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Abstract The reaction of cyclization of diphenylalanine
in solid phase under heating was studied, which is a stage
in formation of various nanostructures from this dipeptide.
The temperature ranges of the reaction as well as of
dehydration of clathrate of diphenylalanine with water
were determined. Kinetic parameters of cyclization were
estimated within the approaches of the non-isothermal
kinetics (“model-free” kinetics and linear regression
methods for detection of topochemical equation). The
product of diphenylalanine cyclization was characterized
by X-ray powder diffractometry, FTIR spectroscopy and
TG/DSC analysis. Crystallization of diphenylalanine and
cyclo(diphenylalanine) from methanol solutions was stud-
ied using atomic force microscopy. The results obtained
may be useful for the design of new nanomaterials based
on diphenylalanine at high temperatures.
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Introduction

The interest to materials based on short-chain oligopeptides
is caused by their unique properties and potential advan-
tages for various technologies [1-3]. A feature of such
oligopeptides is their ability to self-organize with forma-
tion of various nanostructures: nanospheres, nanorods,
nanotubes, nanovesicles, etc. [4]. Crystals based on
dipeptides have the porosity and demonstrate the zeolite-
like properties [5, 6] being capable of selective binding of
some gases: CO,, CHy, H, and Xe [7, 8]. Oligopeptide
materials are used as templates for formation of metal
nanowires [9] and as cathodes in Li-ion batteries based on
peptide/Coz04 composite nanowires [ 10], for fabrication of
high-performance sensors [11]. Herewith, such materials
have very low toxicity and constitute environmental
alternatives to inorganic materials or MOFs [12].

To date, one of the most studied dipeptides, for which a
large number of different nanostructures were synthesized,
is diphenylalanine (FF) [13, 14]. Also its cyclic analog
cyclo(diphenylalanine) (cFF) is actively studied. Previ-
ously, these dipeptides were used as bioligands in
organometallic complexes [15]. For ¢FF the anthelmintic
activity was found, which allows to use it as a drug [16].
But, the real boom in investigations of these oligopeptides
was due to the discovery of the possibility to control the
organization of their molecules to produce new nanoma-
terials. Magnetic field [17], relative humidity in the growth
chamber and concentration of dipeptide [18], the type of
solvent, from which dipeptide was crystallized [19, 20],
were found to have an effect on their self-organization.

However, the most common method for formation of
nanostructures based on diphenylalanine is the thermal
treatment of its powder or amorphous film under different
atmospheres: vacuum, inert gas, organic vapors or water
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vapors [13, 21]. As a result, there is sublimation of
dipeptide powder with subsequent condensation of nanos-
tructures on cold surfaces or formation of nanostructures on
the surface of initially amorphous film.

Studies of the temperature effect on diphenylalanine
allowed to establish that during the heating up to 100 °C,
FF loses water, while ¢FF do not lose the mass up to
250 °C [21]. After the sublimation of FF at 230 °C in
argon, this dipeptide is condensed on the surface of the
silicon substrate at 180 °C with formation of ¢FF nano-
wires [21]. The formation of ¢FF nanotubes also occurs
after the FF sublimation under vacuum at 220 °C and
subsequent condensation on the substrate surface at 80 °C
[22]. On the other hand, nanotubes based on FF remain
unchanged up to 150 °C. A significant structural destruc-
tion did occur when the nanotubes were heated to
200-300 °C. At temperatures above 50 °C, the nanotubes
lose 15 mass% of their mass, which the authors attributed

OH

FF

differential scanning calorimetry (DSC) and mass spec-
trometric (MS) detection of evolved vapors at different
heating rates. The kinetic parameters of the reaction were
determined. The initial sample of FF and the product of its
heating were characterized by a number of different
methods: X-ray powder diffraction (XRPD), Fourier
transform infrared spectroscopy (FTIR) and atomic force
microscopy (AFM). Obtained results were compared with
the results of commercially available cFF.

