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Modeling Raman spectra of glycine and alanine
within a discrete-continuum water environment
and with considering anharmonic effects
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Raman spectra of glycine and alanine in crystalline form and in buffered solution were obtained.

It was

demonstrated that accounting for the influence of the water environment within discrete-continuum models
Gly(ZW)+7H,0 and Ala(ZW)+7H,0 allows for good agreement between experimental and theoretical data in the
harmonic approximation. Anharmonic calculations of zwitterions Gly(ZW) and Ala(ZW) were performed using
the generalized vibrational perturbation theory of second order (GVPT2) at the B3LYP(+GD3)/def2TZVPP and
MP2(FC)/def2TZVPP levels of theory. Relative anharmonic frequency shifts of these zwitterions were analyzed,
taking into account Fermi and Darling-Dennison resonances. It was shown that the GVPT2 method provides
acceptable agreement with experimental Raman spectra of glycine and alanine if several low-frequency modes are
excluded during the VPT?2 calculation to eliminate non-physical results.
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Introduction

The physico-chemical characteristics and spectral proper-
ties of @-amino acids in an aqueous medium and crystalline
state are determined by the zwitterionic structure with
spatially separated charges NHj —CHR—COO~, where
R — lateral radical. The simplest camino acids, such
as glycine Gly,(R=—H) and alanine Ala,(R=—CH3), have
been well studied by various theoretical and experimental
methods [1-3], which makes them convenient model struc-
tures. Apart from the X-ray diffraction analysis, vibrational
spectroscopy remains a powerful tool for studying amino
acids, short peptides, and secondary protein structures, since
this method is highly sensitive to structural changes and
interactions in hydrated media [4,5].

In quantum chemical modeling of zwitterions of a-
amino acids, it is necessary to allow for the environmental
impact as a stabilizing factor due to the presence of
dipole-dipole intermolecular interactions and the formation
of additional hydrogen bonds. Currently, it is customary
to use discrete-continuous solvation shell models with a
variable number of water molecules to account for solvation
effects [6-9]. The discrete model, as a rule, represents
the first coordination sphere of water molecules around a
zwitterion, and long-acting solvation effects are taken into
account using the polarizable continuum model (PCM).
The question of the number of water molecules needed to
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stabilize a specific zwitterion and their relative positions is
being debated in the scientific community [10-12]. In the
future, such model systems can be used to interpret various
vibrational spectra of @amino acids. For example, there are
known studies of [6,7], in which using B3LYP/6-31++G*
method a vibration analysis of the molecular complexes of
Gly+12H,0 and Ala+5H,0 was performed for comparison
with experimental infrared (IR) and Raman spectra (RS) of
glycine and alanine.

In this paper, the RS spectra of glycine and alanine in
buffer solution and in the crystalline state are presented. To
describe the RS spectra of glycine and alanine in buffer so-
lution within the framework of the harmonic approximation
we used the proposed in [13] discrete-continuum models of
zwitterions+7H,0 and Ala(ZW)+7H,O, containing seven
water molecules which saturate all hydrogen couplings of
the functional groups —NH; and —-COO~. In this case,
one water molecule acts as a bridge between these groups
(Fig. 1,a, b).

For a more accurate interpretation of the biomolecule
spectra, it is desirable to take into account the anharmonicity
of vibrations [14]. Despite the availability of anharmonic
calculations in modern quantum chemical programs, their
use for the theoretical estimation of vibrational frequencies
of @-amino acids is quite rare [15]. The zwitterions
of a-amino acids are polyatomic structures with a large
number of vibrational modes, between which Fermi res-
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Figure 1. Discrete-continuum models of glycine and alanine zwitterions.

onances [16] and Darling-Dennison resonances [17] may
occur, which complicates the analysis and interpretation
of the spectra. In the second part of the article, we
analyze the anharmonic frequencies of glycine and alanine
zwitterions obtained using the generalized second-order vi-
brational perturbation theory (GVPT2) [18]. Using methods
B3LYP(+GD3)/def2TZVPP and MP2(FC)/def2TZVPP the
harmonic and inharmonic frequencies were analyzed for
Gly(ZW) and Ala(ZW) zwitterions within a PCM-model
of the aqueous solvent (Fig. 1,¢,d). This simple model
can be extremely useful for characterizing the bands of
Raman spectra of amino acids both in an aqueous medium
and in a crystal, since the crystal field has little effect on
the intramolecular bonds of functional groups ~NHJ and
-COO~ [19,20].

Research methods

Experiment

Experimental RS spectra of glycine and alanine were ob-
tained using Horiba Jobin-Yvon LabRam HR800 spectrom-
eter with Olympus BX41 microscope at room temperature.
A semiconductor solid-state laser with a wavelength of 532
nm and a sample power of 10 MW was used. Diffraction
grating had 1800 lines/mm. The confocal opening was
100 u. The solid phases of amino acids were studied using
a 50x lens, and buffer solutions (Gly, Ala) using a 10x lens.
Optical resolution was 2cm™!. The experiment was carried
out in the Resource Center ,,Geomodel“ SPbGU [21].

Sodium hydrophosphate (pH 6.86) was used to prepare
the buffer solution. The molar concentrations of amino
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acids in buffer solutions were taken as follows: C (Gly,
Ala)=1.0M/L. The spectrum of the buffer itself was
subtracted from the spectra of amino acids obtained in
the buffer solution. All spectra were processed by Mag-
icPlot [22].

Theory

Quantum chemical analysis of the structures geometry
was carried out at the level of density functional the-
ory B3LYP(+GD3)/def2TZVPP and perturbation theory
MP2(FC)/def2TZVPP using Gaussian package 16 [23],
installed on a high-performance Huawei cluster in Com-
putational Center SPbGU [24]. The calculations included
Grimme’s dispersion correction GD3 to account for weak
intermolecular interactions. The geometry of conformers
was optimized using the enhanced VeryLight convergence
criterion and Grid=UltraFine grid for numerical integration,
recommended for DFT calculations of molecules with a
large number of soft modes (groups —CHiz, -NH3). A
criterion for reaching the local minimum was the absence
of imaginary frequencies of normal vibrations.

For the discrete-continuum models of Gly(ZW)+7H,0
and Ala(ZW)+7H,0O the vibration analysis only using
method B3LYP+GD3/def2TZVPP in harmonic approxima-
tion. The types of vibrations were determined in Veda [25]
program, using potential energy distribution analysis (PED),
as well as by visualizing them in GaussView 6.0 program.

The second-order generalized vibrational perturbation
theory (GVPT2) [18], implemented in Gaussian 16, was
used to calculate the anharmonic frequencies of Gly(ZW)
and Ala(ZW) zwitterions. GVPT2 method is an extension
of the standard VPT2 theory, specifically designed to better
account for the Fermi and Darling-Dennison resonances.
It uses a hybrid approach that involves identification and
removal of resonant modes from VPT2 equations, and
then their variational processing, which allows us to obtain
new mixed frequencies and wave functions for resonant
modes. This provides a more accurate description of
the oscillatory frequencies and intensities. Using Data-
Mod key=SkipPT2=Modes ,deactivation® of some low-
frequency vibrational modes was performed during VPT2
calculation to correct improbable results.

