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Ultrafast Assembly of Dipeptide Supramolecular Organogels and
Phase Transition from Gel to Crystal

Tingting Yuan,® Jinbo Fei,® Yougian Xu,® ® Huimin Xue,? ® Xianbao Li,* " Chenlei Wang,* ® George

Fytas,” ¢ and Junbai Li" &P

Abstract: We report that gel-to-crystal phase transition of a
dipeptide supramolecular assembly mediates active water
transportation in oils. Addition of water into ultrafast assembled
dipeptide organogels can induce a lamellar-to-hexagonal structural
transformation of dipeptide molecular arrangement. Consequently, a
phase transition from gel to crystal occurs and in turn water
transports in the dipeptide crystal with well-defined channels. At
macroscopic scale, water transport in the bulk system exhibits an
anisotropic characteristic, which can be tuned by the presence of
ions with the Hofmeister series. These favourable features enable
automatic separation of dispersed nanoparticles from dissolved
electrolytes in aqueous solution. Our findings demonstrate the
potential of such assembled system for active filtration without
external pressure.

Supramolecular assembly based on non-covalent interactions is
a powerful strategy to construct well-ordered functional
architectures.! Such assembled systems show great promise in
a wide range of applications, such as optoelectronics, catalysis,
biomedicine, chemical separation and artificial photosynthesis.?
Owing to their dynamic and adaptive nature, the structure and
function of supramolecular assemblies are tunable by small
variations of the molecular arrangements.®! In particular,
controlled assembly of a single component facilitates permits
formation of multiple phases with rich diversity of physical and
chemical properties.” In view of this point, we envision- that
phase transition of supramolecular assembly can permit unique
functions and applications.

Diphenylalanine (FF), as the core recognition motif of
Alzheimer's B-amyloid polypeptide, has attracted increasing
attention due to its excellent assembly, simple structure and
ease of chemical derivatization.®! As the pioneering group, Gazit
and his coworkers have extended the applications of FF-based
assemblies from semiconducting into biomedicine and
nanofabrication. Ulijn’s group has developed various hydrogels
based on FF derivatives toward novel bioapplications.l”) In our
previous reports, a plethora of FF-based structures have been
fabricated in a controlled manner towards optical waveguiding.®!
It is worth noting that as a low-molecular-weight gelator, FF
readily self-assembles to form supramolecular organogels in
pure or mixed oils.®! In addition, responsive gel-to-crystal and
gel-to-sol phase transitions can be triggered by various external
and internal stimuli, such as light, pH, temperature, ionic
strength and the choice of solvents.%
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Water has very limited solubility in oils like benzene, toluene
and trichloromethane.*l The high surface tension makes water
transportation in such media difficult!? and phase separations
will usually occur. Traditionally, surfactants were introduced to
generate water-in-oil, oil-in-water or more complex emulsions.*3l
Recently, many reports focus on ways to achieve directional
water transportation along a solid surface by constructing well-
defined architectures and/or performing chemical
modifications.*¥ Nevertheless, active movement of water in
immiscible oils seems not to have been reported, so far.

In this communication, we introduce a dipeptide
supramolecular assembly-mediated active water transport in oils.
As shown in Figure 1, dipeptide supramolecular assembly can
form networks in hydrophobic organic solvents, accompanying
molecular conformation and structural transformation. When
water is added, a transition of the dipeptide organogel to
hexagonal nanocrystal is induced, which in turn leads to further
water transport. Such a transport behavior shows active and
anisotropic characteristics. In particular, ions in aqueous solution
show the typical Hofmeister effect on the speed of water
transport. Interestingly, water migrates across the dipeptide
supramolecular network, while nanoparticles larger than 1 nm
remain at the initial water/oil interface. This finding points at

potential applications for active solid-liquid microphase
separations.
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Figure 1. (a) Schematic illustration of phase evolution in dipeptide-based
systems along probable molecular conformation (unfolding to folding) and
arrangement changes (lamellar to hexagonal) in the dipeptide solution, gel and
crystal. (b) Selective separation of nanoparticle from water and ions in solution
after phase transition of dipeptide supramolecular assembly.

