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The effect of the aluminum oxide on the thermal synthesis of the glycine–glutamic acid (Gly-Glu-(Gly-
Glu)n polymer is described. The thermal synthesis in the molten state was carried out in the absence
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and presence of the oxide. In both cases, the vibrational spectra showed characteristic group frequencies
corresponding predominantly to a Gly-Glu-(Gly-Glu)n sequence in the polymeric structure. The theo-
retical spectral data support the experimental proposed Gly-Glu-(Gly-Glu)n sequence for the polymer.
The SEM–EDX characterization of the solid phase involved in the thermal synthesis showed that the alu-
minum oxide participates as a site for nucleation and growth of the polymer, explaining the increase of

ence
um o
hermal synthesis
ibrational spectroscopy

25% efficiency in the pres
in the presence of alumin

. Introduction

Nearly 50 years ago, Bernal and Goldschmidt independently
roposed that clay minerals could play an important role in both
he prebiotic chemistry and the origin of life. Most of the non-
atalytic prebiotic studied syntheses use simple molecules such
s HCN, HCHO, CO, H2S and NH3 as starting materials. Thus, pre-
iotic reactions proceeding in the absence of catalytic surfaces
ield a random mixture of organic compounds as happened in
he classic Miller–Urey experiment (Martinez-Meeler et al., 2003;

iller, 1955). A new situation occurs when a molecule establishes
n adsorbate–substrate interaction with a surface. In this context,
ineral surfaces could establish selectivity over the reactive com-

ounds to form the complex biomolecules and biopolymers that
ay have originated life.
The prebiotic polymer formation involves both the use of con-

ensation agents or catalysts as other different conditions, such
s high pressure and temperature (Fouche and Rohlfing, 1976;
imoneit, 2004) and melting processes (Fouche and Rohlfing, 1976;

arada and Fox, 1958; Rohlfing and MacAlhaney, 1976).

The catalytic efficiency of clay minerals for amino acid dimeriza-
ion is low relative to salt-induced polymer formation mechanism
SIPF), but their importance in polymer chain growth has been

∗ Corresponding author. Tel.: +56 32 2845195; fax: +56 32 2673082.
E-mail address: pleyton@unab.cl (P. Leyton).

303-2647/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.biosystems.2011.01.008
of aluminum oxide. Electrophoresis data show shorter polypeptide chains
xide.

© 2011 Elsevier Ireland Ltd. All rights reserved.

mentioned in recent experimental studies (Bujdák and Rode, 2002;
Plankensteiner et al., 2004). If the condensation reactions that
have been proposed for prebiotic polymer formation are com-
pared, the SIPF reaction has proven to be applicable to a large
variety of amino acids and the geochemical conditions of prim-
itive Earth (Bujdák and Rode, 2002; Napier and Yin, 2006). It
seems to be clear from these studies that Gly is the most reac-
tive amino acid in many systems. The formation of Gly2 products
could also spontaneously occur in the presence of clay minerals, and
traces of these reaction products are often formed in experiments
(Lambert, 2008; Napier and Yin, 2006). Although the influence of
mineral surfaces in prebiotic chemistry has been broadly accepted,
few investigations have been conducted to determine and explain
their role at molecular level in molten state (Lambert, 2008;
Rohlfing and MacAlhaney, 1976; Schoonen et al., 2004; Schwartz,
1996).

The surfaces resembling minerals that were likely present on
the early earth, are mostly silicates, oxides, and sulfides. Aluminum
oxide has been suggested as a model for studying a prebiotic surface
similar to meteorites or small cosmic dust grains (Bujdák and Rode,
2001), in this sense the alumina (Al2O3) detected in cosmic dust is
considered to play an important role in dust formation in oxygen-

rich stars (Banerjee et al., 2007; Henning et al., 1995; Nittler et al.,
1998).

In this work, the thermal synthesis in the molten state of Gly-
Glu-(Gly-Glu)n polymer in the absence and presence of aluminum
oxide was performed in the general frame of evaluating the prebi-

dx.doi.org/10.1016/j.biosystems.2011.01.008
http://www.sciencedirect.com/science/journal/03032647
http://www.elsevier.com/locate/biosystems
mailto:pleyton@unab.cl
dx.doi.org/10.1016/j.biosystems.2011.01.008
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tic polymerization by mineral surfaces, mainly conducted from a
ibrational spectroscopy point of view.

. Materials and methods

.1. Reagents

L-glutamic acid (Calbiochem® , 99.1%); glycine (Calbiochem® , 100.0%); alu-
inum oxide (Merck® , >99%, 0.063–0.200 mm, basic active, specific surface area

pprox. 120 m2/g), glycylglycine (Sigma® , 99%), glutamyl-glutamic acid (Sigma® ,
9%) and N-glycylglutamic acid (Sigma® , 98%). All reagents were used as received.

