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Matrix-isolation IR spectroscopy and ab initio calculations performed at the DFT, MP2, MP4, and CCSD(T)
levels of theory were employed to investigate the conformational topology of the nonionized amino acid
proline and its deuterated derivativ¢O-dideuteroproline (prolingk). In the calculations, equilibrium structures

of 15 low-energy proline conformers were obtained using the DFT/B3LYP/aug-cc-pVDZ and MP2/aug-cc-
pVDZ methods. The harmonic frequencies and IR intensities of the conformers were calculated for the DFT

geometries, and these data was used to account for the zero-point vibration energy correction and to assist

the analysis of the experimental matrix-isolation IR spectra. Two proline conformers were found to be present
in the Ar matrix. They are the lowest energy conformer with -a-N—O H bond (conformetla) and the
second conformer with a \tHHO=C H bond (conformela). We found that the DFT/B3LYP and MP2 methods
are not capable of predicting the relative energies of the proline conformers with a quantitative accuracy.
Both methods provide the energy difference betweenltheand la conformers of 78 kJ mol?, thus
suggesting that only conforméla should be present in the matrix. However, strong bands due to the two

conformers are observed in the experimental spectra and their intensities indicate approximately equal presence

of the two systems in the matrix. To explain the descrepancy between the MP2 and DFT results and the
experiment, calculations were performed at the CCSD(T) level of theory. The relative energy difference obtained
at this level of 3.9 kJ mot better agrees with the experiment because it is lesshanthe matrix preparation
temperature. The observed low-frequency shift of the OH stretching vibration due to the intramolecular N
-*H—O H bond in the proline conformeta of 534 cnlis much larger than the ones found for other amino
acids (340-360 cml). It demonstrates that the intramolecular H bonding in proline is much stronger then in
other amino acids.

1. Introduction decompose before melting. The microwdvél-13.15 |ow-
) ) ] _ . resolution photoelectron spectroscépy and electron diffrac-
The conformational behavior of the natural amino acids is {jon10.14 stydies allowed identification of two glycine and two
of special interest because it determines the functional specificity 515nine conformers. These conformers are stabilized by either

of proteins and polypeptides. Proline is an exception among 20 \j...0—=C or N---H—0 intramolecular H bond.
natural amino acids. Its nitrogen atom is bonded to the aliphatic

side chain forming the five-member pyrrolidine ring. This should
significantly constrain the conformational flexibility of proline.
At the same time the presence of the flexible ring adds new
structural features that are only specific to proline. Perhaps this
unique structural feature of the proline side chain is responsible
for the specific function of proline in thg- and y-turns of
polypeptide chain:®

The structural investigation of the solid prolfnevealed its
zwitterionic (bipolar) structure: Nyt —CH(R)—COO™, but this
form does not occur in the polypeptide chain. The form that
appears there is similar to the neutral (nonzwitterionic) form of
amino acids. The simplest amino acids, glycine and alanine,
were found to exist in the neutral form in the gas phaseé.

Experimental studies of the gas-phase amino acids are difficult
due to low thermal stability of these compounds. They usually

Recently we applied the matrix-isolation IR spectroscopy
combined with ab initio calculations to investigate conformations
of gas-phase amino acids frozen in low temperature inert gas
matrixes!®—21 In these studies we used a low temperature quartz
microbalance to measure the gaseous flows of the amino acids
during the matrix sample deposition. This allowed us to
determine the optimal evaporation temperatures, which was high
enough to yield matrix samples with sufficient concentration
of the studied compound but still sufficiently low to prevent
decomposition of the compound. We demonstrated that IR
spectroscopy is a suitable tool to study amino acids due to its
high sensitivity to the intramolecular H bonding. In the studies
we identified three glyciné®1°two alanine?® and three valing
conformers. In the studies we applied the DFT/B3LYP and MP2
guantum-mechanical methods to calculate the structures of the
conformers and to predict their IR spectral parameters. We found
that the DFT/B3LYP method provides the most accurate
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acids. We also determined optimal factors for scaling the
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several basis sets typically used in IR frequency calculations 0.6

of systems with intramolecular H boR#The cc-pVDZ atomic-
orbital basis set augmented with diffuse s and p shells on
hydrogen atoms and with s, p, and d diffuse shells on heavy
atoms (the aug-cc-pVDZ basis set) was found to be a very good 0.2

basis in predicting the IR spectra of neutral amino acid

conformers. As expected the presence of the diffuse atomic 0.0

orbitals in the basis is critical to generate highly accurate 3000 2000 1000

vibrational frequencies of molecules with intramolecular H wavenumber, cm ™1

bonding in the calculations. The equilibrium structures of the gigyre 1. Matrix-isolation IR spectrum of proline recordered for a
amino acid conformers obtained at the DFT/B3LYP and MP2 sample deposited at 14 K. The matrix ratio is 1:1150.

levels of theory are in good agreement with available experi-

0.4

absorbance

mental datd15 P s

The conformational structure of proline was a subject of 7 | \
several theoretical studié:2> Ramek et af* located 10 glycine AN - N1 o HY
conformers at the HF/6-3#1+G** level of theory, and more e \ NS
recently, Csaszar and Perczdbcated 12 proline conformers 1 CZ\ o8
at the B3LYP/6-313+G** level. The stability order of the SN /v
proline conformers was found to strongly depend on the level H13/ ce

of theory used in the calculations.