Results and discussion

Experiment

Experimental RS spectra of crystalline powders of glycine
and alanine, as well as their buffer solutions, are shown
in Fig. 2 in the range 300—3400cm~!. The intensity
scale for powders is on the right, for buffer solutions —
on the left. In general, there is a good correlation of
the main bands of both glycine and alanine. In Table 1
and 2 experimental bands are compared with the calculated
harmonic and anharmonic frequencies of Gly(ZW) and
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Ala(ZW) zwitterions, and in Table 3 — with harmonic fre-
quencies for discrete-continuum models of Gly(ZW)+7H,0
and Ala(ZW)+7H,O. The interpretation of the experimental
RS spectra of glycine and alanine based on the calculations
is presented below.

Interpretation of RS spectra of glycine in the
harmonic approximation

Region above 3000cm~! As found from the analysis
of Gly(ZW) zwitterion(Table. 1), the most intense band
in powder and buffer solution at 2973cm™! correlates
with symmetric stretching of the hydrophobic CH,-group
Vsym(CqHz). Valence stretching of v(N—H) coupling also
lies in this range which is because of its additional hydrogen
binding with —COO~ group. The second intensive band
at 3007cm~! (in the buffer — 3014cm™!) is related to
the valence antisymmetric vibration vagym(CoHz). Medium-
intensity wide band in powder at 3145cm™! (in buffer —
arm of 3148 cm™!) is related to the symmetric Vsym(NH2)
and asymmetric v,sy,(NH) stretching of -NHJ group,
which in the buffer solution are quenched by interactions
with water molecules. Harmonic frequency scaling for the
model Gly(ZW)+7H,O (table. 3) gives a good agreement
with the experimental data for the buffer solution, which
is clearly shown in Fig. 3,a. In the region of 3400cm™!,
a low-intensity wide band is observed, which is formed by
collective stretching of O—H couplings of water molecules.

Region 1500—1700 cm~—' In this region of RS spec-
trum of Gly powder, low-intensity bands are observed at
1517, 1570, 1633, and 1670cm™!, resulting from angular
bends of §(HNH) group —NHJ and antisymmetric stretch-
ing of vasym(Coz). Additionally, the analyzed molecular
complex Gly(ZW)+7H,O shows that the angular bends of
NH; group are largely combined with the deformational
angular modes §(H,O) of the surrounding water molecules
resulting in a severe blurring of these bands in 1626 cm™!
region in the buffer.

Region 1200—1500cm~" Several intense bands are
observed in this region of RS spectrum of glycine both
in powder and in buffer solution. The appearance of
these bands is mainly due to the deformational vibrations
of R= —H lateral radical. The most intensive band at
1325cm™~! (in buffer — 1330cm™!) is caused by angular
vibration §(C,H,) where torsional twisting of 7 (HC,CO)
is also added. The symmetrical stretching of the carboxyl
group Vgm(CO,) and stretching of v(C,—C) also fall into
this band. The intense band at 1413cm~! (in buffer —
1415cm™~!) corresponds to a symmetrical angular bend
SSym(NH3), which is in good agreement with the same
frequency of alanine. These bands can be considered
reference for glycine. The intense band at 1455cm™!
(in buffer — 1446cm~!) is associated with torsional
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Figure 2. RS spectra of glycine (a) and alanine (b) as a crystalline powder and in buffer solutions within 300 — 3500 cm™".

twisting 7(HC,CO), added with deformational angular
vibration §(C,Ha).

Region below 1200cm~! Low-intensity bands at 1108
and 1140cm~! are associated with deformation torsional
twisting 7 (HNC,C) and 7(NC,CO), added with angular
bends §(HNH). The mid-intensity band at 1034cm™! cor-
responds to the stretching of v(N—C,) coupling, it retains
its position and intensity in the buffer solution, therefore
it can be attributed to the reference ones. In said region
the most intensive band is the one at 892 cm~! (899 cm™!
in the buffer) corresponding to the stretching of v(C,—C)
coupling with some additional angular vibration §(C,CO).
This band can also be considered a reference band for
glycine. The mid-intensity band in the powder at 603 cm ™!
correlates with the deformation torsional vibrations of
7(HC,CO) and 7 (NC,CO), which are partially quenched
in the buffer solution due to interactions with surrounding
water molecules, as evidenced by the blurring of 585cm™!
band in the spectrum of the buffer solution. The low-
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1

1

intensity band at 486cm~! (in buffer — 507cm™!) is
mainly associated with deformation bending §(C,CO) with
some added stretching of v(C,—C) couplings. A weak
intensity band is observed in glycine powder at 360 cm™!,
which correlates with the angular vibration of the molecular
skeleton §(C,CO).

Interpretation of RS spectra of alanine in the
harmonic approximation

Region above 3000 cm~! A series of intense vibrations
in this region of RS spectrum is associated with various
combinations of stretching of groups -CsgH3, ~NH3 and —
C.H (Table 2). Groups ~CgH3 and ~C,H are hydrophobic,
so their vibrations are more active. The mid-intensity band
at 2891 cm™! (in buffer — 2894 cm~!) correlates with sym-
metrical stretching of group veym(CgH3). Intensive bands at
2933 and 2965cm~! (in the buffer — band at 2950 cm~!
with an arm of 2925cm™!) are related to combinations
of stretching of v(C,—H) and asymmetric stretching of
Vasym(Cp—Hz).  The intense band at 2985 ecm~! (in the
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Table 1. Experimental RS bands (cm™") of glycine and calculated harmonic and anharmonic frequencies (cm™") of Gly(ZW) zwitterion,

