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Abstract: The vibrational spectra for α-methyl-L-phenylalanine have been measured (IR absorption: 

4000 – 400 cm-1/Raman spectra: 4000 – 200 cm-1). Characteristic vibrational modes of −NH3
+ and 

−CO2¯ groups across the 3700 – 1400 cm-1 are all identified to have originated in inter-molecular 

hydrogen bonding involving these functional groups. A zwitterionic dimer is modeled in water medium 

with SCRF-SMD method at B3LYP/6-311++G(d,p) level associated with the −N−H···O interaction. Of 

the several possible monomer and dimer conformational structures, the most stable dimer constructed 

of two zwitterion monomer units has produced vibrational modes due to the −NH3
+  and −CO2¯ involved 

in the −N−H···O bonding in fair agreement with the observed broad but composite IR modal features 

near the 3500 – 2000 cm-1. Natural bond orbital analysis has been carried out to understand electronic 

characterization of the −N−H···O bonding. 
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Introduction: 

Amino acids are very interesting systems for fundamental research due to the presence of electrically charged 

ammonium (−NH3
+) and carboxylic (−CO2¯) groups in solution or in solid state, though the molecule as a 

whole is electrically neutral [1-3]. Phenylalanine belongs to one class of α-amino acids having phenyl ring in 

its side chain and is a derivative of alanine. The title compound is a derivative of L-phenylalanine and it can 

be used to treat certain types of depression, chronic pain, Parkinson’s disease, hypertension etc [4-6]. Since, 

investigation of structural and spectral properties lead to deep insights and wide applications of amino acids, 

several experimental and theoretical studies have been devoted to investigate the structural, conformational 

and spectral properties of L-phenylalanine (parent molecule). The structure of L-phenylalanine is studied by 

employing powder X-ray diffraction technique, its crystal structure has been studied by solid state density 

functional theory calculations considering the corrections for London-type dispersion forces (DFT-D) [7-10]. 

The crystal structure study of phenylalanine hydrochloric salt, nitro derivative of phenylalanine have also 

been reported by X-ray and neutron diffraction methods [11-13].  

 Since the biological function of peptide or protein is dependent on the conformation of amino acids 

involved, conformation studies have been carried out for natural amino acids [14], in particular aromatic 

amino acids [15]. Conformer studies of L-phenylalanine reported that the molecule is optimized at B3LYP 

and MP2 levels with 6-31G* basis set. Phenylalanine monomer exhibits two stable structures: cis and trans 

forms. Of these, trans form is energetically more stable than the cis one. Intramolecular O−H···N bonds 

yielded zwitterionic conformers. The interaction between the conformers led to the formation of COOH cyclic 

dimers with O−H···O bonding [16]. To study the molecular structure and conformation of phenylalanine in 

different physical states, attenuated total reflectance (ATR) technique has been used. [17]. With this 

background of the parent molecule L-phenylalanine, in the present paper we present the combined 

experimental and theoretical study of an unnatural amino acid α-methyl-L-phenylalanine. Raman and FTIR 

spectra of solid sample of α-methyl-L-phenylalanine are recorded and the results are analysed with the aid of 

simulated IR and Raman spectra of zwitterionic monomer and dimer optimized in water medium at DFT 

B3LYP 6-311++G(d,p) level. Intermolecular −N−H···O bonding is interpreted in terms of second order 

perturbative energies. 
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2. Experimental and Computational Details: 

2.1 Experimental 

The solid sample of α-methyl-L-phenylalanine (MLP) was used as received (Aldrich Chemical Co). The IR 

spectral measurements were carried out on the Nicolet 6700 FT-IR spectrometer. The spectrometer consisted 

of an Alum standard ETC Ever-Glo IR source and the signals were collected by Deuterated Triglycine 

Sulphate (DTGS) detector with KBr window. The sample preparation was made using KBr pellete technique 

and the spectra were recorded in the region 4000 − 400 cm-1 for 50 scans with the resolution of 4 cm-1. The 

Raman spectra (4000 − 400 cm-1) were recorded on the Nicolet NXR-FT-Raman spectrometer. The 

spectrometer consisted of a Nd:YVO4 (1064 nm) laser as an excitation source, CaF2 beam splitter and a high-

performance LN2 cooled Ge detector. Solid sample is taken in a glass tube and the spectrum is recorded. A 

total of 500 numbers of scans were taken for each spectral measurement with the resolution of 4 cm-1.  