The only experimental information about the gas-phase
proline was obtained in our earlier stugf\WWe demonstrated ~ Figure 2. Atom numbering for proline.
that proline molecules in the gas phase exist in the neutral form. N )
This conclusion was derived on the basis of the presence of adecomposition products. Only a few weak bands corresponding
strong absorption in the IR spectral region of the@stretching o trace amounts of Cand HO appear in the spectra. These
vibration. But the conformational gas-phase behavior of the bands are most probably due to £ahd HO absorbed on the
neutral proline has not been known. Thus in the present work surface of the solid compound used in the experiment.
we have undertaken a detailed investigation of the conforma-
tional structure of proline using the matrix-isolation technique 3. Theoretical Methods

coupled with high-level ab initio calculations and we present The conformational structure of the proline molecule (Figure
evidence of the existence of two proline conformers with P 9

different intramolecular H bonds in the matrix. We also 2) may be characterized with four torsion parameters. They are

demonstrate that, unlike in other amino acids, the DFT/B3LYP gl)q éhles(gigfrgsiiépgs'?;’”\]’é hﬁ_g%iﬁp_aﬁ. Vg#srso"’;.rgngl 0
and MP2 methods are not capable of predicting correct relative tions of the G—Hpandlcio ro&l s (i thel l[\)llcllpZCSO4 t:)rsion
stabilities of the proline conformers. The stabilities obtained . - - group , (1) . '
with those methods disagree both with the experimental dataWh'Ch describes the orientation of the carboxyl with respect to

. . the ring, (iii) the H8N1C2C6 torsion, which describes the
and with the results obtained at the CCSD and CCSD(T) levels orientation of the N-H bond with respect to the ring, and (iv)

H11 H10

of theory. the N1C2C6C12 torsion, which is the ring pucker angle.

2. Experimental Details The set of initial structures with all possible combinations of
The updated SPECORD IR 75 spectrometer was used tothe torsions listed above were fully optimized using the DFT

register the IR spectra of the matrix isolated proline &ho- method. These calculations were carried out with the three-

dideuterioproline (prolineb) in the range 4000400 cnt. The parameter density functional, usually abbreviated as B3LYP,

resolution of the instrument in the range 46a8600 crriwas ~ Which includes Becke's gradient exchange correctfdhe Lee,

3 cn’l, and in the range 2566400 cnt! was 1 cmil. The Yang, Parr correlation functiorfdland the Vosko, Wilk, and

spectrometer was sealed and blown through with dry nitrogen Nusair correlation function&P The standard aug-cc-pVDZ basis
during the experiment to exclude any influence of the atmo- Set was used in the calculations, and 15 unique proline
spheric HO and CQ. conformers were found in the calculations.

The matrix samples were prepared by a simultaneous deposi- To determine whether the minima found on the potential
tion of the substance and the matrix gas onto a cooled Cslenergy surface (PES) of proline correspond to true equilibrium
substrate. The matrix gas was 99.99% Ar. The substrate configurations, we performed harmonic frequency calculations
temperature was 14 K during matrix preparation. The compound at all the DFT/B3LYP/aug-cc-pVDZ equilibrium structures
studied was evaporated from the Knudsen cell at I&2This found in the calculations. No imaginary frequencies were
temperature was found to be high enough to yield samples with obtained, indicating that the structures found correspond to true
sufficient concentration of the compound, but still sufficienty PES minima. The harmonic frequencies were also used to
low to prevent its decomposition. The fill-up helium cryostat account for the zero-point vibrational energy (ZPVE) corrections
used in the matrix-isolation IR experiments was described to the relative energies of the conformers. The MP2/aug-cc-
elsewheré’ The low-temperature quartz microbalance was used pVDZ single point energy calculations were also done for all
to measure the gaseous flows of the studied compounds and ofonformers.
the matrix gas. By adjusting these flows we were able to prevent  Next, the geometries of four lowest energy proline conformers
an appearance of autoassociates in the spectrum. The relativevere reoptimized at the MP2/aug-cc-pVDZ level of theory. This
concentrations of proline and prolirg-to argon in the matrix was followed by single point energy calculations at the MP4-
equaled 1:1150 and 1:750, respectively. (SDTQ)/aug-cc-pVDZ-32and CCSD(T)/aug-cc-pVD2 36 |ev-

The IR spectrum of proline recorded immediately after sample els. These calculations were done to obtain more accurate energy
deposition is presented in Figure 1. It shows no bands of any differences between the conformers. All calculations in this work



10666 J. Phys. Chem. A, Vol. 105, No. 47, 2001 Stepanian et al.

TABLE 1: Characterictic Frequencies (cm™1) of the OH 0.2 —
Stretching Vibrations of Conformers | and 1l Observed in
the IR Spectra of the Matrix Isolated Aminoacids 4
amino acid conformelr conformerl| ref ol
glycine 3560 3200 19 ’ a
alanine 3560 3193 20 8 4
valine 3561 3183 21 g
leucine 3565 3193 40 © 40
isoleucine 3557 3187 40 S AR
norvaline 3559 3214 40 S 0.6 3500 3300 3100
were done on the SGI Origin 2000 supercomputer using the 04
Gaussian 98 quantum-mechanical program. ’ R b
4. Results and Discussion 0.2+
Matrix IR Spectra of Proline. In our recent studié& 2! we ]
observed two different types of amino acid conformers: one 0.0 T

with the N—H-+-O intramolecular H bond (denoted &sand 1850 1800 1750 1700

the other with the N-H—O H bond (denoted al$). We also

established some characteristic IR spectral features of these types. h h o )

of conformers that may be used in their identification using the F19ure 3. O—H stretching (a) and €0 stretching (b) vibration regions
1 . of the IR spectrum of proline.