their absolute (Av = v™™ — 130 and relative (v‘fa”m, 100%) shifts obtained by B3LYP(+GD3) and MP2(FC) methods.
Experiment B3LYP+GD3/def2TZVPP| B3LYP/def2TZVPP MP2(FC)/def2TZVPP Number and type of vibrations,
crystal | buffer |vh™| pah | Ap v‘hA:‘L pharm | panh Ay, v‘hA:‘L harm | yanh | Ay V‘ﬁ% PED %
3145(m) |3148(sh)[3552]| 3355 |—198| 5.6 (3552|3334 |—-218| 6.1 {3607|3292| —315 | 8.7 |(24)vasym(NH>) 100
3497|3315 |—183| 52 |3498(3297 |—201| 5.7 |3538| 3224 | —314 | 89 |(23)vsym(NH;) 99
3007(s) | 3014(s) [3170{ 2972 |—199| 6.3 (3171|3013 |—157| 5.0 |3234|3077| —157 | 49 (22)vasym(CaH2) -100
3158]| 2886 |—272| 8.6 [3146|2805|—341[10.8(3167|3042| —126 | 40 |(21)v(N—H) 94
2973(s) | 2973(s) |3112]2944 | —168| 54 3113|2987 |—126| 4.0 |3143|2737 | —406 |12.9|(20)vsym(CoH,) 97
1670(w) 1663|1611 | —52 | 3.1 |1664|1617| —47 | 2.8 |1687| 1659 | —28 | 1.7 |(19) §(HNH) 41, veym (CO) -35
1630(w) | 1626(w) [1655| 1751 | 95 5.7 (1656|1630 | —25 | 1.5 |1669| 1626 | —43 | 2.6 |(18) §(HNH) 75
1570(w) 1639|1461 | -178 | 10.9 |1640| 1462 |—178|10.9|1650| 1394 | —256 |15.5|(17) §(HNH) 38, vasym (CO2) 46
1455(m) 1474|1364 | —110| 7.5 |1475|1435| —40 | 2.7 (1486|1325 | —160 {10.8 |(16) 7 (HC,CO) 52, 8sym(HC.H) 36
1440(m) | 1446(m) | 1447|1446 | —1 | 0.07 |1446|1355| —91 | 6.3 |1432|1449| 17 | 1.2 |(15) Ssym(NH3) 79, 8sym(HCq H) 10
1413(m) | 1415(m) [1372| 1336 | —36 | 2.6 [1373|1318| —55| 4.0 [1389| 1351 | —38 | 2.7 |(14) vym(CO,), v(Coe—C) 67
1325(s) | 1330(s) {1330| 1118 |—211| 15.9 [1332]1266| —66 | 5.0 |1331|1235| —96 | 7.2 |(13) S¢ym(HC.H )42,T(HCQCO) -28
1306|1193 |—113| 8.7 |1309|1259| —49 | 3.7 |1321|1235| —86 | 6.5 |(12) §(HCN) 67
1140(w) | 1128(w) [1111] 919 |—191| 17.2 |1112| 962 |—150(13.5|1117| 874 | —243 (21.8|(11) 7 (HNC,C) -68, 5(HNH) 10
1108(w) 1099|1017 | —82 | 7.5 |1103|1043| —60 | 5.4 |1108| 1098 | —10 | 0.9 |(10) T (HNC C) 60, 5(HNH) 15
1034 (m)|1034(m) | 990 | 893 | =96 | 9.7 [993 | 898 | —95 | 9.6 [1041| 892 | —149 {14.3|(9) v(N-C,) 77
925(w) 940 | 859 | —81| 8.6 |940| 817 |—123|13.1| 945 | 744 | —202 |21.4|(8) 7 (HNC,C) 62, 5(HCN) -1
892 (s) | 898(s) | 864 | 851 | —13 | 1.5 |867| 843 | —24 | 2.8 |880| 869 | —11 | 1.3 |(7) v(Cs—C) 52, §(C,CO) 18
700(w) | 672 (w) | 673 | 680 | 7 1.0 | 676 | 666 | —10 | 1.5 | 686 | 684 | —2 | 0.3 [(6) §(C,CO) 66, V(C-C) -16
603(m) | 585(w) | 575 | 462 |—112| 19.5 | 577 | 575 | =2 | 03 | 575| 566 | —8 | 1.4 |(5) 7 (HC,CO) 54, 7 (HNC,C) 18
486(w) | 507(w) | 497 | 473 | —24| 48 |500| 492 | —8 | 1.6 | 509 | 502 | —7 | 14 |(4) §(C.CO)63, v(Cy—C) -18
360(w) 290 | 390 | 100 | 34.5 | 298 | 228 | —71 |23.8| 307 | 293 | —14 | 46 [(3) 6(C,CO) 86
258 | 497 | 238 | 92.2 | 269 | 29 |—241| 90 | 265 | —58 | —324 | 122 |(2) 7 (HNC,C) 79
106 |—375|—481| 454 | 110 |—468|—578|526 | 111 |—957|—1068| 962 |(1) 7 (HNC,C) 63, 7 (HNC,C) -1

Designations: v — valence stretching, § —

deformation scissor vibration (bending), 7 — deformation torsional vibration (torsion),

®(ABCD) — a kind of

torsional vibration, denotes the angle between AD vector and BCD plane, sym and asym — symmetric and asymmetric vibrations.

buffer — wide band at 2998 cm~!) is associated with the
stretching of v(Cg—H). The band 3000 cm~! falls into the
same region, which corresponds, according to calculations,
to the stretching v(N—H). The low-intensity wide band
at 3083cm~! correlates with symmetric vgm(NHz) and
asymmetric Vasym (NHy) vibrations of -NH3 group.

Region above 1500-1700cm~! In this region of RS
spectrum of alanine, low-intensity bands are observed,
which occur mainly due to angular bends of the —NHj;
group and asymmetric valence stretching of Vugym(CO2).
The band of medium intensity at 1596 cm~! in powder
corresponds to an asymmetric stretching vasym(Coz) and
a symmetrical scissor vibration 8gm(NH3). Low-intensity
bands at 1548, 1633, and 1648 cm~! are associated with
asymmetric scissor vibrations of &uym(NH2) and asym-
metric stretching of Vym(CO;), to which deformation
scissor vibrations of H,O molecules are added in the buffer
(Table 3). One wide band is observed in the buffer solution
at 1630cm™!, since the deformation angular vibrations of
group —NHj are largely quenched by the angular modes
of the surrounding water molecules. Harmonic frequency
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scaling for model Ala(ZW)+ 7H,O provides a very good
agreement with the experimental spectrum of alanine in
buffer solution (Fig. 3, ).

Region 1300—1500cm~! In this region, several in-
tense bands are observed in the Raman spectra of ala-
nine associated with stretching of group v, (CO,), as
well as with deformation vibrations of the lateral radical
—CgH3 and group —C,H. As seen from calculations
(Table 2), intensive band at 1462cm~! (in the buffer —
1464 cm~!) and mid-intensity band at 1482 cm™! correlate
with the combinations of angular bends §(HCzH) and
torsional vibrations 7 (HCC,N). Intense band at 1408 cm !
(in buffer — 1414cm™~!) and arm at 1378cm~! (in the
buffer — 1380cm™!) are associated with a combination
of symmetrical scissor vibrations of the groups &sym(CH3)
and Sym(NH). The mid-intense band at 1367cm~! is
related to the torsional vibration 7 (HC,CO) which is
complemented with an angular vibration §(HC,Cg). The
intensive band at 1358 cm~! (in the buffer — 1356cm™!)
corresponds to the combination of wvalence stretching
Vsym(CO;2) and v(C,—CO,). This is one of the alanine
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Table 2. Experimental RS bands (cm™') of alanine and designed harmonic and inharmonic frequencies (cm™!) of Ala(ZW) zwitterion,
their absolute (A = v™™ — v™") and relative ( %] 100%) shifts obtained by B3LYP(+GD3) and MP2(FC) methods.

pharm

Experiment B3LY+GD3/def2TZVPP| B3LYP/def2TZVPP | MP2(FC)/def2TZVPP Number and type of vibrations,
crystal |buffer p"™| paih | gy | JAvL | ham | panh | Ay, | JBeL b anh Ay, L PED o4

pharm pharm pharm

3083 (m)| 3070 (sh) [3544|3417|—127| 3.6 |(3545|3361|—184| 5.2 |3594|3401|—193| 5.4

Vasym (NH2) 98

3486|3292|—194| 56 [3487(3315|—172| 49 [3523(3312|—211| 6.0 Veym(NH, 97
3000 (s) | 2998(s) [3159|2648|—511| 16.2 [3139(2960|—179| 5.7 [3201/3102] —99 | 3.1 v(N—H) 96
2985 (s) 3139|3033|—106| 34 [3136|2633|—503|16.0 [3180|3071|—109| 34 v(Ce—H)85
2965(s) | 2950(s) [3109|2977|—132| 43 [3109(3024| —85 | 2.7 [3165|3043|—122| 39 1(Co—H) —Vasym(CsHa) 99
2933(s) | 2925(sh) |3091/2990|—101| 3.3 [3092|2981|—110| 3.6 |3130|2645|—485| 15.5 |(6) v(Co—H)—v(Co—H) 95
2891(m) | 2894(s) |3039|2908|—131| 4.3 |3041|2899|—142| 47 |30852983|—102 3.3 Veym(CsHs) 84

