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The IR spectra of nonionized glycine and its deuterated derivatives isolated in the low-temperature argon
matrices have been measured, and for the first time the infrared spectral characteristics of the three most
stable conformers have been determined and assigned. Correlateabl@viéib and density functional theory

(DFT) calculations of IR frequencies and intensities with extended basis sets were performed and their results
were employed to separate the bands of the glycine conformers in the experimental spectra and to assist the
assignment. The intramolecular interconversion, conforitier= conformerl, which is observed in the
matrices at temperatures higher than 13 K, was found to cause a significant decrease of the band intensities
of conformerlll in the spectra. This phenomenon was used to distinguish the vibrational bands of this
conformer from the bands of the other conformers. The reliability of the MgRégsset second-order
perturbation theory (MP2) method and the DFT method with the three-parameter density functional,
Becke3LYP, in the prediction of the IR spectra of the nonionized glycine conformers was examined. We
found that the DFT/Becke3LYP method with aug-cc-pVDZ basis set yields vibrational frequencies of the
glycine conformers very similar to the MP2 results. Both DFT and MP2 results are in the excellent agreement
with the experimental data.

1. Introduction determined in the more recent microwave studiésThe
difficulty in the observation of conformdrin the microwave
spectra was caused by its significantly lower dipole moment
than the dipole moment of conformir. Since the other low-
energy conformers of glycine also have low dipole moments,
their identification in microwave spectra is difficult. Thus, the
C—0 bonds results in several glycine conformers. The deter- theoretically predicted conformédt is hardly registered by the

mination of the spectral and structural characteristics of the ™M'cfOWave Spectroscopy. _

conformers of glycine, as well as other natural aminoacids, is The molecular structure of the gaseous glycine were deter-
of great interest because of their relation to the aminoacid units Mined by lijima et af in an electron-diffraction study. Again

in peptides. Moreover, the assignment of the gas-phase g|yCineconformerI was proven to be the most stable form in the gas
spectrum is of importance to radioastronomy in identification Phase, but at a temperature of 21@, about 24% of the

of interstellar aminoacid. compound was detected to appear as a mixture of minor

The investigation of the gaseous glycine is difficult due to conformers which were supposed to be confornieemndlll .2
its thermal instability. Similar to other aminoacids, glycine However, these conformers are different from each other only
decomposes before melting. Only a few experimental inves- in the position of the hydrogens and they are indistinguishable
tigations of the gaseous glycine have been carried out during by their electr(_)n scattering |nten3|t|é§Thgs, the question of
the past two decades. The first microwave spectroscopic resultshe conformational structure of glycine in the gas phase has
were presented by Brown et @nd Suenram et &l. These remained open.
studies identified conformet (Figure 1) as the only gas-phase The conformational behavior of glycine has been the subject
form of glycine and disagreed with the results of the earlier ab of very extensive theoretical studi€s2® All calculations have
initio calculations which concluded that confornieshould be been consistent in predicting that the conforrhés the most
the lowest energy forrh. The microwave spectrum of this stable form. However the stability order and the structures of
conformer was observed a few years later by Suenramt al. the other glycine conformers depended on the level of theory
Accurate values of the rotational constants and dipole momentsand the basis set used in the calculations. The comparison of
of the two low-energy glycine conformers, and I, were the relative energies of the glycine conformers calculated at the
HF and MP2 levels shows that the former method overestimates

The simplest aminoacid, glycine, is one of the most important
biological compounds. In the solid state and in solutions glycine
is known to exist in the zwitterion forrhNH3t—CH,—COO",
but in the gas-phase glycine exists in nonionized faiH,—
CH,—COOQOH. The internal rotation about the-C, C—N, and

:Coyresponding author. the energy gap between conformeand the other conform-
iﬁg't‘i’oer:;%g;ﬁﬁo”; Sciences ers!217 The DFT calculations of the structure and relative
§ University of Lisb%n_ ' stabilities of the glycine conformes'“produced results which
I'University of Coimbra. are very similar to the results of the MP2 method. The
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structures in the IR bands, simplifying the interpretation of the
matrix IR spectra in comparison with gaseous ones.
Ouir first attempts to freeze a complete set of the glycine low-
energy conformers in the Ar matrices were unsuccessful. In
these experiments the samples were deposited-et 1&. From
I [Cs] our previous experiments we found that this temperature range

is optimal to prepare samples with minimal scattering. We
supposed that the low energy barriers between the glycine
conformers predicted theoreticaifymight lead to easy inter-
conversion of the conformers in the low-temperature matrices.
To elucidate this question further, we performed a search for
optimal experimental conditions which allow us to deposit a
complete set of the low-energy glycine conformers in the
matrices? In the course of this study, IR spectra were measured
for samples deposited at temperatures ranging from 19 to 5.5
K. We found that, for samples deposited at temperatures below
13 K, additional bands appear in the IR spectra of matrix-isolated
glycine. These bands may correspond to a new glycine
conformer which did not appear at higher temperatures because
it immediately interconverted to lower energy rotamers. Various
matrix gases (Ne, Ar, and Kr) were used to prove that the
observed phenomenon is indeed due to the presence of an
additional glycine conformer and not to matrix splittings. In
this study? we also explained why the matrix IR spectra of
glycine obtained by Grenie et @because the samples deposited
at 20 K did not contain the conformational splittings which
appeared at lower temperatures.

In continuation of these studies, in this work we undertook a
detailed investigation of the conformational composition of the
gaseous glycine isolated in low-temperature matrices. In this
paper we present results of simultaneous observation of the three
I [Cy) low-energy glycine conformers. The IR spectral characteristics

of these conformers (conformdrsll, andlll) are assigned on
the basis of the comparison with the data calculated using the
DFT and MP2 methods. The reliability of these methods in

predicting vibrational frequencies and intensities of nonionized
Figure 1. The lowest energy glycine conformelrsll, andlll . aminoacids is discussed.

II [Cy

sophisticated investigations of the potential energy surface of 5 Experimental Details
glycine'21516.19 gllowed identification of as many as eight _ N ) )
minimum-energy conformers and the estimation of the barriers The thermal instability of glycine creates certain problems

of the conformer interconversions. Some of these barriers wereWith the sample preparation. The Knudsen cell was used in
predicted to be quiet smafi:1° the present work to evaporate glycine. It was necessary to first

determine the optimal evaporation temperature, which is high
enough to yield samples with sufficient concentration of the
compound but still sufficiently low to prevent decomposition

of the compound. A low-temperature quartz microbalance was
used to measure the intensity of the gaseous flow of glycine.
In our design of the deposition system, the minimal temperature

The results of quantum-chemical calculations of the relative
stabilities of the glycine conformers have shown that, besides
the early observed conformetsand Il, at least one more
conformer, namely conforméh (Figure 1), may exist in the
gas phase. As itis seen in the molecular structures of the low-

energy conformers in Figure 1, they differ in the intramolecular 4t \yhich the flow of glycine was found sufficient for the sample
H-bonds: bifurcated Nk--O=C H-bond in conformerl, preparation was- 160°C. The quartz microbalance was used
N-+-H—0 H-bond in conformefl and bifurcated Nbt--O—-C to measure the gaseous flow of the substance studied and of
H-bond in conformerll. IR spectroscopy could be a very  the matrix gas. It allowed us to control the concentration of
suitable tool to investigate the glycine conformational structure, the glycine in the matrix and to avoid the appearance of
since the IR spectra are very sensitive to the intramolecular gytoassociates.

