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The oligomerization of non-activated aminoacidsalyaed by nanostrucrured mineral oxide surfacedshol
promises as a sustainable route for the indugir@uction of polypeptides. To analyze the inflieo€ the
surface type on the catalytic process, we perfornaeda mild Chemical Vapor Deposition approacke th
oligomerization of Glycine on two samples of Fianoparticles characterized by different relativ@ounts

of defective surface terminations. Based on infiaspectroscopy and mass spectrometry data, we show
herein that the formation of peptide bonds on t#aranoparticles does not require highly energatiface
terminations, but can occu r also on the most adtnand thermodynamically most stable {101} facsts

nanosized anatase.
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Abstract

The formation of peptides in mild conditions fromomRactivated amino acids is an intriguing chemical
process potentially providing fundamental insigint the formation of the first biomolecules in abioti
conditions® ? Additionally, this type of reactions is a relevaptoof-of-principle when investigating
innovative sustainable routes for the productiopeytides and polypeptides of interest in fine dsagn® *
The thermal condensation of non-activated aminasagvas found to be effective under non catalytic
anhydrous conditions by using trifunctional amirmda crystals mixturesWhen considering a possible
influence of the mineral surfaces, Bernal’'s hypsth@ccounts for the potential role of prebiotidaces to
concentrate and catalyze the amino acids conden$dti this respect, the interaction of both activaaed
non-activated amino acids with the surface of wmisolids have been studiell ® and oxide materials
received particular attentidit? Independently on the nature of the catalyst, ansomdifficulty still remains
in the production of long oligopeptides when usim@n-activated amino acids, typically resulting re t
production of short oligomers limited to 6 urits** However, in 2014 Martra et al. successfully depetb
an efficient chemical vapor deposition method teawbat mild conditions (433 K) homopeptides loqgta
16 units from non-activated glycine (Gly) when suisited on amorphous silica and titaHidhese oxides
were used in the form of nanoparticles, thus exypaispecific surface area (SSA) high enough tmathe
process to proceed effectively. Nevertheless, naingsnot only increases the surface/bulk atomordtiut
also the proportion of surface atoms on low endaggts and those on more energetic facets and gesed
and corners. Noticeably, surface sites in thessethast locations are the most chemically actieeabse of
their peculiar electronic and coordinative stté’ This would imply a limited number of surface cgtil
active sites, which could be beneficial for selattj but detrimental for conversion. In the cadetlwe
formation of polypeptides in prebiotic conditionisis aspect could represent an additional factoredesing
the probability of the occurrence of the reactibimterest at the surface of minerals. On the ottaard, also
the technological exploitation of peptide synthesasalyzed by oxide nanoparticles could benefitthoy
absence of constraints dealing with the presengqeeciliar surface sites. The scientific motivatadrthis
work was actually to address such a question, nam&te minority sites at oxides surfaces requii@dthe
peptide bond formation? A general answer would ireqthe investigation of different types of oxides

nanomaterials, covering the whole spectrum of chehtionding in solids ranging from fully ionic talfy

2



J. Nanosci. Nanotechnol. 18, 5854-5857, 2018 DOI: 10.1166/jnn.2018.15385

covalent. As a first contribution to answering tpgestion above, we tested the oligomerization gf @i
two types of TiQ nanoparticles (hence a semiconducting materidi @t ionic-covalent bond character)
selected on the basis of their different relatieant of {101} facets, the most thermodynamicatigtde'®
and more defective surface terminations. Namelgpstcontrolled Ti@ nanoparticles lab-prepared by
hydrothermal synthesis (100% anatase, $$A 42 nf g*, hereafter TIQHT)' and commercial TiQP25
(by Evonik, ~80 % anatase and ~20 % rutile w/w, puety9.5 wt%, SSAer ~ 50 nf g*) were used.
Previous investigations demonstrated that theerptiase account only for ca. 7 % of the SSA of, R@6*°
Representative HR-TEM high magnification imagestte borders of the two types of nanoparticles are
shown in Figure 1. In both cases, {101} latticenfres are present, running parallel to the main dyerd
which in the case of TiOP25 appear heavily stepped (panel A), whereadifoy HT are quite flat and
regular. These features can be extended to {1@8téa because of the 2D projection character of T&hd
the extremely short wavelength of the electron baaed for imaging (microscope Jeol 3010 operat@d@t
kV), borders parallel to lattice fringes due torgstallographic planes family correspond to thefifgaf
facets terminated by those planes.