1610(w) |1660({1799| 139 | 8.4 |1659(1533|—126| 7.6 |1681|1646| —35| 2.1

(m)
(w) S(HNH) 61, 7 (HNC,Cg)21
1596(m) 1648/1578| —70 | 43 |1649|1598| —51 | 3.1 [1664(1722| 58 | 3.5
(w)
)

1,s(CO,) —53, S(HNH) 26

1550(w 1622[1727| 105 | 6.5 |1623]1843| 220 |13.6|1633|1445|—188| 11.5 S(HNH) 51, v,s(CO,) 20
1482(m 1489(1633| 144 | 9.7 |1488(1543| 55 | 3.7 [1503[1486| —17| 1.1 |(11) §(HCH)76, 7 (HCsC,N) 20
1462(s) | 1464(s) |1484]1499| 15 | 1.0 [1484]1487| 3 |02 |1501|1451| —50 | 33 |(12) §(HCH)73, 7 (HCsC,N) 22
1408(m) | 1414(m) |1434(1275|—159| 11.1 |1434|1421] —13 | 0.9 |1432|1374| =58 | 4.1 |(13) Seym(NH3) 61, Seym(CH3)12
1378(sh) | 1380(w) |1411{1400| —11 | 0.8 |1411[1381| —30 | 2.1 |1408|1410] 2 | 0.1 |(14) Sqym(CH3) 59, Suym(NH3)—25
1367(sh) 1383[1373| —10 | 0.7 |1384]1346| —38 | 2.7 |1387|1364| =23 | 1.7 [(15) 7 (HC,CO) 56, §(HCoCy)13
1358(s) | 1356(s) 1364|1328 —36| 2.6 [1363]1332] —31 | 2.3 |1371]1169|—202| 14.7 |(16) veym(CO2), v(Co-C) -55
1304(m) | 1305(m) 17) 8(HC,Cy) 47

1237(w) | 1221(w) |1208[1403| 195 | 16.1 |1207|1328| 121 |10.0{1221|1188| —33 | —2.7, HNC,Cp) -27, T (HCsC,N) -23
1148(m) | 1145(sh) |1126{1026|]—100 8.9 [1126|1101] -25 | 2.2 |1132|1117| —15| 1.3 HCyC,N) 22, 7 (HNC,Cp) 15
1112(m) | 1114(m) |1102|1057| —45 | 4.1 |1102|1040| —62 | 5.6 |1122{1014|—108| 9.6 Cp—Cy) -28, T (HNC,Cy) 20
1019(m) | 1009(m) |10051170| 165 | 16.4 |1005|1158| 153 |15.2|1013|1019| 6 | 06

922(m) | 924(m) | 986|810 |—176| 17.8 | 987|977 | —10| 1.0 | 994 | 886 |—108| 10.9
851(s) | 850(s) |885|862|—23| 26 |884|855|—29|32 (914|915 1 | o1
828 [817 | —11| 13 |827|818| —9 | 1.1 | 840|816 |—24| 29

HNC/;C ) 35, V(Cﬁ—Ca) 28
C,) -61

7
7(
v(
T (HC4CuN) 28, 7 (HNCoCp) -24
7(
v(C—
1(C—Cq) 44, 5(CaCO) -19

(
(
(
(
(
(
(
(
(
(
(
(
(
(
E
1313[1205/—108| 8.2 |1315/1250| —65 | 4.9 [1310[1286| —24| 1.8 |(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

771(m) | 777(m) | 770 |825| 55 | 7.1 |768|797| 29 |38 |770|764| —6 | 038 w(0C,0C) -46, 5(C,CO) -13
654(m) | 630(w) |610|671| 61 | 10.0 |613|679| 66 [10.8]657|614|—43| 65 8(C4CO) 40, v(C—C,) -17
533(m) | 531(m) |516|557| 41 | 79 |517|521| 4 |08 |528|507|—21| 40 8(C4CO) 56, 1(C—Cy) -20
400(m) | 410(w) |388 |832| 444 | 114 | 384|624 | 240 [62.5|386 (356 | —30| 7.8 8(CyCaN) 63
321(w) | 336(w) |332(320|—12| 3.6 |339|248|—91|26.8|337 (448 111 | 32.9 w(CCNC,) 51, 8(CsCaN) 15

269 [179 | —90 | 33.5 | 269|284 | 15 | 56 |278 | 87 |-191| 68.7 5 (C.CO) 68

233 | 31 |—202| 86.7 |236| 7 |-229/97.0{255|325| 70 | 275 7 (HC4C,N) 85

223|273 | 50 | 22.4 | 219|617 | 398 | 182|249 | 231 | —18| 72 7 (HNC,C) 79

57 |184| 127 | 223 | 56 [459 | 403 [720 | 53 |118| 65 | 123 7 (NC,CO) 65, 7 (HNC,C) -17

Designations: v — valence stretching, § — deformation scissor vibration (bending), 7 — deformation torsional vibration (torsion), w(ABCD) — a kind of
torsional vibration, denotes the angle between AD vector and BCD plane, sym and asym — symmetric and asymmetric vibrations.

reference bands. The mid-intensity band at 1304 cm™! at 1019cm~! corresponds to the deformation torsional
(in the buffer — 1305cm™!) correlates with the angular vibrations 7 (HNC,Cp) and 7 (HCgC,N). The mid-intensity
vibration §(HC,Cp). band at 922cm~!(in the buffer — 924cm™!) correlates

with deformation torsional vibrations 7 (HNCgC,) which

Region below 1300cm~' The mid-intensity band at  is mixed with a stretching v(C,-Cg). The most in-
1147cm™! and the low-intensity band at 1236 cm™! cor- tense reference band of alanine at 851cm™! (in the
relate with deformation torsional vibrations 7 (HNC,Cg) buffer — 850cm™") corresponds, according to calculations,
and 7 (HCgC,N). These bands in the buffer solution are to the symmetric stretching of couplings with Ca-atom:
quenched due to additional hydrogen bonds between the  v(C,-NHj3), v(Ca=CO;) and v(C,-CHj). The mid-

group —NH; and water molecules. The mid-intensive intensity band at 771cm~! (in the buffer — 777cm™!)
band at 1112cm~"! (in the buffer 1114cm~!) is associated ~ corresponds to the deformation vibration w(OC,OC) with
with antisymmetric stretching of couplings v(C,-CgHz3) the addition of angular bend §(C,CsN). The mid-intensity
and v(C,-NH3;), which are mixed with torsional vibrations band at 652 cm™! is associated with the deformation scissor

