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ABSTRACT: Since the discovery of dipeptide self-assembly, diphenylalanine (Phe-
Phe)-based dipeptides have been widely investigated in a variety of fields. Although
various supramolecular Phe-Phe-based structures including tubes, vesicles, fibrils,
sheets, necklaces, flakes, ribbons, and wires have been demonstrated by manipulating
the external physical or chemical conditions applied, studies of the morphological
diversity of dipeptides other than Phe-Phe are still required to understand both how
these small molecules respond to external conditions such as the type of solvent and
how the peptide sequence affects self-assembly and the corresponding molecular
structures. In this work, we investigated the self-assembly of valine-alanine (Val-Ala)
and alanine-valine (Ala-Val) dipeptides by varying the solvent medium. It was
observed that Val-Ala dipeptide molecules may generate unique self-assembly-based
morphologies in response to the solvent medium used. Interestingly, when Ala-Val
dipeptides were utilized as a peptide source instead of Val-Ala, we observed distinct
differences in the final dipeptide structures. We believe that such manipulation may not only provide us with a better
understanding of the fundamentals of the dipeptide self-assembly process but also may enable us to generate novel peptide-based
materials for various applications.

1. INTRODUCTION 2012, Gazit and co-workers reported that phenylalanine
molecules also self-assemble into amyloid-like fibrillar struc-
tures at high concentration.'> Although various supramolecular
Phe-Phe-based structures including tubes,'! vesicles,"® fibrils,"*
plates,15 flakes,* necklaces,'® ribbons,"” and wires'® have been
demonstrated by manipulating the external conditions'* or
by adding small molecules such as Congo red, the
morphological diversity of dipeptides other than Phe-Phe has
largely been unexplored.

Experimental and modeling studies toward the under-
standing of peptide self-assembly are in their infancy, and

Molecular self-assembly is a natural process in which molecules
spontaneously and reversibly form ordered aggregates through
a number of attractive and repulsive forces.'~* In nature, many
important biological structures including the DNA double helix,
proteins, and cell membranes are formed through a self-
assembly process by balancing covalent and noncovalent
interactions. These processes not only play a crucial role in
nature but also provide a powerful and simple strategy for
developing bionanomaterials with unique properties.”~® Over
the past few decades, a number of biological molecules

including peptides, proteins, DNAs, and lipids have been accurate force field parameters required to model the peptide—
successfully utilized to create such functional materials due to peptide and peptide—solvent interactions are still under
their capacity for specific molecular recognition and simple development. The diverse range of peptides and solvents that
modification, their biocompatibility, and their availability.g_10 need to be characterized further confounds the solution to this
Since the pioneering work by Reches and Gazit,"" the dipeptide
diphenylalanine (Phe-Phe), among all biological building Received: May 20, 2014
blocks, has been considered one of the simplest biological Revised:  June 9, 2015
molecules that can self-assemble into ordered structures. In Published: June 18, 201S
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problem.”** Thus, the fabrication of new peptide structures

with the desired properties is mainly explored by trial and error
studies. Recently, Frederix et al. reported a computational
analysis for all possible tripeptide sequence (20° = 8000) to
identify peptide building blocks that could form well-ordered
nanostructures in a water medium.”> According to their
complete aggregation-propensity (AP) analysis, they found
that tripeptides having a higher AP score contain a pair of
adjacent aromatic amino acids and at least one phenylalanine
residue. In their computational analysis, however, they have
used a limited selection criterion, mainly based on hydro-
philicity, and they conducted studies only in a water medium
for tripeptides. Recently, it has been demonstrated that the self-
assembly of peptides may be manipulated by changing the
solvent medium or introducing or§anic/inorganic molecules
during their assembly process.'"®™*° In addition, peptides
lacking aromatic moieties may also assemble into ordered
structures.”* Although computational efforts combined with
simple experimental validations represent an important mile-
stone in the development of peptide sequences with predicted
self-assembly behavior, comprehending the full potential of the
self-assembly of peptides regarding the molecular structure,
sequence, and solvent medium is still a major challenge.

