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We present results of the first experimental observation of the nonionized natural amino acid valine. The
study has employed the matrix-isolation IR spectroscopy and the density functional theory (DFT) and ab
initio calculations. In the calculations geometries of nine low-energy valine conformers were optimized using
the DFT method with the B3LYP parametrization and the 6-31++G** basis set. Additionally, the relative
energies of the conformers were calculated at the MP2/6-31++G** level. The harmonic frequencies and IR
intensities were calculated for all the minima found. These data were used to separate and assign the bands
of the valine conformers in the experimental spectra. We found that two valine conformers are present in the
Ar matrix: one with a bifurcated NH2‚‚‚OdC H-bond (conformerIa) and one with a N‚‚‚H-O H-bond
(conformerIIa ). A trace amount of a third valine conformer with NH2‚‚‚O-C H-bond (conformerIIIb ) was
also detected. The conformational composition of the matrix-deposited nonionized valine was determined on
the basis of observed and predicted IR intensities of the bands of different conformers. The composition is
∼94% of conformerIa, ∼5% of conformerIIa , and less than 2% of conformerIIIb . The presence of three
valine conformers in the Ar matrix results in broadening and/or in multiplex structures of some bands in the
valine IR spectrum. Common features in the IR spectra of some nonionized natural aliphatic amino acids are
discussed.

1. Introduction

Low thermal stability of natural amino acids creates signifi-
cant problems in their investigations in the gas phase. Till now
only the molecular structures of the simplest amino acids,
glycine,R-alanine, and proline, have been studied experimen-
tally in gas-phase samples.1-14 These experimental investigations
have demonstrated that glycine and alanine exist in the gas phase
in the nonionized forms which correspond to the amino acid
units present in peptides. This explains the interest in the
nonionized amino acids and has motivated the present investiga-
tion.

Recently we demonstrated that the matrix-isolation IR
spectroscopy combined with the DFT and ab initio calculations
is a suitable tool to investigate the conformational behavior of
amino acids.8,13 The matrix-isolation method allows separation
of the matrix deposition process, which may be very long in
the case of a compound with a low vapor pressure, from the
registration of the IR spectrum. Application of the low-
temperature matrix-isolation technique to study structures of the
nonionized glycine andR-alanine isolated in solid argon lead
to identification of three low energy conformers of glycine8 and
two conformers ofR-alanine.13 All the structures found are
stabilized by intramolecular H-bonding. The feature of the
matrix-isolation IR method, which enables assignment of
structurally similar conformers, is its high sensitivity to the
intramolecular H-bonding. Moreover, the inert matrix environ-
ment hinders the rotation of the deposited molecules and

eliminates rotational bands from the spectrum, thus simplifying
its analysis in comparison to gaseous spectra where the rotational
structure is present. A drawback of the IR matrix-isolation study
is the presence of the interaction between the matrix material
with the molecules of the studied system, which can lead to
band shifts and splittings.

In our study on glycine, we examined the performance of
the DFT and second-order many-body perturbation theory
(MBPT ) MP2) methods in predicting the vibrational frequen-
cies and intensities of different conformers of this system.8 We
found that the DFT method with the B3LYP parametrization is
capable of predicting the spectral characteristics in excellent
agreement with the experimental data. The DFT results appeared
to be even more accurate than the MP2 results. We also showed
that inclusion of diffuse orbitals in the basis set significantly
increases the accuracy of the calculated IR spectra. Subsequently
we used the DFT/B3LYP method to analyze the IR matrix-
isolation spectra ofR-alanine.13 Again we found an excellent
agreement between the calculated and observed IR frequencies.
In the present work we continue the study on conformational
behavior of the natural amino acids and consider the matrix-
isolatedR-valine.

A multiple-minima potential energy surface is an inherent
feature of the amino acid structural behavior. For example, the
theoretical calculations predicted as many as eight minima for
glycine15-19 and 13 minima for alanine.20,21 For larger amino
acids the number of possible conformers increases significantly.
Gronert and O’Hair located 42 conformers for cysteine and 51
conformers for serine.22 It is obvious that the number of possible
valine conformers is also large and it may create a problem in
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an experimental investigation of the valine conformational
composition.

The aim of the calculations performed in this work has been
not to locate all possible valine conformers but only the lowest
energy ones, which can be present in low-temperature inert
matrixes. Similarities between the glycine and valine structures
provide leads that allow location of the lowest energy points
on the valine potential energy surface. The previous theoretical
calculations of the glycine structure resulted in identification
of eight conformers which differ in the relative position of the
amino and carboxyl groups.15-19 The calculated relative energies
of the glycine conformers showed that among the eight
conformers three species are the most stable. These are the
conformer with a bifurcated NH2‚‚‚OdC H bond (conformer
I ), the conformer with a N‚‚‚H-O H-bond (conformerII ), and
the conformer with a bifurcated NH2‚‚‚O-C H-bond (conformer
III ). These results are in full agreement with the experiment
where the three glycine conformers (I-III ) were detected. For
R-alanine the analysis of the experimental data revealed presence
of two conformers (I and II ). Therefore we assumed that also
in the case of valine the most stable conformers are those with
intramolecular H-bonds (similar to conformersI-III ). This
assumption is in agreement with the results of the HF/4-21G
calculations performed by Scha¨fer et al.23 and with the recent
results of the HF/6-31G* calculations of Shirazian and Gronert.24