Although informative, TEM inspection cannot eagilpvide insight on all types of surface terminasi@md
their relative abundance, thus the surface feamfréise two types of Ti@nanoparticles are investigated by
IR spectroscopy of adsorbed CO (Figure 2), beimgrtiolecule a highly sensitive probe to the coatiue
state of surface tiions!® ?' Before CO adsorption, titania nanoparticles wentégassed under high
dynamic vacuum (residual pressurezli0® mbar) and re-oxidized at the same temperatureohtact with
O, at 10 mbar in order to obtain an highly de-hydtased and fully dehydrated surfaCe.

The spectrum of CO at 45 mbar is dominated by gakat 2179 cthfor TiO, P25 (panel A) and 2178 ¢m
for TiO, HT (panel B) typical of these probe molecules dolso on {101} TiQ anatase surfaces, wheré'Ti
ions are pentacoordinatétThe progressive up-shift of these signals by desing the CO coverage is due
to the fading away of adsorbate-adsorbate intenasit Moreover, in the case of TidP25 also a heavy
shoulder at 2183 ¢ due to the presence of CO on {110} Tihatase surfaces exposing tetracoordinated
Ti*" sites'® is present, as well as a very weak band at 2208-281", indicating the presence of a few highly
coordinatively unsaturated “fisites , generally calledx“sites”? ?* The additional weak band at 2212tm

more sensitive to CO outgassing, is due to the awatibn of the internal stretching mode and a fiatsd
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translational mode of CO molecules adsorbed on {s0tfaces” Conversely, the spectra of CO adsorbed
on TiO, HT appear definitely simpler, the main band du€® on {101} facets being accompanied by a
very weak signal due to CO on {110} terminations$iile the component produced by CO @sites is not
detectable. Hence, these findings confirm and &urtmderline that there is a significant differemcehe
surface structure of the two types of titania namwagers: TiQ HT nanoparticles are overwhelmingly
terminated by the most stable, highly regular {1€dgets exposing pentacoordinated’ Eites and two and
three fold coordinated oxygen atoms, whereas PZb nanoparticles are also terminated by {110emas,
exposing tetracoordinated *Tisites and two fold coordinated oxygen atdfnand by a not negligible
amount ofa sites characterized by*Ticenters with a stronger Lewis acidffy?*

In summary, IR spectroscopy of adsorbed CO inditdibat TiQ HT nanoparticles are overwhelmingly
terminated by {101} surfaces, that, as observecHR¢TEM ?* are the facets of highly regular truncated
bipyramidal nanoparticles, ca. 60 nm in length @ad 30 nm wide. The large prevalence of {101}
terminations revealed by IR spectra of adsorbeda(30 for TiQ P25, and the similar specific surface area
with respect to TiQ HT, allow to depict also these nanoparticles asdated bipyramids similar in size to
the previous ones, but exposing a significant éxd¢f110} facets at the intersection of {101} onasthe
middle plan of bipyramids.

IR spectroscopy in controlled atmosphere was adsd to investigate the fate of Gly molecules ad=sbdn
titania nanoparticles from the vapor phase, ugiegototocol set up in a previous wark.

Curves a in Figure 3 are the spectra of bare, AZb and TiQHT (panel A and B, respectively) outgassed
at 433 K in order to dehydrate the nanoparticldger/such treatment, only the typical pattern dusurface
OH groups is present in the 3800-3500"arange of the spectrum of Ti®25% #’ whilst for TiO, HT this
pattern is accompanied by an intense narrow peaR4f crii and a series of signals in the 1600-1250 cm
range, due to COmolecules and carboxylates/carbonates speciesimedhantrapped in the inner closed
cavities formed in the bulk of nanoparticles durihg synthesi& When increasing amounts of Gly are
adsorbed from the vapor phase on nanoparticlesthftippes, a typical pattern of polypeptides appeaith
vNH amide bands in the 3500-3000 tand amide | and amide Il signals at ca. 1670 amd 1560 cm,
respectively (curves b-c). In addition, %&H, signals progressively grow in the 3000-2800"'aange. The