.2. Thermal condensation

Polymeric glycylglutamic acid (Gly-Glu-(Gly-Glu)n) was obtained using a mod-
fication of the Harada and Fox method (Harada and Fox, 1958). A reaction mixture
omposed of 0.01 mole of l-glutamic acid and 0.02 mole of glycine was ground
ogether in a mortar. This mixture was heated and melted in an open flask at
75–190 ◦C for approximately 20 min in a microwave reactor. In the experiments
erformed in the presence of mineral, 0.100 g of aluminum oxide was used. When
he reaction was completed a brown liquid that solidified upon cooling was obtained.
or vibrational measurements the solid residue was washed with 10 mL of deion-
zed water and was allowed to settle down during 24 h. The solid obtained after 24 h

as centrifuged, dried at 50 ◦C and weighted for yield calculation.

.3. Infrared and Raman spectra

Infrared (IR) spectra were measured on a Fourier Transform Infrared (FT-IR)
erkin Elmer Spectrum RX spectrometer provided with a DTGS (Deuterated TriGlyc-
rine Sulfate) detector. The spectral resolution was 4 cm−1 and 16 scans were
btained on each sample. KBr pellets were prepared by mixing 1 mg of sample and
00 mg of KBr.

The Raman spectra were recorded with a Renishaw Raman Microscope System
M2000 equipped with a diode laser providing a 634 nm line, a Leica microscope,
n electrically cooled CCD (Charge Coupled Device) detector and a notch filter to
liminate the elastic scattering. The spectra were obtained by using a 100× objective.
he laser power output was 2.0 mW and the spectral resolution was 2 cm−1.

.4. Scanning Electron Microscopy and Energy Dispersive X-ray analysis
SEM–EDX)

The samples were homogenized by grinding and the powder samples were fixed
n an adhesive carbon band. A Scanning Electron Microscope (SEM) JEOL JSM6360
V coupled to an Energy Dispersive X-ray (EDX) spectrometer Inca Oxford was used
or the analysis. SEM photographs were taken at 30×, 100× and 500× and on each
f them a chemical mapping analysis was made with the following color reference:
luminum in red, carbon in green and oxygen in blue.

.5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis
SDS–PAGE)

0.5 mg of the samples were dissolved in 1 mL of 0.1 M borate buffer pH 9. The
nsoluble fraction was separated by microcentrifugation 5 min at 14,000 rpm. Then,
mg of fluorescamine were added. 15 �L of each sample were mixed with loading
uffer solution and load onto the gel and electrophoresed according to Lagos et al.
2001). The polyacrylamide gel (PAG) was prepared as a discontinuous gradient of
crylamide concentration: 3, 10 and 16%. A peptide molecular weight marker from
igma® (2–17 kDa) was used.

.6. Theory/calculation

Theoretical infrared and Raman spectra were calculated from Density Functional
heory (DFT). The structure and vibrational frequencies of the Gly-Glu dipeptide
ere determined using the Gaussian 03W program package (Frisch et al., 2003).

he Becke’s three-parameter hybrid method using the Lee–Yang–Parr correlation
unctional (B3LYP) together with the 6-31G** basis set were used in the geometry
ptimization and calculations of the normal modes. At the optimized structure of the
ipeptide, no imaginary frequencies were obtained, providing that a local minimum
n the potential energy surface was found.

. Results

.1. Vibrational assignments
The bands assignment were performed on the basis of pub-
ished data of related molecules (Baran and Ratajczak, 2005;
hamelincourt and Ramirez, 1991; Fischer et al., 2005; Kumar
t al., 2005; Peica et al., 2007; Vijay and Sathyanarayana, 1992)
Fig. 1. Infrared experimental spectra in KBr pellet obtained for (a) glycine (Gly), (b)
glutamic acid (Glu), (c) polymer obtained by thermal synthesis in the absence of
Al2O3, and (d) polymer obtained by thermal synthesis in the presence of Al2O3.

and general characteristic group frequencies (Barth, 2007; Colthup
et al., 1990; Pearson and Slifkin, 1972; Socrates, 2000). Theoretical
infrared and Raman frequencies are in good agreement with the
experimental corresponding data. Moreover, the results allowed
completing the experimental band assignment and distinguishing
overlapped components in broad bands.

3.1.1. Glycine (Gly)
The infrared and Raman spectra of glycine (Gly) in solid are dis-

played in Figs. 1a and 2a, respectively. All vibrational modes are
both infrared and Raman active. Table 1 lists the observed infrared
and Raman frequencies and the proposed band assignments.