7(HNC,Cp) and 7(HCgC,N). The mid-intensity band vibration §(C,CO) and the stretching of v(C—C,), this
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Table 3. Experimental RS bands (cm™

models of Gly(ZW)+7H,O and Ala(ZW)+7H,0 obtained by B3LYP+GD3

1) of glycine and alanine in buffer solution and harmonic frequencies (cm™~

1) of discrete-continuum

Buffer |Gly(ZW)+7H>O|Gly(ZW)+7H,0| Number and type | Buffer |Ala(ZW)+7H,0|Ala(ZW)+7H,0| Number and type
(Scaled*) vibrations (Scaled**) vibrations
3146 3344 (84) v(O—H)
3173 3343 (75)v(O—H) 3090 3284 (83) v(O—H),
Vasym(NHZ)
3148 (sh) 3123 3290 (74) v(O—H), 3070(sh) 3060 3252 (82) v(N—H),
Vasym (NHZ) Vsym (NHZ)
3078 (sh) 3077 3242 (73) Vasym(NH2) 2998 (s) 2988 3176 (81) Vasym(NHz)
3026 3188 (72) veym(NH2) 2955 3140 (80) v(N—H),
v(Cy—H)
3014 (s) 3010 3171 (71)Vasym (CoHa2) 2950 (s) 2950 3135 (79) v(Ce—H),
Vsym(CaH2)
2973(s) 2973 3132 (70) v(N—H) 2936 3120 (78) v(Co—H)
—Vasym(CsHa)
2939 3096 (69) vym(CoeHz) 2925 (sh) 2930 3114 (77) v(Co—H)
—v(Ce—H)
2894 (s) 2867 3046 (76) vsym(CpH3)
1678 1709 (68) 6(HNH), 1679 1710 (75) 6 (HNH),
6(H,0) vas(CO2), 6(H,0)
1673 1703 (6 ) S(HNH), 1672 1703 (74) 5(HNH),
Vasym (CO2), 6(H20) v2s(CO2), 6(H20)
1653 1682 (66) §(HNH), 1643 1674 (73) 5(HNH),
5(H,0) 5(H20)
1626(w) 1644—1599 1673—1627 |(65)-(60) 6(H,0) 1642 1673 (72) 5(HNH),
5(H20)
1565 1593 (59) 8sym(NH3), 1610(w) 1630—1599 1660—1628 |(71)-(67) 6(H,0)
Vasym(COZ), (S(HzO)
1548 1576 (58) 8sym(NH3), 1561 1589 (66) Ssym(NH3),
Vasym(COZ), (S(HzO) Vas(C02), S(Hzo)
1545 1574 (65) 8eym(NH3),
V25(CO2), 6(H,0)
1464(s) 1467 1494 (64) 5(HCsH),
T(HCﬁCaN)
1446(m) 1464 1489 (57) Ssym(CoHa) 1459 1486 (63) 5(HCsH),
7 (HC3CyN)
1415(m) 1415 1440 (56) Veym(COy), 1414(m) 1414 1440 (62) 8¢ym(CHaz),
v(Cq-C) v(Cqe-C), 7 (HC,CO)
1351 1375 (55) 7 (HC.CO), [1380 (w) 1391 1416 (61) Sym(CHs),
Veym(CO2) 7 (HC,CO)
1330 (s) 1340 1363 (54) (HCN), 1356(s) 1378 1403 (60) v(Ca—C),
7 (HC.CO), v(0=C), 8yym(CHj3)
7 (HNC.C)
1304 (m) 1325 1349 (59) §(HC,Cp),
v(0=C)
1200 1222 (53) 7(HNC,C), [1221 (w) 1244 1267 (58) 7 (HC3CyN),
(S(HNH) T(HNCaCﬁ)
1128 (w) 1140 1160 (52) T (HNC,C), (1142 (sh) 1193 1215 (57) 7 (HNC.Cp),
5(HNH) 7 (HCBCaN)
1034 (m) 1004 1022 (51) v(Ca—N) 1114 (m) 1100 1120 (56) v(Ca—Cp),
v(Ce-N)
946 962 (50) 7 (HNC,C) 1025 1044 (55) T (HC3CyN),
T(HNCaCﬁ)
1009 (m) 1008 1027 (54) T (HCCy—N),
v(Ca—Cp)
924 (m) 912 929 (53) v(Ca-N),
v(Ce—C)
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Table 3 (continued)

Buffer |Gly(ZW)+7H,0|Gly(ZW)+7H,0 Number and type Buffer |Ala(ZW)+7H,O|Ala(ZW)+7H,0| Number and type
(Scaled*) vibrations (Scaled**) vibrations
899(s) 899 914 (49) v(Ca—C), 6(CCO) 881 898 (52) 7 (HNC.Cp),
T(HzO)
850 (s) 854 870 (51) v(Co—N),
+v(Cy—C), §(CO,)
877-769 893783 (48)-(44) T (H20) 848 864 (50) 7 (H,0)
746 759 (43) T (HC,CO), 7 (H,0) 811 826 (49) v(Ca-C),
5(C0O,), 7 (H,0)
726 738 (42) 7 (HC,CO), T (H,0) 802 816 (48) 7 (HNC.Cp),
7(H,0)
695—653 707—665 (40)—(41) 7 (H,0) 778 (m) 783 799 (47) w(C.0OC),
8(C,CO)
672(w) 621 632 (39) 6(C.CO), 772—690 786—703 (46)—(44) t (H,0)
V(Ca—C/j), T (HzO)
585 (w) 598 609 (38) 7(HC.CO), 630 (w) 662 675 (43) 5(C,CO),
7 (HNC,C) V(Ce-N), v(Co-C)
573 583 (37)7 (H20), 7 (HNC,C) 657—556 670—566  |(42)—(40) 7 (H,0),
7 (HNC,C)
527 536 (36) 7(HNC.C), 7 (H20)|531 (m) 540 550 (39) 6(C.CO),
v(Ce-C)
486 495 (35) 7(H,0), 7 (HNC.C) 512 521 (38) 7 (HNC,C),
T(HzO)
507 (m) 471 480 (34) 6(C.CO), 481 489 (37) 7 (H,0),
V(Co-C), v(Ca—N) 7 (HNC,C)
467 476 (33) 7(HNC,C), 7 (H,0) 451 460 (36) 7 (HNC,C),
7(H,0)
441 449 (32) 7 (HC,CO), 7 (H,0) 444 452 (35) 7 (H,0),
7 (HNC,C)
427 435 (31) 7 (H,0) 424 431 (34) 7 (H,0)
413 420 (30) 7 (HC.CO),7 (H20) 413 420 (33) 7 (H,O
405 412 (29) 7 (H,0), T (HNC,C) 393 400 (32) 7(H,0)
320(w) 326 331 (28) 6(CCuN) 410 (w) 383 390 (31) 8(NC.Cp),
T(HzO)
289 295 (27) 7 (HC,CO), T (H,0)|336 (w) 327 333 (30) w(CCsNCy),
7(H,0)

*For glycine frequencies above 3000cm~! the magnification multiplier (MM) equal to 0.9492 was used, and in the region below 2000cm~—! —

MM = 0.9826.

(**)For alanine frequencies in the region above 3000cm~! the magnification multiplier 0.941 was used, and in the region below 2000cm~—! —

MM= 0.982.

band is severely blurred in the buffer due to additional
torsional vibrations of water molecules associated with the
~CO, group. The band of average intensity at 533 cm™!
(in the buffer — 531cm™!) corresponds to deformation
scissor vibrations of the skeleton structure §(NC,Cg) and
5(C4CO), to which the stretching of v(C,—CO; is mixed).
he bands of low intensity at 400cm~! (in the buffer —
410cm~!) and 32lem™! (in the buffer — 336cm™!)
correlate with the deformation vibration w(CCgNC,) and
torsional vibrations of group -NH3. These bands are strongly
blurred in the buffer solution due to the collective torsional
vibrations of water molecules associated with the amino

group.