H-bonding. However, the low thermal stability of glycine The measurements were carried out for glycine (glyci)e-
precludes IR study in the gas phase because it is not possiblegng for its deuterated derivative€,C-d-glycine, N,N,0-ds-

to obtain a concentration of the glycine in the gas phase which glycine, and the fully deuterated glycine which will be denoted

is sufficient to register its IR spectra. In such situations a as glycined,, glycine-ds, and glycineds, respectively. The
combined use of the IR spectroscopy and matrix isolation matrix samples were prepared by simultaneous deposition of
technique can be very helpfiilsince it allows separation of  the substance and the matrix gas onto a cooled Csl substrate.
the matrix deposition process, which may be very long, from The matrix gas was 99.99% Ar. The substrate temperature was
the registration of the IR spectrum of the sample. Also, the 12—-13 K during matrix preparation, and that allowed us to
inert-gas matrix environment hinders the rotation of the prevent interconversion of the glycine conformers in the
molecules studied and excludes the presence of rotationalmatrices. Commercially available glycine and its isotopomers



Glycine Conformers J. Phys. Chem. A, Vol. 102, No. 6, 1998043

i ] D
t B | D 1
8 7 ]
s 1 54
s . =
e s
s i e
2 ] 5 Cc
e &
® 7 i Q
] M\“‘“Mﬁ w' o ] JW ®
03 TTTTT T ‘ TTTTTTTTT TTTTT | T TTT \ TrTTT J l
7 - YVﬂ‘TlI‘III"{\i!‘ 1r?“rl'T“[—FTAIJTIIAT_\lAFTII
i A 4 C B
0.2 — —
01—1 —_ 145_IL‘[‘F}I’L|T“1TAF1—LI‘J1I1II}'[II\TTL}IITIII||!>K
] 1 3 A
§ 1 1.0
00 J\ TTTTTTTT 1 TTTTTTTTT TTTTT I TTTTT | TTTTT E
3600 3200 2800 3000 2700 2400 2100 053
v(em-1) 00 n A
. rrirrrprrrrrrri Ty rrrrrrrrryrrirrErrd
Figure 2. The high-frequency regions of the matrix IR spectra of the 16|00 12|00 8(')0 400
glycine isotopomers: glycinds (A), glycine-d, (B), glycineds (C), V (eml)
em-

glycineds (D). The spectra were recorded for the samples deposited at
13 K. Matrix ratio is 1:1000 for glycineh and 1:750 for other  Figure 3. The fingerprint regions of the matrix IR spectra of the glycine
Isotopomers. isotopomers: glycineh (A), glycine-d; (B), glycineds (C), glycine-

ds (D). The spectra were recorded for the samples deposited at 13 K.
were used in the experiments. They were evaporated from theMatrix ratio is 1:1000 for glycine and 1:750 for other isotopomers.
Knudsen cell at 170C for glycine, 161°C for glycined,, 176
°C for glycineds, and 169°C for glycineds. The thermostatting  3- Theoretical Methods

accuracy was 0.2C. Ar flow stability was achieved with a The main goal of the calculations in the present study was to
stable gas pressure over the solid argon at 77 K and was adjustedjnjate the IR spectral characteristics of the most stable glycine
by a needle valve. The fill-up helium cryostat used in our conformers, which were used to identify the conformers in the
matrix-isolation IR experiments was described elsewf€féle  gyperimental matrix IR spectra. To achieve this goal we first
IR spectra were registered with the updated SPECORD IR 75 searched for energy minima on the potential energy surface of
spectrometer in the range 408400 cnrt with the resolution glycine corresponding to the lowest energy conformers and then
of 3 cmr in the range 40002500 cn* and with the resolution e calculated the IR frequencies and intensities for the minima
of 1 cn* in the range 2500400 cnT*. The spectrometer was  sing the harmonic approximation. Glycine, as the smallest
sealed and blown through with dry nitrogen during the experi- aminoacid, is a suitable model to examine reliability of the
ment to exclude any influence of the atmospherOtand CQ theoretical methods used in the calculations of IR spectra. This
vapors. Firstly, the IR spectra were recorded for glyase-  kind of analysis will be helpful in our future matrix-isolation
glycine-ds, glycineds, and glycineds immediately after sample  |R studies on other aminoacids and small peptides. Among the
deposition. These spectra are shown in Figures 2 and 3. TheyHartree-Fock (HF), Mgller-Plesset second-order perturbation
do not contain any bands of the glycine decomposition products. theory (MP2) and DFT methods used to study the structure of
Only trace amounts of Cfare found in the samples (the the glycine conformert-20 the two latter methods yield the
characteristic doublet band of the CO stretching vibrations at results which are in best agreement with the results of
234472339 cm?) which is most probably due to G@bsorbed microwave and electron diffraction studi®%>7° The HF

on the surface of the solid compounds used for the experiment.method failed to predict the correct relative energies and
To separate the IR bands of conforntiér from other conform- structure of the glycine conformers with the-MH—0O intra-

ers, additional experiments were carried out for all isotopomers. molecular H-bond?17 Therefore, in the present study we have
In these experiments, the samples deposited atlBK were used the MPZ2 and the DFT methods for the harmonic
heated up to 20 K and after 30 min they were chilled and their frequency calculations of the glycine conformers.

spectra were recorded. At 20 K argon matrix remains rigid = The DFT calculations were carried out with Becke’s gradient
enough so that the translational diffusion of the guest moleculesexchange correctiotf, the Lee, Yang, Parr correlation func-

is negligible. Thus, neither dimer formation of the molecules tional?2” and the Vosko, Wilk, Nusair correlation functiorfal.
studied nor the sufficient repacking of the matrix environment This three-parameter density functional, designated as B3LYP,
were possible. However, the temperature of 20 K was high was found to produce the most accurate glycine structural
enough for conformelll to interconvert to the lower energy  parameters compared with the microwave resdits.
conformerl. Comparing the spectra obtained before and after  For geometry optimization and harmonic frequency calcula-
annealing, we were able to identify the bands due to conformer tions, we used three Dunning’s correlation-consistent dogble-
I . basis setd?3! The smallest basis set used in this study was
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TABLE 1: Optimized Geometry Parameters (Angstroms and Degrees) of the Glycine Conformers Obtained in the DFT/
B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ Calculations

exptP DFT MP2 DFT MP2 DFT MP2
C—-N 1.467 1.450 1.456 1471 1.474 1.452 1.458
c-C 1.526 1.524 1.523 1.535 1.535 1.527 1.526
C=0 1.205 1.211 1.220 1.208 1.218 1.211 1.220
Cc-0 1.355 1.359 1.367 1.344 1.352 1.359 1.368
C—Hs 1.081 1.100 1.102 1.099 1101 1.100 1.101
C—Hy 1.081 1.100 1.102 1.098 1101 1.100 1.102
N—Hs 1.001 1.018 1.021 1.014 1.017 1.017 1.020
N—Ho 1.001 1.018 1.021 1.015 1.018 1.017 1.020
O—H 0.966 0.971 0.974 0.986 0.988 0.972 0.975
N-C-C 1121 115.9 1154 1115 111.0 1193 118.8
C-C=0 1251 125.8 125.8 122.8 122.9 124.0 124.2
C-C-O 111.6 1114 111.0 114.0 113.9 1135 112.9
C—C—Hs 107.5 107.5 107.5 107.6 106.0 106.1
C-C—Hy 107.5 107.5 106.6 106.4 105.9 106.1
H—C—H 107.0 105.7 106.1 106.9 107.3 105.6 106.0
C—N—Hs 113.3 110.4 109.4 112.6 111.8 111.2 1101
C—N—Hg 113.3 110.4 109.4 112.3 1114 111.2 110.1
H—N-H 110.3 105.8 105.0 107.7 107.2 106.6 105.7
C-O—-H 112.3 107.2 106.1 105.1 104.0 106.5 105.3
N—-C-C=0 0.0 0.0 173.2 171.2 179.3 179.3
N—-C—-C-0 180.0 180.0 —7.5 -9.9 —-0.8 —0.8
O=C—-C—Hs 123.4 1234 48.1 45.7 55.1 55.5
O=C-C—H, 236.6 236.6 —66.2 —69.1 —56.7 —56.9
C—C—N—Hg 58.3> 57.3 133.6 138.8 59.2 58.0
C—C—N—Hg -58.3 -57.3 255.4 258.8 —59.4 —58.2
C-C-O-H 180.0 180.0 13 1.8 180.1 180.1
aFrom ref 2. In ref 2 some parameters were taken from HF/4-21G calculdtidimey are shown in italics.

the standard cc-pVDZ basis set. The two other sets werefrom the experimental data but were assumed on the basis of
obtained from the first one by adding diffuse functions. The previous ab initio calculations at the HF/4-21G let®elThe
second basis set, denoted here as cc-p¥BZincluded only experimental and calculated rotational constants are summarized
an s diffuse function on hydrogens and s and p diffuse functions in Table 2.