Experimental
Materials
Dipeptides diphenylalanine (FF) (Chem-Impex, Cat#061

81) and cyclo(diphenylalanine) (cFF) (Chem-Impex,
Cat#11058) were used without additional purification.
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to desorption of water [23]. If the amorphous film of FF is
heated in contact with aniline vapors up to 150 °C, the
peptide nanowires (PNWs) are formed, but in the atmo-
sphere of water vapors at 25 °C the peptide nanotubes
(PNTs) are formed. PNTs started to lose their structural
integrity even at 100 °C and were fully fragmented at
200 °C; PNWs maintained their initial structure even at
200 °C. Furthermore, in the case of PNWs, there is no
thermal decomposition of peptide building blocks before
308 °C [24]. It should be noted that in these studies the
thermal PNWs behavior is very similar to that of ¢FF.

Thus, in formation of nanostructures based on FF by
heating, the possibility of diphenylalanine cyclization
giving cFF should be considered. No such considerations
were made in a number of studies where nanostructures
were obtained from FF at high temperatures in solid phase
[10, 25] and in solution [26]. Moreover, the temperature
ranges and conditions for this reaction in powder under
heating have not been established.

The present work is the first study of FF cyclization in
the solid phase under heating. This reaction was studied
using thermogravimetric (TG) analysis with simultaneous
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The product of solid-state reaction of cyclization of
diphenylalanine (hFF) was prepared by heating of FF up to
250 °C in argon atmosphere.

Thermoanalysis by simultaneous TG/DSC/MS

Simultaneous thermogravimetry (TG) and DSC analysis of
dipeptide powder with mass spectrometric (MS) evolved
gas analysis were performed using thermoanalyzer STA
449 C Jupiter (Netzsch) coupled with quadrupolar mass
spectrometer QMS 403C Aeolos (Netzsch) as described
elsewhere [27, 28]. For experiments, 7-12 mg samples of
dipeptide were placed in aluminum crucibles (40 pL) with
lids having 3 holes, each of 0.5 mm in diameter.

Kinetic analysis of reaction of diphenylalanine
cyclization in solid phase

According to ICTAC recommendations, it is necessary to
use at least two different kinetic computational methods
[29, 30]. The “model-free” methods for kinetic computa-
tions: Ozawa-Flynn-Wall, ASTM E698 and Friedman



Thermally induced diphenylalanine cyclization in solid phase

[31-35] were used. The same set of experimental data was
used further for searching the topochemical equation as
described in [36-39]. The data for kinetic analysis were
obtained from TG data, measured at different heating rates:
2,5, 10 and 15 K min~'. Calculations were performed
using NETZSCH Thermokinetics 3.1.

Powder X-ray diffraction

X-ray powder diffraction (XRPD) studies of dipeptides
were made using a MiniFlex 600 diffractometer (Rigaku)
equipped with a D/teX Ultra detector. In this experiment,
Cu Ka radiation (40 kV, 15 mA) was used and data were
collected at room temperature in the range of 20 from 3 to
50 with a step of 0.02 and exposure time at each point of
0.24 s without sample rotation.

Fourier transform infrared spectroscopy analysis

FTIR spectra were collected using Bruker Vertex 70 FTIR
spectrometer with a single reflection, germanium crystal
ATR accessory (MIRacle, PIKE Technologies) with reso-
lution of 2 cm™' in dry air. All data were collected at
25 °C.

Atomic force microscopy (AFM)

AFM images were recorded using the atomic force
microscopes Solver P47Pro and Titanium (NT-MDT,
Russia). Measurements were performed on air using a
tapping mode [40]. Single silicon cantilevers NSG-11 or
revolution cartridge of cantilevers (NT-MDT, Russia) were
used. For AFM experiments, dipeptide films with diameter
of 3 mm were prepared on the surfaces of highly oriented
pyrolytic graphite (HOPG) plates (1 x 1 cm) [28]. HOPG
was freshly cleaved before use.

Results and discussion
Thermal analysis

The samples of diphenylalanine (FF), cyclo(diphenylala-
nine) (cFF) and product of solid-state cyclization of
diphenylalanine (hFF) were studied by TG/DSC/MS
analysis, Fig. 1.