IR spectroscopy! The most important of these features are

-1
wavenumber, cm

strong narrow bands of the OH stretching vibrations of the type- %) ~
conformer at 3560 cmt and wide bands of the typé- Qf i QT ;
conformer that are observed near 3200 érand that also Xg_/ ‘ Ny /70
correspond to the OH stretching vibrations. The low-frequency %%Q“x”%\ /*gjf%\o
shift of the OH stretch of 360 cnt is due to the intramolecular 0 1
N+-*H—0O H bond in conformer8 . In Table 1 we summarized Ia b

the experimental frequencies of the OH stretches observed for ~
a set of natural amino acids studied with the matrix-isolation i 79 1 C’Z)
technique. As seen from Table 1, the OH stretching vibration el S c\v”ﬁ /
frequencies of conformetsandlIl are highly characteristic and Fo 4 —‘“’1‘“\

may serve as the most useful tool to determine the conforma-
tional structure of the amino acids. lla 1Ib

Therefore it seems reasonable to start the study of the prolineFigure 4. Lowest energy conformers of neutral proline.
conformational behavior with the analysis of the OH stretching
vibration region, which is presented in Figure 3. The numbering the split bands is usually observed. However, the comparison
scheme of the proline conformers used in this work is shown Of the proline spectra recordered before and after annealing does
in Figure 4. As seen in the spectrum, the highest frequency bandnot reveal any changes of the band intensities. Therefore the
is observed at 3559 cmh and can be assigned to the OH bandsat1789 and 1766 cirshould not be attributed to matrix
stretching vibration of conformdr. The presence of this band ~ Splitting but they should be due to two different proline
proves the presence in the matrix of at least one proline conformers.
conformer with the OH group not involved in the intramolecular ~ The main conclusions of the above analysis are as follows:
H bonding. Another feature of the high-frequency spectral region we observe in the matrix at least two proline conformers, both
is the absence of absorption near 3200~&nThis may be with OH bonds that are not involved in intramolecular H
evidence of absence in the matrix of the typeproline bonding; these conformers should have almost identical fre-
conformer with an N--H—O intramolecular H bond. guencies of the OH stretching vibrations and different frequen-

Another vibration that is very sensitive to differences in the cies of the G=O stretching vibrations. A support for these
intramolecular H bonding in the amino acid conformers is the conclusions is provided by our previous works on two amino
stretching vibration of the €0 group. Very strong bands of ~ acids, glyciné® and valine;* where we also observed such

this vibration are usually observed in the 18250 cnr? conformer pairs. The two conformers within each pair were only
region of the matrix spectrum. This region for proline is differentintermg of which oxygen atom interacts with the Nl
presented in Figure 3. Two strong bands split by 23 £mith bond. To provide further validation of our assignment for

approximately equal integral intensities are observed in this proline, we turned to calculations. Their primary aim was to
region. The splitting should not be attributed to associations of determine all possible proline conformers, simulate their IR

proline molecules. As we demonstrated beférthe intermo- spectra and identify the conformers that give rise to the spectral
lecular interaction of the carboxyl group causes a stronger down data. We should mention that, as we demonstrated etibety
frequency shift of the €O stretch to 17261690 cntl conformers with total energies not higher thad—5 kJ mof?

Moreover at the 1:1150 matrix ratio only-3% of the proline  from the lowest energy conformer, may be present in the inert-
molecules form dimers in the matr#k The presence of the two ~ gas matrixes. The results of the computational findings are
bands in this region may be due to the different matrix structure presented in the next section.

surrounding the proline guest molecules, i.e., due to the so- Relative Stabilities and the Structure of the Proline
called matrix splitting. One of the conventional methods to Conformers. Totally, 15 proline conformers were found in the
recognize a matrix splitting is the matrix annealing. In the case calculations performed at the DFT/B3LYP/aug-cc-pVDZ level
of matrix splitting a strong redistribution of the intensities of of theory. Four lowest energy conformers are presented in Figure
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TABLE 2: Energies (au), Relative Stabilities AE, kJ mol~1), Zero Point Vibrational Energies? (ZPVE, au), and Relative
Stabilities Including the Zero Point Vibrational Energy (Ea, kJ mol~1) of the Proline Conformers®

DFT/B3LYP MP2

energy AE ZPVE AEotal energy AE AEotal
lla —401.219913 —6.4 0.141133 -4.7 —400.108465 —8.8 -7.1
Ib —401.219203 —-45 0.141049 -3.0 —400.107669 —6.2 —-4.7
la —401.217488 0.0 0.140467 0.0 —400.105096 0.0 0.0
Ib —401.217179 0.8 0.140694 1.4 —400.105155 —-0.2 0.4
11l —401.214816 7.0 0.140594 7.3 —400.102909 5.7 6.0
\% —401.214685 7.4 0.140382 7.1 —400.101991 8.1 7.8
\% —401.214192 8.6 0.140617 9.0 —400.102080 7.9 8.3
\Y| —401.213456 10.6 0.140607 11.0 —400.101550 9.3 8.7
Vil —401.214106 8.9 0.140276 8.4 —400.101340 9.9 9.4
VIl —401.213340 10.9 0.140380 10.7 —400.101156 10.3 10.1
IX —401.211824 14.9 0.141048 16.4 —400.100076 13.2 14.7
X —401.209971 19.7 0.140373 19.5 —400.098156 18.2 18.0
Xl —401.210138 19.3 0.140222 18.7 —400.097925 18.8 18.2
XIl —401.206670 28.4 0.140420 28.3 —400.094665 27.4 27.3
Xl —401.206174 29.7 0.140042 28.6 —400.093582 30.2 29.1

aZero point vibrational energies were scaled by applying the scaling factors 0.96 for the OH, NH, and CH stretching vibrations and 0.99 for all
other vibrations? Values are taken from the full optimization and frequency calculations of the conformers at the DFT/B3LYP/aug-cc-pVDZ level
and from the single point calculations at the MP2/aug-cc-pVDZ//DFT/B3LYP/aug-cc-pVDZ level. All relative energies were calculated with respect
to conformerla.