In the literature, the first example of a dipeptide-based
nanostructure was reported by Gorbitz and Gunderson using a
valine-alanine (Val-Ala) dipeptide.”* Val-Ala dipeptides can self-
assemble into ordered nanostructures through spiral head-to-
tail hydrogen bonding. Although the crystalline framework of
Val-Ala structures is held together by hydrogen bonding, the
inner walls of nanochannels generated by the hydrocarbon
fragments of Val-Ala are mainly hydrophobic. Inspired by these
unique features of Val-Ala, Comotti et al. proposed that Val-
Ala-based porous nanostructures can be effectively utilized for
the absorption of environmentally and energetically relevant
gases such as carbon dioxide, methane, and hydrogen.>® Apart
from the application of Val-Ala-based structures for the
absorption, separation, and storage of the gas molecules,
there have been only a few studies related to understanding the
self-assembly mechanism of these structures and the possibility
of controlling their final morphologies by adjusting the external
conditions, which is necessary in evaluating the potential
applications of Val-Ala as an organic framework material.

In this work, the self-assembly of Val-Ala dipeptides was
evaluated in various solvent media. We also performed the
same experiments by using alanine-valine (Ala-Val) dipeptides,
which are the reverse analogous of the Val-Ala dipeptide. We
found that Val-Ala dipeptide molecules generate various self-
assembled micro-/nanostructures such as square plates, wires,
rectangular plates, networks, and rods depending on the solvent
or solvent mixture used, whereas Ala-Val dipeptides did not
self-assemble into any distinct ordered structure under the same
conditions. Such manipulations not only provide us with a
better understanding of the fundamentals of the molecular self-
assembly of these dipeptides but also make them attractive
building blocks for the design of novel peptide-based materials
of various shapes.

2. EXPERIMENTAL SECTION

2.1. Self-Assembly of Dipeptides. Unless otherwise stated,
lyophilized Val-Ala and Ala-Val dipeptides (Bachem AG, Switzerland)
were dissolved in pyridine, 2-propanol, ethanol, acetone, methanol,
toluene, hexane, acetonitrile, or chloroform at a concentration of 2.0
mg/mL at 50 °C for 5 min and cooled to room temperature. To avoid
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any preaggregation, fresh solutions were prepared for each experiment.
Each peptide solution (S0 L) was then placed on cleaned silicon
wafers or glass slides and dried until the solvent evaporated.

To explore the solubility of Val-Ala and Ala-Val, solvents that were
used in our work were first weighed into a beaker with the use of an
analytical balance. Excess dipeptide (Val-Ala or Ala-Val) was then
added to the beaker and placed in a shaker at room temperature. After
2 h, the beaker was removed and filtered through Whatman grade 1
filter paper and dried in an oven at 45 °C. The amount of solute in the
filtrate was determined by the complete evaporation of solvent.

2.2. Characterization. All peptide morphologies were charac-
terized by a JEOL JSM-6060 scanning electron microscope (SEM) at
an acceleration voltage of 10 kV after the samples were coated with a
thin layer of gold. A Fourier transform infrared (FTIR) spectrometer
(Thermo Nicolet IR) operated in attenuated total reflection mode was
used to collect IR spectra of the dipeptide samples. The spectra were
recorded with a 4 cm™ resolution. X-ray diffraction (XRD)
measurements were obtained using Rigaku Ultima-IV X-ray
diffractometer. The diffracted intensity of Cu Ka radiation (40 kV
and 30 mA) was measured at a scan rate of 2°/min over 26 values
ranging from 2.5 to 75°. For Raman experiments, a Delta Nu Examiner
Raman microscopy system equipped with a 785 nm laser source, a
motorized microscope stage sample holder, and a cooled charge-
coupled device (CCD) detector was used over the wavenumber range
of 200—2000 cm ™. The instrument parameters were as follows: 20X
objective, 3 um spot size, 30 s acquisition time, and 150 mW laser
power; baseline correction was performed for all measurements.

