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Abstract 

The linear-polarized spectroscopy (IR- or Raman) of oriented colloids in nematic host coupled with advanced 
theoretical calculations are applied as a part of modern “combined approach“ for spectral and structural 
elucidation of small dipeptides. L-phenylalanyl-L-tyrosine (H-Phe-Tyr-OH) and the hydrochloride of L-alanyl-L-
phenylalanine stabilized as monohydrate (H-Ala-Phe-OH.HCl.2H2O) are studied. The obtained  information, 
especially for the characteristic IR-bands of amide C=O-NH fragments and out-of-plane vibrations of the 
aromatic residues provids a structural information about the configuration of amide O=C-NH group/s and 
corresponding amide planes in the peptide molecules, which are characterized with a large number of 
vibrations. In the aromatic peptides with more neighboring disposed amino acid, the typical π-repulsion leads to 
a limitations of the RHF or B3LYP methods. A good agrrement between theory and experimental geometry 
parameters is obtained, when the calculations are performed at RI-MP2 level of theoretical approximation and 
high basis set.  

Key words: small  peptides; L-phenylalanyl-L-tyrosine (H-Phe-Tyr-OH), (H-Ala-Phe-OH.HCl.2H2O); linear-
polarized spectroscopy, theoretical calculations. 

 

1. INTRODUCTION   

The paper deals with a modern “combined approach” for spectral and structural elucidation of small peptides, 
using the possibilities of linear-polarized infrared (IR-LD) and Raman spectroscopy of oriented colloids in 
nematic host, combined with the advanced theoretical approximation tools for optimization of the electronic 
structure and vibrational properties (Ivanova, Arnaudov & Bontchev 2004, Ivanova, Tsalev & Arnaudov 2006; 
Ivanova et al. 2007; Kolev 2007). In review article (Kolev, Spiteller & Koleva 2010) is discussed the scopes and 
limitations of this modern complex approaches for investigation of small biologically active molecules, focusing 
on the aliphatic amino acids, their amides and small peptides. However in the case of peptides, containing 
aromatic amino acids, the analysis is difficult because of the presence a large number of characteristic IR- and 
Raman bands, belonging to aromatic fragments. On the other hand typical for these systems inter- and/or intra- 
molecular π-stacking (Kumpf & Dougherty 1993; Dougherty 1996,) limits the application of enough number 
theoretical tools in addition. Namely, these aromatic interactions have been described as excellent stabilizing 
agents of the secondary structure scaffold in peptides with neighboring aromatic amino acid in side-chains 
(Russell & Cochran 2000, Mahalakshmi, Raghothama & Balaram 2006). For these reasons some authors (Toroz 
& Van Mourik 2006) delimitated spectroscopic properties and theoretical data interpretation for aliphatic and 
aromatic peptides. In this work novel and different accents are focused for the possibilities and limitations of the 
above mentioned complex tools for study of small peptides with aromatic amino acids in side chains. As a basis 
of this discussion is the analysis of large group amino acid derivatives and small peptides containing L-
phenylalanyl-, L-tyrosyl-, L-tryptophyl- and/or L-histidyl-fragments (Kolev 2007; Ivanova & Miteva 2004; 
Ivanova 2006; Kolev et al. 2009; Koleva, Kolev & Spiteller 2007).  Physical and chemical properties of 
these systems can be precisely calculated by means of ab initio and DFT methods at Hartee-Fock, MP2 and 
B3LYP level of theory, varying basis sets. The validity of the conclusions about the structure or vibrational 
properties of these systems have been supported, compared and/or additionally proved by the results from 
independent physical methods as 1H and 13C-NMR, single crystal X-ray diffraction, HPLC tandem mass 
spectrometry and etc. However, a well ordered crystal must first be grown in order to determine the molecular 
structure by single crystal X-ray diffraction. Although the 3D structures of peptides have been determined over 
the past decades, peptides crystallization is a still a major obstacle to X-ray diffraction work as well and the 
presence of chiral centre/s makes mesearements with difficulties. For this reason, the “combined approach” 
presented can be regarded as an alternative method, obtaining structural information in the solid-state. It is 
obviously, that only absolute crystallographic method gives geometric parameters as bond lengths and angles, 
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but the spectroscopic methods can provide information about the dihedral angles for cis- and trans-configurated 
amide groups as well and mutual disposition of the aromatic fragments in peptides. Their validity is illustrated 
by comparison of the theoretical and spectroscopic results obtained with available crystallographic data. In this 
respect, the article could be represents a useful source of information not only in IR-spectroscopy area, but also 
in the field of structural analysis of these systems. Modern vibrational approaches have been applied for these 
systems by Chou (1983, 19841988). The possibilities of the near-infrared diffuse reflection spectroscopy for the 
determination of the protein structure has been applied (Bai et al. 2006). The X-ray technique is often used for 
3D structure determination of proteins/peptides, however not all proteins/peptides can be easily to crystallize, 
especially for membrane proteins. As a complement, NMR is indeed a very powerful mean for determination of 
these structures (Schnell & Chou 2006; Call et al. 2006; Schnell et al. 2005), however it is time-consuming and 
costly. Although, the using of various structural bioinformatics tools, particularly the homologous technique 
(Chou 2004, 2005), which can to help acquire protein 3D structures, unfortunately the number of templates for 
homologous modelling is quite limited. From this point of view it would be very useful to develop a “combined 
approach” by coupled of many different techniques and methodologies for introduction in this paper.  