2.2 Computational 

The electronic structure calculations have been performed using DFT methods in the Gaussian 09W and 

GaussView5 programs [18-19]. The levels used for calculation include RHF/3-21G and B3LYP/6-311++G(d, 

p) [20]. To get the most stable structure of MLP in neutral phase (refer Fig. 1(a)), a relaxed potential energy 

surface (PES) scan is performed for two dihedral angles. Initially, MLP is scanned for τ1 from -180˚ to 180˚ 

at the interval of 10˚ to fix the orientation of –COOH group. MLP is further scanned for τ2 from 0˚ to 180˚ at 

10˚ interval at RHF/3-21G level. This scan fixes the orientation of –NH2 group with respect to the carbon 

backbone. This resultant structure in neutral (NE) form is further optimized into its zwitterion (ZW) in water 

medium using self-consistent reaction field solvation model based on charge density (SCRF-SMD) implicit 

solvation methods at B3LYP/6-311++G(d,p) level. The optimized ZW structure is presented in Fig. 1(b). The 

broad absorption band in the FT-IR spectrum of α-methyl-L-phenylalanine (refer Fig. 2) in the region 3500 – 

2000 cm-1 indicates the strong H-bonding. To interpret the nature of H-bonding and its effect on the vibrational 

spectra and structure, a ZW dimer has been modeled in water medium by the combination of two optimized 

ZW monomers linked by −N−H···O bonding. The vibrational modes are characterized in terms of potential 

energy distributions (PED) that were calculated using VEDA program [21]. 

3. Results and Discussion: 

 

 

 

 
Fig. 1: (a) Molecular structure of α-methyl-L-phenylalanine showing the dihedral angles τ1, τ2 for 

the determination of stable conformers. (b) Optimized zwitterionic structure of α-methyl-L-

phenylalanine. 

Experimental FT-IR and Raman spectra of solid sample of α-methyl-L-phenylalanine are presented in 

Fig. 2. The optimization and frequency calculations of the ZW dimer were carried out. The optimized dimer 

structure is presented in Fig. 3 and the hydrogen bonding parameters of ZW dimer are presented in Table 1. 

From table 1, we note that the H20···O48 distance is 1.639 Å, shorter than the van der Waal’s radii of O and 

H atoms (2.72 Å), −N···O distance is 2.703 Å and –N18−H20···O48 angle is 177˚ suggest the existence of 

strong H-bonding [22]. We present the experimental FT-IR spectrum compared with the simulated monomer 

and dimer spectra in Fig. 4. Likewise, the experimental Raman spectrum compared with the simulated 

monomer and dimer spectra of α-methyl-L-phenylalanine are presented in Fig. 5. A detailed vibrational 

analysis of the experimental bands compared with the results of simulated ZW monomer and dimer bands is 

(a) (b) 
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presented in Table 2. NBO analysis has been carried out for ZW dimer that provides a satisfactory 

understanding of −N−H···O bonding in terms of interaction energies between the lone pair of donor and 

antibonding orbital of acceptor. 
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Fig. 2: Experimental (a) FT-IR and (b) Raman spectra of solid sample of α-methyl-L-phenylalanine 

 

Table 1: Hydrogen bonding parameters of zwitterionic MLP dimer. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Optimized zwitterionic structure of α-methyl-L-phenylalanine dimer. 