The Raman spectrum showed the characteristic �as(NH2) mode
at 3143 cm−1, and aliphatic vibrations �as(CH2) at 3007 cm−1

and �s(CH2) at 2965 cm−1. Three weak bands observed at 1667,
1629 cm−1 and 1568 cm−1 in the Raman spectra were assigned to
�s(C O), ıas(NH2) and the asymmetric stretching of the COO moiety
of the COOH group �as(COOH), respectively. Bands at about 1514
and 1454 cm−1 were assigned to bending (scissoring) of the NH2
and CH2 groups, respectively. The band at 1410 cm−1 was ascribed
to the �s(COOH) mode. The intense band observed at 1322 cm−1

was assigned to a CH deformation.
The two weak bands in the Raman spectrum at 1138 and

1104 cm−1 were assigned to rocking of the NH2 group (Fischer et al.,
2005). A sharp band with medium intensity observed at 1033 cm−1

in the IR spectrum and at 1034 cm−1 in the Raman spectrum was
assigned to a coupled vibration �(C–N + C–C) (Kumar et al., 2005).
The region between 1000 and 350 cm−1 showed a medium inten-

−1
sity band in the infrared spectrum at 911 cm , which was assigned
to CH2 bending, a coupled vibration at 893 cm−1 for the NH2 twist
plus a CH2 twist, and NH2 bending at 698 cm−1 (Kumar et al., 2005).
Also, there were two bands in the spectrum located at 608 and
504 cm−1 both related to the carboxylic acid fragment (Kumar et
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Table 1
Experimental data for the vibrational spectra of glycine (Gly) and glutamic acid (Glu).

Gly Glu Vibrational assignmenta

Wavenumber (cm−1)b Wavenumber (cm−1)

IR Raman IR Raman

3417 s, br � (OH)
3169 s 3065 s, br �as(NH2)

3143 m 3015 vw �as(NH2)
2990 w ¿�(NH)?

3011 s 3007 s 2967 w �as(CH2)
2971 s 2977 sh 2962 sh 2961 sh �(CH)

2965 vs 2931 w �s(CH2)
2891 br �s(CH2)
2615 m 2659 m �s(NH2)
2125 w 2079 w �s(NH2)
n.d. 1667 w 1665 sh n.d. �s(C O)

1629 vw 1653 w ıas(NH2)
1613 sh 1640 s ıas(NH2)
1595 s 1617 m �as(COOH)

1568 vw n.d. �as(COOH)
1524 s 1509 s n.d. ıs(NH2)

1514 w ıs(NH2)
1445 m 1454 w 1434 sh 1437 w ı(CH2)
1414 s 1410 w 1422 m �s(COOH)

1405 m �s(COOH)
1377 w ω(CH2)

1334 s 1353 m ı(CH)
1322 m 1346 m ı(CH)

1314 m 1307 m ı(OH)
1261 s 1253 vw ı(CH)
1234 m �(CH2)
1213 m �(CH2)

1132 w 1138 w 1151 m 1148 w �(NH2)
1112 m 1104 vw 1127 s 1127 w �(NH2)

1078 m 1083 w �(C–O)
1033 m 1034 w �(C–N) + �(C–C)

1056 s 1057 w �(C–N)
968 w 966 m �(C–C)
946 m 939 w �(OH)
913 w 916 m �(C–C)

911 m ı(CH2)
893 m 890 w �(NH2) + �(CH2)

866 m 863 s ı(COOH)
808 s 798 m �(C–C)
758 w 758 m �(CH2)
712 m n.d. �(CH2)
702 m 704 m ı(COOH)

698 m 697 vw ı(NH2)
672 m n.d. ı(COOH)

608 m 601 vw ı(COOH) + ı(NCCO)
538 s 534 m �(OCC)
508 m 499 m �(COOH) + �(NH2)

504 s n.d. ı(COOH) + ı(CH2)
n.d. 459 w �(NH2)

n.i. 357 vw n.i. 384 m ı(skel)
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n.i.

a � = stretching; as = antisymmetric; s = symmetric; ı = bending; � = rocking; ω = w
b vw = very weak; w = weak, m = medium, br = broad, sh = shoulder, s = strong, vs =

l., 2005). Finally, a very weak band was observed at 357 cm−1 in
he Raman spectrum which was tentatively assigned to skeletal
ibrations.

