic R group influence ag-
gregation even further than the aliphatic R groups to create more 
complex structures. 

Overall, for all these systems, there is a clear change in the supra-
molecular structures that are dispersed through the sol phases with a 
simple change in pH. The transition point for the structures is found 
around the apparent pKa value in each case. This indicates that charge 
repulsion plays a central role in forming different aggregates. The 
changes observed include stacking orientation, structure dimension, and 
material viscosity. However, it is clear that there is no uniform one type 
of behaviour for these systems, but that there are differences between 
the data for the different DTDPP-R-OH depending on the amino acid side 
chain. It is thesefore possible to tune the aggregates formed as well as the 
molecular packing for these DTDPPs by careful choice of side chain and 
pH used. 

Several literature examples showcase the effect different aggregates 
have on the photophysical properties and photo-responsive applications 
[16,23,41]. In absorbance spectroscopy, the increase in aggregation 
with a decrease in pH leads to more turbid sols and thus a decrease in 
absorbance intensity is recorded (e.g., Fig. S15a, Supporting Informa-
tion). As the pH is decreased, the absorbance maxima shift to longer 
wavelengths which subsequently extends the absorbance to a wider 
range of the visible region. For example, there is a ≈80 nm extension 
from the DTDPP-F-OH monomer to the J-aggregate systems. These 
bathochromic shifts also result in the onset wavelength shifting to longer 
wavelengths therefore decreasing the optical gap with a pH decrease. 

For example, for the DTDPP-F-OH sols, the smaller aggregates at a pH of 
6 and higher, have an optical gap (Eopt) equal to 1.90 eV whereas for the 
sols at pH 5 and lower (i.e. larger aggregates), Eopt decreases to 1.62 eV 
(Table S14, Supporting Information). In comparison to the Eopt of the 
monomer at 2.15 eV, this shows that aggregation lowers the gap be-
tween ground and excited states significantly. 

Emission studies show a generalised decrease in intensity as the pH 
decreases, although with some fluctuations in the linearity of this trend 
recorded around the apparent pKa values of the systems (for example as 
seen for DTDPP-F-OH in Table S14 and Fig. S16, Supporting Informa-
tion). While J-aggregates typically have more intense fluorescence than 
H-aggregates [58], in this case the H- to J-switch (from high to low pH) 
is accompanied with a significant increase in aggregation. This results in 
aggregate-induced fluorescence quenching and thus super radiance of 
the J-aggregates in the low pH sols is not recorded. The emission max-
ima for the entire pH range of DTDPP-F-OH is around 660 nm despite the 
60 nm range for the absorbance maxima. H-aggregates are typically 
characterised by having a greater Stokes shift than J-aggregates, as is 
observed for the DTDPP-F-OH pH range (Table S14, Supporting Infor-
mation). Most importantly, these aggregated systems have a larger 
Stokes shift (ranging from 98 nm to 153 nm for DTDPP-F-OH sols) than 
the monomeric systems in organic solvent (≈15 nm for DTDPP-F-OH), 
which is important to avoid back-scattering of light. Similar results for 
the emission studies are also recorded when using different excitation 
wavelengths ranging from 350 nm to 575 nm. The DTDPP-A-OH pH 
range results in similar trends as the DTDPP-F-OH sols, with emission 
maxima around 660 nm and Stokes shifts between 137 nm and 161 nm. 
The DTDPP-V-OH and DTDPP-L-OH pH ranges record some deviations 
in comparison to the other two DTDPP-R-OH systems, and this is owed 
to the higher concentrations used to prepare the former two systems 
which can affect emission data measurements. As monomers in organic 
solvents, the DTDPP-R-OHs showed similar photoluminescence quan-
tum yields (PLQYs) in dilute dimethyl sulfoxide and tetrahydrofuran 
solution (81–99 %), except DTDPP-V-OH, which was slightly lower at 
67 % and 80 %, respectively (Table S18, Supporting Information). As 
expected, these values were consistent with other reports of 
DTDPP-based materials [59,60]. At the aggregated concentrations, all 
DTDPP-R-OH systems showed minimal emission with PLQYs <4 % at 
both high (>10) and low (<5) pH (Table S18, Supporting Information). 
The effect of pH on the PLQY for optically dilute samples was also 
assessed. Similar values were observed for the DTDPP-R-OH systems at 
high pH (>10), between 47 and 57 %, which again aligned well with 
other reports of molecularly dissolved, water-based systems [61]. 
Switching to low pH (<5) resulted in the same distinct changes in 
absorbance and emission, and could be easily observed by the naked eye 
(Fig. S20a and Table S18, Supporting Information). DTDPP-A-OH, 
DTDPP-L-OH, and DTDPP-F-OH showed a significant decrease in 
PLQY to 2–6 %, while DTDPP-V-OH only decreased slightly to 38 % 