Visual comparison of experimental and calculated RS
spectra for discrete-continuum models Gly(ZW)+7H,0 and
Ala(ZW)+7TH,0 are shown in Fig. 3. The numbering of
vibrational modes corresponds to the data from Table 3.
For glycine frequencies in the region above 3000cm™!, a
magnification multiplier of 0.9492 was used, and in the
region below 2000cm~! — a multiplier of 0.9826. The
alanine frequencies were scaled by multipliers 0.941 in the
region above 3000cm~! and 0.982 in the region below
2000 cm™!. It can be seen that the harmonic approximation
provides a good agreement of the main characteristic bands
of RS spectra of glycine and alanine in the region of
300—1800cm ™!
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Figure 3. Experimental RS spectra of glycine (@) and alanine (b) in the buffer solution and designed RS spectra for models

Gly(ZW)+7H,0 and Ala(ZW)+7H,O.

Anharmonic calculations of Gly(ZW) and Ala(ZW)
zwitterions

Taking into account Fermi and Darling-Dennison res-
onances is important for obtaining accurate vibrational
frequencies and intensities, as well as for the correct
interpretation of experimental spectra. The Fermi resonance
occurs when the fundamental vibrational mode has a
frequency close to the overtone frequency or combination
frequency: w; =~ w; + w3. The key step of anharmonic cal-
culations in this case is the calculation of cubic anharmonic
constants k;jz. These constants describe how the energy of
the system changes when three normal modes are excited
simultaneously. Cubic anharmonic constants are the third
derivatives of energy with respect to normal coordinates
at the equilibrium point:  k;jx = (83V/3q;9q;q)|r = r.
are found in Gaussian 16 by method of numerical dif-
ferentiating.  Unlike Fermi resonances, which are the
result of cubic interaction, Darling-Dennison resonances are
associated with the interaction of four vibrational modes.
They arise when there are two vibrational states that satisfy
certain conditions in terms of energy and symmetry and
interact through quartic terms in the expansion of potential
energy: kijx = (84V/8qi8q.,~8qk)|r =r,. In the simplest
case, Darling-Dennison resonance (2 — 2) occurs between
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two overtones or two combination frequencies that have
similar energies: w; + Wy ~ w3 + w4. Also Gaussian 16
may account for Darling-Dennison resonances (1-1) and (1-
3): w1 ~w; and w; = Wy + w3 + ws. Although Darling-
Dennison resonances are usually weaker than Fermi res-
onances, they can have a significant effect on vibrational
spectra, especially in molecules with high symmetry.

The presence of numerous stretchings in amino acids like
v(C —H), v(N—H) and v(C=0), as well as deformation an-
gular bends like §(H-C—H), §(H-N—H) and §(0O=C=0)
indicates that a strong interaction may exist between them.
To clarify the values of the vibrational modes, we made an
anharmonic analysis of Gly(ZW) and Ala(ZW) zwitterions
using GVPT2 method, taking into account Fermi (1-2)
and Darling-Dennison resonances (1-1) and (2-2) at the
level of functional density B3LYP(+GD3)/def2TZVPP and
perturbation theory MP2(FC)/def2TZVPP. Theoretically, it
was expected that the values of anharmonic frequencies
would be shifted to the low frequency range relative to
the harmonic frequencies. @The measure of frequency
shift can be both absolute Av = vP™ — panh and relative
—Av|-100%/vh™ (as a percentage of the harmonic
frequency) anharmonic shifts. Typically, an anharmonic
shift is considered strong if the percentage change in
frequency exceeds the threshold of 5%, and very strong if
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Table 4.

ha

Harmonic and anharmonic frequencies (cm™') of Gly(ZW) zwitterion, their absolute (Av = ™™ —
(% . 100%) shifts obtained by B3LYP/def2TZVPP method when some vibrational modes are,,deactivated®

ahy and relative

Experiment SkipPT2=Modes 1 SkipPT2=Modes 1,2 | SkipPT2=Modes 1,2,3 | Number and type of vibrations
crystal | buffer vh™ | pab | Ap V‘ﬁTﬂL pah | Ap v‘hA:‘L pah L Ay v‘hA:‘L
3145 (m) | 3148(sh) |3552|3365| —187| 53 | 3353 | —199| 5.6 |3352|—-200 5.6 (24) vasym(NH,)
3078 (sh) | 3498 | 3328 | —170 | 49 [3322| —-175| 50 |3321|-176 5.0 (23) veym(NH2)
3007 (s) 3014(s) |3171|3011|—160| 5.0 | 3013 | —158 | 50 |3014|—157 5.0 (22) Vasym(CoHz)
3146 | 2774 | =372 | 11.8 | 2756 | —390 | 12.4 | 2837 | -310| 9.9 (21) v(V—H)
2973 (s) | 2973 (s) |3113|2994| —119| 3.8 | 2985 | —128 | 4.1 |2988 | —126 40 (20) vsym(CoHa)
1670 (w) 1664 | 1625 | —39 | 2.3 | 1633 | —31 19 | 1636 | —28 1.7 (19) §(HNH), Vasym (CO2)
1630 (w) | 1626 (w) | 1656|1636 | —20 | 1.2 | 1598 | —58 35 1601 | —54 33 (18) §(HNH)
1570 (w) 1640 | 1478 | —162 | 9.9 | 1527 | —112| 6.8 | 1520 | —120 7.3 (17) §(HNH), Vasym (CO2)
1455 (m) 1475 | 1440 | —35 | 24 | 1448 | —27 18 |[1452| 23 1.6 (16) 7 (HC,CO), 8sym (HC,H)
1440 (m) | 1446(m) | 1446|1377 | —70 | 48 | 1365 | —81 56 |[1376| —71 49 (15) Ssym(NH3), dsym (HCH)
1413 (m) | 1415 (m) | 1373|1322 | —51 | 3.7 (1318 | =55 | 40 |1323| —50 3.6 (14) vsym(COz), v(Ca—C)
1325 (s) | 1330 (s) | 1332]1265| —67 | 5.0 | 1269 | —63 47 | 1273 | =59 44 (13) 8¢ym(HC,H), 7 (HC,CO)
1309 | 1259 | —50 | 3.8 | 1264 | —45 34 | 1266 | —43 33 (12) §(HCN)
1140 (w) | 1128 (w) |1112| 81 | —131|11.8|1004 | —108 | 9.7 | 1008 | —104| 9.4 (11) 7 (HNC,C), §(HNH)
1108 (w) 1103 | 1046 | —57 | 5.2 | 1045 | —58 53 | 1053 | —50 45 (10) 7 (HNC,C), 6(HNH)
1034 (m) | 1034 (m) | 993 | 924 | —69 | 69 | 930 | —63 6.3 931 | —62 6.2 (9) v(N—Cq)
925 (w) 940 | 849 | —91 | 9.8 | 875 | —66 | 7.0 879 | —62 6.6 (8) 7 (HNCaC), §(HCN)
892 (s) 898 (s) 867 | 848 | —19 | 22 | 846 | —21 24 847 | —20 23 (7) v(Ca—C), §(C.CO)
700 (w) 672 (w) | 676 | 666 | —10 | 1.5 | 670 | —6 09 | 666 | —10 1.5 (6) 8(C,CO), v(Ca—C)
603 (m) 585 (w) 577 | 577 0 0 | 586 9 1.6 587 | 10 1.7 (5) (HC,CO), T (HNC,C)
486 (w) 507 (w) 500 | 493 | —7 | 14| 496 | —4 08 | 494 | —o6 1.2 (4) §(C.CO), v(Ce—C)
360 (w) 298 | 230 | —68 |22.8| 249 | —49 | 164 | 298 0 0 (3) 6(C,CO)
269 | 131 | —139|51.7| 271 2 0.7 271 2 0.7 (2) T (HNC,C)
110 | 113 3 27 | 113 3 27 113 3 27 (1) 7 (HNC,C), 7 (HC,CO)

the threshold is above 10%. It turned out that calculations
using B3LYP(4+GD3) and MP2(FC) methods give both
positive and unreasonably large negative anharmonic shifts
for some fundamental frequencies (Table 1,2). The
strongest anharmonic shifts are highlighted in Tables 1,2
in bold.