.1.2. Glutamic acid (Glu)
The infrared and Raman spectra of l-glutamic acid (Glu) in the

olid state are displayed in Figs. 1b and 2b, respectively. Table 1
ists the observed infrared and Raman frequencies and the pro-
osed band assignments for glutamic acid. In the infrared spectrum
f glutamic acid, a broad characteristic band with strong intensity

bserved at 3417 cm−1 was attributed to �(OH). The broad band at
064 cm−1 was assigned to �as(NH2) and the band at 2962 cm−1

as assigned to the �(CH) vibration. The vibration observed in the
aman spectrum at 2990 cm−1 was tentatively assigned to �(NH),
nd absorptions at 2967 and 2931 cm−1 were attributed to �a(CH2)
253 w ı(skel)

g; � = torsion; � = out of the plane bending.
trong, n.d. = non-detected, n.i. = non-investigated.

and �s(CH2), respectively. The region between 1800–1500 cm−1

showed a group of vibrations close to each other; a shoulder at
1665 cm−1 with medium intensity in the IR spectrum was assigned
to �s(C O) stretching, along with a second absorption at 1640 cm−1

of strong intensity in the IR and weak intensity in the Raman spec-
tra that was attributed to the ıas(NH2) mode. The last band of this
group located around 1617 cm−1 in the infrared spectrum, was
assigned to �a(COOH). In the region between 1500 and 1100 cm−1

was observed a set of bands; the vibration at 1509 cm−1, which
was attributed to ıs(NH2), an absorption at 1434 cm−1 correspond-

−1
ing to the ı(CH2) mode and another at 1422 cm in the IR and at
1405 cm−1 in the Raman spectra of medium to strong intensity,
were assigned to the �s(COOH) vibration. The band at 1377 cm−1

was assigned to CH2 wagging; as well as absorptions at 1353 and
1261 cm−1 which were ascribed to ı(CH). Absorption at 1314 cm−1
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ig. 2. Raman experimental spectra obtained for (a) glycine (Gly), (b) glutamic acid
Glu), (c) polymer obtained by thermal synthesis in the absence of Al2O3, and (d)
olymer obtained by thermal synthesis in the presence of Al2O3.

as assigned to ı(OH), while absorptions at 1234 and 1213 cm−1

ere assigned to CH2 torsional bending. Finally, absorptions at
151 and 1127 cm−1 were assigned to rocking of the NH2 group
Dhamelincourt and Ramirez, 1991).

The band located at 1084 cm−1 in the Raman spectrum and at
078 cm−1 in the infrared spectrum correspond to the �(C–O) vibra-
ion, while the band observed at 1057 cm−1 in the Raman spectrum
nd 1056 cm−1 in the infrared spectrum was attributed to �(C–N).
n the region between 1000 and 800 cm−1, three bands that corre-
pond to carbon skeletal CC stretching vibrations were observed
t 968, 913 and 808 cm−1 (Dhamelincourt and Ramirez, 1991).
he bands observed at 758 and 712 cm−1 in the IR spectrum were
ssigned to CH2 rocking. The bands observed at 702 and 672 cm−1

ere assigned to bending of the COOH group (Dhamelincourt and
amirez, 1991; Peica et al., 2007). The region of the spectrum under
00 cm−1 was difficult to interpret because of the appearance of
ending and torsional vibrations of the molecular structure, as well
s other coupled vibrations such as the rocking of the COOH group
nd torsional vibrations of the NH2 group observed at 508 cm−1 in
he infrared spectrum and 499 cm−1 in the Raman spectrum (Peica
t al., 2007). All of these modes were usually overlapping and the
ssignments made in this region are therefore tentative.

.1.3. Polymeric (Gly-Glu-(Gly-Glu)n)
The infrared and Raman spectra of the product obtained from

he thermal synthesis in the absence (Figs. 1c and 2c) and in the
resence of aluminum oxide (Figs. 1d and 2d), were very similar.

hese clearly showed the appearance of a strong intensity band at
647 cm−1 in the infrared spectrum and at 1654 cm−1 in the Raman
pectrum, which was assigned to amide I and arises mainly from the

O stretching vibration, with minor contributions from out of the
hase CN stretching vibrations, CCN deformation and NH in-plane
Fig. 3. Raman experimental spectra obtained for (a) glycylglycine (Gly-Gly), (b)
glutamyl-glutamic acid (Glu-Glu) and (c) N-glycylglutamic acid (Gly-Glu).

bending. This absorption overlapped with the band at 1560 cm−1 in
the infrared spectrum, which corresponded to the amide II mode
(ı(NH) + �(CN)). In this sense, the bands located at 1281 cm−1 in
the infrared spectrum and 1263 cm−1 in the Raman spectrum cor-
respond to the amide III mode which is the in-phase combination of
NH bending and CN stretching vibrations, with small contributions
from the ıCO and �CC modes. All three of these bands appeared
at characteristic wavenumbers usually assigned to a polypeptide
with the ˛ form (Socrates, 2000). However, an expected strong
intensity band associated to the skeletal mode in the 900–960 cm−1

region in the Raman spectra is not observed, which suggests that
the polypeptide obtained has a random coil structure (Carey and
Salares, 1980).