Fig. 3. (a) SAXS data; (b) viscosity measurements (error bars based on triplicate runs); (c) normalized absorbance spectra (recorded using a 0.01 mm path length 
cuvette) for DTDPP-A-OH, DTDPP-L-OH, DTDPP-F-OH samples at pH 9 and pH 4. 
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(from 51 %). The higher PLQY suggests that the dilution processes for 
DTDPP-V-OH, even when maintained at low pH, disrupted the aggre-
gated state (Fig. S20b, Supporting Information). In general, the 
DTDPP-R-OHs show similar trends in the photophysical properties 
recorded (Tables S15–S18 and Figs. S17–20, Supporting Information). 
Overall, the most significant effect is the decrease in the optical gap that 
occurs on going from monomer to aggregated system, and even further 
on going from high pH (less aggregated) to low pH (more aggregated). 
This shows that the increased π-π stacking in the aggregated structures 
results in a smaller energy threshold required to optically excite the 
sample. 

The electroactivity of the monomeric DTDPP (in organic solvent) and 
the supramolecular aggregates (in water) was determined by cyclic 
voltammetry (CV) and square wave voltammetry (SWV). All four 
DTDPP-R-OH monomers show similar electroactivity with quasi- 
reversible reduction (E1/2 ≈ - 1.63 V) and oxidation (E1/2 ≈ 0.47 V) 
with a peak-to-peak separation of ≈2.1 V (Figs. S21–S22 and Table S19, 
Supporting Information). Estimations for the monomer HOMO and 
LUMO energy levels were calculated at − 5.20 eV and − 3.20 eV 
respectively, with a HOMO-LUMO gap at 2.00 eV (Table S20, Support-
ing Information). For the aggregated samples, the electrochemical data 
consists of broad featureless bands with high capacitance due to the 
aggregation state. However, data from the main redox peaks can still be 
extracted to check for trends in the electroactivity and the HOMO-LUMO 
gap. Taking the DTDPP-F-OH pH 9 sol as an example (Figs. S23–S24 and 
Table S21, Supporting Information), the quasi-reversible reduction is at 
E1/2 ≈ - 0.97 V while the irreversible oxidation is at 0.84 V. This results 
in a peak-to-peak separation at ≈ 1.85 V (comparable to Eopt = 1.90 eV) 
which already shows improvements from the monomeric system. As the 
pH is decreased, there is a decrease in redox events and in the current 
indicating that the structures in the lower pH sols are less electroactive 
than the higher pH counterparts. This suggests that the more extensive 
structures at low pH are more stable. Plotting the potential values as a 
function of pH shows that at pH 4 (a second apparent pKa value for 
DTDPP-F-OH) the data deviates from linearity which is a common 
observance at the pKa of the analytes [62] (Fig. S25, Supporting Infor-
mation). In this case, the deviation occurs at the systems secondary 
apparent pKa value indicating that the electroactivity of the structures 
changes drastically as the fibral surface charges have been eliminated. In 
comparison to the monomers, the supramolecular structures allow for a 
narrower HOMO-LUMO gap (Eg) at ≈ 1.50 eV (Table 1). From the Eg and 
Eopt, the electron binding energy (Eb) can be calculated which results in 
a drastic change between the high pH systems and the low pH sols. A 
small Eb and Eg are crucial for optimized performance in optoelectronic 
devices as less energy is required for exciton formation (Fig. 4). As 
organized DPP materials are often used for photoresponsive applications 
[6,7], testing the electroactivity of the materials while the sample was 
irradiated by an LED was performed. These experiments showed that 
there is no drastic change between the excited state and ground state 
redox potentials, with some changes being observed for the peak cur-
rents (Figs. S26–S27, Supporting Information). Overall, the low pH 
samples show the least amount of change, further contributing to the 
conclusion that these structures are more stable. 

The other DTDPP-R-OH materials show similar trends with quasi- 
reversible reductions and irreversible oxidations that shift to more 

positive potentials as the pH is decreased (Figs. S28–S42 and 
Tables S22–S25, Supporting Information) although for DTDPP-V-OH 
and DTDPP-L-OH, the oxidation potentials shift outside the potential 
window therefore the HOMO and LUMO energy levels could not be 
calculated. For DTDPP-A-OH, a decrease in current and electroactivity is 
observed with a decrease in pH therefore showing that the low pH 
structures are less prone to redox activity. Additionally, the HOMO- 
LUMO gap was calculated at 1.60 eV for the pH 9 to pH 6 sols with an 
Eb at around 0.40 eV. For the irradiated electrochemical measurements, 
minimal shifts in peak potentials and peak currents were recorded. 