It can be seen that in the frequency range above
3000cm~! strong (~ 5%) anharmonic shifts prevail for
many valence bond extensions v(With—H) and v(N—H),
which is in better agreement with experiment compared
to harmonic frequencies. @ However, for some oscilla-
tory modes, unreasonably strong anharmonic corrections
(> 10%) are observed, and they differ for the selected cal-
culation methods. So, for Ala(ZW) zwitterion B3LYP+GD?3
method provides a strong shift for the vibrational mode
(31) of v(N—H) kind, B3LYP method (neglecting the
dispersion) — for the vibrational mode (30) of v(Cs—H),
and MP2(FC) method — for a mixed mode (28) like
V(Co—H)-v(Cg—H). A similar situation occurs for the
vibrational modes (20) and (21) of Gly(ZW). This is
explained by the difference in the found vibrational mode
energies for the calculation methods, which in turn leads
to their inclusion or omission in the Fermi and Darling-
Dennison resonances.

In the frequency range 1500—1700 cm~! moderate an-
harmonic shifts of deformational angular bends 6§(HNH) are
observed. However, for the vibrational mode of glycine (17)
and vibrational mode of alanine (24) , the calculations
yielded very strong negative shifts. This is due to both
Fermi resonances arising between the valence stretching of
v(N—H) coupling and the overtones of deformational angu-
lar bends §(HNH) and Darling-Dennison resonances (1—1)
between the angular fluctuations (17) and (19) of Gly(ZW)
zwitterion and the angular fluctuations (24) and (26) of
Ala(ZW). It can also be noted that B3LYP+GD3 method
gives strong positive shifts for frequencies in this region,
which is inconsistent with experimental data.

In the frequency range 1200—1500cm™" anharmonic
analysis of Gly(ZW) and Ala(ZW) zwitterions gives a
rather contradictory pattern due to frequency mixing and
ambiguous results obtained by various methods. Neverthe-
less, comparable shifts for most frequencies were obtained
using B3LYP and MP2 methods. According to B3LYP, the
Gly(ZW) zwitterion has a strong Fermi resonance between
the main vibrational mode (14) and a combination of vibra-
tions (7)+(4), as well as moderate Darling-Dennison reso-
nances (1-1) between vibrational modes (14) and (13), (15)
and (14), (16) and (15). Analysis of Ala(ZW) zwitterion

1

Optics and Spectroscopy, 2026, Vol. 134, No. 1



Modeling Raman spectra of glycine and alanine within a discrete-continuum water environment...

35

Table 5. Harmonic and anharmonic frequencies (cm™!

) of Ala(ZW) zwitterion, their absolute (Av = ph*™

and relative

_ vanh)

( ‘ﬁ‘fm 100%) shifts obtained by B3LYP/def2TZVPP method when some vibrational modes are,,deactivated
Experiment SkipPT2=Modes 1 SkipPT2= SkipPT2= SkipPT2= Number and type
=Modes 1,2 =Modes 1,2,3 | =Modes 1,2,3,6 of vibrations
Crystal Buffer |vham| panh | sy V‘lﬁ:,L v L Ay v‘hA:‘L v L Ay v‘hA:‘L v Ay v‘hA:‘L
3083 (m) [3070 (sh)|3545|3363|—182| 5.1 [3359|—186]| 5.2 |3355(—190| 5.4 |3354|—191| 54 |(33) vaym (NHa)
3487(3312|—175] 5.0 |3303|—184| 5.3 |3313|—173| 5.0 [3311|—175]| 5.0 |{(32) vsym(NHa)
3000 (s) (2998 (s) |3139|3000|—139| 4.4 |3036|—103| 3.3 {2992|—147| 4.7 |3001|—138| 44 |(31) v(N—H)
2985 (s) 3136|2737|—40012.8 {2698 | —439|14.0|2779|—357(11.4|2775|—361|11.5| (30)v (Cs-H)
2965 (s) (2950 (s) |3109|3021| —87 | 2.8 [2997|—112| 3.6 |3011| —98 | 3.2 |2991|—118| 3.8 [(29) v(Cq-H)-Vasym(CsH2)
2933 (s) [2925 (sh)|3092(2967|—125| 4.0 (2970|—121| 3.9 {2959|—133| 4.3 |2958|—134| 4.3 |(28) v(C,—H) - v(Cs—H)
2891 (m) (2894 (s) |3041|2894|—147| 4.8 (2960| —81 | 2.7 {2962| —79 | 2.6 |2951| —90 | 3.0 [(27) veym(CsH3)
1633 (w) [1610 (w) [1659|1574| —86 | 5.2 (1747| 88 | 5.3 |1686| 30 | 1.8 |{1670| 11 | 0.7 |(26) §(HNH), 7 (HNC,Cp)
1596 (m) 1649(1618| =31 | 1.9 |1617| —32 | 1.9 |1621| —28 | 1.7 |1620| —29 | 1.8 |(25) vas(CO2), 5(HNH)
1550 (w) 1623(1781| 159 | 9.8 |1570| —53 | 3.3 |1577| —46 | 2.8 |1576| —47 | 2.9 |(24) §(HNH), vas(CO3)
1482 (m) 14881518 29 | 19 |1486|—2.0| 0.1 |1485|—3.0| 0.2 |1464| —24 | 1.6 |(23) 6(HCH), 7 (HCsC,N)
1462 (s) [1464 (s) [1484|1472| —12| 0.8 [1456| —28 | 1.9 |1451| —34 | 2.3 |1449| —35| 2.4 |(22) 6(HCH), 7 (HC3C.N)
1408 (m) [1414(m) |1434|1437| 3.0 | 0.2 [1439| 50 | 0.3 |1432|—2.0| 0.1 |1434| O 0 |(21) 8gym(NH3), 8sym(CH3)
1378 (sh)[1380 (w) [1411]|1365| —46 | 3.3 [1369| —42 | 3.0 |1371| —40 | 2.8 |1372| —39 | 2.8 |(20) Ssym(CH3), Ssym(NH3)
1367 (sh) 1384|1326| —58 | 4.2 |1324| —60 | 43 [1341| —43 | 3.1 |1339| —45 | 3.3 |(19)7 (HC,CO), §(HC,Cp)
1358 (s) [1356 (s) [1363|1346| —17 | 1.2 [1337| —26 | 1.9 |1322| —41 | 3.0 {1326 —37 | 2.7 |(18) vsym(CO3), v(Ca—C)
1304 (m) {1305 (m) [1315|1273| —43 | 3.3 |1274| —41 | 3.1 |1272| —43 | 3.3 |1273| —42 | 3.2 |(17) §(HC,Cp)
1237 (w) [1221(w) [1207|1313| 106 | 8.8 [1271| 64 | 52 |1261| 54 | 4.5 (1238 31 | 2.6 |(16) 7 (HNC.Cp), 7 (HCsC.N)
1148 (m) [1145 (sh)|1126|1096| —30 | 2.7 [1128| 2.0 | 0.2 |1114| —12 | 1.1 |1112| —14 | 1.2 |(15) 7 (HC3CuN), 7 (HNC,Cp)
1112 (m) [1114 (m) [1102{1132| 30 | 2.7 {1089| —13 | 1.2 |1076| —27 | 2.5 |1076| —26 | 2.4 |(14) v(Cs-Cy), T (HNC,Cp)
1019 (m) {1009 (m) [1005|1051| 46 | 4.6 |1046| 41 | 4.1 |1029| 25 | 2.5 (1027| 23 | 2.3 |(13) 7 (HCBCuN), 7 (HNC,Cp)
922 (m) (924 (m) | 987|988 | 1.0 | 0.1 [981|—6.0| 0.6 | 979 |—8.0| 0.8 | 983 | —4.0| 04 |(12) 7 (HNC.Cs), v(Cs—Cq)
851 (s) |850 (s) 884 | 852 | —32| 3.6 | 851 | —33 |37 (853 | —31|35|854 | —-30]| 34 |(11) v(C-Cy)
827820 |—7.0| 0.8 | 813 | —14 | 1.7 | 814 | —13 | 1.6 | 812 | —15| 1.8 |(10) v(C-Cy), 6(CoCO)
771 (m) (777 (m) | 768 | 785 | 17 |22 |778| 10 | 13 |{775| 7.0 |09 |772| 3.0 | 04 |(9) w(OC,0OC), §(C,CO)
652 (m) (630 (w) | 613|610 |—3.0| 0.5 |609|—4.0| 0.7 | 609 | —4.0| 0.7 | 609 | —4.0| 0.7 |(8) §(C.CO), v(C-Cs)
533 (m) |531 (m) | 517|527 | 10 | 19|518| 1.0 [ 02 |520| 3.0 | 0.6 | 514 | —3.0| 0.6 |(7) 6(CoCO), v(C-Cy)
400 (m) [410 (w) | 384|639 | 255 [66.4| 545 | 161 |41.9| 548 | 164 (42.7| 384 | 0.0 | 0.0 |(6) 6(CsCeN)
321 (w) (336 (w) |339(322|—17 |50 |315|—-23|68|329|—10|29 |342| 3.0 | 09 [(5) w(CCsNCq), §(CsCaN)
269 | 240 | —29 |10.8| 246 | —23 | 8.6 | 251 | —18 | 6.7 | 254 | —15| 5.6 |(4) 6(C,CO)
236 | 359 | 123 |52.1|435| 199 (84.3|237| 1.0 | 04 |237| 1.0 | 04 |(3) 7(HCC,N)
219 (772 | 553 [253 220 | 10 [05{220| 1.0 | 05(220| 1.0 | 0.5 [(2) 7 (HCsCuN)
56 | 58 | 20 | 36| 58| 20 |36 58 | 20 |36 58 | 20 |36 |(1) 7(NC,CO), r(HNC,C)