on heavy atoms (the exponents of the diffuse functions were  The inclusion of the diffuse functions in the basis set leads
the same as in the standard aug-cc-pVDZ basis). The third basigg 5 significant improvement of the calculated structure of the
set was the standard aug-ccpVDZ basis, which includes s andmain glycine conformer with respect to the experimental
p diffuse functions on hydrogens and s, p, and d diffuse geometrical parameters at both the DFT/B3LYP and MP2 levels.
functions on heavy atoms. The previous theoretical studies of The comparison of the DFT/B3LYP/aug-cc-pVDZ and MP2/
the potential energy surface of glygine identified eight.minimum- aug-cc-pVDZ geometries with the experimental data (Table 1)
energy geometrie$:1°119 In this study we carried out  ghows that the DFT method is able to produce geometries with
frequency calculations for only the most stable conformers  ginijar accuracy as the MP2 method. The mean differences
I, andlll (Figure 1), which are supposed to exist in the gas penyeen the calculated at the DFT/B3LYP level and observed

phase. All calcu!ations .in this work W;;ie performed on I1BM geometry parameters are 0.010 A and Td6 the bond lengths
RS6000 workstations using the Gaussiafi@diantum-mechan- a4 the hond angles, respectively. The corresponding values

ical program. for the MP2 method are 0.013 A and 1.5The comparison of
) ) the calculated and the observed rotational constants (Table 2)
4. Results and Discussion also shows that the two methods give very similar results. The

4.1. Structure and Relative Stabilities of the Glycine €St agreement with experiment is obtained when the aug-cc-
Conformers. The geometries of the three glycine conformers pVDZ basis setis applied in conjunction with the D.FT/BSLYP
I, andlll —were fully optimized at the DFT/B3LYP and MP2 method. In thls case, the.rotatlonal constants are in even better
levels with the cc-pVDZ, cc-pVDZ+, and aug-cc-pVDZ basis agreement with the experiment than the MP2 results (Table 2).
sets (i.e., six sets of structural parameters were calculated for When analyzing the calculated geometries of the three glycine
each conformer). In this section the structural parameters andconformers, we paid special attention to the conformation of
rotational constants of the glycine conformers calculated at the the heavy atom backbone. The entry-level HF calculations with
DFT/B3LYP and MP2 levels of theory with the different basis a small basis set$predicted the planar backbone structure for
sets are compared with the available experimental data toall three conformers. Increasing the basis, by additional
determine which method yields the most accurate results. Forpolarization functions and accounting for the electron correlation
this comparison we use the experimental geometry parameterseffects, led to nonplanar structures of the conformérand

of the conformer 2, as well as the rotational constants of the Il 10121617 while conformer! still remains planar in all
conformersl andll of the glycined, and glycined,, and the calculations. As it is seen from Table 1, at both the DFT/
rotational constants of the conformérof the glycined;.8° The B3LYP and MP2 levels we obtain planar structures for
experimental and calculated geometries of conforrdts and conformerl and nonplanar structures for confornier In the

Il are presented in Table 1. Among the experimental latter case the torsion angle, N€O, is 173.23 and 171.23
parameters, those shown in italics in Table 1 were not derived at the B3LYP and MP2 levels, respectively. On the other hand,
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TABLE 2: Rotational Constants (MHz) and Dipole Moments (Debye) of the Glycine Conformers Observed and Calculated
with the aug-cc-pVDZ Basis Set

exptk DFT MP2 exptf DFT MP2 DFT MP2

glycine-do

A 10342 10283 10130 10130 10126 10021 9931 9849

Bc 3876 3832 3844 4071 4046 4042 3945 3952

Ce 2912 2883 2878 3007 2994 2988 2917 2915

u 1.15b 117 1.30 5.45b 5.65 6.10 1.90 2.01
glycine-d;

A 9318 9270 9138 9081 9068 8978

B 3799 3756 3774 3989 3964 3959

Cc 2832 2804 2799 2918 2904 2898
glycineds

A 9485 9480 9390

Bc 3680 3655 3654

Ce 2778 2764 2760

aThe rotational constants of the glycidg-glycined,, and glycineds are taken from ref 82 From ref 9.

determination of whether conformir has planar or nonplanar  level and by 1.72 kJ mof at the MP2/aug-cc-pVDZ level. At
structure is not as clear. The potential energy surface of this the same time, the ZPE only slightly changes the relative energy
conformer is extremely flat near the minimum. The deviation of the conformeill with respect to the main conformer.
from the planarity determined in the calculations is less than The DFT/B3LYP and MP2 methods yield very similar values
1°. The values of the torsion angle NEO calculated at the  of the relative energies of the glycine conformers. The relative
DFT/B3LYP and MP2 levels with the aug-cc-pVDZ basis set energies of conformer andIll with respect to the main
are 179.26 and 179.30, respectively. It is notable that the conformer are 3.60 and 6.84 kJ mbht the DFT/B3LYP/aug-
energy difference between the nonplanar structures of thecc-pVDZ level and 3.96 and 7.14 kJ mélat the MP2/aug-
conformersll andlll and their planar counterpairs is rather cc-pVDZ level. On the basis of analysis of the data presented
small. For example, the energy difference between the morein the Tables 3, we may conclude that the DFT/B3LYP
stable non-planar form of the conformdr and its planar method produces structures of the glycine conformers, which
counterpart was predicted to be 0.21 kJ mait the B3LYP/ are in very good agreement with the experimental data and
DZP level!! 0.24 kJ mot! at the MP2/6-33+g** level,'6 0.55 almost identical to the MP2 results. It allows us to hope that
kJ mol?! at the CISD/DZP level® and 0.42 kJ moi® at the this method is also able to produce the vibrational frequencies
CCSD (T)/DZP level®> For conformerlll , the calculation and infrared intensities with high accuracy.
carried out at the CISD/DZP and DFT/B3LYP/DZP leveld 4.2. IR Spectral Characteristics of the Glycine Conform-
predicted the planar conformation to be the true minima, but at ers. The electron diffractioh and microwavé>™? studies
the same time the calculation at the MP2/6-3#1G** |evel,16 demonstrated the presence of glycine conformeasdll in
as well as our calculations at the MP2/aug-cc-pVDZ and the gas phase. In our preliminary matrix isolation IR stéfly,
B3LYP/aug-cc-pVDZ levels, predict that a nonplanar conforma- we observed in the IR spectra some manifestations of an
tion is the true minimum. The flat potential energy surface near additional glycine conformer which, based on the results of the
the equilibrium point predicted for the conformiér requires guantum-chemical calculations, is now supposed to be con-
tighter thresholds in the geometry optimization. Therefore, for formerlll . If all three conformers are present in the samples,
conformenll , we carried out an additional structure calculation the experimental IR spectrum is a superposition of their spectra.
using the keyword OPFTIGHT, decreasing the convergence To determine the spectral characteristics of the individual
criteria 30 times. In this calculation we did not observe any conformers, we have to separate their vibrational bands. This
significant changes in the energy; it decreased by less than 0.1separation is based on the following data: (i) The results of
kJ mol%, and in the geometry, except for the value of the the theoretical simulations of the IR spectra of the three glycine
dihedral NCG=0 angle, which increased by a few degrees. The conformers.
DFT/B3LYP/aug-cc-pVDZ frequency calculations carried out (ii) The elimination of the bands of conforméi from the
for conformerlll at the geometry obtained after the optimization experimental spectrum. As was mentioned before, the low
with the conventional thresholds did not produce any imaginary energy barrier of the conforméd = conformer! intercon-
frequencies. Nevertheless, the energy difference between theversion results in the disappearance of confortiefrom the
planar and nonplanar form of these conformers is lower than matrix at temperature above 13 K. This phenomenon was used
the energy of the zero-point twisting vibration, and from the to distinguish the bands of conformir by comparing the IR
experimental point of view, the planar structure is likely to be spectra recorded before and after matrix annealing.
the most probable conformation. (iii) The experimental IR spectra measured for the glycine
The energies, zero-point energies (ZPEs), and the relativedeuterated derivatives. The analysis of the isotopomer fre-
stabilities of the three most stable glycine conformers are quency shifts and their comparison with calculated shifts can
summarized in Table 3. In the first place, the importance of provide additional support for the assignments.
the ZPE contribution in the prediction of the relative stabilities =~ The harmonic frequency calculations of the glycine conform-
of the conformers, especially in the case of confortheshould ers were carried out at the DFT/B3LYP level with the cc-pVDZ,
be noticed. As itis seen, the ZPE energies of conforiineat cc-pVDZ++, and aug-cc-pVDZ basis sets, as well as at the
both the DFT/B3LYP and MP2 levels, are higher than those of MP2 level with the cc-pVDZ and cc-pVDEZ+ basis sets. The
the conformersd andlll . This leads to destabilization of the disk space limitation precluded calculations at the MP2 level
conformerll by 1.20 kJ mot! at the DFT/B3LYP/aug-cc-pVDZ  with the aug-cc-pVDZ basis set. The average divergences
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TABLE 3: Energies (au), Relative Stabilities AE)(kJ mol~1), Zero-Point Vibrational Energies (ZPE?) (au), Total Energies
Including the Zero-Point Vibrational Energies (au) and Relative Stabilities Including the Zero-Point Vibrational Energy (kJ
mol~1) of the Three Glycine Conformers. Values Taken from the Full Optimization and Frequency Calculations of the
Conformers at the DFT/B3LYP and MP2 Levels of Theory

