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Nanotube Formation: Thermodynamics and Interactions in
Gas-Phase and Solution
Benjoe Rey B. Visayas and Maricris L. Mayes*[a]
Increasing attention has been drawn towards self-assembling
dipeptide nanotube materials (NT) for their tunable properties. Despite recent advances, a fundamental understanding of
the conditions that drive the self-assembly process is still
lacking. Here, we report the structures, thermodynamics, and
underlying interactions of the nanotube forming potential of
cyclic and linear aromatic dipeptides phenylalanine-tyrosine, tryptophan-tyrosine, and dityrosine via the piecewise selfassembly mechanism. The cyclic dipeptides have better favorability of oligomerization in the gas phase than the linear
dipeptides, largely due to the enthalpic gain of forming more
hydrogen bonds, suggesting that the piecewise mechanism is

1. Introduction
Interest in aromatic dipeptides has progressively increased over
the last decade catalyzed by the work on diphenylalanine (FF),
a core recognition motif of Alzheimer’s β-amyloid (Aβ)
polypeptide, which demonstrated self-assembly into discrete
and extraordinarily stiff nanotubes (NTs).[1–3] The early works of
Reches and Gazit reported hollow self-assembled FFNTs
exhibiting exceptional stability and resistance from mechanical
and chemical strains (e. g., heat, solvents, and enzymes),[4,5]
leading to the development of FFNT with remarkable properties such as semi-conductor properties, photoluminescence,
imaging, nanofluidics, and quantum dots, to cite a few.[6–10]
FFNTs have also been explored for use in the biomedical field
as biomimetic scaffolds, sensors, and drug delivery agents due
to their relatively nontoxic properties.[11–13] Building on these
advancements, current studies are looking at other possible
protein-like NTs that can be formed from modified FF,[14] l/d
amino acids,[15–17] and dipeptides from the combination of other
aromatic amino acids tryptophan (W) and tyrosine (Y).[18–22]
The crystal structure of FFNTs has been well elucidated,[23–27]
involving stacks of hexameric rings of FF in a head-to-tail
conformation for intramolecular hydrogen bonding.[24,25,28] A
single FFNT has an inner diameter of about 10 Å, while the
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plausible for vapor deposition methods. Oligomerization in
solution, which would require desolvation of free monomers,
was shown to be thermodynamically unfavorable, especially in
polar solvents, demonstrating the need for an external stimulus
for the crystallization of NTs. The generated oligomeric rings
show structural robustness and symmetry, allowing excellent
stacking potential in both lateral and axial directions. The
nature of the sidechains significantly affects the stabilizations
within the oligomeric structure. The insights generated can be
used as a basis for dipeptide modifications that could enhance
targeted NT properties for different applications.

bundles result in tubes with outer diameters ranging from 100–
150 nm.[4,23,24] These FFNT crystals are traditionally prepared
from a metastable gel-like phase by supplying an external
stimulus to promote crystallization: temperature, liquid solvents, and, more recently, by gas-induced phase transition.[29–32]
Solvent-less techniques such as plasma-enhanced chemical
vapor deposition (PECVD) methods have also been used for
synthesizing peptide NTs.[33,34]
Although the structure of FFNTs has been elucidated, the
fundamental question of what drives the dipeptide nanostructure formation remains. To date, an accurate description of
the energetics, even for the early stages, involved in the selfassembly process of dipeptide NTs is still lacking. Three
prominent mechanisms are still in consideration for how
dipeptide NT self-assembles: (1) rolling of two-dimensional
dipeptide β-sheets into NTs,[35,36] (2) fusing of smaller spherical
dipeptide vesicles into NTs,[37–39] and (3) piecewise formation of
ring-like structures which then stack into NTs.[27,40] Moreover,
conflicting observations are obtained even for the early stages
of self-assembly. Based on molecular dynamics (MD) simulations, Tamamis et al.[41] suggested that hexameric rings are
formed first, while Jeon et al.[28] suggested that the hydrophobic NT walls are formed first.
Previously, we studied the noncovalent interactions of
tryptophan- and tyrosine-based dipeptide monomers and
dimers.[18,19] In this paper, we present the results of extending
the bottom-up approach beyond the dimeric size to investigate
the stabilities and the underlying interaction energies of the
dipeptide systems phenylalanine-tyrosine (FY), tryptophantyrosine (WY), and dityrosine (YY), in both their cyclic and linear
forms. We provide insights into the thermodynamics of their
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formation into oligomeric ring structures of quadmeric, pentameric, hexameric, and heptameric sizes, both in the gas
phase and in solution, by quantifying their formation energies.
Furthermore, we present the variation of formation energies
and interaction energies (between individual monomers within
the oligomeric ring structures) with respect to sidechain
conformations. In addition, we provide insights into the need
for external stimuli in NT formation in solution. Understanding
the structures and thermodynamics of these oligomeric rings
will provide insights into their potential stackability and