2. Experimental Details

The IR spectra were registered with the updated SPECORD
IR 75 spectrometer in the range 4000-400 cm-1. The resolution
in the range 4000-2500 cm-1 was 3 cm-1 and in the range
2500-400 cm-1 was 1 cm-1. The spectrometer was sealed and
blown through with dry nitrogen during the experiment to
exclude any influence of the atmospheric H2O and CO2. The
fill-up helium cryostat used in the matrix-isolation IR experi-
ments was described elsewhere.25

The measurements were carried out for the commercially
availableR-valine. The matrix samples were prepared by a
simultaneous deposition of the substance and the matrix gas
onto a cooled CsI substrate. The matrix gas was 99.99% Ar.
The substrate temperature was 14 K during matrix preparation.
The compound studied was evaporated from the Knudsen cell
at 152°C. This temperature was found to be high enough to
yield samples with sufficient concentration of the compounds
but still sufficiently low to prevent its decomposition. The low-
temperature quartz microbalance was used to measure the
gaseous flows of the compound studied and of the matrix gas.
By adjusting these flows we were able to prevent an appearance
of autoassociates in the spectrum. This was accomplished at
the relative concentration of valine to argon in the matrix equal
to 1:1000.

The IR spectra of valine recorded immediately after sample
deposition are presented in Figures 1 and 2. They show no bands
of any valine decomposition products. Only a few weak bands
corresponding to trace amounts of CO2 and H2O appear in the
spectra, which are most probably due to CO2 and H2O absorbed
on the surface of the solid compound used in the experiment.

3. Theoretical Methods

Since the Hartree-Fock (HF) method failed to predict the
relative energies of the nonionized amino acid conformers
correctly,17,18 in the present study we have used the DFT and
MP226,27 methods for the relative stability calculations. Also
the DFT method was used for the harmonic frequency calcula-
tions. The DFT calculations were carried out with the three-

parameter density functional, usually abbreviated as B3LYP,
which includes Becke’s gradient exchange correction,28 the Lee,
Yang, Parr correlation functional,29 and the Vosko, Wilk, and
Nusair correlation functional.30 The standard 6-31++G** basis
set was used in the calculations.

In locating the most stable valine conformers we used the
following strategy. First, for the three configurations of the
amino acid fragment similar to glycine conformersI-III we
identified all possible minima corresponding to rotation of the
aliphatic side chain of valine around the CR-C6 bond. In these
calculations performed at the DFT/B3LYP/6-31G* level of
theory we incrementally increased the rotation angle by 30°
while all other geometrical parameters were optimized. As a
result, nine minima were located (three for each configuration
of the amino acid fragment). The geometries of all the minima
were subsequently reoptimized at the DFT/B3LYP/6-31++G**
level. This was followed by harmonic frequency calculations
at the same level of theory. MP2/6-31++G** single-point
calculations were also performed at the DFT/B3LYP/6-
31++G** optimal geometries. All calculations in this work
were done on IBM RS6000 workstations using the Gaussian
9431 quantum-mechanical program.

Figure 1. O-H stretching (a) and CdO stretching (b) vibration regions
of the IR spectrum of valine. The spectrum is recordered for sample
deposited at 14 K. The sample-to-matrix ratio is 1:1000.

Figure 2. Fingerprint region of the IR spectrum of valine.
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4. Results and Discussion

Energies.The dependencies of the energy on the H7C2C6H11

dihedral angle (atom numbering is shown in Figure 3) in the
valine conformersI-III are shown in Figure 4. As mentioned,
three minima exists for each species. They are denoted asa, b,
and c. The corresponding relative stability results are sum-
marized in Table 1 and the structures of the conformers are
shown in Figure 5. The DFT calculations predict the conformer
IIa to be the global minimum, but the account of the zero-
point vibrational energy (ZPVE) changes the stability order and
conformerIa becomes the most stable form. Its total energy is,
however, only by 0.01 kJ mol-1 lower than the energy of
conformerIIa . It should be noted that accounting for the ZPVE
yielded a similar reversal of the stability order of theI and II
glycine and alanine conformers.8,13This result indicates that for
all amino acids studied the ZPVE contribution destabilizes the
conformers with the N‚‚‚H-O intramolecular H-bond with
respect to the conformers with the bifurcated NH2‚‚‚OdC
H-bond.

The single-point MP2 calculations also predict conformerIa
to be the global minimum with a more significant energy
difference with respect to the other conformers (Table 1). In
our studies on glycine and alanine we demonstrated that the
conformers with relative energies within 6-7 kJ mol-1 to the
most stable form may be present in low-temperature matrixes.8,13

The data presented in Table 1 show that the relative energies
of at least seven valine conformers, i.e.,Ia, Ib , Ic, IIa , IIc ,
IIIa , and IIIb , fall within this limit and a possibility of their
presence in the matrix should be considered.