found using B3LYP method showed that moderate Fermi
resonances occur between the following vibrational modes:
(22) =~ (14) + (6), (19) =~ (13) + (6) and (19) =~ (9) + (8).
Besides, noticeable Darling-Dennison resonances (1-1) are
observed between the oscillatory frequencies (23) and (22),
(23) and (21), (23) and (20), (22) and (20), (20) and (17),
(19) and (18), (19) and (17).

In the frequency range below 1200 cm™!, significant neg-
ative shifts were found for many anharmonic frequencies of
Gly(ZW) and Ala(ZW) zwitterions. A particularly dramatic
situation was observed for the lowest frequency torsion
oscillations, the shifts of which turned out to be incredibly
large. It is known that such shifts in anharmonic calculations
occur due to the instability of numerical differentiation

3* Optics and Spectroscopy, 2026, Vol. 134, No. 1

when calculating anharmonic constants, therefore, one of
the calculated parameters is the differentiation step. We
analyzed the anharmonic frequencies with both the stan-
dard STEP=0.025 and the recommended [18] STEP=0.01,
yet we couldn’t get the improved results for the low-
frequency modes. This indicated the need to rule them
out or ,deactivate them during anharmonic analysis. The
developers of GVPT2 method in Gaussian 16 have provided
for such an option. Using the key RedDim=Inactive= n
the modes can be excluded from consideration, thereby
reducing the dimension of the vibrational problem. The key
DataMod=SkipPT2=Modes is a softer solution that allows
for the modes to be included in the analysis, however, VPT2
procedure is not envisaged for them here. In general, it is
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Figure 4. Experimental RS spectra of glycine (a) and alanine (b)
in crystalline form and modelled anharmonic RS spectra for
Gly(ZW) and Ala(ZW) modles.

recommended to use it to improve convergence and correct
the non-physical results. In this regard, we made some
additional anharmonic analysis at B3LYP/def2TZVPP level
for Gly(ZW) and Ala(ZW) zwitterions removing one by one
some low-frequency modes from the VPT2-procedure. The
results of these calculations are listed in Tables 4, 5. Thanks
to this, we were able to achieve acceptable agreement with
the experimental data; at the same time, the low-frequency
modes (1), (2) and (3) had to be deactivated for Gly(ZW)
zwitterion, and for Ala(ZW) — low frequency modes (1),
(2), (3) and (6) were removed. Next, the anharmonic
RS spectra of Gly(ZW) and Ala(ZW) zwitterions were
visualized allowing for the overtones and combination bands
and correlated with the experimental spectra at reference
frequencies of 892,cm~! glycine and 851,cm™' alanine
(Fig. 4).

Conclusion

Using B3LYP+GD3/def2TZVPP method in the harmonic
analysis the discrete-continuum models of Gly(ZW)+7H,0
and Ala(ZW)+7H,O zwitterions were verified. It is shown
that the experimental RS spectra of glycine and alanine
in buffer solution are well reproduced by simply scaling

the fundamental harmonic frequencies for these models of
zwitterions.

As shown by the anharmonic analysis of Gly(ZW) and
Ala(ZW) zwitterions using GVPT2 method, the allowance
for Fermi and Darling-Dennison resonances does not auto-
matically lead to a better agreement with the experiment.
Only in the frequency range above 3000cm~! the an-
harmonic corrections significantly improve agreement with
experimental data. In the frequency range 1200—1500 cm ™!
, we were unable to uniquely identify all experimental
bands due to the mixing of anharmonic frequencies and
the ambiguity of the results obtained by various methods.
In the frequency range below 1200cm~! , very strong,
improbable shifts were obtained for the lowest frequency
torsional vibrations. Yet, based on the density functional
theory B3LYP/def2TZVPP (neglecting the dispersion) and
perturbation theory MP2(FC)/def2TZVPP the comparable
anharmonic shifts were obtained for many fundamental
frequencies of Gly(ZW) and Ala(ZW) zwitterions. This
indicates the need for such comparative calculations to
eliminate the errors in interpretation. It should be noted
that GVPT2 method provides acceptable agreement with
experimental spectra if some low-frequency modes are
disabled during VPT2 analysis. However, such a procedure
shall be carried out carefully, consistently correcting the
non-physical results. Despite the above, allowing for the
anharmonic effects is a milestone on the way to a more
accurate interpretation of vibrational spectra, although it
requires much effort even for relatively small molecules.
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