Dynamic light scattering (DLS) was utilized to investigate the
structure of FF in solution, pre-gel and gel, respectively. FF was
completely dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
to form FF/HFIP solutions. Figure 2 depicts the relaxation
function, C(q, t), for three FF concentrations (0.0025, 0.005, and
0.1 g/mL) at a scattering wave vector g=0.0201 nm and 293 K.
C(qg, t) probes the diffusion of the scattering moieties over a
submicrometer length (~21/g). The bimodal C(q, t) could be
represented (solid lines) by a double-exponential decay
measuring the diffusion Di=li/q?, where the decay rate [i refers
to the fast (f) or the slow (s) rates. The slow process relates to
relatively large species present in minor amount since their
contribution to the amplitude of C(q, t) scales with their volume.
The fast diffusion Dr and the associated scattering c/ls intensity
are concentration (c) dependent, as shown in the inset to Figure
2a. The size of the fast diffusing species is reflected by the



hydrodynamic radius, Ry=ksT/61TncD¢(0), where kg, T, noand Ds(0)
are the Boltzmann constant, temperature, solvent viscosity and
diffusion at zero FF concentration, respectively. The latter is
obtained from the linear dependence Di=D0)[1+kqsc] with
kq=2A,M-(ks+v) given by the friction coefficient ki, the specific
solute volume v, the molar mass M, and the second virial
coefficient A,. A, is positive and large (~0.1 cm® g~2mol) in HFIP
as revealed by the linear dependence of the expression c/ls =
1/M(1+2A,c) shown in the inset to Figure 2a. The hydrodynamic
radius, Rn=0.8 nm, compares favorably with the size of FF in a
trans conformation. The friction, kv ~ 66 cm®g, of the FF
molecules in HFIP is substantially high.

The good solubility of FF in HFIP (high and positive A) is
keeping even at a high FF concentration (0.1 g/mL) in solution
(Figure 2a). However, when toluene was added into FF/HFIP
solution, the system was at the solution state for FF
concentrations was up to 0.00045 g/mL (Figure 2b). The
relaxation function C(q, t) of FF in the HFIP/toluene (volume
ratio 1:25) at g=0.0077 nm relaxes, at long times, to zero for FF
concentrations lower than 0.00045 g/L. The full relaxation,
implies an equilibrium (ergodic) behavior. A similar analysis of
the C(q, t) unexpectedly reveals a significantly faster diffusion
(1.36x10° cm?/s) in FF/ HFIP/toluene appears, compared with
that (1.50x10¢ cm?/s) in FF/HFIP (the insets, Figure 2a and 2b).
Taken into account the different solvent viscosities, this disparity
could be only by factor of 3. The friction coefficient ki decreases
remarkably from 66 to ~0 cm®(g meaning that the toluene/HFIP
(25:1) binary mixture acts as a theta solvent (A>=0, inset to
Figure 2b). It is conceivable that in the binary solvent, co-
solvency can have a profound effect on the structure of FF.
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Figure 2. (a) Relaxation functions C(q,t) for the translation diffusion of FF in
HFIP at three concentrations (c), (square, 0.0025 g/mL; circle, 0.005 g/mL;
triangle, 0.1 g/mL) at a scattering wave vector , g=0.0201 nm™) and 293 K.
The solid lines indicate the representation of C(q,t) by double-exponential
decay. The reduced scattering intensity c/I and diffusion coefficient D as a
function of FF concentration are shown in the inset. (b) Relaxation functions
C(q,t) for the translation diffusion of FF for three concentrations (square,
0.0002 g/mL; circle, 0.0004 g/mL; triangle, 0.00045 g/mL) in HFIP/toluene
(1:25 viv) at g=0.0077 nm?) and 293 K. The solid lines indicate the
representation of C(q,t) by double-exponential decay. The reduced c/I and
diffusion coefficient D as a function of FF concentration are shown in the inset.
(c) The intensity pattern, I(g)*g? vs. g? at 0.00045 g/mL along with the double
logarithmic presentation of I(g) vs q in the inset. The intensity drops strongly
with g (I(q) °<g™“®) at high g. (d) The normalized dynamic structure factor for
four concentrations in the weak gel regime recorded at 6=140° and 293 K for
different positions. The plateau of f(q,t) at decay times denotes increased
fraction of the frozen-in inhomogeneity with FF concentration.
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Turning to the slow process of C(q, t), its contribution
becomes significant at 0.00045 g/mL, a very low FF
concentration compared with FF in HFIP (Figure 2a). The
associated large species have still a dimension comparable to
1, hence the Holtzer presentation, g2ls(g), of the scattering
intensity ls(q) in Figure 2c displays the characteristic peak at
g*~1/R with R being the overall size of the slow supramolecular
FF assembly. However, ¢?ls(q) should become g-independent at
high g's if the structure is a thin coil. Instead, in the double
logarithmic 1(q) vs. q presentation in the inset to Figure 2c
reveals strong drop in I(g) o g*® at short length scales
reminiscent of solid cross-section of this supramolecular
assembly (Porod law) associated with the slow process (Figure
2b). Thus, a network is formed through the overlapping of the
worm-like chains with large cross-sectional radii. The relaxation
function C(q,t) becomes position dependent, characteristic of a
non-ergodic behavior and already at ¢=0.0005 g/mL the
normalized correlation function f(q,t) does not decay to zero
within the longest time of the experiment. This non-zero baseline
f(q,«), which is a measure of the frozen-in concentration
fluctuations in the weak gel state, increases rapidly with the FF
concentration (Figure 2d). f(q,t) is computed from the
experimental intensity correlation function G(q,t), which is
recorded at different sample positions (Figure S1). The dynamic
fraction of the concentration fluctuations is characterized by a
fast diffusion coefficient increasing rapidly from 7.5x10° to
5.2x10% cm?/s for 0.0005 to 0.0006 g/mL, respectively. This
indicates cooperative diffusion or fast diffusion that speeds up
with concentration due to the strong decrease of the network
mesh size.