Rotational Constants and Geometries.The rotational
constants and dipole moments of the valine conformers calcu-
lated at the DFT/B3LYP/6-31++G** level of theory are
presented in Table 2. Since the DFT-predicted rotational
constants of the glycine and alanine conformers were very
accurate (mean difference between the calculated and the
experimental rotational constants was less than 1%),8,13 it is
reasonable to expect that the calculated rotational constants of
the valine conformers are also predicted with a similar accuracy.
Since, as mentioned, there has been no experimental attempt to
determine microwave spectra of valine, the calculated rotational
constants presented in Table 2 may be useful in searching for
gas-phase valine conformers with the microwave spectroscopy.
In this search the conformers with the N‚‚‚H-O H-bonds (i.e.,
IIa -c) should give the strongest signals due to their higher
dipole moments than the other low energy conformers.

Selected structural parameters of the lowest energy valine
conformersIa andIIa are presented in Table 3. These data may
assist an analysis of electron-diffraction spectra of gaseous valine
which has not yet been obtained. A comparison of the calculated
geometrical parameters of the amino and carboxylic groups of
glycine,8 alanine,13 and valine (Table 3) shows that, as expected,
changes in the amino acid side chain do not significantly affect
the bond lengths and bond angels of the amino acid fragment.
The differences are within 0.01 Å and 3° for the bond lengths
and bond angels, respectively.

IR Spectra. The assignment of the experimental matrix IR
spectrum of valine is given in Table 4. The calculated IR
frequencies and intensities of the valine conformersIa andIIa
are also presented in Table 4. The frequencies and intensities
of other conformers are summarized in Table 5.

Analysis of the high-frequency region of the spectrum (3600-
3000 cm-1) allows identification of the OH stretching vibration
of two valine conformers. In this region the highest frequency
band at 3561 cm-1 (Figure 1) is attributed to the valine
conformerIa and the down-shifted experimental band at 3183
cm-1 is attributed to conformerIIa . This assignment is based
on a close match between the experimental and the calculated

TABLE 1: Energies (in au), Relative Stabilities (∆E, in kJ mol-1), Zero-Point Vibrational Energies (ZPVE,a in au) and Relative
Stabilities Including the ZPVE (∆ETotal, in kJ mol-1) of the Valine Conformersa

DFT/B3LYP MP2

energy ∆E ZPVE ∆ETotal energy ∆E ∆ETotal
b

Ia -402.410 022 5 0.00 0.158 599 9 0.00 -401.227 604 4 0.00 0.00
Ib -402.409 470 7 1.45 0.158 714 9 1.75 -401.226 884 0 1.89 2.19
Ic -402.408 344 9 4.41 0.158 788 3 4.90 -401.226 661 9 4.05 2.97
IIa -402.410 705 1 -1.79 0.159 287 0 0.01 -401.226 808 6 2.07 3.89
IIb -402.407 260 8 7.25 0.159 247 3 8.95 -401.222 808 6 12.59 14.29
IIc -402.409 077 5 2.48 0.159 320 5 4.37 -401.226 481 1 2.95 4.84
IIIa -402.407 974 7 5.38 0.158 777 7 5.84 -401.225 368 9 5.87 6.34
IIIb -402.408 599 7 3.74 0.158 605 3 3.75 -401.226 257 8 3.53 3.55
IIIc -402.406 900 6 8.20 0.158 828 8 8.80 -401.224 675 5 7.69 8.29

a IR frequency calculations performed at the DFT/B3LYP/6-31++G** level; MP2/6-31++G** single-point calculations done at the DFT/
B3LYP/6-31++G** geometries. ZPVEs scaled with the scaling factors 0.95 for the OH, NH, and CH stretching vibrations and the scaling factor
0.98 for all other vibrations.b ZPVE from the DFT/B3LYP/6-31++G** calculation.

Figure 3. Atom numbering for valine.

Figure 4. DFT/B3LYP/6-31G* energy vs H7-C2-C6-H11 dihedral
angle. (4) conformerI , (0) conformerII , (×) conformerIII .
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frequencies. The downward frequency shift of 378 cm-1 for
the OH stretching vibration in conformerIIa is due to the
intramolecular N‚‚‚H-O H-bond. The H-bonding also causes
a significant increase of the intensity of the OH stretch of the
conformerIIa which helps to identify this band in the spectrum.
The 378 cm-1 frequency shift in the valineIIa conformer is
very similar to the shifts observed for glycine (360 cm-1)8 and
alanine (367 cm-1).13

The predicted intensities of the NH stretching vibrations are
much smaller than ones of the OH stretches. In the high-
frequency region we only observe the band of the asymmetric
NH2 stretching vibration at 3422 cm-1 (see Table 4). The

analysis of the high-frequency region confirms the presence of
the valine conformersIa andIIa , but the presence of conformers
IIIa -c cannot be definitely confirmed since the calculations
predict similar frequencies of the OH and NH stretches of these
conformers and conformerI (see Tables 4 and 5).

Another region which provides information on the valine
conformational composition is the region of the CdO stretching
vibrations (1800-1700 cm-1, see Figure 1). The most intensive
band in this region at 1761 cm-1 is attributed to the lowest
energy conformerIa. The calulations predict a higher frequency
shift of the CdO stretch for conformerIIa than that for
conformerIa. This allows us to assign the experimental band

Figure 5. Structures of the valine conformers.
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at 1784 cm-1 to the CdO stretching vibration of conformer
IIa . The observed difference of 23 cm-1 between the CdO
frequencies of the valine conformersIa and IIa is in a good
agreement with the calculated value of 30 cm-1. Again, the
difference is due to the N-H‚‚‚OdC H-bond in the conformer
Ia.