Additionally, the absorptions located at 3286 cm−1 and
3088 cm−1 were assigned to the �a(N–H) and �s(N–H) modes,
respectively. Table 2 lists the observed infrared and Raman frequen-
cies and the proposed band assignments for the polymers obtained
from the synthesis in the absence and presence of Al2O3.

An IR and Raman characterization of glycylglycine (Gly-Gly),
glutamyl-glutamic acid (Glu-Glu) and N-glycylglutamic acid (Gly-
Glu) dipeptides reagents p.a. allowed the acquisition of more
information about the polypeptide obtained. Peptides generally
display the same type of vibrational spectra as their component
amino acids combined with other bands attributed to the charac-
teristic bands for the peptide bond. Based on previously reported
data for glycine (Baran and Ratajczak, 2005; Fischer et al., 2005;
Kumar et al., 2005; Vijay and Sathyanarayana, 1992), glutamic
acid (Dhamelincourt and Ramirez, 1991; Peica et al., 2007) and

glycyl-glycine dipeptide (Gly-Gly) (Fischer et al., 2005; Zhao et al.,
2008), and the present calculations made for the Gly-Glu dipeptide,
the assignments in Table 3 for the dipeptides were proposed. The
Raman spectra obtained for the dipeptides p.a. are shown in Fig. 3.
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Table 2
Experimental data for the vibrational spectra for the synthesized polypeptide.

Polymer Polymer/Al2O3 Vibrational assignmenta Comments
Wavenumber (cm−1)b Wavenumber (cm−1)

IR Raman IR Raman

3282 s 3274 w 3292 s 3283 vw �a(NH2) Intensity increases with molecular weight
3088 m n.d. 3090 m n.d. �s(NH2) Intensity increases with molecular weight
2971 w 2977 m 2978 vw 2977 m �a(CH2)
2944 w 2944 s 2937 w 2939 s �S(CH2)
n.d. n.d. n.d. 1732 w �(C O) COOH fragment R of GLU
1645 s 1654 m 1648 s 1651 m �(C O) + �(CN) + ı(NH) Amide I (� form)
1560 s n.d. 1560 s n.d. ı(NH) + �(CN) Amide II (� form)
1419 m 1424 s 1419 m 1423 m �s(COOH)
1377 m 1378 m 1375 m 1254 m,br ω(CH2)
1281 m 1263 s 1281 m 1254 m,br �(CN) + ı(NH) + �(CO) + ı(O = CN) Amide III (� form)
1248 m 1244 m 1246 m 1254 m,br �(NH2)
n.d. 1137 w n.d. n.d. �(NH2)
1028 m 1034 s 1028 m 1034 m �(C–N) + �(C–C)
900 m 885 s 900 w 875 m �s(CNC)
698 m n.d. 696 m n.d. ı(NC O) Amide IV
568 w 564 w 569 w n.d. ı(C O) Amide VI
n.i. 346 vw n.i. n.d. ı(skel)

kel)

ing; �
very s
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n.i. 286 vw n.i. n.d. ı(s

a � = stretching; as = antisymetric; s = symetric; ı = bending; � = rocking; ω = wagg
b vw = very weak; w = weak, m = medium, br = broad, sh = shoulder, s = strong, vs =

The band centered at 1034 cm−1 in the Raman spectrum of
lycine was observed in the Gly-Glu dipeptide at 1033 cm−1. In
he polypeptide, it was observed at 1028 cm−1 in the infrared spec-
rum and at 1034 cm−1 in the Raman spectrum and corresponded to
(CN) coupled to �(CC) of the glycine fragment (Kumar et al., 2005).
n the other hand, the band centered at 1056 cm−1 in the infrared

pectra of glutamic acid attributed to �(C–N) (Dhamelincourt and
amirez, 1991) disappears in the polypeptide spectra indicating
hat the predominant bonding in the peptide bond is Gly-Glu. Theo-
etical infrared and Raman frequencies are in good agreement with
he experimental corresponding data. Then, it is possible to argue
hat the proposed structure for the Gly-Glu-(Gly-Glu)n experimen-
al sequence is adequate (see Fig. 4).