method glycind glycinell glycinelll
DFT/cc-pvDZ energy —284.449 089 2 —284.448 205 8 284.446 602 4
AE(DFT) 0.00 2.32 6.53
ZPE 0.076 662 2 0.077 2005 0.076 7911
total energy —284.372 4270 —284.371 005 3 —284.369 811 3
AE(DFT + ZPE) 0.00 3.73 6.87
DFT/cc-pvDZ++ energy —284.471348 1 —284.4700717 —284.468 957 9
AE(DFT) 0.00 3.35 6.27
ZPE 0.076 423 8 0.076 887 4 0.076 489 2
total energy —284.394924 3 —284.393 184 3 —284.39 2460 7
AE(DFT + ZPE) 0.00 4.57 6.45
DFT/aug-cc-pvVDZ energy —284.482 215 4 —284.481 300 6 —284.4796010
AE(DFT) 0.00 2.40 6.86
ZPE 0.077 2785 0.077736 7 0.077 268 6
total energy —284.404 936 9 —284.403 563 9 —284.402 332 4
AE(DFT + ZPE) 0.00 3.60 6.84
MP2/cc-pvDZ energy —283.667 601 7 —283.666 091 8 —283.665 114 5
AE(MP2) 0.00 3.96 6.53
ZPE 0.076 8311 0.077 3754 0.076 917 6
total energy —283.590 770 6 —283.588 716 4 —283.588 196 9
AE(MP2+ ZPE) 0.00 5.39 6.76
MP2/cc-pVDZ+-+ energy —283.692 4870 —283.691 2029 —283.690 126 8
AE(MP2) 0.00 3.37 6.20
ZPE 0.077 0458 0.077 699 2 0.077 2251
total energy —283.615441 2 —283.6135037 —283.612901 7
AE(MP2+ ZPE) 0.00 5.09 6.67
MP2/aug-cc-pVDZ energy —283.736 2692 —283.735417 3 —283.7337270
AE(MP2) 0.00 2.24 6.67
AE(MP2+ ZPP) 0.00 3.96 7.14

aZero-point vibrational energies were scaled applying the scaling factors SF1 and SF2 listed in PatiRE4rom the MP2/cc-pVDZ+
calculation was used here.

TABLE 4: Mean Divergences (cnt') between the Calculated and Observed Frequencies of the Four Isotopomers of the
Conformer |2

glycine-do glycined; glycineds glycine-ds
method basis set SF1 SF2 A B A B A B A B
DFT cc-pvDZ 0.96 0.97 49.5 16.5 35.5 17.8 32.1 22.9 31.3 15.6
33.2 12.8 23.7 16.8 20.6 15.8 225 10.3
cc-pVDZ++ 0.95 0.98 40.8 14.9 28.6 16.2 27.7 195 26.7 16.9
18.3 9.4 13.1 13.5 11.1 10.7 12.0 8.5
aug-cc-pvDZ 0.96 0.99 44.1 11.8 30.2 9.5 29.9 8.7 275 9.9
18.3 9.4 11.8 8.1 10.5 4.5 11.1 7.0
MP2 cc-pvDZ 0.95 0.95 75.5 194 57.0 20.2 55.7 22.9 51.8 16.1
48.4 18.8 38.8 21.5 36.4 24.4 35.7 15.8
cc-pVDZ++ 0.95 0.97 61.7 11.9 44.8 15.0 46.5 13.9 41.9 11.6
29.3 11.2 23.9 14.7 22.5 12.7 21.5 10.3

a2 The mean divergences calculated for the nonscaled and scaled frequencies are listed in the columns A and B, respectively. For each basis set
and for the DFT/B3LYP and MP2 levels of theory, the mean divergences were calculated for all frequencies (presented in the first row) and for the
frequencies below 2000 crh (presented in the second row).

between the calculated and observed frequencies were calculateffequencies. In the second row the mean divergences were
for the four isotopomers of the glycineconformer to determine  calculated only for the frequencies below 20007érfi.e., for
which theoretical method yields the most accurate isotopomer all frequencies, excluding X(C,N,O)-H stretching vibrations).
frequencies. The comparison is presented in Table 4. The data The following conclusions may be derived from the analysis
shown in column A of Table 4 were obtained with nonscaled of the data presented in Table 4: (i) The best agreement between
calculated frequencies. For all the levels of theory used in this the calculated and observed frequencies is observed when the
study, we determined the optimal scaling factors which allowed DFT/B3LYP method with the aug-cc-pVDZ basis set is
us to obtain the minimal mean divergencies between the employed. The mean divergence is only about 1G%nirhis
calculated and observed frequencies. Two scaling factors, SFlvalue was obtained using scaled frequencies with the scaling
and SF2, were determined for the frequencies calculated withfactors SF1= 0.96 and SF2= 0.99 (Table 4).

each basis set: SF1 for the X(C,N,O)-H stretching vibrations (i) The MP2 method also yields frequencies which are in
and SF2 for all other vibrations. The mean divergences good agreement with the experimental data after scaling. The
calculated for the scaled theoretical frequencies are presentednean divergence calculated for the MP2/cc-pVVBE frequen-

in column B in Table 4 along with the values of the scaling cies is about 13 cr, although the scaling factors employed
factors. Table 4 includes two rows for each basis set. In the here are smaller then the ones obtained for the DFT/B3LYP/
first row the mean divergences were calculated for all observed aug-cc-pVDZ frequencies.
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Figure 4. The region of the €O stretching vibrations of glycindy

conformers. (1) IR spectrum recorded after matrix deposition at 13 K.
(2) IR spectrum recorded after matrix annealing at 20 K for 30 min.
Asterisks (*) mark the bands assigned to conforitheDown arrows 1
() mark the bands assigned to conforniiér.
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(iii) Augmentation of the basis set by additional diffuse 1400 1375 1350 1125 1100
functions significantly improves the agreement between the V(cm-1)
calculated and observed frequenmgs at both the DF_T/BSI__YP Figure 5. IR spectral regions of the glycine isotopomers: glyoie-
and MP2 levels of theory. As mentioned above, the inclusion (A and B), glycinees (C), and glyciness (D). (1) IR spectrum recorded
of the diffuse functions is particularly important to predict after matrix deposition at 13 K. (2) IR spectrum recorded after matrix
correctly the relative energy and the structure of the conformer annealing at 20 K for 30 min. Asterisks (*) mark the bands assigned
Il. This is most probably due to the strong intramolecular to conformerl . Down arrows {) mark the bands assigned to conformer
N---H—0O H-bonding interaction present in this conformer whose
description requires diffuse orbitals in the basis set. For the spectra of thely, dy, ds, andds isotopomers, respectively, are
same reason, the augmentation of the basis set with diffuseassigned to the €0 stretching vibrations of the main conformer
functions can be expected to produce better agreement between, The assignment of the less intensive bands is based on the
the calculated and observed IR frequencies. results of the frequency calculations (Tables8j.