As it is seen from Figure 1, a minor band at 1770 cm-1 is
observed in the region of the CdO stretching vibration. It could
be assigned to the CdO stretching vibration of the conformer
IIIb , which is the most preferable form among conformers
IIIa -c (Table 1). This assignment would be in agreement with
the calculated data (Table 5), but we must take into account
that the band at 1770 cm-1 can be also attributed to a Fermi
resonance or a site splitting which are often observed in the
region of the CdO stretching vibrations. Therefore, to confirm
the presence of conformerIIIb in the matrix, other vibrations
need to be examined, particularly those with more significant
predicted intensities. According to the calculation, the vibrations
of conformerIIIb with the following predicted wavenumbers
fall into this category: 1632, 1307, 1152, 878, 824, 794, 617,
and 589 cm-1. Some of these frequencies are identical or very
close to the frequencies of the major conformerIa and cannot
serve as an evidence of the presence of conformerIIIb in the
matrix. However there is a set of experimental bands at
frequencies 1156, 882, 791, 625, and 580 cm-1 (see Table 4)
which cannot be assigned to conformersIa andIIa . These bands
prove the presence of a trace amount of theIIIb valine
conformer in the matrix.

In the region below 1500 cm-1 most of the experimental
bands are assigned to the lowest energy conformerIa. Some

characteristic bands of conformerIIa are also observed. They
are the bands of the OH bending vibrations at 1388, 1382 cm-1,
the NH2 bending vibration at 975 cm-1, the OH torsion
vibrations at 877 and 825 cm-1, and the C2-C6 stretching
vibration at 783 cm-1. As it is seen from Table 4, a few weak
bands in the region below 1500 cm-1 are not assigned to
conformersIa, IIa , or IIIb . Some of these bands (marked in
Table 4 with asterisks) may correspond to other valine conform-
ers, but they can also be attributed to overtones or combination
bands which are frequently present in the matrix IR spectra.
Therefore we cannot definitely affirm or disproof the presence
in the matrix of some trace amounts of other valine conformers.

In conclusion, the analysis of the matrix IR spectrum of valine
allowed a definite identification of bands corresponding to three
valine conformersIa, IIa , andIIIb . By comparing the calculated
and the observed intensities of the conformers, we estimated
the conformational composition of the valine deposit in the Ar
matrix. This estimated composition is the following: ap-
proximately 94% of conformerIa, 5% of conformerIIa , and a
trace amount (less than 2%) of conformerIIIb . It also should
be noted that the MP2 relative energies of the valine conformers
Ia and IIa better correlate with the experimental results than
the DFT/B3LYP energies.

5. IR Spectral Characterization of the Amino Acid
Conformers

Information presented in this work, as well as the results of
our recent studies of other nonionized aliphatic amino acids,8,13

allows identification of common IR spectral characteristics of
these systems. These common features will be useful in future
IR spectral investigations of other gas-phase amino acids and
oligopeptides.

First, it should be noted that the most pronounced spectral
differences between different amino acid conformers are due
to the different intramolecular H-bonding interactions in these
systems. For each of the amino acids studied three conformers
were experimentally identified, i.e., the conformer with the NH2‚
‚‚OdC H-bond, the conformer with N‚‚‚H-O H-bond, and the
conformer with the NH2‚‚‚O-C H-bond. The most significant
differences in the IR vibrations of these conformers appear in
the groups involved in the H-bonding, i.e., in the OH, NH, CdO
and C-O groups.

The conformer with the NH2‚‚‚OdC H-bond is the global
minimum for all the amino acids studied. An identification of
this form in the IR spectrum is usually straightforward. The
intensive bands of the OH stretches in the 3565-3555 cm-1

region, the bands of the CdO stretches in the 1790-1760 cm-1

region, the bands of the mixed CN and C-O stretching
vibrations in the 1140-1100 cm-1 region, the NH2 bending
vibrations in the 890-870 cm-1 region, and the OH torsion
vibrations in the 600-590 cm-1 region are the most important
evidences of this lowest energy conformer, which is usually
denoted asI . The characteristic vibrations of theI conformer
including the bands of deuterated isotopomers are presented in
Table 6.

The second most stable form of all the amino acids studied
by us so far is the conformer with the N‚‚‚H-O H-bond (usually
denoted asII ). Only the DFT and correlated ab initio calcula-
tions are able to correctly predict the relative energy of this
conformer with respect to conformerI .8,17,18 The HF method
significantly overestimates this relative energy.17,18 The bands
that facilitate identification of conformerII in the experimental
spectrum are those of the OH stretching and bending vibrations
which are observed near 3200 and 1390 cm-1, respectively. The

TABLE 2: Rotational Constants (MHz) and Dipole
Moments (Debye) of the Valine Conformers

Ac Bc Cc µ

Ia 2910 1410 1309 1.36
Ib 2791 1544 1213 1.30
Ic 2366 1746 1400 1.41
IIa 3007 1449 1240 5.54
IIb 2965 1573 1087 5.45
IIc 2465 1749 1401 5.46
IIIa 2961 1404 1295 1.60
IIIb 2823 1517 1232 1.66
IIIc 2388 1728 1410 1.53

a Quantities obtained in the DFT/B3LYP/6-31++G** calculations.