The TG curve obtained for FF powder contains at least
four steps of decomposition, which corresponds to the very
complex shape of DSC curve with multiple peaks, Fig. 1a.
The first step ends at 127 °C, second at 147 °C, third at
185 °C and the fourth at 250 °C. At corresponding stages,
the mass loss Am is equal to 7.51, 1.60, 4.90 and 1.44 %.
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Fig. 1 The data of TG/DSC/MS analysis for powder of a FF, b ¢cFF
and ¢ hFF. MS curve of evolved H,O (m/z = 18) is shown. Heating
rate is 10 K min™!

According to MS data, the water vapor (m/z = 18) evolves
at all these stages, except the fourth step of mass loss.

The total mass loss of the FF sample during the heating
up to 250 °C is Am = 15.45 %. Water evolves up to
200 °C, while the corresponding process ends in the third
step at 185 °C. The mass loss of the sample above 185 °C
(Am = 1.44 %) without corresponding MS signal of water
may be related to the partial decomposition of dipeptide.
Thus, the mass loss associated with the elimination of
water (Am = 14.01 %) corresponds to the ratio 2.8 mol of
water per 1 mol of dipeptide.

According to the reaction equation, FF cyclization gives
one molecule H,O. So we have assumed that the initial
sample of FF represents the clathrate FF-1.8H,O and the
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reaction of cyclization occurs at temperatures above
147 °C at the third stage of the mass loss, where the
elimination of water is in the relatively narrow temperature
range.

The results of thermal analysis of ¢FF and hFF show
that these dipeptides are stable up to 250 °C, because
there is no mass loss and there are no signals on the
DSC curves, Fig. 1b, c. The high thermal stability of
c¢FF and AKFF is in good agreement with literature data.
According to that data, each molecule of dipeptide in the
solvent-free crystals of cyclo(diphenylalanine) prepared
by sublimation under reduced pressure [41] forms, in
average, a pair of hydrogen bonds NH---O [42] and
participates in van der Waals interactions [43]. Such
features can provide the increase in mechanical and
thermal stability of crystals.

X-ray powder diffraction study

The powders of dipeptides were characterized by XRPD
method, Fig. 2. The data obtained show the significant
differences in the packing of FF, Fig. 2a, and its cyclic
analog cFF, Fig. 2b, and hFF, Fig. 2c.

The positions of the main peaks in the diffractogram of
hFF, Fig. 2c, are identical to those of cFF diffractogram,
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Fig. 2 X-ray powder diffractograms of a FF, b ¢FF and ¢ hFF
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Fig. 2b. But the former one contains several peaks at 20
angles equal to 16.4°, 18.0° and 19.8° (with an intensity of
about 20 % from the most intense peak at 20 = 7.2°),
which are practically absent on the diffractogram of ¢FF
(<1.3 % the intensity from the most intense peaks at
20 = 7.2°). It should be noted that the diffraction patterns
of FF and hFF, obtained in the present study, are in good
agreement with the diffractograms simulated from X-ray
monocrystal data [41, 44]. Interestingly, for the nanos-
tructures obtained by heating of FF with aniline vapor,
there are peaks at 26 equal to 6.8° and 20.5° on the
diffractogram [25]. The rather close peaks (20 = 7.18° and
20.2°) are on the diffractogram of AFF, while on the
diffractogram of FF such peaks are absent. So, one cannot
exclude the formation of cFF after heating of dipeptide FF
with pyridine vapor.

Data of Fourier transform infrared spectroscopy

FTIR spectra obtained for the powders of FF, cFF and hFF
are presented in Fig. 3.

FTIR spectra of cFF, Fig. 3b, and hFF, Fig. 3c, are
identical and differ from the spectrum of FF, Fig. 3a. For
the latter, the band of -NH, and —OH groups has enlarged
shoulder at 3550 cm™', which may be caused by the
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Fig. 3 FTIR spectra of powders of a FF, b ¢FF and ¢ hkFF
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Fig. 4 AFM images of the surface of the a FF, b ¢FF and ¢ hFF
films deposited on the HOPG surface, T = 298 K. Before AFM
experiment, all films were dried by hot air (45 °C) for 2 min

presence of water in the FF powder. The absence of
explicit signals at 2500, 1600 and 1500 cm™" in the spectra
of cFF and AFF confirms the absence of the free ammo-
nium groups that are present in the crystals of FF [44].