2.3. Molecular Modeling Studies. The molecular structures of
Val-Ala and Ala-Val dipeptides were modeled using HyperChem’s
molecular modeling software (széperchem 7.5, USA). First, we built
the linear forms of the peptides.” Then, the energy minimization of
these peptides was carried out under implicit water solvation
conditions using the conformational search module that finds the
minimum-energy structures. To perform energy minimization, the
module changes predefined dihedral angles randomly to create new
initial structures. In each round of energy minimization, unique low-
energy conformations are stored, and high-energy and duplicate
structures are discarded. Using the conformational search module, we
found 2500 different local minima on the potential energy surface
using the CHARMM 27 force field,*” and we chose the local minimum
having the lowest energy as the global minimum or the lowest-energy
conformation.”®*® The final lowest-energy conformations were
visualized using VMD (Visual Molecular Dynamics) software.”

Density functional theory (DFT)**™** calculations were also
performed by employing the (U)BLYP* functional in combination
with the 6-31G(d,p)* basis set. No restrictions on symmetry were
imposed. Vibrational frequency calculations using analytical second
derivatives of energy were performed to ensure that the optimized
structures correspond to true minima. Solvent molecules were loosely
coordinated to various sites of the Val-Ala dipeptide and fully
optimized. The interaction energies are those of the lowest-energy Val-
Ala/solvent complexes obtained from various runs. All computations
were performed with the Gaussian 09 suite of programs.®”

3. RESULTS AND DISCUSSION

First, we examined the solubilities of the dipeptide molecules in
various solvents such as pyridine, 2-propanol, ethanol, acetone,
methanol, toluene, hexane, acetonitrile, and chloroform media.
The properties of the solvents, including their surface tension,
dielectric constant, hydrogen bond donor (HBD),*® and
hydrogen bond acceptor (HBA)*® abilities are presented in
Table S1. To determine the solubilities of Val-Ala and Ala-Val
in these solvents, we followed a simple approach based on
gravimetric analysis. For Val-Ala, it was found that among the
alcohols, methanol displays the highest solubility and dissolves
more than 2.6 g/L of Val-Ala, whereas ethanol and 2-propanol
dissolve 0.46 and 0.25 g/L of Val-Ala, respectively (Table S1).
Moreover, hexane is a relatively poor solvent for Val-Ala, but
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Figure 1. SEM images of Val-Ala structures in various solvent media: in (a) pyridine, (b) 2-propanol, (c) ethanol, (d) methanol, (e) acetone, (f)

toluene, (g) hexane, (h) acetonitrile, and (i) chloroform.

toluene dissolves more than acetonitrile, acetone, and chloro-
form. Interestingly, pyridine exhibits a good ability to dissolve
Val-Ala (~1.5 g/L). As for Ala-Val, similar solubility results
were found for most of the solvents except for pyridine and 2-
propanol (Table S1). Contrary to Val-Ala, 2-propanol dissolves
Ala-Val more than 3-fold (~0.74 g/L), and pyridine dissolves
Ala-Val less than about 4-fold as much as Val-Ala (~0.4 g/L).
However, we should note that these solubility data are based on
gravimetric analysis. Therefore, more precise experimental
approaches are still necessary to extend the results of the
solubility of Val-Ala and Ala-Val in different solvents.

The morphological and structural diversity of self-assembled
dipeptide samples generated using different solvent media were
then examined by SEM, XRD, and FTIR. SEM images reveal
that Val-Ala formed highly dense, well-structured, and square-
plate-like objects in pyridine (Figure la and Figure Sla).
However, we could not observe any similar or ordered Val-Ala
morphologies when structural analogues of pyridine were used
as the solvent (i.e, aniline and pyrrole) (Figure S2).
Interestingly, in the presence of 2-propanol, we observed that
Val-Ala molecules generate a distinct wirelike structure, whereas
in ethanol, the dipeptides formed irregular rodlike aggregates
(Figure 1b). On the other hand, when acetone, methanol,
hexane, acetonitrile, chloroform, and toluene were used as
solvents, Val-Ala did not self-assemble into any ordered
structure (Figure lc—i).