Absorbance spectroelectrochemistry (abs-SPEC) measurements were 
carried out for the DTDPP-R-OH pH ranges to test for radical formation. 
As both reduction and oxidation potentials are applied, the absorbance 
spectra exhibit minimal changes from the data recorded with no applied 
potential (Figs. S43–S50, Supporting Information). No increase or 
decrease of absorbance peaks are observed as is recorded for similar 
systems [63]. This is suspected to be due to the highly concentrated 
samples for abs-SPEC. 

In the previous DTDPP-R-OH hydrogel paper, it was observed that 
the different amino acid R groups provide differences in the packing of 
the fibral structures into the 3D network at low pH [45]. Herein, the 
different amino acid R groups manifest into greater variations for the 
supramolecular structures that are accessible at different pHs. Focusing 
first on the aliphatic R groups, above the apparent pKa value these result 
in dimer or oligomer stacks with a radius of ≈15 Å (Tables S2, S5, and 
S9, Supporting Information). Below the apparent pKa value, the fibral 
structures vary greatly from 140 Å to 34 Å (Tables S3, S6, and S10, 
Supporting Information). In contrast, the aromatic R group leads to the 
formation of more complex structures throughout the entire pH range 
(Tables S11 and S12, Supporting Information). These changes in struc-
tural dimension are also accompanied with a shift from H- to J-aggre-
gates with the exception of DTDPP-A-OH sols. Overall, it is the 
increasing complexity of the supramolecular structures that are created 
by adapting the amino acid R group, and by tuning the pH that is the root 
of the variation in the photophysical and electrochemical properties 
discussed above. This is a remarkable outcome considering that all four 
DTDPP-R-OHs are based on the same chromophore. 

3. Conclusions 

As a conclusion, this work has investigated the shift of aggregate 
orientation and the modification of aggregate structure for a library of 
DPPs in an aqueous medium by using a simple pH change. The molecular 
packing is a consequence of a combination of directional forces between 
hydrophobic molecules within an aqueous environment (likely driven 
by H-bonding and, to a lesser extent, π-π interactions), and charge 
repulsion dictates the orientation of packing and the extent of assembly. 
Aggregates above the apparent pKa value adapt orientations that mini-
mise charge repulsion (dimer/oligomer stacks, short fibres) while ag-
gregates below the apparent pKa value have more extensive packing 
(laterally aggregated long fibres) due to the elimination of charges. 

Most significantly, variations in the photophysical and electro-
chemical properties are obtained by maintaining the same monomer 
template and by only changing the pH of the system to alter the ag-
gregation state. Furthermore, changing the linked amino acid group 
results in property differences despite all DTDPP-R-OH systems being 
based on the same chromophore unit. Overall, changes in aggregation 
result in differences in the absorbance range, optical gap, Stokes shift, 
electroactivity, and HOMO-LUMO gap. The DTDPP-F-OH low pH sol 
materials have the most extensive packing and thus have the best charge 
carrier separation and charge transfer properties. 

Overall, this work shows how it is possible to synthesize one mole-
cule and then use self-assembly to fabricate various different aggregate 
types by optimising the pH and avoiding time-consuming, extensive 
synthetic procedures. Additionally, by taking advantage of self-assembly 
via the hydrophobic effect and charge repulsion, the fabrication of 

Table 1 
Onset potentials, HOMO and LUMO energy levels, and energy gap values for the 
DTDPP-F-OH pH range.  

pH Eonset 

oxidation (V) 
Eonset 

reduction (V) 
EHOMO 

(eV) 
ELUMO 

(eV) 
Eg 

(eV) 
Eb 

(eV) 

9 0.66 − 0.90 − 5.46 − 3.89 1.57 0.33 
8 0.65 − 0.88 − 5.45 − 3.92 1.53 0.37 
7 0.65 − 0.85 − 5.45 − 3.95 1.50 0.40 
6 0.65 − 0.84 − 5.45 − 3.96 1.49 0.40 
5 0.68 − 0.83 − 5.48 − 3.97 1.51 0.16  
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different structures can be achieved in an environmentally-benign 
aqueous matrix. This work is important for photoresponsive applica-
tions as more complex aggregates require less energy for exciton for-
mation due to the intermolecular orbital overlap achieved from 
increased π-π stacking. 