TABLE 3: Optimized Geometry Parameters of Valine
Conformers Ia and IIa Obtained in the DFT/B3LYP/
6-31++G** Calculations

bond lengths (Å) bond angles (deg) torsion angles (deg)

Ia IIa Ia IIa Ia IIa

1-2 1.457 1.476 1-2-3 112.8 109.0 1-2-3-4 16.7 171.5
2-3 1.531 1.548 2-3-4 125.5 123.0 1-2-3-5 196.0-10.4
3-4 1.214 1.211 2-3-5 112.3 114.1 4-3-2-6 250.9 219.6
3-5 1.357 1.342 3-2-6 110.2 111.4 4-3-2-7 135.4 103.7
2-6 1.561 1.548 3-2-7 106.6 104.3 3-2-1-8 73.5 261.6
2-7 1.096 1.098 2-1-8 110.6 112.0 3-2-1-9 -43.6 140.1
1-8 1.016 1.017 2-1-9 110.2 112.3 2-3-5-10 181.4 1.8
1-9 1.017 1.014 3-5-10 107.3 105.0 7-2-6-11 64.9 63.4
5-10 0.973 0.988 2-6-11 106.3 105.1 7-2-6-12 183.1 180.1
6-11 1.097 1.096 2-6-12 112.2 112.6 2-6-12-13 65.3 65.8
6-12 1.537 1.537 6-12-13 111.0 112.3 2-6-12-14 184.1 184.4
12-13 1.096 1.098 6-12-14 110.1 110.1 2-6-12-15-56.0 -56.1
12-14 1.095 1.095 6-12-15 112.3 111.7 7-2-6-16 307.7 306.1
12-15 1.096 1.095 2-6-16 110.2 111.2 2-6-16-17 178.9 175.8
6-16 1.535 1.535 6-16-17 110.4 110.6 2-6-16-18 299.0 295.2
16-17 1.095 1.095 6-16-18 110.7 111.7 2-6-16-19 59.2 56.1
16-18 1.094 1.097 6-16-19 111.3 111.5
16-19 1.096 1.096
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TABLE 4: Observed and Calculated (at the DFT/B3LYP/6-31++G** Level) IR Frequencies (cm-1) and Intensities of Valine

calculated

observeda valineIa valineIIa

ν Ab Iobs
c νd Icalc

e ν Icalc
e PEDf

3561 0.112 2.317 3558 57.5 OH str [100]
3549 0.081
3537 0.051
3422 0.016 0.681 3414 6.5 3437 13.9 NH2 str asym [97]
3395 0.021

3338 1.8 3349 0.4 NH2 str sym [96]
3183 0.025 0.589 3267 274.5 OH str [97]
2989 0.051 9.467
2968 0.145 2969 24.4 2963 21.5 C16H3 str [95]

2953 22.0 2951 35.7 C12H3 str [98]
2950 35.3 2943 45.1 C12H3 str [89]

2937 0.100 2943 32.2 2936 14.3 C16H3 str [81]
2913 0.068 2910 15.0 2914 0.8 C2H str [88]
2897 0.057 2893 10.4 2895 8.9 C6H str [79]
2877 0.066 2886 15.8 2878 29.5 C16H3 str [50], C12H3 str [45]
2856 0.036 2882 41.5 2874 29.4 C12H3 str [64], C16H3 str [30]
1784 0.116 6.198 1799 309.9 CdO str [88]
1770 0.238
1761 0.430 1769 292.7 CdO str [83]
1627 0.073 0.083 1643 35.5 1626 34.4 HNH bend [91]

1489 7.8 1487 12.0 HC16H bend [73], HC12H bend [12]
1471 0.051 0.523 1480 9.3 1483 8.3 HC12H bend [75], HC16H bend [12]
1465 0.051 1471 2.8 1474 3.5 HC12H bend [52], HC16H bend [24]

1461 1.3 1462 0.2 HC16H bend [49], HC12H bend [27]
1401 11.2 1405 5.5 C2H bend [46], C6H bend [25]

1388 0.086 4.610 1386 190.1 OH bend [71], C16H3 bend [18]
1388 0.7 C2H bend [45], C6H bend [20]

1382 0.094 1384 256.5 OH bend [66], C-O str [22]
1374 0.097
1367 0.087
1361 0.069 1377 8.6 1371 7.7 C16H3 bend [51], C12H3 bend [27]
1356 0.083
1342 0.045 1344 4.6 C16H3 bend [39], C12H3 bend [29]
1318 0.040 1337 3.5 1339 1.4 C2H bend [42], C2C6 str [18], OH bend [14]
1307 0.038 1307 32.5 1325 0.3 C6H bend [36], OH bend [24]

1247 0.4 1256 0.6 C16H3 bend [27], C12H3 bend [21],
OH bend [20]

1210 0.4 1194 15.3 NH2 bend [37], CN str [14],
OH bend [14], C12H3 bend [11]