(iv) In almost all the cases considered increasing the number  For all isotopomers, the high-frequency experimental band
of the deuterium atoms in the glycine molecule led to decreasein the region of the &0 stretching vibration is assigned to the
of the mean frequency divergences (Table 4). This may be C=0 vibration of conformetl , and the low-frequency band is
simply explained by the decrease of most frequency values uponassigned to the €0 vibration of conformetil . This assign-
deuteriation, which results in a decrease of the mean divergencement is confirmed by comparison of the spectra recorded before

The analysis of the mean divergences presented in Table 4and after matrix annealing. The intensity of the bands of
shows that the DFT/B3LYP/aug-cc-pVDZ method yields the conformerlil in the spectra of all glycine isotopomers must
most accurate vibrational frequencies of all the considered decrease significantly after sample heating due to the conformer

deuterated derivatives of the main glycine conforinefhese Il = conformerl interconversion. These bands are marked

frequencies have been used to identify the bands of the minorin Tables 5-8. Some relevant regions of the spectrum of

conformers in the experimental spectra. glycine-dy are presented in Figures—4%. As seen in Figure 4
The observed and calculated (at the DFT/B3LYP/aug-cc- and in Tables 58, the intensity of the bands assigned to the

pVDZ level) IR frequencies and intensities of conformer , C=0 stretching vibrations decreases significantly after matrix

andlll are presented in Tables-B for glycinedy, glycined,, heating, which supports their proposed assignment.

glycineds and glycineds, respectively. In these tables the In the case of the most intensive experimental bands, it was

results of the potential energy distribution (PED) analysis are very important to prove that the origin of these bands is not
also given. If several of the calculated frequencies belonging due to site splitting. The region of the=@ stretching
to the different conformers are assigned to a single observedvibrations was studied in our preliminary work, where we used
band, the PEDs presented in the tables correspond to the mairdifferent matrix gases, and we demonstrated that the observed
glycine conformer. phenomenon is not caused by site splitdAdt is also important

4.3. Separation of the Vibrational Bands of the Glycine to mention that the site splitting is observed in the glycine
Conformers. C=0 Stretching Vibrations The separation of  spectra and some bands or, more often, band shoulders are
the conformer bands in the matrix IR spectra starts with the definitely due to the matrix splitting. For example, the low-
analysis of the most intensive spectral features. The region offrequency shoulder at 1773 cimon the band of the €0
the G=0 stretching vibrations of glycindy is presented in stretching vibration of the conformér(Table 5, Figure 4) is
Figure 4. In this region of the spectrum, one very intensive probably due to site splitting.
band, as well the less intensive bands, are observed. The The comparison of the calculated and observed intensities
intensive bands at 1779, 1776, 1768, and 1769cm the of the G=0 stretching vibrations of the three glycine conformers
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TABLE 5: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmt) and Intensities of the

Glycine-dy
calculated
observed glycinel glycinell glycinelll
4 AP lobs 4 | cal(:cjj v I calcu‘lI v | (:alcud PED?
{3560 0.253 3.111 3586 58.2 3584 65.8 OH str[100]
3543 0.041
3465 15.7 NH str [57], NHo str [43]
3410 0.042 0.313 3429 5.3 3442 5.5  Nétr [50], NH, str [50]
3384 0.4 NH str [57], NHs str [42]
3358 2.1 3366 2.5  Ngistr [50], NH str [50]

3200 0.029 0.522 3313 277.8 OH str [98]

2962 6.3 2985 5.3 2968 4.9  GHtr [50], CH; str [50]
{ 2958 0.023 0.826 2925 18.0 2938 12.1 2931 16.2 §&H[50], CH; str [50]

2944 0.030

1790 0.165 8.352 1813 355.4 =0 str [84]

1779 1.368 1787 292.5 =€0 str [85]

1773* 0.217

1767 0.136 1779 296.3 €0 str[86]

1741 0.036 0.296

1630 0.116 0.315 1641 18.1 1639 26.6  HNH bend [56], CNH bend [43]

1622 0.054 0.085 1630 31.6 HNH bend [60], CNH bend [39]

{1429 0.097 0.341 1425 159 1432 5.3 1423 3.0 HCH bend [93]
1427 0.071
1405 0.037 0.428
{1390 0.105 1.320 1396 373.1 COH bend [70};,@ str [10]
1383 0.107
1373 0.050 0.092 1373 17.0 CCH bend [52};Q str [12], COH bend [11], CC str t11]
1359 0.0 1358 0.0 CCH bend [47], CCH bend [44]
1339* 0.079 0.430 1334 32.8 COH bend [33}-0 str [14]
1331 53 1328 23.9 CCH bend [69]
1302 102 CCH bend [70]
1286 8.1 COH bend [45], CCH bend [28]

1210 0.050 0.092 1200 25.8 —D str [46], CC str [20], GOH bend [18]

1166 1.1 1170 3.1 CCH bend 162], CNH bend 132]

1147 0.077 0.506 1161 238.2 @ str [46], COH bend [42]

{1136 0.082 2.009 1151 85.7 1146 2.1 CN str [37},@str [18]
1130 0.458
{1101 0.989 5438 1113 217.7 1124 181  CN str[4HQCstr [36], COH bend [15]
1099 1.229
1059 15.9 CN str [80]
911 0.051 0.100 915 27.3 CCH bend [47], Cib¥e&nd [17]
907 0.033 0.075 904 25 896 3.3 CNH bend 183]

{883 0.485 1.749 898 103.8 CNH bend [22], CC str [18]
880 0.139 876 76.1 CC str [13], CCOH tor [13];-© str [13]
867 0.109 0.378 852 81.2 CNH bend [54], GO str [17]
852* 0.079 0.213 866 120.0 CCOHtor[79]

{ 809 0.134 0.425
807 0.083
801 1.233 3.948 808 89.1 CC str [41];-O str [10]

798 1.056
796 0.236

{786 0.126  0.305 804 41.3 CNH bend [31], CC str [23]
785 0.058

{ 777 0.052 0.381 784 94.0 CC str [30];© str [24]

771*  0.063
644* 0.036 0.660 675 99.8 CCOH tor [68], NED tor [19]

{619 0.346 2.642 642 90.8 CCOH tor [62], NEO tor [14]

617 0.771
624 5.1 633 5.1 586 46.6  G&0 bend [60], NCC bend [16]
542 5.6 NCG=0 tor [57], NCC-O tor [22]

{500 0.195 1.431 508 28.1 511 20.3 CCOH tor [38], CCH bend [28]
498 0.180
463 0.313 0.990 457 31.0 502 2.3 492 14.6 -GTbend [66], CC str [16]

253 10.3 305 17.9 257 2.1  NCC bend [49],0=O0 bend [47]
202 43.0 246 14.6 232 45.0 CCNH tor 184], NEO tor [17]
62 5.3 53 1.3 12 0.0 NC€O tor [53], NCC=0 tor [18]

a Ar matrix deposited at 13 K. Matrix ratio 1:1000. Asterisks (*) mark the bands which decreased after the matrix annealing at 20 K for 30 min.
b A, experimental relative peak intensiti€so,s experimental relative integral intensities measured for the single bands or for the groups of the
merged bands! |4 calculated intensities in km nTdl € PED contributions [%)]. Only contributiorss10% are listed. Abbreviations: str, stretching;
bend, bending; tor, torsion.