 

2. EXPERIMENTAL PART  

The investigated peptides are Bachem organics compounds. The IR-spectra were measured on a Bomen-
Michelson 100 FTIR-spectrometer (4000– 400 cm-1, ± 2 cm-1 resolution, 150 scans) equipped with a Perkin 
Elmer wire-grid polarizer. The non-polarized solid state IR spectra were recorded using KBr disk technique. The 
oriented samples were obtained as suspension in a nematic 4’-cyano-4’-alkylbicyclohexyl mixture (ZLI-1695 in 
the Merck notation), mesomorphic at room temperature. The poor IR-spectrum makes possible to record the 
guest-compound bands in the whole 4000-400 cm-1 range. The presence of an isolated nitrile stretching IR-band 
at 2233 cm-1 additionally serves as an orientation indicator. The effective orientation of the solid state sample 
was achieved through the following procedure: about 5 mg of the compound studied was added to the 
appropriate liquid crystal substance until a slightly viscous mixture is obtained. The suspension thus prepared 
was pressed between two KBr-plates rubbed out in advance in one direction by means of fine sandpaper. The 
grinding of the prepared mull in the rubbing direction promotes an additional orientation of the sample (Koleva 
et al. 2005). The Raman spectra were recorded on Horiba Jobin Yvon 6000 Raman Spectrometer.  

Quantum chemical calculations are performed with GAUSSIAN 98 and Dalton 2.0 program packages (Frisch et 
al. 1998; Dalton 2.0). The result files are visualized by means of the GausView03. The geometry parameters of 
the aromatic peptides (as zwiterionic) with one aromatic amino acid residue were calculated by ab initio and 
Density functional theory (DFT) calculations. The geometry of (1) was optimized at two levels of theory: 
second-order Moller-Pleset perturbation theory (MP2/RI-MP2) and DFT using the 6-31++G** basis set. The DFT 
method employed is B3LYP, which combines Backe’s three-parameter non-local exchange function with the 
correlation function of Lee, Yang and Parr. Molecular geometries of the studied species were fully optimized by 
the force gradient method using Bernys’ algorithm. For every structure the stationary points found on the 
molecule potential energy hypersurfaces were characterized using standard analytical harmonic vibrational 
analysis. The absence of the imaginary frequencies, as well as of negative eigenvalues of the second-derivative 
matrix, confirmed that the stationary points correspond to minima of the potential energy hypersurfaces. The 
calculation of vibrational frequencies and infrared intensities were checked to establish which kind of performed 
calculations correspond to the best experimental data. The empirical scaling factors 0.9614 and 0.8929 are made 
to achieve better correspondence between the experimental and theoretical values. Calculated geometry of the H-
Phe-Tyr-OH is carried out at RI-MP2/6-31++G** level of approximation. 