1183 0.4 1179 3.4 C6H bend [26], CN str [17], C2H bend [12]
1168 0.040 0.256 9.5 1173 12.0 C6H bend [31], CN str [15]
1156 0.047 0.310 1152g 122.4 C-O str [37], CN str [17], OH bend [15]
1136 0.049 0.141 1142 5.9 1137 2.7 CN str [32], C2C3 str [19], C3C2C6 bend [11]
1115 0.278 1.355
1108 0.506 1.840 1114 254.0 C-O str [45], OH bend [26], CN str [14]
1101 0.094 0.443
1050 0.068 0.235 1071 9.6 1061 6.8 C16H3 bend [31], C12H3 bend [19],

CN str [17], C2H bend [13]
1044 0.027 0.077 1049 18.3 1015 8.4 C12H3 bend [25], C16H3 bend [21],

C12C16 str [14]
975 0.042 0.211 975 61.2 NH2 bend [38], C2C3str [29]
970 0.029
962 0.027 0.112 953 7.2 949 2.2 C6C12 str[24], C6H bend [18]
949 0.023 0.062
945 0.031 0.077 936 16.5 CN str [37], C6C12 str [17], C6C16 str [13]
937 0.018 0.068
921 0.035 0.102 919 7.5 919 1.9 C6C16 str [19], C6C12 str [14]
890 0.073 1.110 887 46.6 888 68.9 NH2 bend [69], CN str [19]
882 0.050 878g 46.7 NH2 bend [64]
877 0.073 867 77.4 OH tor [64]
836 0.056 0.259 834* 69.6
825 0.121 3.580 823 56.8 OH tor [37], NH2 bend [21]
817 0.304 821 14.2 NH2 bend [21],C2C3 str [20], CN str [15]
806 0.208 813 6.2 C6C12 str [35], NH2 bend [19]
800 0.083 812* 61.0
791 0.081 0.413 794g 78.7 C6C12 str [31], NH2 bend [16]
783 0.111 0.773 792 22.2 C2C6 str [24], CdO bend [18]
741 0.033 0.073 740* 40.6
721 0.028 0.109 714* 38.4 712 8.0 C2C6 str [29], C2C3 str [15], C-O str [10]
706 0.044 0.243 695 31.8 C2C6 str [31], C2C3 str [12]
704 0.062
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N‚‚‚H-O H-bonding elevates the intensities of these bands,
which helps in their identification. Practically, the presence of
a band at approximately 3200 cm-1 in the spectrum of a
nonionized amino acid provides a sufficient proof of the
presence of conformerII . The band corresponding to the CdO
stretching vibration of conformerII is always upshifted with
respect to the corresponding band of the conformerI by 20-
30 cm-1 and has lower intensity. Other characteristic vibrations
of conformerII , as well as the bands of its deuterated derivative,
are summarized in Table 6.

As seen from Table 6, the spectral manifestations of the
H-bonding are very different for the OH and NH2 vibrations.
The changes in frequencies of the OH stretching and bending
vibrations upon the H-bonding are approximately 360 and 120
cm-1, respectively. The corresponding changes of the NH2 group
vibrations are only 40 and 10 cm-1, respectively. This difference
provides a spectral evidence that the intramolecular N‚‚‚H-O
H-bond in amino acids is stronger than the NH2‚‚‚OdC H-bond.

The location of the third amino acid conformer with the
NH2‚‚‚O-C H-bond (denoted asIII ) is more difficult for two
reasons. First, usually a small amount of this conformer is
present in the matrix and its bands are very weak. Second, the
NH2‚‚‚OdC H-bond in the conformerI and NH2‚‚‚O-C H-bond
in the conformerIII have similar spectral manifestations. As a
result, the frequency differences between the corresponding
bands of these two conformers are within a few wavenumbers
from each other for most vibrations. The most conclusive proof

of the presence of conformerIII is based on the analysis of the
CdO stretching vibration region, since the CdO stretch is the
most intensive vibration of this conformer. The position of the
band due to the CdO stretch of the conformerIII with respect
to the one of the conformerI varies in the spectra of different
amino acids. The calculated frequency is used here to make a
positive identification because, as we demonstrated in this and
previous studies, the predicted direction and the magnitude of
the shift of the CdO stretching vibration agrees very well with
the experiment. In the IR spectrum of alanine in the region of
the CdO stretching vibrations only two bands were observed
and they were assigned to conformersI and II . Therefore, we
concluded that conformerIII of alanine is not present in the
matrix. However, for glycine and valine a third band appeared
in the spectral region of the CdO vibrations in the position
which agreed with the calculated frequency. This finding
allowed us to postulate the presence of conformersIII of glycine
and valine in the matrixes. To confirm this presence further
analysis of bands in other spectral regions was performed. The
selection of these bands was made based on the calculations
and included the most intensive vibrations of conformerIII .
The analysis was described in the previous section of this paper.