4. Experimental 

The DTDPP-R-OH were prepared as described elsewhere [45]. The 
DTDPP-R-OH powders (synthesized from reagents purchased from 
Merck, Fluorochem or TCI) were dissolved in deionised water with two 
equivalents of 1 M NaOH (Sigma Aldrich). These samples were stirred 
overnight until a clear, dark red solution was achieved at a pH value of 
10.5. The DTDPP-R-OH sols were prepared at different pH values 
starting from the pH 10.5 starting solution by the addition of acid (0.1 
M, 1 M, or 2 M HCl; Sigma Aldrich) while vigorously stirring the sample 
at 1500 rpm (Note: vigorous stirring is essential to prevent the formation 
of large hydrogel clusters and to form a visibly homogenous sol). The 
materials prepared at the mgc were at concentrations of 5 mg/mL for 
DTDPP-F-OH and DTDPP-A-OH, 10 mg/mL for DTDPP-V-OH, and 15 
mg/mL for DTDPP-L-OH. 

A FC200 pH probe (HANNA instruments) was used to measure the 
pH values of the DTDPP-R-OH sols. The probe was calibrated prior to use 
with pH 10, pH 7, and pH 4 buffer solutions (HANNA instruments). 

SAXS experiments were carried out at the B21 beamline at Diamond 
Light Source, UK. This beamline operates at a fixed energy of 12.4 keV 
and a camera length of 4.014 m, resulting in a Q range of 0.004–0.44 
Å− 1. 

Viscosity data was recorded using an Anton Paar Physica MCR101 
rheometer. Measurements were performed using a 50 mm cone geom-
etry (CP50 – cone angle = 0.994 ͦ) with gap distance between the ge-
ometry and the flat rheometer plate set to 0.1 mm. Samples (pH 10.5 
solutions) were poured onto the aluminium flat plate for measurement 
directly from the falcon tube. The temperature was set to 25 ͦC. Mea-
surements were performed in triplicate, with a fresh sample for each 
run. The values for the data points were averaged, and the standard 
deviation is calculated and shown as error bars on the graphs. 

UV–Vis absorbance spectra were recorded using a Agilent Cary 60 
spectrophotometer. Data was recorded by performing a baseline 
correction with the deionised water before recording the spectra for the 
sample. Spectra were recorded with a 10 or 0.01 mm path length quartz 
cell (Hellma Analytics). Fluorescence emission spectra were recorded 
using an Agilent Cary Eclipse fluorescence spectrophotometer. Mea-
surements investigating the effect of pH change were obtained using a 
10 mm path length quartz cell (Hellma Analytics) and were recorded 
with a 20 nm excitation slit and a 20 nm emission slit. Measurements for 
the optically dilute samples (absorbance ≈0.1 at λexc) were recorded on 
an Agilent Cary Eclipse fluorescence spectrophotometer using a 10 mm 
path length quartz cell (Hellma Analytics) and were recorded with a 5 
mm excitation slit and a 10 mm emission slit. Measurements of the 
photoluminescence quantum yield were recorded on a Edinburgh In-
struments FS5 instrument using a SC-30 integrating sphere. 

Cyclic voltammetry and Square Wave Voltammetry measurements 

were performed using a CH Instruments Electrochemical Workstation 
(CHI 440a), Austin, TX, USA. Monomer samples were prepared in dry 
DMF (Sigma Aldrich) at a concentration of 0.3 mg/mL with 0.1 M tet-
rabutylammonium hexafluorophosphate (TBAP, electrochemistry 
grade, Sigma Aldrich). Sol samples were prepared as described above 
and with 0.1 M NaCl (Sigma Aldrich) as supporting electrolyte. The 
experiments made use of a three-electrode setup; a glassy carbon 
working electrode, a Pt wire counter electrode and a 3 M NaCl Ag/AgCl 
reference electrode (for aqueous experiments) or a Pt wire pseudor-
eference electrode (with added ferrocene, for organic solvent experi-
ments). All samples were purged with N2. Measurements for the 
irradiated CV and SWV experiments were made with a white LED 
(Oslon, 340 lumens, 700 mA, 5000K temperature) attached to a heat 
sink. The LED bulb was positioned 2 cm from the bottom of the glass 
vessel (Fig. S49). 

Spectroelctrochemistry measurements were performed using a 
combination of a Shimadzu UV-3600 spectrophotometer and a CH In-
struments Electrochemical Workstation (CHI 440a). A BASi spec-
troelectrochemical kit was used (a quartz cuvette, a Pt mesh working 
electrode, a Pt wire counter electrode and an Ag/AgCl (3 M KCl) refer-
ence electrode). Absorption spectra were reorded one minutre after the 
desired potential was applied. 
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[30] Ávila-Rovelo NR, Martinez G, Matsuda W, Sinn S, Lévêque P, Schwaller D, 
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