whether a piecewise mechanism is plausible for these dipeptide systems.

Figure 1. Structures of the (A) linear and (B) cyclic forms of ll dipeptides. The
dashed lines represent the intermolecular interactions utilized in building the
ring models. Molecular structures of the lowest-energy conformations of the
FY, WY, and YY dipeptides in their cyclic (C) and linear (D) forms are also
shown.

2.1. Dipeptide oligomeric ring structures

Figure 2. The three sidechain conformations considered in this study. Shown
as an example is for cyclic FY (cFY) hexamer. Below each conformation are
dimers extracted from the hexameric structure to show the sidechain
orientations. Ring planes are shaded for clarity (yellow for F, red for Y, and
green for the diketopiperazine ring). The distance between the centers of
neighboring sidechains is also provided in Angstrom units. The carousel
conformation is where the plane of the aromatic sidechains is perpendicular
to the diketopiperazine ring. The over conformation is where the sidechains
are directly above each other, which resembles the lowest-energy conformation of the monomer. Lastly, the star conformation is where the aromatic
sidechains are parallel to the diketopiperazine ring.

ChemistrySelect 2021, 6, 10839 – 10847

2. Results and discussion
The possible quad-, penta-, hexa-, and heptameric ring
structures formed from cyclic and linear FY, WY, and YY in the
ll configuration were built by utilizing available H-bonding
sites of either the peptide backbone (linear) or the diketopiperazine ring (cyclic). Figure 1 shows a schematic of these
interaction sites for both the linear (Figure 1A) and cyclic
(Figure 1B) forms of these dipeptides and the molecular
structures of the lowest-energy conformations of the dipeptide
monomers (Figures 1C and 1D). The H-bonded system served
as the primary linkage between the monomers. We considered
three sidechain orientations: carousel, over, and star. Figure 2
shows the geometries for the hexameric cyclic FY in these
orientations. The “carousel” orientation is where the plane of
the monomer sidechains is perpendicular to the diketopiperazine ring, which naturally imposes p- p interactions between
the proximal sidechains of neighboring monomers. The “over”
configuration utilizes the lowest-energy conformations of the
dipeptide monomers where the sidechains are either angled
up to nearly perpendicular (for cyclic dipeptides, Figure 1C) or
almost parallel (for linear dipeptides, Figure 1D) with respect to
each other. The “star” configuration is where the plane of the
monomer sidechains is parallel to the diketopiperazine ring.

Stable oligomeric ring structures were obtained using the cyclic
dipeptide monomers (cFY, cWY, cYY) and their linear counterparts (FY, WY, YY) in the carousel, over, and star conformations.
Stability due to sidechain interactions and stability due to
symmetry were two factors imposed in the conformations
considered. The carousel conformation allows for maximum
interactions between neighboring sidechains from hydrogenbonding and p- p interactions. The star conformation maximizes the distance between neighboring sidechains but allows
for a defined symmetry for the cyclic structure. The overconformation uses the lowest energy conformation of the free
dipeptide monomer. To illustrate these, Figure 2 shows the
dimers extracted from the cyclic FY hexamers with the carousel
conformation having the closest distance between the centers
of neighboring sidechain rings at 4.57 Å.
Figure 3 (cFY), Figure 4 (cWY), Figure 5 (cYY), Figure 6 (FY),
Figure 7 (WY), and Figure 8 (YY) show the corresponding
optimized gas-phase geometries of the oligomeric ring structures. Also shown in these figures are the gas-phase free
energy (DG, blue) and enthalpy (DH, green) in kcal/mol, relative
to the over conformation, at the upper-right side as well as the
pore diameter (black) and the number of hydrogen bonds (red;
the first value shows the total number of hydrogen bonds,
while the number in parenthesis is the number of intramolecular hydrogen bonds) at the lower-right side of each
oligomeric structure. The pore diameter is measured as either
the distance between the centers of the diketopiperazine rings
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Figure 3. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of cyclic FY in the carousel, over, and star conformations.
Free energy (DG, blue) and enthalpy (DH, green) in kcal/mol units relative to
the over conformation, for each oligomeric size, are shown at the upper right
of each structure. Also shown are the pore diameters (black) in Angstrom
units and the number of hydrogen bonds (red; first value is the total number
while the number in parenthesis is the number of intramolecular hydrogen
bonds) at the lower right of each structure.