6. Conclusions

The conformational behavior of nonionized natural amino acid
R-valine has been studied by means of the low-temperature

TABLE 4 (Continued)

calculated

observeda valineIa valineIIa

ν Ab Iobs
c νd Icalc

e ν Icalc
e PEDf

655 0.024 0.072 654* 18.0 CdO bend [37], C3C2C6 bend [17],
NC2C3 bend [15]

645 0.022 0.120 645* 22.1 CdO bend [42], NC2C3 bend [19],
C2C6C12 bend [10]

634 0.034 0.514 640 34.8 CdO bend [43], NC2C3 bend [21]
629 0.048
625 0.087 617g 48.2 OH tor [84]
600 0.040 0.150 613* 88.4
595 0.118 0.620 608 85.8
593 0.139
588 0.142 0.518 596 44.8 593 9.2 OH tor [88]
584 0.056
580 0.036 0.133 589g 93.2 OH tor [49], C2C3-O bend [21]
572 0.034 0.072
564 0.079 0.188
551 0.036 0.428 559 36.8 C2C3-O bend [48], C3C2C6 bend [13]
548 0.106
541 0.075 0.227
522 0.028 0.130 511* 13.9
517 0.033 0.054 508* 16.6 506 2.1 C2C3-O bend [39], C3C2C6 bend [10]

428 17.9 C2C3 tor [27], C2C3-O bend [17], OH tor [11]
385 1.4 403 1.6 NC2C3 bend [25], C2-C3 tor [13]
334 8.7 355 9.2 C3C2dO bend [27], C2-C3 tor [15]

302 7.0 NC2C3 bend [31], NH2 tor [17], C2C6 tor [10]
283 6.8 288 12.9 NC2C3 bend [38], NH2 tor [21]
250 6.1 265 4.4 C3C2C6 bend [47], NC2C3 bend [11]
246 1.1 248 0.4 C6C12 tor [29], C6C16 tor [21]
213 1.3 225 0.7 C6C16 tor [32], C6C12 tor [18]
188 38.2 NH2 tor [87]
169 0.0 177 8.1 C3C2C6 bend [70]
74 0.4 83 3.5 C2C6 tor [67]
50 1.1 56 0.6 C2C3 tor [49]

a Ar matrix deposited at 14 K. Sample-to-matrix ratio 1:1000.b A, experimental relative intensities.c Iobs, experimental relative integral intensities
measured for the single bands or for the groups of bands.d Frequencies marked with asterisks are taken from the calculated spectra of other low
energies valine conformers which are presented in Table 5.e Icalc, calculated intensities in km mol-1. f Potential energy distributions (PED) are
given in square brackets. Only contributionsg 10% are listed. Abbreviations: str, stretching; bend, bending; tor, torsion, sym, symmetric; asym,
asymmetric.g Bands assigned to the conformerIIIb .
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matrix isolation IR spectroscopy and with DFT and ab initio
calculations. Three valine conformers stabilized by intramo-

lecular H-bonds were detected based on the analysis of the
experimental IR spectra assisted by comparison with the

TABLE 5: Calculated DFT/B3LYP/6-31++G** Harmonic Frequencies (cm-1) and Intensities (km mol-1) of the Valine
Conformersa

Ib Ic IIb IIc IIIa IIIb IIIc

frequency intensity frequency intensity frequency intensity frequency intensity frequency intensity frequency intensity frequency intensity