 

 

 

Parameters MLP 

N18-H20 (r) 1.064 

H20···O48 (d) 1.639 

N18···O48 (D) 2.703 

N18-H20···O48 (θ) 177 

 

(a) 

(b) 
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Vibrational Analysis: 
 NH3

+ vibrations: For MLP, three bands are observed for stretching vibrations of –NH3
+ group. The weak 

absorption band at 3264 cm-1 correlated to the predicted band at 3411 cm-1 in monomer and 3386 cm-1 in 

dimer is assigned to the asymmetric stretching vibration of –NH3
+. Another medium weak absorption due to 

asymmetric vibration of     –NH3
+ is observed at 3116 cm-1 and is correlated to the predicted band at 3359 cm-

1 in monomer and 3373 cm-1 in dimer. Its symmetric stretching vibrational mode observed at 3085 cm-1 as a 

medium weak absorption is correlated to the predicted band at 3325 cm-1 in monomer (3310 cm-1 in dimer). 

The deformation vibrational modes are observed in the region 1585 – 1485 cm-1. A very strong absorption at 

1582 cm-1 is correlated against the predicted band at 1563 cm-1 in monomer and is assigned to asymmetric 

bending mode of –NH3
+ group. This mode is predicted accurately in dimer as bonded −NH3

+ deformation and 

its free mode is predicted at 1558 cm-1. A medium weak absorption band observed at 1496 cm-1 is correlated 

to a predicted band at 1516 cm-1 in dimer (1520 cm-1 in monomer) and is assigned to symmetric deformation 

vibration. Its free mode is observed at 1490   cm-1. Another band is predicted at 1381 cm-1 (1360 cm-1 in 

dimer) due to symmetric deformation vibration of –NH3
+ group. 

In the experimental FT-IR spectrum of MLP, there appeared a series of bands which form a 

substructure on the broad absorption band 2700 – 2000 cm-1. These bands are due to –NH3
+ group, but not 

purely stretching or bending vibrations but the combination of –NH3
+ asymmetric bending mode with the 

torsional (or rocking) vibration of –NH3
+ group. A medium weak absorption band at 2761 cm-1 is due to 

−N−H···O bonding and a weak absorption band at 2054 cm-1 is identified as a combination of asymmetric 

bending vibration of –NH3
+ (1582 cm-1) and torsional vibration of CN (475 cm-1) [23-24]. The medium weak 

absorption bands at 2661 and 2550 cm-1 are assigned to a combination of asymmetric bending vibration of –

NH3
+ with the CN bending and stretching modes. 
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Fig. 4: Experimental IR spectrum compared with ZW monomer and dimer spectra of α-methyl-L-phenylalanine. 

 

CO2¯ vibrations: Stretching vibrations of −CO2¯ group fall in the close proximity of –NH3
+ deformation 

vibrations. For MLP, three bands due to stretching and three bands due to bending vibration of −CO2¯ group 

are identified. A weak band observed only in Raman spectrum at 1525 cm-1 is correlated against the predicted 

mode at 1542 cm-1 (1537 cm-1 in dimer) and is assigned to asymmetric stretching vibration of −CO2¯ group. 

A band predicted at 1344 cm-1 (1345 cm-1 in dimer) is assigned to symmetric stretching vibration of −CO2¯ 

group. Another band due to symmetric stretching vibration of −CO2¯ group predicted at 1300 cm-1 is 

correlated against the weak absorption band at 1302 cm-1 (1292 cm-1 in Raman). There are three modes 

predicted for bending vibration of −CO2¯ group in the region 780 – 730 cm-1. A predicted band at 775 cm-1 
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(778 cm-1 in dimer) is correlated against a weak absorption at 785 cm-1 and is assigned to bending vibration 

of −CO2¯ group. A medium strong absorption due to bending vibration observed at 743    cm-1 (744 cm-1 in 

Raman) is correlated to a predicted band at 742 cm-1 (735 cm-1 in monomer). Another band is predicted for 

symmetric bending vibration of −CO2¯ group at 729 cm-1 in monomer and at 731 cm-1 in dimer. 
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Fig. 5: Experimental Raman spectrum compared with ZW monomer and dimer spectra of α-methyl-L- phenylalanine. 