Figure 4. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of cyclic WY in the carousel, over, and star
conformations. Free energy (DG, blue) and enthalpy (DH, green) in kcal/mol
units relative to the over conformation, for each oligomeric size, are shown
at the upper right of each structure. Also shown are the pore diameters
(black) in Angstrom units and the number of hydrogen bonds (red; first value
is the total number while the number in parenthesis is the number of
intramolecular hydrogen bonds) at the lower right of each structure.

for the cyclic dipeptides or the distance between the carbonyl
carbons of the peptide bond for the linear dipeptides of two
monomers opposite each other. A summary of the pore
diameter and number of hydrogen bonds is also shown in
ChemistrySelect 2021, 6, 10839 – 10847

Figure 5. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of cyclic YY in the carousel, over, and star conformations.
Free energy (DG, blue) and enthalpy (DH, green) in kcal/mol units relative to
the over conformation, for each oligomeric size, are shown at the upper right
of each structure. Also shown are the pore diameters (black) in Angstrom
units and the number of hydrogen bonds (red; first value is the total number
while the number in parenthesis is the number of intramolecular hydrogen
bonds) at the lower right of each structure.

Figure 6. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of linear FY in the carousel and over conformations. Free
energy (DG, blue) and enthalpy (DH, green) in kcal/mol units relative to the
over conformation, for each oligomeric size, are shown at the upper right of
each structure. Also shown are the pore diameters (black) in Angstrom units
and the number of hydrogen bonds (red; first value is the total number while
the number in parenthesis is the number of intramolecular hydrogen bonds)
at the lower right of each structure.

Table S1. A defined ring pore is observed in all the oligomeric
ring structures, consistent with the pore rings found in FF
nanotubes. The diameter of these ring structures increases
almost linearly as the oligomeric size increases (Figure 9). For
the cyclic dipeptides, about a 2 Å increase is observed for each
monomer added. The nature of the sidechains does not show a
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Figure 7. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of linear WY in the carousel and over conformations.
Free energy (DG, blue) and enthalpy (DH, green) in kcal/mol units relative to
the over conformation, for each oligomeric size, are shown at the upper right
of each structure. Also shown are the pore diameters (black) in Angstrom
units and the number of hydrogen bonds (red; first value is the total number
while the number in parenthesis is the number of intramolecular hydrogen
bonds) at the lower right of each structure.

Figure 9. Pore diameters of the oligomeric structures.

azine backbone. A similar systematic increase in the pore
diameter is observed for the linear dipeptides, except for the
WY heptamer in the over conformation, due to the puckering
of the sidechains over the ring. Also, linear dipeptides allow
better sidechain proximities, and consequently, better sidechain interactions.
Relative gas-phase free energies demonstrate that the over
conformation is the preferred conformation in most cyclic
dipeptide oligomers. The only exception is the hexameric cWY,
where the carousel conformation is preferred. For the linear
dipeptides, the carousel conformation is preferred except for
the pentameric and heptameric FY.