.2. Scanning Electron Microscopy–Energy Dispersive X-ray
nalysis

According to the SEM images (Fig. 5a) the morphology of the alu-
inum oxide crystal used for the synthesis (light grey crystals) did

ot change under the thermal treatment. The SEM–EDX analysis

f the sample of Gly-Glu-(Gly-Glu)n polymer on Al2O3 is shown in
ig. 5b. As can be seen in the microphotography obtained at 500×,
nly Al, C, N and O were detected in the sample and according to
he color assignment (red for aluminum, green for carbon and blue

Fig. 4. Final geometry of the Gly-Glu dipeptide.
= torsion; � = out of the plane bending.
trong, n.d. = non-detected, n.i. = non-investigated.

for oxygen), all of the particles of aluminum oxide (pink color) were
surrounded by polymer (green–blue color). As can be seen in the
individual elemental mapping (Fig. 5c), the green–blue zones had
nitrogen signals as well, which corresponds to the elemental com-
position of the polymer. This approach shows the growth of the
polymer (green–blue color) on an aluminum oxide particle surface
(pink color).

3.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE)

In Fig. 6, the results obtained by SDS–PAGE are shown. The
polypeptide obtained in the absence of Al2O3, shows two main sig-
nals, the first between 10.8 and 4.4 kDa and the second is below
1 kDa. The sample obtained in the presence of aluminum oxide
shows a polydispersive population of peptides from 9.4 kDa until
less than 1 kDa, with a larger population in the area of low molecular
weight polypeptides. The sample obtained in the absence of Al2O3
should contain around 60 amino acid units, while the polypeptide
obtained in the presence of Al2O3 should have between 10 and 90
amino acid units.

4. Discussion

This thermal polymerization was performed in the molten state.
In this case, the reaction products were mainly determined based
on the temperature of the melting process. In the glycine and glu-
tamic acid condensation reactions has been reported that the order
of the amino acids residues could not be completely random due to
pyroglutamic acid formation and high reactivity of glycine under
thermal conditions (Mandal and Balaram, 2007; Panday et al., 2009;
Righetti and Tamba, 1982; Soloshonok et al., 2005).

There was no difference between the infrared and Raman spec-
tra profiles of the obtained products from the thermal synthesis in
the presence and absence of mineral surfaces used in this study. The
spectra coincide with the preferential Gly-Glu-(Gly-Glu)n polymer
sequence with random coil. The theoretical spectral data support

the experimental proposed Gly-Glu-(Gly-Glu)n main sequence for
the polymer. The preferential sequence in peptides obtained by
thermal condensation has been reported earlier (Fox et al., 1977;
Hartmann et al., 1981), as well as the formation of linear polypep-
tides (Fouche and Rohlfing, 1976; Harada and Fox, 1958; Rohlfing
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ig. 5. SEM–EDX results for the approach on the Gly-Glu polymer on aluminum ox

rystals) (b) Elemental mapping analysis made at 500× on Gly-Glu polymer on alu
ly-Glu polymer on aluminum oxide obtained at 500×.

nd MacAlhaney, 1976). The bandwidth spectral increasing of the
ynthetic polypeptide and a positive Biuret response (data not
hown) are evidence of a polymeric structure.

The mechanism of this preferential Gly-Glu sequence could be
hrough the formation of diketopiperazin (DKP) rings between
lycine and glutamic acid, indicating that the formation of the pep-

ide bonds proceeds through the nucleophilic attack of an amino
roup of the amino acids on the DKP accompanied by the ring-
pening (Kawamura et al., 2009; Mosqueira et al., 2008; Parrish
nd Mathias, 2002). For these reason there was not observed bands
ssociated to DKP ring breathing vibrations that usually appear at
a) Scanning electron image (500×) of Gly-Glu polymer on aluminum oxide (white

m oxide. ( : Al; : C and : O) (c) Individual elemental mapping results of

914 and 809 cm−1 in the vibrational spectra of the product obtained
(Cheam and Krimm, 1984a,b). In this context, the formation of
lineal peptides instead of diketopiperazines when two or more
aminoacids are heated has been reported (Fouche and Rohlfing,
1976; Guo et al., 2006; Harada and Fox, 1958; Hartmann et al., 1981;
Meng et al., 2004; Rohlfing and MacAlhaney, 1976).
SEM–EDX characterization of the solid phase involved in the
thermal synthesis showed that the aluminum oxide participate as
a site for nucleation and growth of the polymer explaining the
increase of 25% on gravimetric yield in the presence of oxide (data
not shown). This result suggests that, during the thermal treatment,
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Table 3
Experimental infrared and Raman frequencies for glycylglycine (Gly-Gly) and glutamyl-glutamic acid (Glu-Glu). Experimental Infrared and Raman and Raman calculated
data for N-glycylglutamic acid (Gly-Glu).