The molecular basis of the observed morphological differ-
ence is first investigated by studying the interaction of solvent
molecules with the Val-Ala dipeptides employing density
functional theory (DFT).>°~** Val-Ala with the intramolecular
(—NH---HO-) H-bond possesses significant intermolecular H-
bond donor (amine) and acceptor (carbonyl) sites. The
interaction of different solvent molecules with these groups
revealed that alcohols and water provide a stabilization larger

7339

than 11 kcal mol™, which is approximately the interaction
energy of two Val-Ala dipeptides (Table S2). On the other
hand pyridine has a slightly lower interaction energy than Val-
Ala/Val-Ala. Lying lower than pyridine, the Val-Ala/toluene
interaction does not result in a large stabilization. Thus, we
presumed that facile H-bonding might be an important factor in
the formation of the less-ordered structures as the alcohols
would generally tend to disrupt Val-Ala/Val-Ala interactions. In
addition to these, Val-Ala/pyridine and Val-Ala/Val-Ala
interactions are almost isoenergetic, and the slightly larger
Val-Ala/Val-Ala interactions might be generating Val-Ala-based
morphologies in the pyridine medium. Note the shape
transition with the composition of the pyridine/2-propanol
mixture (Figure S).

We previously showed that the solvent medium, in which the
self-assembly process of dipeptides occurs, plays a pivotal role
in determining the final morphological diversitgr of the
dipeptides."> On the basis of our previous results'> and the
quantum chemical calculations, suggesting the critical role of H-
bonding, we hypothesized that the main driving force for the
self-assembly of Val-Ala may be inter/intramolecular H-
bonding interactions. Consistent with our hypothesis, Gorbitz
reported that if a dipeptide molecule has comparatively small
hydrophobic moieties in its structure, then three-dimensional
intermolecular H-bonding interactions usually lead to a final
structural motif.* According to Gorbitz’s findings, Val-Ala
molecules are arranged hexagonally through head-to-tail
hydrogen bonding in which solvent molecules with a
particularly strong ability to act as hydrogen-bonding donors
tightly hold the peptide main chain together. The hydrogen
bonds between the dipeptide and solvent can be formed mainly
by the donation of hydrogen atoms of amino groups in each
dipeptide to solvent molecules.”* Pyridine is a hydrogen-bond
acceptor solvent, and its HBA and HBD abilities are 0.64 and
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Figure 2. SEM images of Ala-Val structures in various solvent media: in (a) pyridine, (b) 2-propanol, (c) ethanol, (d) methanol, (e) acetone, (f)

toluene, (g) hexane, (h) acetonitrile, and (i) chloroform.

0.00, respectively (Table S1). By contrast, the HBA and HBD
values of 2-propanol are 0.95 and 0.76. In the case of 2-
propanol, solvent molecules may interact with hydrogen atoms
in amino groups of each peptide to form intermolecular
hydrogen bonds. However, due to its high HBD ability and low
surface tension, 2-propanol may also solvate the dipeptide
molecules, preventing them from forming a more ordered
structural morphology. In addition, we previously showed that
solvents with a dielectric constant of more than 4 tend to
solvate the hydrophilic headgroups of dipeptide molecules."* In
contrast, solvents with a dielectric constant of less than 4 lead
to peptide molecules to form micelles, a network, or filmlike
structures, thereby reducing the concentration of hydrophilic
groups in the medium. The dielectric constant of 2-propanol is
18.3 at 25 °C; therefore, 2-propanol solvates the amino and
carboxylate groups of Val-Ala. To minimize interfacial energy,
Val-Ala molecules may be reordered and form wirelike
morphologies in the 2-propanol solvent medium. Compared
to 2-propanol, pyridine has different solvent properties which
affect the self-assembly process of Val-Ala in different ways. The
HBA ability of pyridine is 0.64; therefore, pyridine tends to
form intermolecular H-bonds with dipeptide molecules.
However, due to their lack of HBD ability and low dielectric
constant (13.11 at 25 °C), pyridine molecules may not solvate
Val-Ala molecules; therefore, Val-Ala dipeptide molecules or
their extended sheet formations may interact with each other to
form square-plate-like ordered morphologies. It should be
noted that it is still not clear which solvent properties such as
HBA ability, HBD ability, surface tension, and dielectric
constant provide the main driving force in creating different
dipeptide morphologies. We believe that each property, to
some extent, contributes to the formation of the final
morphology of the dipeptide structures.
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The self-assembly of Val-Ala in pyridine and 2-propanol was
also investigated using different dipeptide concentrations (0.5—
4.0 mg/mL) (Figure S3). In the case of pyridine, irregular
rodlike aggregates as well as platelike structures were observed
at a concentration of 0.5 mg/mL. When the concentration was
increased to 1.0 mg/mL, rectangular platelike Val-Ala structures
were mainly identified. Unique square-plate-like structures were
formed at a concentration of 2.0 mg/mL, whereas irregular
plates were observed at a higher concentration (4.0 mg/mL) of
dipeptide solution. On the other hand, unlike those in pyridine,
Val-Ala dipeptides mainly formed irregular rodlike structures in
2-propanol at Val-Ala concentrations of 0.5, 1.0, and 4.0 mg/
mL (Figure S3). However, at 2.0 mg/mL Val-Ala in 2-propanol,
wirelike Val-Ala structures were observed.