also allows us to evaluate approximately the conformational of ~170°C. Under this condition, about 70% of the compound
composition of the gaseous glycine at the deposition temperatureexists as the main conformer The contributions of conformers
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TABLE 6: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmt) and Intensities of the
Glycine-d;

calculated
observed glycinel glycinell glycinelll
4 AP lobs v | calcdd v I calcn‘lI v | (:ellccld PED?
3564 0.229 2.228 3586 58.3 3584 65.9 OHstr[100]
3464 159 NH str [57], NHy str [43]
3410 0.032 0.205 3429 55 3442 5.7 Nt [50], NH, str [50]
3384 0.4 NH str [57], NHg str [42]
3358 2.3 3366 2.7 Ngistr [50], NH str [50]
3197 0.026 0.479 3313 2774 OH str [98]
2196 4.0 2216 3.7 2200 3.2 GBtr [50], CD str [50]
2130 122 2138 87 2134 11.9 GBtr[50], CD; str [50]
1794 0.214 0.948 1812 356.4 =0 str [84]
{ 1776 0.865 6.979 1785 299.5 =0 str [86]
1770* 0.364 1778 299.4 €0 str[86]
1644 0.040 0.109 1639 18.2 1637 25.7 HNH bend [56], CCH bend [44]
1629 30.6 HNH bend [60], CNH bend [40]
{1378 0.187 1.028 1396 373.1 COH bend [71},@ str [10]
1373 0.078
1342* 0.036 0.161 1335 36.4 COH bend [41}O str [20]
{ 1333 0.091 0.692 1332 334 COH bend [371; T str [21]
1330 0.117
{1291 0.030 0.288 1267 0.1 1232 8.2 1258 0.1 CNH bend [86]
1288 0.088
1208 0.263 0.611 1209 29.9 CN str [31], COH bend [30]
1197 0.023  0.052 1201 25.6 —O str [29], CNH bend [18], CC str [16], COH bend [11]
1151* 0.082 0.204 1167 87.6  CN str[46], COH bend [18]
1141* 0.102 0.390 1157 185.3 - str [35], COH bend [26]
1125 0.073 0.296 1137 22.9 CN str [34], Cgliend [21]
1109 0.877 2.079 1117 203.3 —© str [35], CN str [32], COH bend [17]
1085 0.105 0.582
1050 0.188 0.942 1045 63.4 1050 0.5 1049 6.7 DCD bend [81]
990 0.048 0.262 990 42.6 CCD bend [54], CN str [10]
981 0.086 0.498 985 25.4  CCD bend [54], CN str [17]
944  0.047 0.160 941 4.7 940 4.1 CCD bend [71], N&Ttor [13]
937 4.3 CN str [43], CCD bend [37]
925 8.0 CCD bend [67], NCEO tor [19]
831 0.401 2.033 849 1105 CNH bend [60], CN str [19]
827 0.350
825 0.115 863 96.4 CNH bend [38], CCOH tor [37]
818 0.052 0.182 852 88.1 CCOH tor [48], NCCO tor [13]
810* 0.074 0.319 826 136.8 CNH bend [63], CN str [15]
797 0.060 0.263 793 1.0 796 5.2 792 3.0 NeCtor[69]
{788 0.655 1.543 784 42.0 CC str [47], €O bend [10]
783 0.065
779 0.061 0.170 778 26.9 CCD bend [45], CNH bend [30]
769* 0.051 0.127 769 44.8  CC str [34]-© str [32]
743 0.047 0.118
{732 0.038 0.320
729 0.055
{629* 0.040 0.321 662 107.3 CCOH tor [83], NEO tor [11]
624 0.042 616 5.2 618 3.2 G€D bend [60], NCC bend [17]
{597 0.243 2.771 624 105.6 CCOH tor [82]
593 0.791
585* 0.028 0.097 574 455 C&0 bend [63], NCC bend [19]
515 0.018 0.071 494 2.4 483 15.1 €0 bend[53], CC str[25]
454 0120 1.117 453  10.1 454 8.6 CCD bend [55], NGItor [22]
449 0.063 448 30.2 472 47 C@ bend [63], CC str [18]
445 0.053 NCC bend [16]
441 0.048
251 9.8 303 18.0 256 2.1 NCC bend [48C—0 bend [47]
197 434 245 14.0 228 45.0 CCNHtor [88], NEO tor [12]
57 4.6 48 0.9 8 0.0 NCe€O tor [52], CCD bend [26]

a Ar matrix deposited at 13 K. Matrix ratio 1:750. Asterisks (*) mark the bands which decreased after the matrix annealing at 20 K for 30 min.
b A, experimental relative peak intensiti€dons experimental relative integral intensities measured for the single bands or for the groups of the
merged bands! I.ac4 calculated intensities in km ndl ¢ PED contributions [%]. Only contributioris 10% are listed. Abbreviations: str, stretching;
bend, bending; tor, torsion.
Il andlll are approximately even and equal to 15%. This is region of the spectra, the most intensive bands at 3560 (Table
in agreement with the results of the electron diffraction study 5) and 3564 cm! (Table 6) are assigned to the OH stretching
of glycine? where the main glycine conformer was determined vibrations of glycinedy and glycinee,, respectively. The bands
to contribute~76% to the mixture. at 2631 (Table 7) and 2630 crh(Table 8) are assigned to the
O—H (O—D) Stretching Vibrations In the high-frequency  OD stretching vibrations of the glycind-and glycineds. The
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TABLE 7: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmt) and Intensities of the
Glycine-d3

calculated
observed glycinel glycinell glycinelll
v AP lobs v I calcdd 4 I calchI 4 I calcdd PED?
2962 6.0 2986 4.7 2968 4.6 Glstr [50], CH; str [50]
{ 2948 0.035 0.352 2926 175 2938 13.1 2931 15.8  §§H[50], CH; str [50]
2942 0.034
2631 0.310 2.096 2609 38.0 2608 41.2 OD str [100]
2556 9.8 NI str [54], NDs str [46]
2551 0.030 0.134 2526 4.1 2536 41 NEr [50], NDy str [50]
2448 0.4 NI str [53], NDs str [44]
2405 0.019 0.124 2429 2.7 2434 31 N&r [50], NDy str [50]
2391 0.040 0.289 2411 148.5 OD str [97]
1788 0.333 10.702 1804 361.4 =O str [87]
1768 1.720 1779 275.0 =60 str [88]
1764 0.165
1756* 0.104 1770 282.7 €0 str [89]
1727 0.038 0.128
1430 0.028
{1426 0.159 0.687 1425 14.8 1433 8.0 1423 3.3 HCH bend [97]
1424 0.102
1377 0.160 0.490 1370 12.8 CCH bend [67], CC str [10]
1344* 0.055 0.095 1340 28.7 CCH bend [79]
1325 0.030 0.047 1318 29.0 CCH bend [81]
1283 0.113 0.505 1282 0.0 1284 24a.9 1289 0.2 —QGstr [44], CC str [16], COD bend [16]
{ 1273* 0.102 0.533 1271 1859 @ str[38], CC str [22]
1269 0.057
1256 0.030 0.277 1255 6.3 CCH bend [77]
1253 0.029
1248 0.029
1220 0.596 5.331 1222 1235 1211 40.7 1209 7.3 DND bend [61], CN str [15]
1217 0.759
1215 1.251
1200 0.066 0.217 1203 78.2 —O str [25], CCH bend [22]
{1081 0.061 0.376 1078 195 1072 20.8 CN str [66], CND bend [16]
1078 0.074
1065 0.044 0.199 1066 1.8 1041 2.3 1062 2.0 CCH bend [30], CND bend [76]
1014 14.7 CN str [70]
{997 0.540 2.874 1002 95.7 COD bend [47}0 str [31]
996 0.584
987 0.036 0.199 994 27.4 COD bend [66};-0 str [14]
977* 0.061 0.234 993 82.2 COD bend [57}-O str [24]
860 0.017 0.224 860 36.0 CC str [37];-O str [31]
{821 0.060 0.607 818 18.9 CC str [39], NCC bend [17],
818 0.058 COD bend [16]
803 0.025 0.076 800 23.8 CC str [35];-O str [24]
793 0.031 0.202 781 34 776 4.0 776 4.8 CND bend [60]
{785 0.054 0.302
781 0.041
{686 0.711 2.997 692 87.4 CND bend [54], CC str [19],
684 0.893 COD bend [10]
663* 0.118 0.303 666 93.4 CND bend [60], CC str [15]
659 0.065 0.247 664 35.5 CND bend [63], NCC bend [12]
614 0.018 0.046 621 40.8 CCOD tor [96]
{599 0.086 0.323 589 20.0 C@ bend [32], NCC bend [17]
595 0.026 583 26.5 NGEO tor [46], NCC-O tor [23]
{575 0.049 0.688 573 20.4 CCH bend [34], NE€O tor [25],
571 0.071 NCC=O0 tor [14], CCOD tor [11]
569 0.9 CG=0 bend [55], C-O str [11]
535 6.0 NCG=O0 tor [49], NCC-O tor [19]
{535* 0.032 0.237 529 39.2 C&0 bend [49], COD bend [16],
527* 0.021 CC=O0 bend [14]
501 0.010 0.040 493 2.6 G€D bend [60], CC str [22]
{481* 0.020 0.113 474 22.5 G€0 bend [53], CC str [15]
477 0.009
444 0.022 0.073
437 0.471 1.369 431 35.9 C bend [68], CC str [12]
{419* 0.050 0.299 429 38.5 CCOD tor [82], NED tor [11]
412 0.031
413 45.3 CCOD tor [89]
236 10.7 280 15.1 238 2.8 NCC bend [51};-0=0 bend [42]
159 21.2 195 7.7 177 24.3 CCND for [77], NCO for [24]
54 5.2 47 14 8 0.0 NCEO for [46], NCG=O0 for [22]