Gly-Gly Glu-Glu Gly-Glu Vibrational assignmenta Comments/References
Wavenumber (cm−1)b Wavenumber (cm−1) Wavenumber (cm−1)

IR Raman IR Raman IR Raman Calculated

3286 br 3285 s 3316 s 3317 m 3334 s 3335 m 3420 �(NH) Socrates (2000)
3065 sh n.d. 3100 s,br – 3074 s,br – 3032 �(NH) Overtone of Amide II
n.d. 3016 m 3013 w 3011 �a(CH2)
2970 m 2963 s 2977 m 2961 s 2967 �s(CH2)

2951 s �(CH)
2929 sh 2927 s 2934 s 2935 s 2952 �(CH2)
2880 sh 2873 m 2913 m 2922 sh 2923 �(CH2)

1730 s 1726 w 1734 m 1739 w 1769 �(C O) Barth (2007)
1676m,br 1682 vw 1716 s 1712 m 1700 m 1697 m 1710 �a(COOH)
1654m,br 1647 m 1630 sh 1631 sh 1684 m 1679 m 1652 �(C O) + �(CN) + ı(NH) Amide I
1629m,br 1629 w 1610 s 1607 w 1613 sh 1607 w – ıa(NH2)
1602m,br n.d. 1586 s n.d. 1584 sh n.d. – �a(COOH)
1558 w 1551 sh 1553 m 1552 w 1556 s 1551 w 1579 ı(NH) + �(CN) Amide II
– 1532 m ı(NH2)
1481 m 1479 vw 1453 w – 1454 ı(CH2) Fischer et al. (2005)
1442 m 1444 m 1438 sh 1447 m 1436 w 1437 m 1426 ı(CH2)
1407s 1407 m 1415 m 1415 s 1405 m 1408 m 1410 ��s(COOH) Dhamelincourt and Ramirez (1991) and

Fischer et al. (2005)
1395 m 1396 sh ω(CH2) Dhamelincourt and Ramirez (1991)
1362 w ¿ı(CH)?

1336 m 1338 w n.d. 1332 w 1334 w 1340 w 1362 ı(CH) Dhamelincourt and Ramirez (1991) and
Fischer et al. (2005)

1310 m 1312 m ı(CH2) Fischer et al. (2005)
1313 m 1312 w – 1316 w 1315 ı(OH) Dhamelincourt and Ramirez (1991)
1290 m 1293 m 1303 m 1297 w 1301 ı(COH) Barth (2007)
1278 m n.d. ω(CH2) Peica et al. (2007)

1253 m 1250 m 1249 m 1249 m 1265 m 1263 m 1279 �(CN) + ı(NH)
+ �(CO) + ı(O CN)

Amide III

1231 w 1238 m 1231 m ı(CH2)/ω(NH2) Fischer et al. (2005)/Zhao et al. (2008)
1238 m n.d. 1234 w n.d. 1242 �(CH2) Dhamelincourt and Ramirez (1991)
1197 m 1199 vw 1216 sh 1217 w 1206 �(CH2) Barth (2007)
1182 m 1180 vw 1189 m 1189 w 1184 �(CO) Barth (2007)

1158 m 1155 m ı(NH) Fischer et al. (2005) and Zhao et al.
(2008)

1134 m 1134 m 1152 w 1149 w – – – �(NH2) Dhamelincourt and Ramirez (1991) and
Fischer et al. (2005)

1086 s 1089 m 1097 m 1096 w 1105 w 1101 w 1094 ı(NH2) Fischer et al. (2005)
1073 w 1072 m 1080 w 1081 w 1052 �(C–O) Dhamelincourt and Ramirez (1991)

1048 s 1043 m 1053 w 1051 m 1033 w 1033 m 1024 �(C–N) + �(C–C)
1002 m 1005 m ı (CH2)/� (NH2) Fischer et al. (2005)/Zhao et al. (2008)

1005 w 1007 vw n.d. 1001 w 1001 �(CH)
966 m 964 s ω(CH2) Zhao et al. (2008)

990 w 990 m ¿?
966 w 969 w 972 �(CC) Dhamelincourt and Ramirez (1991)

n.d. 961 m 933 w 934 s – �(OH) Dhamelincourt and Ramirez (1991)
918 m n.d. �(CH)/�(CN) Zhao et al. (2008)/Fischer et al. (2005)

914 w 912 m 913 m 918 m 905 �(CC) Dhamelincourt and Ramirez (1991)
900 m 902 m ı(CH2) Fischer et al. (2005)
880 m n.d. �(NH2) + �(CH2) Fischer et al. (2005)