 

3. RESULTS AND DISCUSSION  

3.1. Spectroscopic and structural elucidation of small aromatic peptides    

The application and illustration of linear-polarized vibrational spectroscopy as a part of “combined approaches” 
to study aromatic peptides systems is the carried out L-phenylalanyl-L-tyrosine (H-Phe-Tyr-OH) and 
hydrochloride of L-alanyl-L-phenylalanine stabilized as monohydrate (H-Ala-Phe-OH.HCl.2H2O) analysis. We 
choose these examples with a view to compare the scopes and limitations of the polarized vibrational tool, 
studding the IR- and Raman spectra (Figs. 1 and 2) as well as ones of the widely used theoretical approaches for 
prediction of the molecular geometry of small peptides. At first it is necessary to notes, that in these examples as 
well as other aromatic peptides, the characteristic IR-bands of NH3

+-group, typical for zwiterionic and 
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protonated peptides such as as

NH3+, as
NH3+, as’

NH3+ are low-intensive in corresponding Raman spectra. As 
could be seen, the bands between 3100–2500 cm-1 ( as

NH3+, sNH3+), at 1681 cm-1 ( as
NH3+) in H-Phe-Tyr-OH 

and at 1693 cm-1, 1681 cm-1 ( as
NH3+, as’

NH3+) in H-Ala-Phe-OH.HCl.2H2O which are observed in the IR-
spectra at Fig. 1.2 and Fig. 2.2 are low-intensive or/and disappeared in corresponding Raman spectra (Fig. 1.1 
and 2.1). The same is valid for C=O (Amide I) and C=O (COOH) stretching vibrations (Figs. 1 and 2). On the 
other hand the characteristics out-of-plane (o.p.) modes for the IR- spectra aromatic residue of the amino-acids at 
836 cm-1 (11-CH(Tyr)), 746 cm-1 (11-CH(Phe)) and 700 cm-1 (4-Ar (Phe)) in first example (Fig. 1.2) as well as at 
735 cm-1 (11-CH(Phe)) and 700 cm-1 (4-Ar (Phe)) in the second peptide salt are low-intensive in corresponding 
Raman spectra (compare Figs 1.1 and 2.1 with 1.2 and 2.2). This is in accordance with the conclusions for other 
aromatic peptides (Ivanova 2005; Ivanova &Arnaudov 2006; Ivanova, 2006; Koleva et al. 2008; Kolev, 
Koleva, & Spiteller, 2008; Koleva, Kolev & Spiteller, 2007; Koleva et al. 2008; Kolev et al. 2006). 
From this point of view the local structural elucidation of these systems is better to be performed using polarized 
IR-spectroscopic tool. If the objects interested possess an in-plane (i.p.) vibration of A1 type (Varsanyi 1969) for 
aromatic peptides, then the polarized Raman tool is more appropriated. As can be seen the vibration band of 
dipeptide H-Phe-Tyr-OH (1) at about 1000 cm-1 of the aromatic fragment (Varsanyi 1969) is one of the most 
intensive in the Raman spectra of tyrosyl or phenylalanyl -containing peptides (Figs. 1.1 and 2.1). All studied 
aromatic peptides are characterized with significant degree of macro orientation of suspended particles in 
nematic host (Ivanova, Arnaudov & Bontchev 2004; Ivanova, Tsalev & Arnaudov 2006; Ivanova et al. 2007; 
Kolev, Spiteller & Koleva 2010; Kolev, 2007). 