3545 52.2 3549 53.0 3428 8.9 3425 10.0 3561 66.3 3565 68.9 3563 67.0
3409 5.5 3410 5.7 3335 0.9 3344 0.9 3428 5.3 3420 5.2 3421 4.7
3324 1.3 3332 1.0 3268 280.8 3277 247.9 3350 1.6 3333 1.3 3341 0.8
2982 12.3 2961 31.1 3007 2.1 2977 13.6 2967 25.8 2980 13.7 2961 35.3
2955 34.7 2955 50.3 2955 35.5 2956 27.9 2950 34.3 2954 35.3 2952 37.5
2949 50.9 2952 38.9 2943 59.3 2954 29.8 2947 31.9 2949 49.9 2951 39.8
2939 19.9 2948 3.3 2936 15.5 2951 24.5 2945 27.1 2939 20.2 2949 10.8
2922 14.0 2923 13.2 2883 51.7 2897 21.9 2908 14.3 2928 9.8 2926 10.4
2885 31.1 2892 13.1 2877 15.0 2891 15.2 2900 3.1 2885 30.0 2892 10.2
2879 27.6 2889 15.2 2875 19.0 2887 29.4 2886 18.7 2879 27.9 2889 18.8
2867 6.4 2885 29.5 2860 3.5 2842 37.5 2881 38.4 2869 7.6 2884 30.0
1768 278.2 1767 278.1 1799 308.3 1798 301.9 1767 277.2 1772 319.7 1766 280.8
1634 37.5 1642 38.6 1630 30.7 1628 49.2 1643 42.5 1632 39.5 1641 43.6
1489 16.5 1486 15.3 1496 15.0 1487 12.8 1488 8.3 1488 12.6 1486 13.9
1480 3.9 1479 5.8 1479 6.6 1481 9.7 1482 9.5 1480 5.3 1480 6.1
1465 1.5 1469 1.7 1471 1.7 1468 4.1 1470 3.1 1465 1.0 1470 2.7
1462 4.9 1461 1.4 1462 5.7 1464 0.4 1461 1.2 1463 4.1 1461 0.2
1403 6.9 1406 7.7 1399 1.4 1408 11.6 1399 6.5 1400 8.9 1406 7.6
1386 13.1 1397 5.0 1383 452.1 1387 62.5 1378 7.2 1378 3.9 1387 7.9
1377 4.2 1385 9.6 1378 11.7 1385 276.7 1373 11.9 1371 5.8 1372 10.6
1345 14.8 1354 3.4 1360 4.3 1348 40.3 1343 1.1 1345 6.5 1353 10.3
1330 12.6 1321 12.3 1343 3.4 1343 18.2 1338 5.7 1323 0.4 1325 12.6
1315 15.9 1292 21.2 1310 0.5 1316 12.1 1313 38.6 1307 39.3 1302 25.3
1251 1.3 1252 1.5 1251 7.0 1274 8.0 1265 0.6 1281 6.8 1268 3.1
1218 6.7 1212 11.1 1183 4.4 1220 5.3 1202 14.6 1218 6.1 1209 8.9
1168 9.5 1178 1.7 1179 18.9 1182 3.6 1182 5.0 1167 6.1 1179 7.6
1126 96.8 1125 175.9 1161 12.0 1168 23.8 1148 140.9 1152 122.4 1153 131.0
1116 155.4 1114 63.6 1122 4.3 1101 1.6 1139 68.9 1107 47.4 1101 12.0
1087 14.9 1099 40.4 1084 16.0 1070 8.4 1068 17.0 1077 26.2 1094 86.8
1047 7.6 1063 3.1 1040 8.7 1054 11.6 1043 39.7 1045 11.3 1062 16.2
964 21.2 949 0.8 965 105.8 952 2.7 949 3.7 956 13.8 952 0.2
938 18.2 933 14.0 946 0.4 930 1.2 930 11.4 930 24.6 929 4.2
918 1.3 916 0.9 917 1.3 921 59.2 917 12.4 913 6.9 915 3.4
888 35.4 894 91.7 899 61.5 902 55.9 878 62.5 878 46.7 880 107.2
834 69.6 823 80.1 873 71.8 871 78.7 810 5.9 824 63.0 806 74.3
812 61.0 796 7.1 823 44.6 827 21.1 802 107.6 794 78.7 793 13.5
740 40.6 714 38.4 807 27.7 784 22.0 698 49.6 749 21.3 713 31.8
645 22.1 654 18.0 711 8.8 718 9.9 640 68.8 617 48.2 638 53.6
613 88.4 608 85.8 569 8.4 637 7.4 594 26.6 589 93.2 588 74.3
508 16.6 511 13.9 540 1.3 527 3.3 556 36.4 519 10.3 526 16.2
420 2.6 443 5.7 448 2.6 459 2.1 453 8.8 426 2.3 447 5.9
369 5.2 381 8.4 399 6.0 422 0.8 388 2.1 377 6.5 394 5.7
348 8.9 345 2.6 354 17.7 346 1.2 327 4.2 344 8.3 349 1.2
296 8.4 290 18.2 345 6.1 329 13.6 286 4.7 295 17.7 287 9.9
266 8.3 270 9.9 342 3.7 275 16.6 268 23.0 266 18.1 252 12.0
254 28.8 238 3.9 285 6.6 255 3.8 253 0.5 259 3.1 249 20.7
233 1.3 233 7.5 243 2.4 242 3.0 228 22.9 225 0.7 240 13.2
209 0.5 219 22.5 225 3.7 223 0.1 213 1.2 207 0.1 228 0.5
165 0.1 168 0.1 198 6.0 176 5.1 170 0.6 162 0.0 169 0.7
69 0.3 86 0.4 76 1.9 93 1.3 73 0.1 69 0.2 84 1.0
51 1.8 33 1.1 40 1.6 64 1.3 37 1.6 49 1.1 34 0.8

a Data for the valine conformersIa and IIa are presented in Table 4 together with the experimental results.

TABLE 6: IR Spectral Regions (cm-1) of the Characteristic Vibrations of the Nonionized Amino Acid Conformers I and II
Isolated in Inert Gas Matrices

conformerI conformerII
vibration normal deuterateda normal deuterateda

OH(D) stretching 3565-3555 2640-2620 3210-3180 2600-2570
NH(D)2 stretching asymmetrical 3420-3410 2560-2540 3460-3440b 2600-2570b

CdO stretching 1790-1760 1780-1760 1810-1780 1800-1780
OH(D) bending+C-O stretchingc 1290-1270 1290-1270 1400-1380 1290-1270

1110-990 1000-990
NH(D)2 bending 1645-1625 1230-1220 1625-1620 1220-1210
OH(D) torsion 650-600 470-430 870-820 630-610

a Deuterated at N and O atoms.b Based on calculated data.c Bands assigned to this mixed vibration in the IR spectra of deuterated compounds
are observed in two regions.
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calculated IR frequencies and intensities. The conformational
composition of valine was estimated as∼94% of conformer
Ia, ∼5% of conformerIIa , and a trace amount (<2%) of
conformer IIIb . The structure and relative energies of nine
lowest-energy valine conformers were calculated at the DFT/
B3LYP/6-31++G** and MP2/6-31++G** levels of theory.
The calculations predicted the conformerIa to be the global
minimum on the valine potential energy surface. This is in
agreement with the experimental data. The structural parameters
of the valine conformers (geometries, rotational constants, and
dipole moments) predicted in this work can be useful in a search
for gas-phase valine conformers using the microwave spectros-
copy and electron-diffraction methods.

An analysis of the spectral features corresponding to different
valine conformers and their comparison to the spectra of glycine
and alanine have allowed identification of common spectral
characteristics of the structurally similar amino acid conformers.
These common features will guide future studies of conforma-
tional behavior of larger amino acids, as well as those of small
peptides.
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