884 w 889 m 892 w 889 w 884 ı(COOH) Dhamelincourt and Ramirez (1991)
830 m n.d. 824 w 823 vw 826 ı(CO) + ı(NH) Peica et al. (2007)
790 m n.d. 792 vw n.d. 797 ı(NH2)
n.d. 776 w ¿ı(NH2)? Dhamelincourt and Ramirez (1991)

731 m 729 w ω(NH2) Zhao et al. (2008)
744 m n.d. 742 m 739 w 770 ı(COOH)/�(CH2) Peica et al. (2007)/Dhamelincourt and

Ramirez (1991)
710 m 717 sh ω(CH2) Zhao et al. (2008)

705 m n.d. 698 w 696 w 724 �(CH2) Dhamelincourt and Ramirez (1991)
663 m 663 w �(NH) Zhao et al. (2008)

671 m 668 w 668 w n.d. 650 ı(COOH) Dhamelincourt and Ramirez (1991)
646 m 643 w 622 w 618 w 621 ¿?

591 m 587 m 583 w 579 vw 584 m 583 w 604 �(NH)/ı(O C–N) Zhao et al. (2008)/Socrates (2000)
560 w 561 w 553 ı (C O) Amide VI/Socrates (2000)

531 m 534 w �a(NCC) Zhao et al. (2008)
501 vw 500 vw ı (COOH) Dhamelincourt and Ramirez (1991)
479 w 474 vw �(NH2) Peica et al. (2007)
451 w 447 vw 458 w 456 vw 454 �(NH2) Dhamelincourt and Ramirez (1991)

437 sh 440 vw �(CC O) Zhao et al. (2008)
n.d. 424 w 417 ı(OH, CH) Peica et al. (2007)

402 m 396 m ¿?
405 m 400 w 387 ı(skel) Dhamelincourt and Ramirez (1991)

n.i. 313 w n.i. 324 w 329 ¿ı(skel)?
n.i. 293 vw n.i. 247 w ı(skel) Dhamelincourt and Ramirez (1991)
n.i. 215 w n.i. 229 m 241 ı(skel) Dhamelincourt and Ramirez (1991)

a � = stretching; as = antisymmetric; s = symmetric; ı = bending; �= rocking; ω = wagging; � = torsion; � = out of the plane bending.
b vw = very weak; w = weak, m = medium, br = broad, sh = shoulder, s = strong, vs = very strong, n.d. = non-detected, n.i. = non-investigated.
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ig. 6. SDS–PAGE results for (a) molecular weight markers, (b) Gly-Glu polymer
btained by thermal synthesis in the absence of aluminum oxide, and (c) polymer
btained by thermal synthesis in the presence of Al2O3.

luminum oxide act as a nucleation site for the Gly-Glu-(Gly-Glu)n

olymer. Moreover, the SDS–PAGE results showed an increase of
he peptide chain length in the absence of aluminum oxide; allow-
ng for the postulation that a greater number of polymer chains of
horter length were formed in the presence of Al2O3 compared to
he test conducted in the absence of aluminum oxide. In this sense,
t could be possible to argue that the active Lewis sites, obtained
y alumina heating could be used by any negative moiety of the
mino acids Gly or Glu, thus controlling the length of the polypep-
idic chain, this is being matter of further studies. However, some
uthors have found that pure alumina can be involved in the pro-
esses of chain elongation and stabilization in SIPF reactions (Rode
t al., 1999).

First proteins involved in the formation of living cells could have
een condensed phases of these polypeptides, which could have
een formed from amino acids, at the surfaces of minerals similar to
luminum oxide (Bujdák and Rode, 2001, 2002). Given the variety
f amino acids and monomers emerged during chemical evolution,
he complexity of these polymers could be considerable (Bujdák
nd Rode, 2002).

. Conclusions

There was no difference between the IR and Raman spectral
rofiles of the obtained product from the thermal synthesis in the
resence and absence of mineral surfaces used in this study. The
bserved spectral bandwidth increasing in the synthetic polypep-
ide is in agreement with a polymeric structure. The theoretical
pectral data support the experimental proposed Gly-Glu-(Gly-
lu)n main sequence for the polymer. SEM–EDX characterization of

he solid phase involved in the thermal synthesis showed that the
luminum oxide participate as a site for nucleation and growth of
he polymer explaining the increase of 25% on gravimetric yield
n the presence of oxide. In this sense, SDS–PAGE data showed
ligopeptides in the presence of aluminum oxide, allowing for the
ostulation that a greater number of polymer chains of shorter

ength were formed in the presence of Al2O3 compared to the test
onducted in the absence of aluminum oxide.
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