Figure 8. Licorice representation of the DFTB3-D3BJ optimized structures of
the oligomeric rings of linear YY in the carousel and over conformations.
Free energy (DG, blue) and enthalpy (DH, green) in kcal/mol units relative to
the over conformation, for each oligomeric size, are shown at the upper right
of each structure. Also shown are the pore diameters (black) in Angstrom
units and the number of hydrogen bonds (red; first value is the total number
while the number in parenthesis is the number of intramolecular hydrogen
bonds) at the lower right of each structure.

significant effect on the pore diameter, and oligomers of cFY,
cWY, and cYY have roughly the same diameters. However, the
configuration type has an effect on the pore diameter. The
carousel and star conformations have similar diameters and are
systematically larger than the over conformations. This can be
attributed to the steric effects of the sidechains in both the
carousel and star conformations which push the monomers
farther apart compared to the relatively more compact sidechains of the over conformation.
Moreover, the linear dipeptides have larger oligomeric ring
structures than their cyclic counterparts due to the stretchedout peptide backbone compared to the more rigid diketopiperChemistrySelect 2021, 6, 10839 – 10847

2.2. Free energies of formation and solvation
In the gas phase, all three conformations considered for cyclic
dipeptide oligomers are formed favorably, and generally
become more favorable as the oligomeric size increases (Figure 10). This is primarily due to the enthalpic gain of the
exothermic formation of the hydrogen-bonded pore ring
structure as seen from the DHgas
f (round symbols with dotted
lines in Figure 10; data in Table S2). Contributions from sidechain interactions, particularly in the carousel conformations of
cWY and cYY where both sidechains have polar characteristics,
are also evident in the DHgas
f . The entropic penalty of
oligomerization, TDSgas
f (triangular symbols with dashed lines),
can also be inferred from Figure 10 and suggests that as the
oligomeric size increases, the entropic penalty also increases
and consequently reduces the favorability of oligomerization.
This is particularly true for the carousel cWY, where there is a
significant improvement in the DHgas
of the hexameric and
f
heptameric rings. However, the entropic penalty makes the
heptameric cWY less favorable than the hexamer. This could be
a potential reason why the experimentally observed FF NTs
have pore structures that are hexameric in nature.
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Figure 10. Calculated gas-phase free energies (DGgas
f , box symbols and solid
lines), enthalpies (DHgas
f , round symbols and dotted lines), and entropies
( TDSgas
f , triangle symbols and dashed lines) of formation at 298 K. These
formation energies were calculated from the corresponding total energy of
the oligomer subtracted by the total energy of its comprising monomers.