(Ordinate in simulated spectra is broken to adjust the bands from overshooting because of their intensity). 
 

Ring vibrations: The stretching and bending vibrations due to benzene ring which are uninfluenced by 

−N−H···O bonding show very strong bands both in IR and Raman spectra. A very strong band at 3059 cm-1 

in Raman is assigned to ring CH stretching mode and is predicted at 3066 cm-1 in dimer (3073 cm-1 in 

monomer). One more band due to ring CH stretching vibration appeared as a medium strong IR band at 3032 

cm-1 and is correlated to a predicted band at 3049 cm-1. The four bands predicted for the ring CH stretching 

vibration at 3104, 3096, 3089 and 3080 cm-1 are not observed experimentally. The C−C stretching vibrations 

are observed both in IR and Raman in the region 1600 – 1000 cm-1. The observed bands at 1603, 1252 (1262 

cm-1 in IR) and 1070 (1080 cm-1 in IR) are correlated to the predicted bands at 1587, 1274 and 1078 cm-1 

respectively in monomer and are assigned to the C−C ring stretching vibration. In addition to these observed 

bands, few more bands are predicted for the C−C ring stretching vibration as a coupled vibration with C−C 

ring bending mode at 1568, 1283, 1073, 1017 and 629 cm-1 which are not observed experimentally. The C−C 

ring bending vibrations result in medium to strong bands both in IR and Raman spectra. The observed bands 

at 1401, 1326, 1123, 915, 821 and 618 cm-1 in both IR and Raman are attributed to C−C ring bending 

vibrations. Since these bands are not influenced by −N−H···O bonding, their predicted bands are very close 

to experimentally observed frequencies at 1414, 1326, 1138, 925, 832 and 613 cm-1. Further, several bands 

due to C−C ring bending vibration are predicted at 984, 970, 900, 755 and 688 cm-1 both in monomer and 

dimer but are not observed experimentally either in IR or in Raman spectra. The C−C ring torsional vibrations 

are predicted below 400 cm-1. 

As for the modes of CH and CH2, they have characteristically occurred as Raman bands and are not 

apparent as IR bands. The reason for these Raman and IR spectral features is attributable to Raman scattering 

being fundamentally associated with vibrations of covalent bonds, whereas the IR absorption comes from 

vibrations of ionic bonds [37, 38]. Coupled vibrations of CC stretching, CN bending, CC bending and ring 

CC stretching have appeared in the region 1250 – 850 cm-1. A detailed assignment of all the modes of MLP, 

observed and computed are presented in Table 2.  
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Table 2: Comparison of experimental IR and Raman vibrational frequencies (cm-1) 

with zwitterionic monomer, dimer frequencies of α-methyl-L-phenylalanine with 

assignments. 

Observed Frequencies 
Computed 

Frequencies Mode Description 

IR Raman  Monomer Dimer 

3264 w -- 3411 3386 𝝂as (NH3
+, 100 ) 

3116 mw -- 3359 3373 𝝂as (NH3
+, 99) 

3085 mw -- 3325 3310 𝝂s (NH3
+, 96) 

-- -- 3104 3109 Ring 𝝂 (CH, 95) 

-- -- 3096 3094 Ring 𝝂 (CH, 93) 

-- -- 3089 3084 Ring 𝝂 (CH, 94) 

-- -- 3080 3074 Ring 𝝂 (CH, 98) 

-- 3059 vvs 3073 3066 Ring 𝝂 (CH, 89) 

3032 ms -- -- 3049 Ring 𝝂 (CH, 95) 

-- 3013 sh 3014 3006 𝝂as (CH2, 65), 𝝂as (CH3, 25) 