Taken together, the hydrodynamic radius R, of FF as a
function of FF concentration in HFIP and toluene/HFIP, are
shown in Figure S2a and 2b, respectively. It might suggest a
folded structure of FF as indicated by the very low Ry~0.3 nm
(black squares and scheme in Figure S2b). We recall, that
Rr=0.8 nm in HFIP (scheme in Figure S2a). This dramatic drop
of the FF size occurs upon addition of toluene in HFIP even at
10% (toluene/HFIP ratio 1:9) (Figure S2b, S3 and S4). Hence,
the behavior of FF in toluene/HFIP pre-gel state is very different
from that in neat HFIP solution. In addition, the cooperative
diffusion of the systems depends strongly on the FF
concentration, indicating a formation of a three-dimensional
network (Figure S2c). At 0.001 g/mL the solution turns
predominantly non-ergodic as it enters the organogel regime.

Interestingly, it is found that transparent FF supramolecular
organogel forms in the above solvents within 3 seconds when
the concentration of the gelator is above 0.005 g/mL. Upon
addition of water, such assembled organogel gradually became
opaque from top to bottom, as shown in Figure 3a. This
appearance indicates modified dipeptide supramolecular
assembly. Figure 3b reveals that the morphology of molecular
assembly changes from ultrafine fiber to wider and longer
nanofibers. For comparison, when the same amount of
chloroform was introduced into the gel, there was no obvious
change in the system besides an increase in volume (Figure S5).
Fourier transform infrared spectroscopy (FTIR) was
implemented to investigate the effect of molecular interactions
before and after the morphology transformation. Figure 3c
shows the xerogel has a strong absorption peak at 1681 cm,
which is the characteristic peak of N—H stretching vibration in
amide | band, and an absorption peak at 1602 cm’, which
belongs to amide Il absorption band. The same adsorption was
also detected in the organogels treated by water. It indicates that
B-sheet secondary structure with antiparallel alignment exists
even after water treatment. Obviously, the absorption peak at
1602 cm™* becomes clearer after completion of the morphology
transformation. This appearance may be resulted from the



impact of the water treatment on the interaction of C=0 and N-H
moieties in the FF assembly.[*%