difference calculated at the MP2/aug-cc-pVDZ level for the
-optimized geometries is even larger, 8. .
i i DFT-optimized ies i I 8.8 kITh¢r.1 kJ
o pf Y e P A ‘]?ﬂ mol~t after accounting for the ZPVE). To verify this result, we
?&/«J{ : &/@W AN ’“m\@ reoptimized the four lowest energy proline conformées (b,
1 Y WS lla, andllb) at the MP2/aug-cc-pVDZ level, but this only
insignificantly changed the energy differences between con-
i v v formersla andlla (to 7.1 kJ mot?). In all cases the energy
4 N difference was larger than the empirical threshold of abeti 4
L0 Ay & O_;fi\ - kJ mol~! mentioned above. This would mean that only bands
* "Vﬁ ffliri Do ‘f“N e of a conformer (or conformers) with the-NH—O H bond
BB EN T"‘g o o PN : _ ,
Pt j“ "X should be observed in the matrix spectra and this result would
T | . ,
VI disagree with the observed data. This was an unexpected result
vit Vit since earlier we observed very good agreement of the experi-
N 7 ? oL e mental data with both DFT/B3LYP/aug-cc-pvVDZ and MP2/
};(;5 I _4/23 ﬂ)\%—-q@ i\/ ( aug-cc-pVDZ predicted relative stabilities of the amino acid
’T’K 9] ?\’%\3 v?f conformers.
X < X1 To clarify the problem, we performed singile point energy
i calculations at the MP2/aug-cc-pVDZ geometries by employing
o N higher levels of theory, MP4(SDTQ) and CCSD(T) with
~ “?';2“@ }"mzf@ different basis sets. The results of the calculations are presented
ﬁr N\ T Y }) in Table 3. As seen, increasing the level of theory leads to a
- - significant decrease of the energy gap between conforiners

andll . The gap reduces to less than 4 kJ malt the CCSD/
Figure 5. Proline conformerslll —XIIl . (The geometries of the 6-31++G** and CCSD(T)/6-3%+G** levels. The energy
conformers are available from the corresponding author.) difference is now smaller thakT with T being the matrix
deposition temperature. This result means that both types of

4 and the rest of the conformers are presented in Figure 5. Weconformer§ should be present in the matrix. This explains the
use the following notation for the proline conformers: the two Présence in the IR spectrum of the band of conforiaeat
lowest energy conformers with the-NH+--O=C H bond are 3559 cml, but it is still gnclegr why we did not qbserv_e a
denoted ada andIb and the two lowest energy conformers Pand near 3200 cni that is typical to the typé amino acid
with the N--*H—O H bond are denoted dta andllb. The conformer.

same notations were used for the amino acids studied é&rfiér. The answer to this question was found after the analysis of
Conformersa andb differ in the ring pucker. The rest of the  the calculated DFT/B3LYP/aug-cc-pVDZ frequencies of the OH
proline conformersl{l —XIIl ) are numbered according to their ~ Stretching vibrations of conformeta andlla. The frequency
relative stabilities calculated at the MP2/aug-cc-pVDZ level for of the OH stretching vibration predicted for confornier(3588

the DFT/B3LYP/aug-cc-pVDZ geometries with accounting for cm™2) is similar to other amino acids, and it is in good agreement
the ZPVE corrections. The total and relative energies of the with the experimental data. But for conformiéa the calcula-

proline conformers are presented in Table 2. tions predicted a much stronger (200 dndownshift of the
Surprisingly, the DFT calculations predicted conformias OH-stretch frequency in comparison to the other amino acids.
andllb to be more energetically favorable than conformars The (obsewed frequency)/(unscaled predicted DFT fre-

andlb. What is even more surprising, is the energy difference quency)ratio calculated for the OH stretch of the conformers
between conformerfa andla is 6.4 kJ motl. The energy of typedl using our previous data was0.92 for glycine!®
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TABLE 3: Energies (au, First Row) and Relative Stabilities Including the Zero Point Vibrational Energy? (kJ mol~—2, Second

Row) of the Lower Energy Proline Conformers la, Ib, lla, and Ilb Calculated at the Different Levels of Theory?

method la Ib lla IIb
MP2/aug-cc-pVDZ//DFT/aug-cc-pVDZ —400.105096 —400.105155 —400.108465 —400.107467
MP4(sdq)/aug-cc-pVDZ//DFT/aug-cc-pVDZ ci200.162532 9':}00.162376 :Zlbl().164702 :3670.163896
MP2/aug-cc-pVDZ//IMP2/aug-cc-pVDZ 9'200.106019 E2(300.106108 :2690.109327 :421600.108182
MP4(sdq)/aug-cc-pVDZ/IMP2/aug-cc-pVDZ 9'200.163036 94?00.162846 :2690.164969 :3610.164153
MP2/6-31++G**//MP2/aug-cc-pVDZ 9'200.012051 E?4100.011651 :2630.014982 :4116%.013772
MP4(sdq)/6-33+G*//MP2/aug-cc-pVDZ - 400.068504 2400067975 00070187 300069266
MP4(sdtq)/6-33+G**//MP2/aug-cc-pVDZ 0 400.116700 2 00117110 00110231 00118300
CCSD/6-31-+G*/IMP2/aug-cc-pVDZ 0 400.085401 2 400.065815 400067798 ~390,066940
CCSD(T)/6-31-+G*/IMP2/aug-cc-pVDZ 3200.110151 §£00.109706 :2'020.112319 92111090.111457

aZero point vibrational energies from the DFT/B3LYP/aug-cc-pVDZ calculation were scaled by applying the scaling factors 0.96 for the OH,
NH, and CH stretching vibrations and 0.99 for all other vibratidnll relative energies were calculated with respect to confortaer

0.6
o — a
2 0.2 —
< 0.4 -
e o
< 0.2
=4
s 02— b
0.0 2 i
3000 2000 1000 2 _
] _
wavenumber, em’! 0.0 T
Figure 6. Matrix IR spectrum of prolinad, recordered for a sample o1 .
deposited at 14 K. The matrix ratio is 1:750. ’
alanine?® and valin€?* We can use this value to scale the proline 00 -N“”A\*m
DFT frequency in question (i.e., the 3295 cthfrequncy of 1T
conformerlla). The scaled value of this frequency is 3031 ¢ém 3200 2800