On the other hand, the linear dipeptides are less spontaneous in their oligomerization than their cyclic counterparts.
Only the carousel conformers show spontaneity of formation in
the gas phase. The same trend is also observed here, where
stabilization due to sidechain interactions promotes favorability
for formation. As discussed before, the monomers’ linear nature
allows for better neighboring sidechain interactions, making
the smaller oligomers more accessible. In the FY oligomers, the
carousel pentamer and the heptamers are formed more
favorably than the hexamer. In the WY oligomers, the pentamer
and hexamer have roughly the same formation energy, while in
YY, the hexamer shows to be the optimal size when comparing
penta-, hexa-, and heptamers. The cyclic oligomers are more
favorably formed in the gas phase than their linear counterparts. This is consistent with how peptide nanotubes are
generally synthesized in vapor deposition methods, e. g.,
dehydrating linear dipeptides to form the cyclic forms or using
the cyclic dipeptides as starting material.[33,40,42]
Table S3 shows a list of the solvation free energies of the
oligomeric structures in water (ε = 78.34), acetone (ε = 20.5),
and dichloromethane (ε = 8.9). Since the peptide backbone
itself and the sidechains of the dipeptides considered in this
study have polar ends, it is expected that the obtained
solvation free energies are larger for polar solvents. Also, the
proticity of the solvent shows a significant effect on the
solvation, as evidenced by the huge difference between the
solvation free energies in water to that of the solvation free
energies in acetone and dichloromethane, which have roughly
similar magnitudes. This is further demonstrated by the
consistent difference between the solvation free energies of
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cFY and cYY as well as FY and YY, where each pair differs only
by a single hydroxyl group.
Solvation considerably affected the formation of the
oligomeric ring structures compared to the corresponding gasphase formation (Figure 11A). In particular, for the cyclic
dipeptide structures, a reversed trend is observed in the
aqueous formation energies (Figure 11 B), while in the less
polar aprotic solvents (Figure 11 C and D), the same general
trend is observed, but with more positive formation energies
compared to the gas-phase formation energies. On another
hand, the linear dipeptides followed the same trend as the gasphase trend but with more positive formation energy. Although
this may be surprising at first, these results can be attributed to
the fact that for these oligomeric structures to be formed in
solution, free monomers, which are also solvated, must undergo desolvation to proceed with the oligomerization.[43,44] This
explains the trend reversal in the aqueous formation energies
of the cyclic dipeptides. Since the diketopiperazine ring pore
structure utilizes all four hydrogen bonding sites (Figure 1B) for
oligomerization, this would translate to a larger energy requirement in desolvating these sites of the monomer. This is more
pronounced in water than the aprotic acetone and dichloromethane, where solvation effects on the formation energy are
roughly similar. The linear oligomers do not suffer from this
phenomenon as much as their cyclic counterparts since the
linear oligomers utilize only two hydrogen bonding sites, which
still leaves a free N H for solvent interaction.
These oligomeric structures do not appear to favorably
form in solution based on the solvated formation energies. This
supports the suggestion that oligomerization to form the NT
walls occurs first rather than the formation of pore rings in
solution and that NT self-assembly is nucleation-driven. The
thermodynamic unfavorability of these oligomerizations in
solution also indicates the need for external stimulus. However,
it is essential to note that solvent choice dramatically changes
the thermodynamic profile, suggesting that solvent choice is a
tweakable parameter in dipeptide NT self-assembly.
2.3. Monomer interaction energies within the oligomeric
structure
To elucidate the types of interactions that govern the formation
and stability of the dipeptide oligomers, we employed the
PIEDA approach using the FMO2 framework, with MP2/6-31G*
gas-phase energies. A monomer in each of the oligomeric
structures was taken as a fragment, and its interaction energies
towards the electrostatic field of the surrounding fragments
were evaluated and categorized into exchange (Eex ), electrostatic (Ees ), charge-transfer (Ectþmix ), and dispersion (Edi ) component interactions. Figures 12 and 13 show the total and
component interaction energies of the cyclic and linear
dipeptides, respectively.
In general, as the oligomeric size increases, the total
interaction energies are increasingly stabilizing for cyclic and
linear dipeptide oligomers. But the star configurations of cFY
and cYY hexamers have slightly lower total interaction energies
(5 and 30 kcal/mol, respectively) compared to their pentameric
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Figure 11. Calculated free energies of formation in gas (A), water (B), acetone (C), and dichloromethane (D) at 298 K. The formation energies are calculated
from the total free energy of the oligomer subtracted by the total free energy of its comprising monomers.

counterparts. This discontinuity in the trend is attributed to the
following geometrical constraints: the pentameric star cFY
(Figure 3) allows for better electrostatic and dispersion interactions (Figure 12, right panel) due to the proximity of the
tyrosine hydroxyl group towards the plane of the phenyl ring
of phenylalanine which translates to a better stabilization
compared to the hexameric star cFY. In contrast, the neighboring sidechain hydrogen bonding between tyrosine hydroxyl
groups are lost in the hexameric and heptameric star cYY
structures (Figure 5), which are available in the quadmeric and
pentameric oligomers.
The cyclic dipeptide oligomers have about twice the
stabilization from monomer interactions than their linear
counterparts ( 301 kcal/mol and 163 kcal/mol for cYY and YY
heptamers, respectively). From the breakdown of the interaction energies of the dipeptide oligomers (right panels of
Figures 12 and 13), it can be observed that the difference
between the magnitudes of the total interaction energies of
the cyclic and linear dipeptide oligomers is largely due to the
ChemistrySelect 2021, 6, 10839 – 10847