X-ray diffraction (XRD) was used to demonstrate the phase
transition induced by water. According to Figure 3d and S6, the
peaks at 5.12° and 10.03°, corresponding to 1.72 and 0.88 nm
spacing, respectively are virtually concentration independent
over the range at which the organogel transforms from a viscous
liquid to a solid gel. The spacing ratio of 1: 0.5 is consistent with
a lamellar structure.'®! This spacing represents the interlamellar
distance generated by FF molecules in the same fiber. After
water treatment, as shown in Figure 3d, sharp peaks appear,
which is strong evidence for the formation of a hexagonal
structure.l” In the formation process of the organogel, the
aromatic ring of toluene is involved in -1 stacking interactions
with FF molecules. After addition of water, the original lamellar
B-sheet structure curls and rearranges into the more stable
hexagonal structure. Circular dichroism (CD) spectroscopy was
employed to investigate the changes of the secondary structures
in the FF supramolecular assembly before and after the phase
transition. As shown in Figure 3e, FF organogel did not display
obvious CD signals, indicating the absence of chirality in the gel
phase. As a comparison, in the crystalline phase, FF assembly
exhibits a single negative band with a peak at 278 nm,
conforming to its intrinsic molecular configuration.*8! The CD
results suggest that a phase transition from an FF gel to a
crystalline state is associated to chirality of FF supramolecular
assembly.
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Figure 3. (a) Optical image of two phases in FF organogel after introducing
water from the top (the concentration of FF is 0.005 g/mL). (b) Corresponding
SEM images. (l) FF organogel; (I) phase boundary; (Ill) FF crystalline. (c)
FTIR spectra, (d) XRD patterns, (e) CD spectra, (f) Cross-polarized
microscopy images, (g)dynamic storage (G”) and loss (G”) moduli at 293K
and (h) photoluminescence emission spectra (upon excitation at A= 250 nm) of
the organogel(0.005 g/mL ) before and after water treatment.
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The refractivity from the gel and crystal phases was
investigated by a cross-polarized microscope. As shown in
Figure 3f (right panel), the maximum birefringence was recorded
in the crystalline phase when the fibers are aligned normal to the
polarizer. For 45° fiber orientation to the polarizer the recorded
birefringence became very weak. In contrast, there were no
such effects in the optically isotropic gel phase (Figure 3f, left
panel). Hence, the water-induced phase transition of FF
supramolecular network generates anisotropic fibers. The
structural changes were also manifested in the shear rheometry
of the supramolecular assembly. The dynamic shear modulus
(G") and loss modulus (G") before and after phase transition are
shown in Figure 3g. In the frequency range 0.15-100 rad s (at a
constant strain of 0.1%), in gel and crystal phases, both the G’
and G” values depend slightly on the probed frequency and G’ is
always larger than G”. The mechanical strength of the system
increased sharply by a factor of ten upon completion of the
transition from an FF gel to a crystalline state. In addition, the
maximum intensity of the fluorescence spectrum of the system
after the phase transition increased by more than a factor of two
compared to the spectrum of the gel (shown in Figure 3h). It
may be caused by the reduced vibration and rotation of the
excited state molecules in the crystal state.

To investigate the water transport, the organogel containing
0.005 g/mL FF was selected in view of its robustness. When the
same amount of water is added into the gel from top, middle and
bottom, the covered distance and speed are distinct. In detalil,
when a water drop (1.5 pL) were injected on the top of the gel
(Figure S7a, top and S7b), the water droplets had a spreading
phenomenon at a rate of 0.60 cm/h in the horizontal direction, so
the phase along this direction transition completed within in one
hour. As for the vertical direction, the speed was much slower
(0.10 cm/h). When water drops were injected into the middle, the
gel started to form fibers surrounding the drop about one hour
later (Figure S7a, middle and S7c), before water transported
through the system. When a water drop with a volume of 1.5 pL
was injected into the gel, the phase transition region appeared
ellipse-like. At 6 h later, the full volume of gel became slightly
opaque, while a larger ellipse-like region was still present in the
middle of the gel. After 8 h, the gel became white. The speeds in
the horizontal direction and vertical direction were respectively,
0.067and 0.042 cm/h, suggesting an anisotropic water mobility
in the supramolecular gel is anisotropic.

Furthermore, in our system, water transport can overcome the
gravity effect. To verify this point, a water drop of 1.5 pL was
injected at the bottom of the gel (Figure S7a, bottom and Figure
S7d), thereby inverting the flow direction. The speeds in
horizontal and vertical direction were 0.100 and 0.073 cm/h,
respectively, again corroborating the notion of an anisotropic
flow through the FF-assembled fiber. However, because of the
gravity effect the flow was much slower than in the opposite top
to bottom direction (0.10 cm/h). Taken together, as a
comprehensive comparison, Figure S7e shows that in the
horizontal direction, when a water drop is added in the middle,
the transporting distance is slightly shorter than when the water
drop is added at the bottom. As for the vertical direction, at the
same time, when the drop is introduced from the top of the gel,
the water covered distance is longer than when water is added
from the middle or the bottom. This could be explained by the
gravity effect.

The amount of water added was found to be an important
factor affecting the transfer behavior. As shown in Figure S8, the
extent of the transformed regions gradually increased in parallel
with the amount of water droplets (0.5, 1 and 2 pL) injected at
the bottom of the gel. Quantitatively, as revealed in Figure S8b
and S8c, the water transport rates during the first four hours for
both horizontal and vertical directions were 0.08 and 0.05 cm/h



for 0.5 pL, 0.10 and 0.07 cm/h for 1 pL, 0.11 cm/h and 0.10 cm/h
for 2 pL, respectively. (Since the radius in the horizontal
direction is 0.6 cm, the phase transition of the samples with
water drops of 1 and 2 pL were completed in 5 h. Therefore, the
transport rates increase with the increasing amount of water
over the mentioned range. As revealed in Figure S9, water
addition of more than 100 pL, results in the damage of gel
structure. Further, water diffuses in random rather than
directional manner. The phase transition completes within 2 h.