-- -- 3004 2996 𝝂as (CH3, 75), 𝝂as (CH2, 22) 

2982 ms 2978 s 2987 2979 𝝂s (CH3, 87) 

-- -- 2965 2955 𝝂s (CH2, 97) 

2924 ms 2933 vs 2935 2928 𝝂s (CH3, 100) 

2861 mw 2863 w -- 2892 𝝂s (CH3, 98) 

2761 mw -- -- -- 1582 + 1168 (N−H...O bonding) 

2661 mw -- -- -- 1582 (βas (NH3
+)) + 1032 (β (CN)) 

2550 mw -- -- -- 1582 (βas (NH3
+)) + 915 (𝝂 (CN)) 

2054 w  -- -- -- 1582 (βas (NH3
+)) + 475 (τ (CN)) 

-- 1603 s 1587 1582 Ring 𝝂 (CC, 40) 

-- -- 1568 1567 Ring 𝝂 (CC, 48), Ring β (CC, 10) 

1582 vs -- 1563 
1562 (b) 

βas (NH3
+, 71), β (CN, 13) 

1558 (f) 

-- 1525 w 1542 1537  𝝂as ( CO2
¯, 72)  

1496 mw -- 1520 
1516 (b) 

βs (NH3
+, 69) 

1490 (f) 

-- -- 1479 1473 Ring β (CC, 73) 

1450 s 1456 w 1444 1449 βas (CH3, 63), β (CC, 14) 

1433 w -- 1431 1435 βas (CH3, 51), βas (CH2, 33) 

-- -- 1427 1417 βas (CH3, 39), βas (CH2, 34) 

1401 s  1402 w  1414 1410 Ring β (CC, 45) 

-- -- 1381 1360 βs (NH3
+, 65) 

1371 s -- 1366 1358 βs (CH3, 92) 

-- -- 1344 1345 𝝂s ( CO2
¯, 39), β (CC, 25) 

1326 mw 1328 w 1326 1337 Ring β (CC, 70) 

1302 w 1292 vw 1301 1300 𝝂s ( CO2
¯, 39), β (CN, 17) 
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-- -- 1283 1288 Ring 𝝂 (CC, 59), β (CC, 11) 

1262 ms 1252 vw 1274 1268 Ring 𝝂 (CC, 15), β (CC, 25), β (CN, 

19) 
-- -- 1208 1199 𝝂 (CC, 29), β (CN, 10) 

1168 vw -- 1173 1177 β (CN, 69), Ring 𝝂 (CC, 10) 

1159 vw -- 1164 1158 𝝂 (CC, 57) 

1123 w 1133 vw 1138 1136 Ring β (CC, 77) 

-- -- 1104 1102 β (CC, 14), 𝝂 (CC, 10) 

1080 vw 1070 w 1078 1074 Ring 𝝂 (CC, 53) 

-- -- 1073 1068 Ring 𝝂 (CC, 43), Ring β (CC, 15) 

1032 w  1035 w 1040 1028 β (CN, 36),  𝝂 (CC, 21) 

-- -- 1017 1017 Ring 𝝂 (CC, 52), Ring β (CC, 11) 

1000 vw 1002 s   990   997 𝝂 (CC, 48), β (CC, 31) 

-- --   984   980 Ring β (CC, 88) 

-- --   983   979 β (CC, 60), Ring 𝝂 (CC, 10)  

-- --   970   970 Ring β (CC, 92) 

 915 w --   925   920 Ring β (CC, 39), 𝝂 (CN, 11) 

-- --   900   911 Ring β (CC, 41), 𝝂 (CN, 17) 

-- --   886   887 𝝂 (CC, 24), β (CO2
¯, 13), β (CN, 11) 

 867 w  874 w   866   867 𝝂 (CC, 23), β (CN, 11) 

 821 mw  825 w   832   826 Ring β (CC, 100) 