Thus the band of the OH stretching vibration of conforriar
should appear in the region of the CH stretching vibrations
(3050-2850 cntl). This explains why we did not observe this
band near 3200 cm. The two lowest energy proline conformers
have 14 CH stretching vibrations and the bands of these Ag mentioned before, the structure optimizations of the
vibrations conceal the band of the OH stretch. We carried out proline conformers converged to two pairs of low-energy
additional measurements of the matrix IR spectrum ofN/@- conformers,la—Ib and lla—llb. Different ring puckering
dideuterio-substituted proline, which is presented in Figure 6. gistinquishes conformers andb. Calculations predicted dif-

In this spectrum we easily identify the OD stretching bands of ferent frequencies for the conformers and all four conformers
both conformers: first band at 2626 chassigned to conformer may be observed. But the relative energies are not the only
la (corresponding frequencies for glycine and alanine were 2631 parameters that determine the conformational composition of
and 2627 cm', respectively) and the second band at 2295m  proline in the gas phase. Other important parameters are the
assigned to conforméta . The latter band is downshifted with  energy barriers separating the conformers. If they are low, some
respect to the corresponding bands of other amino acidslop conformers may interconvert to lower energy structures in the
cm-t. We also used the IR spectrum of prolidgto locate the  matrixes. Earlier we observed such interconversion of the
band of the OH stretch of the nondeuterated proline conformer glycine conformerlll to conformerl, which occurred at the

lla. As mentioned, this band is expected to appear near 3000matrix temperature higher than 13 K (the energy barrier
cm™l. For the region 31002900 cm' we calculated the  separated the glycine conformélis andl was 3.7 kJ mol?).1°
differential spectrum agproline absorbance) minus (proline-  For the lowest energy proline conformers we calculated the
d» absorbance)This allowed us to eliminate the bands of the energy barriers at the DFT/B3LYP/aug-cc-pVDZ level. They
CH stretches that are identical in both spectra and to identify are 0.8 and 3.3 kJ mot for thelb — la andllb — lla

the “missing” band of the proline conformia . The differential interconversions, respectively, and are even smaller than the
spectrum is shown in Figure 7. As seen, a wide band is observedbarrier in glycine. It indicates that conformebsandlib isolated

at 3025 cm! and we assigned it to the OH stretching vibration in the Ar matrix should easily interconvert to their lower energy
of the proline conformefla. This band has a low peak and a counterparts. As a result, only two proline conforméasand

high integral intensity and its shape is similar to the shapes of lla, should be present in the matrix, and this is in agreement
the corresponding bands of other amino aéfds! with the experimental spectra.

-1
wavenumber, cm

Figure 7. Region of the CH stretching vibrations: (a) proline; (b)
proline-dy; (c) the differential spectrum.
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TABLE 4: Rotational Constants (MHz) and Dipole TABLE 5: Optimized Geometry Parameters of the Lowest
Moments (Debye) of the Lowest Energy Proline Conformers Energy Proline Conformers Obtained in the MP2/
Aug-cc-pVDZ Calculations

conformer A B Cc u
la 3834 1603 1318 1.71 la b lla It
Ib 3875 1555 1368 2.12 N1-C2 1.469 1.477 1.491 1.490
lla 3792 1635 1294 6.26 Cc2-C3 1.521 1.517 1.541 1.535
IIb 3644 1684 1408 6.24 C3-04 1.222 1.222 1.220 1.219
a N C3-05 1.366 1.364 1.350 1.352
Values are taken from the full optimization of the conformers at  ~o_g 1.565 1.563 1.543 1.560
the MP2/aug-cc-pVDZ level. C2-H7 1103 1102 1101  1.101
N1—H8 1.022 1.023 1.018 1.020
. . . O5—H9 0.974 0.974 0.996 0.992
Thus, we found two proline conformers in the Ar matrixes, ce-H10 1.101 1.100 1.099 1.101
la andlla. The spectral manifestations (bands of OH and OD C6-H11 1.099 1.102 1.102 1.098
stretching vibrations) of conformda are similar to those of C6-C12 1.544 1.537 1.538 1.541
other amino acids. But the bands of the OH(OD) stretching ¢12-H13 1101 1101 1100  1.103
vibrations in conformetla show unusually strong downshifts Cg:gig iégcl) iégg iégi iégé
of approximately 200 and 100 crh respectively, comparing  c15-H16 1.100 1.104 1.105 1.100
to the corresponding bands of glycine, alanine, and valine. The Cc15-H17 1.109 1.100 1.100 1.104
band splitting observed in the region of the=O stretching N1-C2-C3 112.8 110.9 109.6 109.8
vibrations is consistent with the splitting of the OH stretching ©2-C3-04 125.9 125.7 122.7 122.9
vibration. The higher frequency band in the 182050 cnt?! 2-C3-05 1111 1113 113.6 113.7
L . C3—-C2-C6 110.2 109.8 110.5 111.4
region is assigned to conformia . The band of conformea C3-Co2—H7 107.0 1075 106.9 106.6
is downshifted due to the NH---O=C H bond interaction. C2—-N1—-H8 109.7 106.8 111.3 109.4
The presented data demonstrate that theHN-O H bond C3—-05-H9 106.1 106.0 102.4 103.2
in proline is much stronger than in other amino acids studied. €2-C6-H10 110.1 112.3 1116 109.6
This results in additional stabilization of conformiéa with 2-C6-H11 1115 109.0 109.8 1117
. . 2—C6—C12 103.9 102.7 102.0 103.7
respect to conformelr and mgkes the proline the only amino  cg-c12-H13 110.5 112.8 113.4 110.7
acid whose typet conformer is the lowest energy form. This  ce-c12-H14 112.4 110.4 110.2 112.7
also results in a stronger downshift of frequency in the OH C6-C12-C15 102.2 101.0 102.0 102.0
stretching vibration of conformella. To determine whether C12-C15-H16 113.5 110.0 109.9 114.8
the higher strength of the -MH—O H bond in proline and in C12-C15-H17 110.2 114.1 1134 110.2
. . . . N1-C2-C3-04 5.0 15.6 —182.3 —187.8
other amino acids correlates with lengths of the H bonds in N1—G2—C3-05 “1749 1945 20 78
these systems, we compared the amino acid geometries obtainedps—c3—co—ce ~112.4 2578 61.6 53.2
at the MP2/aug-cc-pvVDZ level of theory for the tyfe- 04—-C3-C2—-H7 126.8 137.7 —60.8  —68.7
conformers. The analysis showed that the length of the H bond C3—-C2-N1-H8 26.0 —4.3 120.3 135.2
in proline (1.827 A) is indead shorter than in other amino acids €2-C3-05-H9 —-179.7 1818 0.1 0.4
(1.905 A in glycine, 1.893_,& in alanine, and 1.888 A in valine). gg:gg:gg::ﬂ 5'1114_1 :51'72_0 :%'2?4 Eibss.s
Rotational constants, dipole moments, and structural param- c3—co—cg—C12 98.6 96.3 91.0 101.3
eters of the lowest energy proline conformers obtained at the C2-C6-C12-H13 88.9 159.5 162.4 85.5
MP2/aug-cc-pVDZ level of theory are collected in Tables 4 and C2-C6-C12-H14  —149.1 2815 284.3 —152.8
5. The rotational constants may be useful in searching for the €2-C6-C12-Cl5 ~ -274  37.8 413 —310
C6-C12-C15-H16 161.5 78.2 78.9 161.7