We also explored the effect of solvent types on the self-
assembly of Ala-Val dipeptides which are reverse analogous of
Val-Ala. Interestingly, when Ala-Val dipeptides were used as the
peptide source instead of Val-Ala, we observed distinct
differences in the final dipeptide structures (Figure 2 and
Figure S4). In the solvent media used, the Ala-Val dipeptides
mainly generated irregular rodlike or film structures. In
particular, rodlike Ala-Val structures were obtained in both
pyridine and 2-propanol, whereas square-plate-like and wirelike
Val-Ala structures were formed under the same conditions. The
differences observed between the Val-Ala and Ala-Val
dipeptides may be attributed to the positional disorder of
methyl group side chains in 1-Val residues within the Ala-Val
structures.*" It has been reported that there is a shift from the
favorable gauche—/trans side-chain conformation of L-Val in
Ala-Val to the gauche+/gauche— conformation.** In addition,
Ala-Val and Val-Ala dipeptides are structurally different in
terms of their torsion angles. The experimental torsion angles
for Val-Ala and Ala-Val are given in Table S3. Although the
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Figure 4. (a) SEM image, (b) XRD pattern, (c) FT-IR spectrum, and (d) Raman spectrum of square-plate-like Val-Ala morphology. The inset in (b)

indicates the chemical structure of Val-Ala.

torsion angle of the peptide bond (w,) for both dipeptides has
almost the same value (176.0° for Val-Ala and 175.98° for Ala-
Val), other torsion angles (¥, ¢, and y) show significant
differences. The ¥}, @,, W1, ¥, and y}? values for Val-Ala are
162.9, —150.6, —28.2, 53.6, and —71.5°, in which these values
for Ala-Val are 151.01, —130.56, —45.24, —65.79 (&), and
171.72° (y¥?), respectively.”*** Because of these structural
differences, the interactions between the Ala-Val dipeptides and
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solvent molecules could be different from those observed for
the Val-Ala dipeptides and therefore lead to the formation of
different dipeptide structures.

The experiments clearly indicate that the self-assembly of
dipeptides is a very complex process and is a function of both
the peptide itself and the solvent type. Here, we also observed
that the self-assembly depends on not only the amino acid
content of the dipeptides but also the sequential arrangement
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Figure 5. SEM images of Val-Ala generated at different pyridine/2-propanol ratios: (a) 0, (b) 30, (c) 50, (d) 70, and (e) 100% 2-propanol.