 785 w --   775   778 β (CO2
¯, 29), β (CC, 12) 

-- --   755   752 Ring β (CC, 70) 

 743 ms  744 w   735   742 Ring β (CC, 30), β (CO2
¯, 18), 𝝂 (CC, 

11)  
-- --   729   731 β (CO2

¯, 21), 𝝂 (CN, 20) 

-- --   688   678 Ring β (CC, 66) 

-- --   629   629 Ring 𝝂 (CC, 10),  Ring β (CC, 27), β 

(CO2
¯, 16) 

--  618 w   613    609 Ring β (CC, 79) 

 550 mw   555 w    551   553  β (CN, 17), β (CC, 13),  β (CO, 11)  

-- --   513   514 β (CC, 17), β (CC, 12) 

  
 475 vw  478 w   489   482 τ (CN, 33), β (CC, 12) 

 409 mw --   399   402 Ring τ (CC, 81) 

Note: 𝝂 = stretching; β = bending; τ = torsional vibrations; as = antisymmetric; s = 

symmetric. 

 

NBO analysis: 

NBO analysis was performed at B3LYP/6-311++G(d,p) level for the ZW monomer and dimer of MLP using 

NBO version 3.1 implemented in the Gaussian 09 package and the results are presented in Table 3. The second 

order perturbation energies (E(2)) were computed for dimer. The larger values of E(2) reflect the intensive 

interaction between donor and acceptor. For dimer, the intermolecular interactions between some of the 

important donor-acceptor NBO pairs such as n(O48) and σ*(N18−H20) give rise to the energies 3.29, 12.24 

and 0.06 kcal/mol which are presented in Table 3 and the electron density maps of NBOs corresponding to 

these interactions are presented in Fig. 6. 
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Fig. 6: Electron density maps of selected NBOs (Donor: lone pair orbital of O48 and acceptor: σ antibonding orbital of 

N18−H20) involved in −N−H···O bonding in dimer. 

 

Table 3: Computed mixing coefficients (λ), charge transfer (Q) giving NBOs with    stabilization energy corresponding 

to −N−H···O interaction in dimer. 

NBOs 

Ωi→Ω*j 

Mixing coefficient 

λi→j 

Charge transfer  

Qi→j 

E(2)a 

kcal/mol 

n1(O48)→σ*(N18₋H20) 
0.05 0.005 3.29 

n2(O48)→σ*(N18₋H20) 
0.1238 0.0306 12.24 

n3(O48)→σ*(N18₋H20) 
0.0090 0.00016 0.06 

CR(O48)→σ*(N18₋H20) 
0.0019 0.000007 0.09 

Note: Ωi, Ωj
* = donor, acceptor NBOs, σ* = antibonding orbital, n = lone pair on oxygen atom, CR = core. aEnergy of 

hyperconjugative interaction (stabilization energy) 

 

4. Conclusions: 

FT-IR and Raman spectral measurements for the solid α-methyl-L-phenylalanine were carried out in the 

region 4000 – 400 cm-1. The IR spectrum shows the signature of zwitterionic form of the molecule in terms 

of series of bands over a broad absorption in the region 3500 – 2000 cm-1. The broad absorption band indicates 

the existence of hydrogen bonding, in the present molecule the bonding is intermolecular −N−H···O. The 

assignment of experimental spectra with substructure is not straightforward. Thus to aid the assignment of 

experimental spectra, DFT calculations have been carried out to optimize the zwitterionic monomer and dimer 

in water medium using solvent models. The computed optimized parameters are in good agreement with the 

n2(O48)→σ*(N18-H20) 

n3(O48)→σ*(N18-H20) 

n1(O48)→σ*(N18-H20) 
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neutron diffraction results of L-phenyl hydrochloride. The simulated dimer spectra accounts for all the 

vibrational bands in the experimental spectra. A detailed NBO analysis supports the strong −N−H···O bonding 

in the zwitterionic dimer. 
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