neutral proline conformers with the microwave spectroscopy.
One should notice that the dipole moments of the proline
conformerdla andllb are much higher than ones of conformers in the prolined, spectrum. It confirms that in the proline
la andIb. This should produce for conformetta and llb conformers the N-H—O H bonding is much stronger than the
strong signals in the microwave spectra. The electron diffraction N—H---O=C H bonding.
spectra of proline have not been obtained yet. The structural  Other vibrations that are worth noticing are the OH bending
parameters of the proline conformers (Table 5) may assist theand torsion vibrations (Tables 6 and 7). The H bonding in
analysis of these spectra. conformerlla causes a higher frequency shift of these vibrations

Assignment of the IR Spectra.The observed and simulated  with respect to conformda by 126 and 323 crm¥, respectively.
at the DFT/B3LYP/aug-cc-pVDZ level the IR spectra of proline  Again, these shifts are stronger than in the spectra of other amino
and prolineehare presented in Tables 6 and 7, respectively. The acids. For example, the corresponding shifts of the OH bending
bands of the OH and<€0 stretching vibrations were discussed and the torsion vibration in the glycine spectrum are 110 and
above and here we briefly analyze only those proline vibrations 261 cnt1.1® As seen in Tables 6 and 7, the calculated spectra
that are sensitive to the different intramolecular H bonding.  of two proline conformers allows us to assign almost all

In addition to the OH stretches, in the higher frequency region observed bands. We analyzed the unassigned bands and
of the spectra we also observe weak bands assigned to the NHletermined that they certainly cannot be attributed to any other
(proline) and ND (prolined,) stretching vibrations. These proline conformers. Thus these bands are most probably
vibrations are split in both spectra, by 24 chior proline and overtones or combined bands.
by 20 cnt for proline-d,. The higher components are assigned  Relative Stabilities of the Amino Acid Conformers I and
to conformerlla. The bands of conformda are downshifted II. In our previous studies of the amino acid conformational
due to the N-H---O=C H bonding. There is a larger difference structure we used the DFT/B3LYP and MP2 methods to predict
between the conformational splitting of the NH(ND) and OH- the energies of the amino acids conformers and found that these
(OD) stretching vibrations. The bands of the OH(OD) stretches methods produced the relative stabilities that are in good
are split by 534 cm! in the proline spectrum and by 331 ch agreement with experimental results. But in this work we found

C6—-C12-C15-H17 —76.1 199.8 200.7 —75.6
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TABLE 6: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmb) and Intensities of Proline