 

 
Fig. 1. Raman (1) and IR-(2) spectra of dipeptide H-Phe-Tyr-OH in solid-state 
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Fig. 2. Raman (1) and IR-(2) spectra of dipeptide H-Ala-Phe-OH.HCl.H2O in solid-state 

These results caused the successes fully application of the reducing-difference procedure for polarized spectra 
interpretation. The elimination of 3230 cm-1 peak,  provokes a disappearance of 1670 cm-1 band, indicating their 
νNH and νC=O character and trans-configuration of the amide fragment as well (Fig. 3.2). The elimination of 
1681 cm-1 peak (Fig. 3.3) leads to vanished of 8a and 19a modes at 1614 cm-1 and 1585 cm-1 respectively. The 
carried out elimination indicates a collinear disposition of δas

NH3+ and A1- in-plane peaks of p-disubstituted 
benzene system. On the other hand, Fig. 3.3 shows a disappearance of νas

COO- maximum at 1525 cm-1. The 
obtained results correlated well with the theoretical predicted structure of zwitterionic H-Phe-Tyr-OH shown in 
Fig. 3. However, the illustrated last elimination leads to another fact, namely the simultaneously vanishing of 
out-of-plane B1-maxima for both benzene rings. As far as in the frame of one molecule concerned, the transition 
moments of A1- and B1-peaks is impossible to be eliminated simultaneously (their mutual orientation is 
perpendicular). The result supposed presence of more than one near to perpendicular oriented molecules in the 
unit cell. This phenomenon is typical for peptides which should be discussed as well in the next example of H-
Ala-Phe-OH.HCl.2H2O (Koleva et al. 2007). 

 

 

 

 

Fig. 3. Non-polarized IR-(1) and reduced IR-LD spectra after elimination of the bands at 1670 cm-1 (2) and 1681 
cm-1 (3); Calculated geometry of the H-Phe-Tyr-OH at RI-MP2/6-31++G** level of approximation  
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According to crystallographic data, H-Ala-Phe-OH.HCl.2H2O crystallized in P21 space group and the unit cell 
contains two mutual oriented molecules shown in Scheme 1. The disposition assumed a near to co-linear 
orientation of Amide I and νC=O (COOH group) transition moments in the frame of neighbouring molecules, 
which is confirmed by a simultaneously elimination of corresponding peaks at 1725 cm-1 and 1656 cm-1.  The 
parallel peak at 3266 cm-1 is also reduced due to the determined flat trans-amide group C=O-NH disposition 
with torsion angle 175.9(9)° (Chapkanov & Zareva, 2009). On the other hand, the amide group, carboxylic one 
and benzene ring planes are oriented at angles of 30.0(4)°, 42.1(6)° and 55.3(3)°, respectively (Scheme 1). These 
data allows a determination of corresponding out-of-plane γC=O (Amide VI), γC=O (COOH group), 11-γCH and 4-
γAr modes (both B1 symmetry class). Elimination of 738 cm-1 and 701 cm-1 peaks in equal dichroic ratio proves 
their assignment as 11-γCH and 4-γAr modes of mono-substituted benzene ring. The pair peaks at 587 cm-1 and 
555 cm-1 are observed during the last procedure. The elimination of the first one leads to out-of-plane peaks 
observation of benzene fragment as well as the maximum at 595 cm-1. These data assigned 587 cm-1 and 555 cm-

1 bands as γC=O (Amide VI) and γC=O (COOH group) out-of-plane modes. 

 
Scheme 1. Crystal structure of H-Ala-Phe-OH.HCl.2H2O (Cotrait & Barrans 1974) 

 

Table 1. Calculated dihedral angles of protonated H-Ala-Phe-OH and experimental crystallographic data of H-
Ala-Phe-OH.HCl.2H2O 

Name, 
definition 

Dihedral angles [degree]*   

UHF/6-31G** RI-MP2/6-31++G** (B3LYP/6-31++G** X-ray data *** 

D(1,2,4,5) 95.8 95.9 95.1 95.9 

D(2,4,6,7) 175.0 174.2 177.1 174.3 

D(3,2,4,5) 25.5 26.6 24.2 26.5 

D(5,4,6,7) 0.0 0.2 0.0 0.3 

D(6,7,8,9) 178.0 177.1 178.9 177.2 

D(6,7,11,12) 57.2 60.0 57.1 59.3 

D(7,11,12,13) 92.8 93.1 91.1 93.2 

D(4,5,6,H) 176.0 175.8 177.2 175.9 

CAr-CAr-CAr-CAr torsion angles are within: 0.2o to 0.1o (H-Ala-Phe-OH); 0.5o to 0.3o (H-Ala-Phe-
OH.HCl), 0.2o to 1.1o  