electrostatic interactions (Ees ). This is primarily attributed to the
four hydrogen bonding pairs that comprise the diketopiperazine pore structure and the hydrogen bonding of the polar
ends of the dipeptide sidechains. The dominant electrostatic
interactions and the significant charge-transfer interactions
(Ectþmix ) observed in the cyclic dipeptide oligomers could be
rationalized as contributing factors to the conductive properties observed in dipeptide NTs.
Dispersion interactions provide a significant contribution as
the oligomeric size is increased. This is especially true for the
linear dipeptide oligomers, as their total interaction energies
are largely comprised of dispersion rather than electrostatic
interactions. Of the dipeptides considered, the cWY and WY
exhibited the most benefit from the dispersion interactions,
primarily due to the larger aromatic sidechain of W. As
expected, the carousel conformations exhibited the most
stabilization due to dispersion interactions, however, the over
and star conformations of the cyclic dipeptide oligomers did
exhibit surprisingly large dispersion interactions. This can be
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Figure 12. Total (left) and individual (right) interaction energies of the cyclic monomers for the different oligomeric structures from pair interaction energy
decomposition analysis (PIEDA) using FMO-MP2/6-31G*.

Figure 13. Total (left) and individual (right) interaction energies of the linear monomers for the different oligomeric structures from pair interaction energy
decomposition analysis (PIEDA) using FMO-MP2/6-31G*.

attributed to the dispersion interactions of the sidechains in
the over and star conformations towards the diketopiperazine
ring itself, which induces a relatively minimal effect in the
carousel conformation. The absence of the effect can be
observed in the linear dipeptide oligomers, where the
dispersion interactions are primarily due to sidechain interactions. There is a clear margin between the dispersion
interactions of the carousel and the over conformations, with
the carousel ones having the larger dispersion contributions to
the total interaction energy.
We also looked at the average stability gained by an
individual monomer from its interactions within the oligomeric
ChemistrySelect 2021, 6, 10839 – 10847

structure (Figure 14). In almost all cases, the greatest stability
from monomeric interactions is observed for the carousel
conformation. Increased stability from oligomerization is also
directly observable; as the oligomeric size increase, stability
due to monomeric interactions also increases (more negative
interaction energies), which is particularly true for the cyclic
dipeptides.
Of the three conformations, the carousel has the most
stabilizing interactions in all cases of oligomeric size (Figures 12
and 13) except for cFY pentamers, where the star has a slightly
lower total interaction energy. To determine the effect of side
chains on improving the interaction energy, we compared the
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herein can be used as a basis for dipeptide modifications that
could enhance targeted NT properties for different applications.

Supporting Information Summary
The associated Supporting Information includes details of the
computational methodology implemented. Other supplementary data (pore diameters, number of hydrogen bonds, free
energy components, and solvation energies) are also provided.
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average interaction energy per monomer of the dipeptide
oligomers in Figure 14. It can be observed that functionalization of the aromatic sidechains (W and Y) considerably
improved interactions in the carousels, i. e., interactions in WY
and YY are more stabilizing than FY in both cyclic and linear
cases. This could potentially translate to NTs with better
mechanical and chemical properties than FFNTs.

3. Conclusions
This paper presented possible configurations of stackable
oligomeric dipeptide ring structures of the aromatic FY, WY,
and YY dipeptides in their cyclic and linear forms. Our results
showed the favorable formation of these dipeptide oligomers
in the gas phase making them viable for nanotube formation
via vapor deposition methods. We also showed evidence of the
thermodynamics of oligomerization in polar protic, polar
aprotic, and nonpolar solvents, which support the need for
external stimulus to promote crystallization as a consequence
of monomer desolvation. Furthermore, we demonstrated that
the formation of oligomeric rings in conformations that maximize sidechain interactions of neighboring dipeptide monomers, providing added stabilization for maintaining the ring
structures, is the most preferred. Also, evidence of the different
major contributing interaction types provides rationalization of
the different potential properties of nanotubes formed from
these dipeptides, i. e., cyclic dipeptides have significant chargetransfer and electrostatic interactions, making them potential
semi-conductors. In contrast, linear dipeptides rely largely on
dispersion interactions, potentially resulting in nanotubes with
better mechanical properties. Finally, we demonstrated that
the nature of the sidechains significantly affects the stabilizations within the oligomeric structure, where W and Y enhanced
stabilization compared to F, which can lead to NT materials
that have superior properties than FFNTs. Insights presented
ChemistrySelect 2021, 6, 10839 – 10847
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