of the amino acid residues in a peptide.”> To shed some light
on the self-assembly of these two dipeptides, we predicted the
molecular structures of both Val-Ala and Ala-Val dipeptides
with molecular dynamics studies employing the CHARMM 27
force field. Both peptides have a single H-bond between their N
and C termini. This information is very limited to under-
standing the peptide—peptide interactions. Therefore, we
calculated the 2- and 4-mer structures for both peptides.
Figure 3 shows these H-bond distributions and the symmetries
for these two types of dipeptides. Interestingly, when we
compare the lowest-energy conformations of Val-Ala and Ala-
Val dipeptides, we observed that the Val-Ala peptides have a
higher tendency to have ordered structures. As we discussed
previously, the interpeptide interactions are mainly governed by
the hydrogen bonding, and the molecular conformations show
that both peptides have four H-bonds in their 2-mer states.
However, when we look for the nature of the H bonds, we
observed that the Val-Ala dipeptides have two intra- and two
interpeptide hydrogen bonds; on the other hand Ala-Val
dipeptides have one intra- and three interpeptide hydrogen
bonds. In the 4-mer case, we do have a similar tendency, and
the Val-Ala dipeptides have a symmetrical distribution of the
intra- and interpeptide hydrogen bonds, two and eight
respectively, and the Ala-Val dipeptides have two intra- and
nine interpeptide bonds. This symmetrical H-bond distribution
may be the key for the observed long-range-ordered structures
for Val-Ala peptides, which is not the case for Ala-Val peptides.

Among all of the dipeptide morphologies, the square-plate-
like Val-Ala structures are unique and very interesting (Figure
4a). Therefore, to examine the molecular packing in this self-
assembled system, X-ray diffraction analysis was performed.
Figure 4b shows the XRD pattern of the square-plate-like Val-
Ala structures. At wide angles (20 = 5—75°), the XRD pattern
reveals numerous sharp diffraction peaks, indicating extremely
ordered molecular packing in this unique system. Three main
sharp diffraction peaks appeared at 20 = 10.6, 20.8, and 31.1°,
which correspond to the (011), (022), and (061) planes,
respectively. Lattice parameters of a = 20.71 A and ¢ = 10.03 A
were calculated for these structures. The crystal size of the unit
cell and the cell volume were calculated to be 761 nm and
3725.3 A®, respectively. The space group of the unit cell was
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also found to be P6,. Furthermore, the secondary structure of
the square-plate-like Val-Ala assembly was investigated by FT-
IR and Raman spectroscopy. Figure 4c shows the FT-IR spectra
of the relevant Val-Ala structure. The amide I vibration,
absorbing near 1650 cm™', arises mainly from the stretching
vibration of C=0 bonds with minor contributions from the
out-of-phase stretching vibration of C—N bonds, deformation
of C—C—N bonds, and in-plane bending of N—H bonds.* The
bands at ~1590 and 1520 cm™' indicate the bending vibration
peaks of amide II. The band at approximately 1440 cm™
indicates the vibration of polar groups in the Val-Ala structure.
The square-plate-like peptide structures were also investigated
by Raman spectroscopy (Figure 4d). The intense band at
~1220 cm ™ is assigned to the amide III band, indicating the j-
sheet conformation of Val-Ala. The band at ~1650 cm™" is
another signature of the f-sheet-like conformation and can be
distinguished easily from a similar amide I band produced by
the a-helix-like conformation, which typically occurs at a
wavenumber that is ~10 cm™ lower. Bands between 1300 and
1500 cm™" are also assigned to the bending of CH and CH,
units and symmetric and asymmetric deformations of CHj; in
Val-Ala.*** On the basis of these data, it can be concluded that
Val-Ala forms a f-sheet-like structure in the presence of
pyridine due to strong intermolecular hydrogen-bonding
interactions.

We also evaluated the Val-Ala assembly in various solvent
mixtures with different volume ratios of pyridine/2-propanol,
ethanol/acetone, ethanol/toluene, HFIP/pyridine, HFIP/2-
propanol, HFIP/ethanol, and HFIP/acetone (Figures S5—
S7). Although the presence of HFIP in the assembly medium
led to a dramatic change in the resultant peptide morphologies,
the Val-Ala assembly did not change to a great extent in the
other solvent mixtures, except in the pyridine/2-propanol
medium. Interestingly, when we mixed pyridine and 2-propanol
in different proportions (0.7:0.3, 0.5:0.5, and 0.3:0.7 v/v), the
dipeptides displayed a transition from a square-plate morphol-
ogy to a wire morphology (Figure S). As mentioned above, the
Val-Ala dipeptide formed square-plate-like structures in
pyridine and wire assemblies in 2-propanol. Mixing 30% 2-
propanol with pyridine gave rise to a rectangular-plate-like Val-
Ala morphology. In the system containing 50% 2-propanol, an
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extended rectangular-plate morphology was observed. When
the content of 2-propanol was increased to 70%, Val-Ala
generated dense and well-structured rodlike objects. According
to our results, the intermolecular hydrogen bonding of peptide
main chains drives the formation of Val-Ala assemblies with a
square-plate-like morphology in pyridine. Compared to
pyridine, 2-propanol has a higher polarity and is considered
to be a hydrogen bond donor. The addition of 2-propanol to
pyridine increases the polarity of the solvents and enhances the
solvent—peptide interactions.**’