AFM study of surface morphology

In the present work, the AFM images of the films of FF,
cFF and hFF deposited from the methanol solution on the
surface of the HOPG were obtained, Fig. 4. We have found
that the FF forms large dendritic crystals with an average

diameter from 4 to 15 um, Fig. 4a. The height of the
crystals is 50-110 nm in the center and 35-80 nm at the
borders.

For the cFF, the formation of nanorods with length of
1.2-4.0 pm, width of 150-280 nm and a height of 7-20 nm
was observed, Fig. 4b. The similar structures were found
after the crystallization of hFF, Fig. 4c. In the last case, the
length, width and height of the nanorods were 2.3-8.2 um,
200-520 and 30-120 nm, correspondingly. A specific
feature of AFF structures is their narrower ends.

So, these studies prove the formation of cyclo(dipheny-
lalanine) during the heating of powder of diphenylalanine up
to 250 °C.

Kinetic analysis

To study the reaction of FF cyclization in the solid phase, it
is necessary to correctly determine the temperature range
of this process. The difficulty is in the fact that, according
to X-ray monocrystal data [44] and our thermal analysis,
this dipeptide contains the bound water. To solve this
problem, three different samples of FF were prepared. The
first sample FF; was heated up to 130 °C. At this tem-
perature, we assume the absence of chemical reaction. The
second one FF, was heated up to 147 °C, which corre-
sponds to the end of the DTG peak. Above this tempera-
ture, a third step of the mass loss associated with the
cyclization begins, Fig. la. The third sample FF3; was
heated up to the temperature 165 °C at which the reaction
of cyclization must end. All samples were heated with rate
of 10 K min~" in the thermal analyzer as described in the
experimental part. After reaching the target temperature,
the samples were kept in isothermal conditions for 10 min,
and then, they were cooled to room temperature.

The powders of these samples were characterized by
XRPD, Fig. 5. The diffractogram of FF3; completely
coincides with the diffractogram of ¢FF and hFF, Figs. 2b,
c—5. The diffractogram of FF,, Fig. 5, contains all peaks
corresponding to the diffractogram of initial FF, Fig. 2a,
but a new peak at the angle of 20 = 5° appears. For the
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Fig. 5 X-ray powder diffractograms of dipeptide heated up to 130 °C
(FFy), 147 °C (FFy), 165 °C (FF3)
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Fig. 6 X-ray powder diffractograms of FF heated up to different
temperatures and saturated with water vapors of P/Py = 1 at 25 °C.
The heating temperature/saturation time are a 130 °C/150 min,
b 147 °C/3 h, ¢ 147 °C/1 day, d 165 °C/3 days

sample of FF,, the diffractogram obtained, Fig. 5, does not
correspond neither to FF, Fig. 2a, nor to cFF (hFF),
Fig. 2b, c. We assumed that the sample heated to 130 °C is
a relatively stable intermediate hydrate formed by partial

TG/%
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dehydration of the initial FF-1.8H,O clathrate, while only
anhydrous FF is present at 147 °C.

To test this assumption, the samples obtained at different
temperatures were saturated with vapors of water having
thermodynamic activity of P/Py = 1at25 °C. We found that
the FF; sample restores the crystal packing of FF-1.8H,0
clathrate in 150 min of equilibration with a saturated water
vapor, Fig. 6a. The contact of FF, with this aqueous vapor
for 3 h does not change the packing of dipeptide, Fig. 6b.
But, after 24 h of saturation, the powder of FF, fully restores
the initial packing of FF-1.8H,0, Fig. 6¢. The saturation of
FF; with vapors of water even for 3 days does not change its
diffractogram, Fig. 6d, which remains equivalent to
diffractograms of ¢cFF and kFF, Fig. 2b, c.