To investigate ionic effect on water transport, solutions
containing typical cations or anions were added to the gel. As
shown in Figure 4a, different transport rates were obtained for
Ca(NOs3), and CaCl,. The phase transition was complete after 7
h for the Ca(NOgz), solution, while for the CaCl, solution, only
57% of the organogel had turned into crystals over the same
period of time. Similarly, the time for complete phase transition
for KNO3 and KCl aqueous solutions was 4 and 5.5 h,
respectively, whereas the time was extended to 6 h for a KBr
solution. The distinct transport rates for these electrolytes are
probably associated to the hydrophobic effect, of the ions in
accordance with the Hofmeister theory.'¥ When the anion was
CI and the cations were either K*, Na* or Ca?* respectively, the
plots in Figure S10 show that cations also influenced the speed
of the water transport. For K* and Na* was approximately the
same speed recorded, while a slower rate was registered for
Ca®. Figure 4b summarizes for KCI, KNOs, KBr, NacCl,
Ca(NOg3), and CaCl, solutions the time to induce gel phase
transformation, respectively.
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Figure 4. (a) Optical images of the phase transition process of FF-toluene
organogels after addition of different salt solutions. (b) Corresponding total
times required to complete the phase transition. (c) Phase transition induced
solvent transportation into the FF-toluene organogel for solid-liquid separation
of CdTe QDs and AuNPs. (d) Hydrated radii of anions, cations and
nanoparticles.

The ion permittivity experiments imply the presence of
channels in the supramolecular assemblies. To estimate the
channel pore, aqueous solutions containing Au nanoparticles
(AuNPs) and CdTe quantum dots (CdTe QDs) were dropped
softly on the top of the organogel. The dispersed nanoparticles
did not penetrate the gel and remained on the top of the
organogel (Figure 4c). After the water reached the bottom of the
gel, the formed fibers were collected and measured by energy
dispersive X-ray spectroscopy (EDX) to quantify the key
elements. In the case of AuNPs, only the element Cl was
detected in the gel, shown in Figure S11. Thus, AuNPs were
separated from the solution. Following the same procedure,
CdTe QDs were also excluded from the organogels. On the
contrary, ions such as Ca?*, K*, Na*, Cl, NOz and Br, whose
hydrated radii are less than 10 A (Figure 4d),2% can be
detected by EDX (Figure S12). Hence these ions can go along
with water transport from the top to the bottom. These
penetration experiments indicate that the channels created via
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FF assembly is so narrow that only ions and small molecules
can pass through. Based on the estimation of the mesh size
E~(KT/G")Y? (24 nm at 0.005 g/mL), this cannot be related to the
channel size. Instead, the FF assembly after phase transition
exhibits a size exclusion effect, indicating that the gel can be
used for separation of fine particles from dissolved ions.

As a perspective, similar phenomena can be found with other
FF-based organogels. Figure S13a shows that in FF-
CHClsl/isoproponal(3%), FF-xylene and FF-CCli/DMF(2%)
systems, after water was added into the gel, the phase transition
from gel to crystal could be observed from top to bottom. This
indicates that mediated by the assembled fibers, water can be
transported through the hydrophobic organic solvent. The type
of organic solvent affects the speed of the phase transition. The
time needed with the different organogels is given in Figure
S13b.The effect might result from differences in molecular
interactions between FF and organic solvents in the organogels.

In summary, we demonstrate active water transport through
oil mediated by a phase transition of ultrafast assembled
dipeptide supramolecular organogels. Water readily triggers a
gel-to-crystal phase transition of the dipeptide-based system,
leading to formation of hexagonal nanocrystals with well-defined
channels. In turn, water transports through the channels and
induces further phase transition. Quantitatively, without any
external pressure, the velocity of water transport in oil is around
0.10 cm/h. Moreover, the behavior of water transport in bulk
exhibits an anisotropic feature. lonic effect plays a key role in the
transport velocity in the organogel, in good accordance with the
Hofmeister series. As a comparison, nanoparticles cannot
penetrate the system after phase transition of supramolecular
organogel due to a size exclusion effect. It means the gel can be
utilized for automatic separation of nanoparticles from dissolved
electrolytes  such as ions. The short peptide-based
supramolecular assembly system has a potential for selective
and effective purification or concentration of trace nanoparticles
or proteins.
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