calculated calculated
observed prolinela prolinella observed prolinela prolinella
v A g v lead  assignmert v lagd assignmerit v A e v lead  assignmelt v lgad  assignmerst
3559 0.16 2.69 3588 65.9 OH str 1105 0.35 2.94 1104 41.6 ring bend 1105 30.5 N1C2str
3545 0.07 1072 0.06 0.26 1076 8.7 ringtor
3393 0.03 0.54 3413 65.9 NHstr 1021 0.02 0.12 1049 1.9 C6C12str 1045 2.0 C2C6str
3369 0.02 0.50 3396 16.3 NHstr 976 0.02 0.04 979 6.5 ringbend
3025 0.03 5.20 3163 342.0 OHstr 955 0.02 0.13 958 1.4 C6C12str 952 5.7 ring bend
2984 0.12 2.10 2997 30.2 C6H str 3008 9.5 C6Hstr 950 0.05 0.23 950 11.6 C2C6 str
2983 25.5 C15H str 2990 27.3 CHstr 916 0.04 0.16 914 2.0 C6C12str
2959 0.09 1.98 2952 51.0 C12Hstr 2961 34.7 CHstr 907 0.04 0.17 904 1.0 ring bend
2934 0.05 2.34 2935 17.7 CG6H str 2948 28.1 CHstr 899 0.12 0.97 922 0.2 Cl12C15str 922 76.2 OHtor
2935 144 CHstr 896 0.15
2916 0.06 2931 19.6 C12H str 2930 13.3 CHstr 884 0.16 0.65 889 7.7 N1C2C3bend
2885 0.11 2.28 2892 26.6 C2Hstr 876 0.06 0.42 873 14.1 ring bend 871 4.4 ring bend
2865 0.04 1.19 2884 644 CHstr 853 0.04 0.35
2846 0.03 2847 74.9 C15H str 844 0.04 0.31 849 7.8 N1C2C304tor 847 7.0 O4C3C2C6 tor
[795 sh 822 0.02 0.06
1789 0.45 7.22 1803 360.5 =D str 782 0.03 0.46 793 3.8 C2C3str
1781 sh 768 0.09 0.60 772 67.2 NHtor
1766 0.52 6.03 1774 286.1 = str 751 0.05 0.18
1488 0.02 0.05 1499 1.9 CH bend 1499 3.2 CHbend 726 0.11 0.85 724 15.1 N1C2C30S5 tor
1476 2.4 CHbend 1476 59 CHbend 713 0.03 0.58 710 35.9 N1C2C304 tor
1463 0.03 0.29 1461 4.1 NHbend 1464 52 CHbend 675 0.03 0.53
1451 0.05 0.52 1446 10.3 CH bend 668 0.04
1412 0.09 2.28 1425 2132 OHbend 663 0.02
1405 0.35 1.40 628 0.04 0.43 632 61.6 0O4C3C2C6 tor
1384 0.56 6.23 1407 151.6 NHbend 621 0.07 0.45 623 20.5 N1C2C304 tor
1381 0.46 603 0.04 0.24 605 20.7 C2C304 bend
1364 0.08 0.83 1364 29.9 CH bend 597 0.03 0.21 582 5.9 C2C305 bend
1350 0.06 0.54 1349 6.5 CHbend 584 sh
1330 0.03 0.10 1335 25.5 CH bend 576 0.05 0.52 579 19.3 OH tor
1320 0.04 0.12 1318 0.5 CHbend 1324 21 CHbend 569 0.03 0.44
1294 sh 1303 1.8 CHbend 1298 12,6 CHbend 564 0.05 570 6.9 ring bend
1286 0.06 0.32 1285 5.7 OH bend 1294 119 CHbend 560 0.04
1272 2.4 CHbend 551 0.04 0.17
1247 0.06 0.10 1249 81 CHbend 546 0.11 1.26 549 44.3 OHtor
1230 0.4 NI1C2C3bend 1227 19 CHbend 541 0.21
1210 0.04 0.25 411 15.1 C2C305bend 461 2.3 C2C304 bend
1206 0.05 1205 175 C305str 286 10.5 N1C2C3bend 331 10.9 N1C2C3 bend
1187 8.5 CHbend 1182 1.9 CHbend 259 0.9 ring tor 288 6.2 ring tor
1150 sh 1166 60.0 N1C2str 194 0.5 ring tor 201 6.6 ring tor
1160 6.3 CHbend 60 1.5 0O4C3C2C6tor 109 0.6 ringtor
1142 0.17 2.21 1148 275 C305str 42 1.2 ring tor 55 2.3 04C3C2C6 tor

1109 0.35 2.77 1120 221.7 C305 str

a Ar matrix deposited at 11 K. Sample-to-matrix ratio 1:1158, experimental relative intensitieslons experimental relative integral intensities
measured for the single bands or for the groups of merged béhgs. calculated intensities in km midl € Abbreviations: str, stretching; bend,
bending; tor, torsion.

that the same methods failed for proline. They significantly 0.6 kJ mot? for glycine, from 0.2 to 0.3 kJ mot for alanine,
overestimated the stability of the proline confornier both and from 3.5 to 4.0 kJ mot for proline. These changes in the
with respect to the experiment and with respect to more accurateenergy do not impact our previous resuftg8® The results
CCSD and CCSD(T) results. With this in mind one can question, demonstrate that a more accurate accounting for the electron
how accurate were our previous energy results for glycine and correlation effects may be needed in some amino acids and
alanine? To check this, we performed additional calculations related systems.

of the relative energies of the glycine and alanine conformers .

| and Il that were studied before with the MP2 and DFT ©- Conclusions

methodst?20In these additional calculations we used the MP4-  Two proline conformers were identified in the combined
(SDQ) and CCSD levels of theory, the 6-8+G** basis set, matrix-isolation infrared and theoretical ab initio study: the
and MP2/aug-cc-pVDZ equilibrium geometries. The results of lowest energy conformer with a-NH—O intramolecular H
the calculations are summarized in Table 8. The main conclusionbond and the second conformer with &N---O=C H bond.
that can be derived from the analysis of the data is as follow: According to the observed integral intensities both conformers
the relative stabilities of the glycine and alanine conformers are present in the Ar matrix in approximately equal amounts.
calculated at the MP2 level are very close to the MP4(SDQ) This is in agreement with the relative energy calculations of
and CCSD ones. This is different from the results obtained for the conformers performed at the CCSD and CCSD(T) levels of
proline. This is clearly seen in Figure 8 where we show how theory. Both methods predict conformi& to be the most stable
the relative energies of glycine, alanine, and proline change with with the energy difference from conformix of less tharkT

the level of theory. Increasing accuracy of the calculations from at the matrix deposition temperature.

MP2 to MP4(SDQ) and to CCSD leads to an insignificant  The intramolecular N+-H—0O H bond in the lowest energy
decrease of the relative stability of confornier from 0.4 to conformer is much stronger than the corresponding H bond in
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TABLE 7: Observed and Calculated (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cmb) and Intensities of

Proline-d,
calculated calculated
observed proline-d; la prolined; lla observed prolined; la prolined; lla

v A € v lead assignmelt v lad assignmerit v AP g€ v lead  assignmerit v lead  assignmerst
2984 0.12 2.66 2992 33.6 C6H str 3008 10.1 C6H str 1059 0.01 0.12 1055 1.5 N1C2C3bend