*The atom numbering is presented in Scheme 2 
**The calculations are performed in the presence of one H2O molecule 
*** According Cotrait & Barrans (1974) 
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The polarized IR-spectroscopy of oriented colloids could be widely used for aromatic peptides analysis, due to 
that more of these objects are characterized with the broad fluorescence band in the corresponding Raman 
spectra. Especially, this is valid for the L-tryptophyl- and/or some cases of L- histidyl-containing peptides. As 
can be seen in Fig. 4 the H-His-Met-OH dipeptide can be elucidated both by polarized IR- and Raman methods, 
while in the case of H-Met-His-OH, the first vibrational tool is appeared to be unique for interpretation of the 
vibrations in solid-state (Ivanova & Arnaudov 2006). 

 
Scheme 2. Atom numbering scheme of the dipeptide H-Ala-Phe-OH 

 

The using of the “combined approach”, including the theoretical approximation tools as well it must be taking 
into account the following statement. The calculations of the zwiterionic aromatic peptides with only one 
aromatic amino acid residue by the ab initio and DFT calculations (Table 1) gives a reasonable results for the 
geometry parameters (Dian et al. 2002; Valdes et al. 2006). In the case of second theoretical tool, the 
calculations of the peptide/H2O system must be done. 
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(2) 

Fig. 4. Raman and IR-spectra of H-Met-His-OH (1) and H-His-Met-OH (2) in solid-state 

 

However, if the object interested is a system with more than one aromatic amino acid side chain, then the RI-
MP2 calculations gives a more precise structure of the molecules. In these systems the -electron repulsion of 
the neighbouring aromatic fragment in the peptides limits the usage of the other level of theory (see Table 1) for 
adequate optimization of the geometry parameters of these systems. Using the large number of systematic 
investigations, part of which are citied here, the presented tool possess unquestionable advantages, but and 
limitations as well. 

 

4. CONCLUSION  

On the base of the obtained results we could summarize the possibilities and limitations of the used tools for 
analysis of small peptides containing aromatic residue in a following way: (i) The main advantages of the 
presented “combined approach”, based on linear-polarized vibrational spectroscopy is the ability to provide local 
structural information in solid state of the aromatic peptides, independent of their amorphous or polycrystalline 
character. For these systems the method appears to be unique providing any structural information and the 
possibility to defines precisely the configurations of amide O=C-NH group/s and corresponding mutual 
disposition of the amide planes in the frame of the peptide molecules. The analysis of the aromatic fragments, 
are characterized with a large number of vibrations in whole 4000 – 400 cm-1 region. In this respect the polarized 
IR-spectroscopy leads to obtained of more and precise information, due to these peptides are characterized with 
more intensive bands in the corresponding IR-spectra, specially the characteristic IR-bands of amide  C=O-NH 
fragments and out-of-plane vibrations of the aromatic residues. In contrast to, if the objects interested possess in-
plane vibrations of the aromatic fragments, then the Raman spectroscopy is more suitable for analysis, because 
these bands are characterized with higher intensity. (ii) Similar to the analysis of aliphatic small peptide, the 
method is based on the possibility for precise and complete elucidation of the vibrational characteristics of the 
suspended substances and small peptides in particular. Linear polarized IR-(or Raman) spectroscopies are the 
only methods for experimental proof and assignment of the bands to corresponding molecular vibrations. (iii) In 
the cases of L-tryptophyl- and/or L-histidyl-containing peptides, where often the Raman spectra are 
characterized with broad fluorescence bands, the polarized IR-spectroscopy is appeared to be unique for 
vibrations interpretation of these systems in solid-state. (iv) In contrast to the aliphatic peptides, where the ab 
initio and DFT calculations give a reasonable optimized geometry parameters and vibrational properties, in the 
case of aromatic peptides with more than one neighboring disposed amino acid with aromatic fragments, the 
typical π-electron repulsion leads to a limitations of the used RHF or B3LYP level of theory. Good correlation 
between theory and experimental geometry parameters is obtained in the case, when the calculations are 
performed at RI-MP2 level of theoretical approximation and high basis set.  
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