a Ar matrix deposited at 13 K. Matrix ratio 1:750. Asterisks (*) mark the bands which decreased after the matrix annealing at 20 K for 30 min.
b A, experimental relative peak intensiti€dq,s experimental relative integral intensities measured for the single bands or for the groups of the
merged bands! I..cq calculated intensities in km nTdl € PED contributions [%)]. Only contributioris10% are listed. Abbreviations: str, stretching;
bend, bending; tor, torsion.
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TABLE 8: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmt) and Intensities of the
Glycine-ds

calculated
observed glycinel glycinell glycinelll
4 AP lobs v I calcdd 4 I calcdd 4 | cellcdd PED?
{2630 0.188 1.189 2609 37.7 2608 412 ODstr[100]
2626 0.120
2575 0.012 0.086 2556 9.5 NBtr [54], NDy str [46]
2545 0.015 0.148 2526 3.8 2537 3.9  Nddr [50], NDy str [50]
2449 0.5 ND str [53], ND; str [44]
2411 0.015 0.068 2429 2.4 2435 2.7  Ndr [50], NDy str [50]
{2399 0.021 0.284 2411  149.3 OD str [97]
2388 0.015
2195 42 2216 3.8 2200 3.2 GBtr [50], CD; str [50]
2155 0.012 0.098 2130 13.1 2138 8.1 2134 12.5 (&D[50], CD; str [50]
1794 0.065 0.326
1786 0.148 0.716 1803 363.2 = str [88]
{1769 0.804 5.134 1777 2814 =0 str [89]
1763* 0.094 1769 285.0 =€0str[90]
1719 0.024 0.058
1308 0.046 0.181
{1298 0.133 1528 1290 56.2 —© str [25], CC str [22],
1295 0.216 CE-O bend [16], CN str [13]
1285 0.046 0.502 1286 269.8 —© str [45], CC str [22],
1283 0.054 CE-O bend [14], COD bend [13]
1280 0.070
1270* 0.059 0.198 1281 171.0 @ str[29], CC str[25], CEO bend[12], CN str [10]
1220* 0.025 0.142 1225 36.3 DND bend [54], CN str [15]
1208 0.825 1636 1221 115.1 DND bend [53], CO str [14]
1195 0.042 0.113 1217 40.2 DND bend [77], CN str [18]
1120 0.119 0.482 1113 50.1 CN str [33], CCD bend [28]
1112* 0.017 0.069 1124 20.0 1121 36.1 CCD bend [28], CN str [22]
{1102 0.021 0.128
1099 0.020
{1050 0.055 0.576 1050 14 1045 2.0 DCD bend [60], CCD bend [26
1042 0.028 1045 0.0 1040 0.0 CND bend [56]
1021 0.028 0.260 1039 38.3 CCD bend [48], DCD bend [27]
1006 3.9 CND bend t68]
{ 991 0.137 1.244 1001 70.0 COD bend [50};O str [26]
988 0194
981* 0025 0.094 994 26.8 992 74.2  COD bend [59},@str [21]
{958 0.041 0.146 953 5.0 954 6.8 CCD bend [36], CN str [28]
955 0.023
944 0.019 0.060 940 3.8 924 4.8 939 4.0 CCD bend [69], RCGQor [18]
913 10.8 CN str [50], CCD bend [23]
810 0.028 0.061 807 25.9 CC str [31];-O str [26]
767 0.084 0.274 764 19.2 CC str [27], CCD bend [24]
761 0.018 0.101 752 16.7 CC str [26];-O str [22]
720 0.025 0.264 715 23 719 32 715 4.0 NEQtor [45], CND bend [40]
711 0.022
708 0.026
{686 0.400 1.708 690 85.3 CND bend [50], CC str [23],
684 0.424 COD bend [12]
663* 0.062 0.139 666 92.4  CND bend [58], CC str [16]
658 0.041 0.201 658 38.2 CND bend [58J
599 0.047 0.130 619 42.7 CCOD tor [96]
{593 0.015 0.117
590 0.020
573 0.011 0.034 566 1.0 577 15.6 €0 bend [39], NCC bend [21]
528* 0.018 0.057 537 40.8 CCOD tor [41], NEDO tor [35]
{511 0.063 0.677 516 35.1 522 39.3 CCOD tor [33], NGT@tor [21]
508 0.100
487 2.8 466 22.3 C€0 bend [55], CC str [17]
463 4.4 NCG=O0 tor [51], CCD bend [21]
434 0.024 0.119
428 0.257 0.816 423 34.8 C@ bend [66], CC str [16]
393 28.7 403 21.7 CCOD tor [68], CCD bend [20]

234 103 279 151 236 27  NCC bend [50},-0=0 bend [42]
153 215 192 7.1 172 243 CCND tor [81], NEO tor [19]
51 47 43 1.0 5 0.0 NCEO tor [47], NCG=O tor [17]

a Ar matrix deposited at 13 K. Matrix ratio 1:750. Asterisks (*) mark the bands which decreased after the matrix annealing at 20 K for 30 min.
b A, experimental relative peak intensiti€dq,s experimental relative integral intensities measured for the single bands or for the groups of the
merged bands! I .4 calculated intensities in km nTdl € PED contributions [%)]. Only contributioris10% are listed. Abbreviations: str, stretching;
bend, bending; tor, torsion.
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vibrations in this region. The relatively stronger unharmonicity
C D of the OH stretching vibrations of the confornieralso results
in a decrease of the isotope ratio for this vibratieg-sy/vopst)-
) * ; * from the value of 1.354 for conformetsandlll to 1.338.
O—H (O—D) Bending and €O Stretching Vibrations The
PED analysis of the vibrations in the region 140100 cnr?!
allowed us to identify in the spectra the bands which can be
assigned to mixed OH bendingKD stretching vibrations.
* ll Similar coupling has also been found in the spectra of the
carboxylic acid$®3* The frequencies and PEDs of these
vibrations are sufficiently different for the three glycine
conformers to allow their assignment. The intensive experi-
mental band at 1390 crhin the spectrum of glycine (Figure
B 5a) is assigned to the OH bending vibration of conforiher
This band is shifted toward higher frequencies, as compared to
the corresponding bands of conformérandlll . The OH
bending vibration of conformet is the most intensive vibration.
This band may be easily recognized in the IR spectra and may
serve as one of the main spectral manifestations of the
conformerH -like conformations of aminoacids. The other band
at 1200 cmit is also assigned to the vibration of confornhier
This vibration has a very complex mode with contributions from
the C-0O stretching, the CC stretching and the OH bending
s e EE modes. Two bands in this region with contributions from the
1450 1410 1370 1330 850 865 840 OH bending and the €0 stretching modes are assigned to the
V(em-1) vibrations of conformeill . The intensities of these bands
) ) ) ) decrease in the spectra after matrix annealing and this fact
Figure 6. IR spectral regions of the glycind: OH bending/C-O

stretching vibration region (A), CCOH torsion/NiHending vibration supports the assignment of these bands. In the spectra of

region (B), Nh scissors vibration region (C), Ntbending vibration ~ 91Y¢ineds and glycineels (Tables 7 and 8), the vibrations with.
region (D). (1) IR spectrum recorded after matrix deposition at 13 K. the contribution from the OD bending mode are observed in