Gly coverage was limited to ca. 60 % of TSurface sites, in order to avoid possible reastammong amino
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acid molecules not in interaction with the surfacdsnanoparticles. The coverage was monitored by
exploiting a competitive assay with G@osed at room temperature as probe molecule*dkiiiface sit€s
(data not shown). Thus, both TiP25 and Ti@ HT nanoparticles appeared able to catalyze the
condensation among adsorbed amino acids. Notewatippssible catalytic role of rutile nanoparticies
TiO, P25 appears not to be relevant, because of the@gable reactivity already exhibited by pure asata
TiO, HT nanoparticles. The relevant but qualitativedewice of the equivalence in reactivity towards amin
acids of the TiQ@ nanoparticles differing in surface texture waseaged by determining the length of
peptides species produced. To this aim, titaniapkesnreacted with Gly are washed with water and the
resulting solutions are analyzed by HR-MS. Agaerysimilar results are obtained for Gly on Ti€R5 and
TiO, HT (Figure 4): in both cases, oligomers long uf&aunits are detected with an overall m/z distidou
peaked in correspondence of the Gly 4-mer (m/zA.Zdifference in the relative amount of peptideerser
that 4-mer, as well as of the monomer, are prasdht two cases. However, the established methddat

up for the sublimation of amino acids and for tloatact of their vapours with the nanoparticles doets
allow, at present, a control of the reaction caods fine enough to exclude other factors (difféediffusion

of amino acids molecules within the pellet of naamtiples, small fluctuation of the temperature dgri
sublimation) other than surface features playedl@ in determining the difference in relative amboh
shorter oligomers and unreacted monomer.

The collection of data presented allows to conclilnde the formation of peptide bonds from non-attd
amino acids adsorbed on titania nanoparticles ado¢sequire surface sites on highly energetic serfa
terminations, but occurs on the most stable facetgzh are also the most abundant ones. This csiociu
usion might not be extended straightforwardly teeotoxide catalysts with a significantly differexftemical
bond character, like silica, because the surfaxtire resulting from siloxane bridges and silanaups
might change the role of defective towards regsiaface sites with respect to what here obtainettémia.
Nevertheless, this finding appears to be relevaitt bor the elucidation of the catalytic role ofnogized
minerals towards the formation of peptides in pptbiera and for the possible technological expt@n of
nanosized oxides as heterogeneous catalysts foprtbaduction of peptides. Difference in the catalyti

activity of anatase Ti@nanoparticles toward non-activated amino acid eagmdtion can be expected for
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nanoparticles with particular morphologies, resgjtirom preparation methods favoring the exposure o

surface terminations different from the most stdb@l} ones.
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Figure 1. HR-TEM images of Ti@P25 (panel A) and Ti£HT (panel B); original magnifications: x500 k
and x800 k respectively. The interfringes distanic@®.352 nm corresponds to the distance betweeh}{10

crystal planes in anatase Bi(QJCDDS00-021-1272).

Figure 2. FT-IR spectra, in theCO region, of TiQ P25 (panel A) and TiCHT (panel B) outgassed and re-
oxidized at 873 K and contacted at 100 K with dasieg CO pressures (from 45 mbar to complete
outgassing; lettering in the sense of decreasingreges). Spectra are reported in Absorbance, ladteng

subtracted the spectra of titania nanoparticlesrbe£O admission as a background.

Figure 3. FT-IR spectra resulting from Gly adsorption freapor phase on TiKP25 (panel A) and TiO
HT (panel B). Curves a: Tinhanoparticles dehydrated by outgassing at 4331Kres from b to c: after

contact with increasing doses of Gly vapors produmesublimation at 433 K.

Figure 4. ESI-MS spectra of solutions resulting from waghiwith pure water) of titania nanoparticles
contacted with Gly vapors for 60 min. Panel A: Ti25; panel B: TiQHT. Numbers on the bars in panel
A are the m/z values (without decimal digits foe Sake of clarity) of (-Glys)peptides; labels on the bars in
panel B are the number of terms in (-Glypgptides. The difference in m/z values betweesecutive
signals is 57, corresponding to a Gly peptide Wiétection conditions resulted in the protonatibn o

analyzed species (m/z values increased of onenithitrespect to original analytes).
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