Moreover, we investigated the changes in the crystal
structure of Val-Ala with 2-propanol concentration. We
observed a distinct change in the crystal structure of Val-Ala
when the 2-propanol concentration in the self-assembly
medium was increased (Figure 6). In 100% pyridine, three
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Figure 6. Powder XRD patterns of Val-Ala generated at different
pyridine/2-propanol ratios.

main sharp diffraction peaks appeared at 26 = 10.6, 20.8, and
31.1° which correspond to the (011), (022), and (061) planes,
respectively. The intensities of these diffraction peaks gradually
decreased and finally disappeared in the presence of 100% 2-
propanol. Furthermore, new diffraction peaks appeared at 260 =
12.5, 14.5, 19.1, 21.5, and 24.9° upon the addition of 2-
propanol to the self-assembly medium, which also correspond
to the (110), (020), (012), (031), and (130) planes,
respectively. Consistent with the SEM images that we captured,
the crystal structure of Val-Ala also changed depending on the
concentration of 2-propanol in the self-assembly medium. The
changes in crystal morphologies may be based on a change in
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the relative surface energies of the growth facets. It is well
known that the evolution of crystal morphology is mainly
governed by continuously decreasing the total surface energy to
reach a minimum point under a given condition.*** In this
context, the final crystal shape can be identified on the basis of
the surface energies of facets in the crystal structure by the
Wulff construction. According to the Gibbs—Wulff theorem,
the solvents, which preferentially adsorb onto a certain facet,
would alter the order of surface energies during crystal
growth.*” Therefore, the selective adsorption results in
decreasing the surface energy of the corresponding bound
facet and hindering the crystal growth along their normal
directions.”” Because of the different solvent properties of
pyridine and 2-propanol, solvent—dipeptide interactions along
different orientations of the dipeptide crystal would change the
surface stability of facets in terms of surface energy and hence
the growth rates to the crystal surfaces.®® However, the
mechanism of this interesting process requires further
investigation.

4. CONCLUSIONS

We demonstrated that Val-Ala dipeptides generate a wide range
of structural morphologies in various solvent media. Highly
ordered and crystalline unique square-plate-like Val-Ala
structures can be formed in pure pyridine. We also observed
clear structural differences in the same solvent media, when Ala-
Val dipeptide molecules were used instead of Val-Ala. Quantum
mechanical calculations hinted at the decisive role of Val-Ala/
Val-Ala and Val-Ala/solvent H-bonding interactions in the
morphological alterations. Molecular modeling studies also
revealed that each one of the 2- and 4-mers of Val-Ala peptides
have equally distributed intra- and intermolecular H-bonds;
however, this is not the case for Ala-Val peptides. This
structural difference may be the reason for the formation of
long-range-ordered structures for Val-Ala dipeptides contrary to
Ala-Val dipeptides. Our results suggest that the final
morphology of the dipeptides is dictated, in part, by the
properties of the solvent medium. However, it is still not clear
which solvent properties, such as the HBA ability, HBD ability,
surface tension, or dielectric constant, provide the main driving
force in creating different dipeptide morphologies. We believe
that the presented results may open the door to new
opportunities for understanding and manipulating the organ-
ized patterns formed by dipeptide molecules. In addition, Val-
Ala-based dipeptide structures with varying morphologies
might offer new possibilities in creating biobased organic
frameworks and in their applications, including CO, capture
and H, gas storage.
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