(2) IR spectrum recorded after matrix annealing at 20 K for 30 min. the range 1000800 cnt®. This low-frequency shift of the OD
Asterisks (*) mark the bands assigned to conforfiheDown arrows bending vibration allows us to identify the vibrations with large
() mark the bands assigned to confornfiér. contributions from the €0 stretching mode in the spectra of
the deuterated glycine. The assignment and PEDs of these
bands are presented in Tables 7 and 8.

absorbance —
*

|!|l||||l l‘lT[}llIlII

1640 1620 1600 800 775

A

1

calculations show that the OH(D) stretching vibrations of

conformerd andlll are very close and cannot be separated in  N—H (N—D) Stretching and Bending VibrationsThe NH
the experimental spectra. On the other hand, the OH(D) stretching vibrations, both symmetrical and asymmetrical, have

stretching vibrations of conformei is significantly down-  Very low intensity and in the experimental spectra only the weak
shifted due to formation of the intramoleculasrM—0 H-bond. band of the NH asymmetrical stretching vibration at 3410tm
The frequency shift is 360 cd for the OH stretch (Table 5) ~ Was detected (Table 5). At the same time, the bands attributed
and 240 cm® for the OD stretch (Table 6). The calculations t© the NH bending vibrations are more intensive. The NH
predict a considerable increase of the intensities of the OH(D) SCiSsors vibrations are observed in the region 16BD0 et
stretching vibrations of the conformérdue to H-bonding and  (9lycine-do and glycineel) or in the region 12561200 cnr*

this higher intensity allows us to identify the bands of these (9lycineds and glycinee). The band of the NH scissors
vibrations in the spectra of all glycine isotopomers. vibration of conformell at 1622 cm?! and the corresponding

For the OH stretching vibrations, as well as for the CH and ©and of conformer at 1630 cm! are identified in the spectrum

NH stretches, the observed differences between the experimenta®f glycine-do (Table 5, Figure 6). The small difference (8 th
unharmonic and calculated harmonic frequencies are larger tharPetween the frequencies of the NH bending vibrations of
for other vibrations. This difference is due to the significant conformersl andll, as well as the relatively small difference
unharmonicity of the large amplitude X(C,N,OM stretching between the NH stretching vibrations of these conformers (less
vibrations. The use of the uniform scaling factor of 0.96 for than 40 cm?, Table 5) demonstrate the weakness of the
the DFT/B3LYP/aug-cc-pVDZ frequencies of X(C,N,0) stretches N—H-+-O H-bonding interaction in conformetsandlil . The
improves the agreement between the calculated and observegorresponding values obtained for the OH bending and stretching
frequencies in all cases except the OH stretching vibrations of Vibrations arex~100 and 360 cm'. This is the spectroscopic
conformerll. The difference is more than 100 cinafter evidence of the significant difference between theHj\--O
scaling (Tables 5 and 6). We believe this is caused by a and N--H—O intramolecular interactions in the glycine con-
significant unharmonicity of this vibration due to the strongest formers. It indicates that the NHgroup is a good proton
intramolecular N--H—O H-bond in conformell among allthe ~ acceptor but a less effective proton donor.

conformers studied. This interaction changes the potential The data presented in Tables-8 and in Figures 7 and 8
energy surface near the equilibrium position of the hydroxy allows us to identify some other vibrations of the minor glycine
hydrogen. Analysis of the spectra of the deuterated glycines conformers in the region below 1000 cf The OH torsional
supports this conclusion. The difference between the observedvibrations should be mentioned here in the first hand. Three
and calculated frequencies of the OD stretching vibration, with bands in the spectra at 619, 852 and 644 tare attributed to

a much smaller amplitude, is the same as those for otherthe OH torsional vibrations of conformeins II, and Il ,



Glycine Conformers

TABLE 9: Experimental (Ar matrix) and Calculated
(DFT/B3LYP/aug-cc-pVDZ) IR Spectral Characteristics of
the Glycine Minor Conformer Il 2

Vobs Vealc assignment  vops Veale assignment
Glycine-do Glycined;
3200 3313 OH str 3197 3313 OH str
1790 1813 GO str 1794 1812 €0 str
1622 1630 HNH bend 1378 1396 OH bend
1390 1396 OH bend 1197 1201 —O©str
1210 1210 C-Ostr 1125 1137 CN str
911 915 CH bend 818 852 COOH tor
867 852 CCOH tor 779 778 CD bend
786 604 CNH bend
Glycineds Glycineds
2391 2411 OD str 2399 2411 OD str
1788 1804 GO str 1786 1803 €O str
1325 1318 CH bend 1285 1286 O str
1283 1284 C-Ostr 1195 1217 ND bend
1256 1255 CH bend 810 807 CC str
987 994 OD bend 658 658 ND bend
860 869 CCstr 599 619 CCOD tor
659 664 ND bend 573 577 -0 bend
614 621 CCOD tor
S99 589 C-O bend

a Abbreviations: str, stretching; bend, bending; tor, torsion.

TABLE 10: Experimental (Ar matrix) and Calculated
(DFT/B3LYP/aug-cc-pVDZ) IR Spectral Characteristics of
the Glycine Minor Conformer Il &

Vobs  Vealc assignment Vobs  Veale assignment
Glycine-do Glycined;
1767 1779 GO str 1770 1778 €O str
1339 1334 OHbend,€0str 1342 1335 OH bend,0 str
1147 1161 CGOstr,OHbend 1151 1167 CN str
852 866 NH bend 1141 1151 -@ str, OH bend
777 784 CCstr 810 826 NHbend
644 675 CCOH tor 769 769 CCstr
629 662 CCOH tor
585 574 C-O bend
Glycined; Glycine-ds
1756 1770 E&Ostr 1763 1769 €EOstr
1344 1340 CH bend 1270 1281 -© str
1273 1271 COstr 1220 1225 ND bend
1081 1072 CN str 1112 1121 CD bend
977 993 OD bend 981 992 OD bend
803 800 CCstr 761 752 CCstr
663 666 ND bend 663 666 ND bend
595 583 NCG=O tor
528 537 CCOD tor
535 529 C-Obend
481 474 G=0O bend
419 429 CCOD tor

a Abbreviations: str, stretching; bend, bending; tor, torsion.

respectively. The observed frequency of the OH torsional
vibration of conformeill, like ones of the OH stretching and
bending vibrations of this conformer, are significantly different
from the corresponding vibrations of conformérandlIl | due
to the intramolecular H-bonding.

Finally, we collected all frequencies attributed to the vibra-
tions of the minor conformerd andlll in Tables 9 and 10.
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5. Conclusions

In this study we have applied matrix isolation IR spectroscopy
and correlated ab initio calculations to investigate the confor-
mational behavior of the simplest aminoaciglycine. We
obtained an experimental confirmation of the presence of a new
glycine conformer with the NK--O-C bifurcated H-bond in
the argon matrices. The IR spectral characteristics of the three
rotational conformers of the glycine were determined for the
first time. The analysis and assignment of the experimental
matrix IR spectra made in this work are based on three
sources: the results of theoretical simulations of the vibrational
frequencies and intensities of the conformers, the spectral
manifestations of the conformational interconversion conformer
[l = conformerl which occurs upon matrix annealing, and
the spectra obtained for glycine deuterated derivatives.

A very good agreement between experimental and calculated
(at the DFT/B3LYP/aug-cc-pvVDZ and MP2/aug-cc-pVDZ
levels of theory) spectra was found. This suggests that the DFT/
B3LYP/aug-cc-pVDZ level of theory may be successfully
applied to reproduce the structure, relative stabilities and IR
spectral characteristics of nonionized aminoacid and oligopeptide
conformers and can be used in assignment of their IR spectra.

We also demonstrated that the IR spectral differences between
the three glycine conformers are caused by different intra-
molecular H-bonding interactions in these conformers. Analysis
of the frequency shifts of the OH and NH stretching and bending
vibrations affected by the H-bonding indicates that the O
H-bond in the conformell is much stronger than the NHO
H-bonds in conformer$ andlll .
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