This study proves that the cyclization reaction of FF in
powder form begins above 147 °C in the mentioned
experimental conditions. Water eliminated above this
temperature, Fig. la, is a reaction product. Therefore, the
calculations of kinetic parameters of this reaction were
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Fig. 7 The data of a TG and b DSC analysis for FF at different heating rates
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Fig. 8 Friedman analysis of reaction of FF cyclization: activation energies E, versus degree of conversion o (a) and correlation of experimental
points from TG curves with the calculated lines in accordance with equation R2 (b). Perpendicular lines show SD of calculation
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Table 1 Kinetic parameters of the reaction FF — hFF and statistical parameters of calculation

Equation A — B Fesit Feyp Faet E,/kJ mol ™! 1gA Reaction order Corr. coeff.
Fn 1.04 1.00 7726 148 + 0.18 154 £ 0.02 0.46 0.997855
CnB 1.04 1.00 7725 148 + 0.04 15.4 £ 0.004 0.46 0.997855
Bna 1.04 1.00 7725 148 + 0.14 154 £+ 0.01 0.46 0.997859
R2 1.04 1.02 7727 149 + 0.05 15.2 £+ 0.006 172 0.998025

The used topochemical equations are nth order (Fn), reaction with autocatalysis (CnB), Prout-Tompkins (Bna) and two-dimensional phase
boundary reaction (R2) equations [45]. Data on the F test of fit quality (to identify the best kinetic description) [38]

made for the third step of mass loss, according to the TG
curve showed in Fig. la.

The data for kinetic analysis were obtained from TG
curves, Fig. 7, measured at different heating rates: 2, 5, 10
and 15 K min™"',

Calculations of activation energies were made for selec-
ted temperature intervals: from 121.0to 168.3 °C for heating
rate of 2 K min~!, from 132.7 to 177.0 °C for heating rate of
5K min~ ', from 146.5 to 185.0 °C for heating rate of
10 K min~! and from 152.2 to 190.7 °C for heating rate
of 15 K min~".

According to Friedman method, the value of activation
energy is E, = 162.5 + 2.7 kI mol™' and logarithm of
Arrhenius constant is 1gA = 17.3, whereas Ozawa—Flynn—
Wall method gives E, = 140.6 + 4.5 kJ mol™' and
IgA = 14.6. The Friedman analysis of reaction of FF
cyclization is shown in Fig. 8a.

In accordance with F test, the best topochemical equa-
tions for the decomposition process are Fn, CnB, Bna or
R2. The kinetic parameters calculated by using these
models, as well as statistical quality parameters, are given
in Table 1. The correlation of experimental points from TG
curves with the calculated lines in accordance with equa-
tion R2 is shown in Fig. 8b.

The obtained values of activation energy, Arrhenius
constant and reaction order are in good compliance with the
calculated ones by Ozawa-Flynn—Wall approach. Thus,
these kinetic parameters may be used to describe the reaction
of cyclization of diphenylalanine in solid phase [46].

Conclusions

The solid-phase reaction of diphenylalanine cyclization
was studied in the course of thermal analysis. The heating
of the dipeptide powder leads to a two-stage decomposition
accompanied with water evolution. Before the temperature
147 °C, the desorption of water from FF-1.8H,O occurs.
Above 147 °C, the reaction of diphenylalanine cyclization
takes place. The formation of cyclo(diphenylalanine) was
confirmed by the X-ray powder diffractometry and FTIR.

The calculated kinetic parameters of this reaction are
E, =148 kKl mol_l, A = 107* s_l, and the reaction order
is 0.46.

The partially dehydrated clathrate of diphenylalanine
having a crystal packing distinct from its dry form and
saturated hydrate can be obtained by heating up to 130 °C,
while water-free diphenylalanine forms at 147 °C. The
partially or fully dried samples of diphenylalanine restore
the initial packing of FF-1.8 H,O by saturation with water.
Herewith, for the water-free diphenylalanine, this process
requires much more time than for the partially dried sam-
ple. Since the drying of diphenylalanine is an important
part of the preparation of its amorphous film, our results
may be used to control the degree of dipeptide dehydration
or to prepare the water-free diphenylalanine.

The crystallization of diphenylalanine from the metha-
nol solution on hydrophobic surface leads to formation of
large dendritic crystals, while for cyclic dipeptide the
nanorods were observed. In the latter case, the shape of 1D
objects does not depend on the origin of the
cyclo(diphenylalanine), but the size may vary. The results
of present work can be useful for further development of
techniques for preparation of nanomaterials based on
oligopeptides.
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