2980 28.0 Ci15Hstr 2990 27.3 Cl12Hstr 1038 0.02 0.16 1041 4.4 C2C6 str
2956 0.09 2.11 2971 26.7 Cl12Hstr 2961 33.9 CI15Hstr 991 0.15 1.61 1006 35.0 C30O5str 1004 31.0 OD bend
2934 0.05 0.78 2944 314 C6Hstr 2948 27.8 C2Hstr 984 0.07 0.32 1003 41.5 OD bend 992 0.9 C12C15str
2919 0.04 0.83 2924 18.7 Ci12Hstr 2935 15.4 CG6H str 966 0.01 0.04

2923 24.3 C2Hstr 2930 13.1 Ci12Hstr 961 0.01 0.04
2884 0.10 2.56 2898 527 CI15Hstr 2884 59.1 CI15H str 949 0.01 0.07 952 7.1 C2C6str
2857 0.02 0.26 936 0.02 0.13 924 5.2 ring bend
2840 0.03 0.51 927 0.02 0.18 917 1.5 N1C2C304tor 926 6.2 C6C12str
2626 0.13 1.47 2611 45.7 ODstr 911 0.02 0.31 909 14.1 C6C12str
2617 0.08 894 0.05 050 894 3.9 Ci12Ci15str 889 15.9 N1C2C3bend
2519 0.01 0.14 2487 55 NDstr 876 0.03 0.30 871 3.2 ringbend 884 3.5 ND bend
2499 0.01 0.22 2458 159 NDstr 858 0.02 0.15 864 7.1 ring bend
2295 0.05 5.32 2347 180.2 OD str 816 0.01 0.14 807 0.9 0O4C3C2C6 tor
2248 0.05 763 0.01 0.04 770 5.6 N1C2C304 tor
1779 0.50 6.80 1794 358.5 =@ str 754 0.01 0.06 749 2.7 C2C6str
1756 0.39 5.99 1766 265.5 =D str 729 0.03 0.33
1487 0.01 0.02 1487 0.9 CHbend 1498 0.5 CHbend 722 0.02 717 6.1 C2C6 str
1461 0.02 0.33 1472 2.8 CHbend 1476 7.1 CHbend 690 0.02 0.52 691 61.1 0O4C3C2C6tor 694 7.0 N1C2C304 tor
1452 0.04 0.31 1462 3.5 CHbend 1464 5.6 CH bend 672 0.02 0.30
1387 0.07 2.39 1378 45.6 C2H bend 662 0.03 0.19
1344 0.03 0.68 1335 26 CHbend 1352 0.3 CHbend 656 0.04 0.92
1323 0.11 0.76 1327 17.4 CHbend 646 0.09 663 33.5 OD tor
1311 0.09 0.46 1316 0.3 CHbend 1315 33.0 C2Hbend 615 0.04 0.64 613 26.9 ringbend
1301 0.06 0.77 604 0.02 0.12
1292 0.07 0.43 1294 3.6 CHbend 597 0.02 0.18 587 5.3 ring bend
1287 0.06 0.30 1287 7.9 CHbend 589 0.03 0.22 583 14.4 ring bend
1281 0.12 0.94 579 0.02 0.10
1276 0.07 0.26 570 0.02 0.16 572 4.1 ring bend
1271 0.16 1.06 1267 1.3 CHbend 1279 188.1 C30O5 str 555 0.02 0.20 559 11.5 C2C304 bend
1257 0.06 1.02 1257 4.8 CHbend 1259 2.2 CHbend 552 0.02
1238 0.06 0.55 1238 16.6 CH bend 547 0.01
1227 0.16 1.92 1218 157.2 C305str 533 0.02 0.09
1222 0.16 527 0.01 0.56
1196 0.03 0.22 1196 27.1 CH bend 522 0.06 517 27.0 ND tor
1188 0.03 0.20 1180 10.8 CH bend 518 0.02
1178 0.05 0.37 1173 26 CHbend 510 0.03 0.08
1168 0.08 0.52 1166 27.3 CH bend 450 0.03 0.87 446 43.0 ODtor 454 2.2 C2C304 bend
1155 0.06 0.81 1145 53.9 N1C2str 430 0.10 0.77 399 14.9 C2C305 bend
1139 0.06 0.76 278 4.2 N1C2C3bend 311 4.9 ring bend
1123 0.10 1.47 1124 329 NI1C2str 253 1.2 ring tor 278 8.9 C2C305 bend
1111 0.03 191 1.3 ring bend 200 6.5 C2C3C6 bend
1100 0.05 0.34 1098 4.2 CHbend 1098 17.1 CH bend 71 1.3 04C3C2C6tor 107 0.5 ringtor
1087 0.02 0.30 41 1.4 ting tor 55 2.3 04C3C2C6 tor

a Ar matrix deposited at 11 K. Sample-to-matrix ratio 1:50@, experimental relative intensitieslo,s experimental relative integral intensities
measured for the single bands or for the groups of merged béhgs. calculated intensities in km midl € Abbreviations: str, stretching; bend,
bending; tor, torsion.

TABLE 8: Energies (au, First Row) and Relative Stabilities (kJ mol, Second Row) of the Lowest Energy Glycine and Alanine
Conformers | and Il Calculated at the Different Levels of Theory?2

method | 1]
Glycine
MP2/6-3H+G**//MP2/aug-cc-pVDZ —283.658646 —283.657801
0.0 2.2
MP4(sdq)/6-3%++G**//MP2/aug-cc-pVDZ —283.689727 —283.688739
0.0 2.6
CCSD/6-31%+G**//MP2/aug-cc-pVDZ —283.687728 —283.687728
0.0 2.8
Alanine
MP2/6-3H+G**//[MP2/aug-cc-pVDZ —322.857263 —322.855712
0.0 4.1
MP4(sdq)/6-3%++G**//MP2/aug-cc-pVDZ —322.898151 —322.896502
0.0 4.3
CCSD/6-31%+G**//MP2/aug-cc-pVDZ —322.896119 —322.894451
0.0 4.4

aRelative energies were calculated with respect to the glycine and alanine conférmers

other amino acids. This stronger H bond makes the proline other amino acids where thia conformer dominates. The
conformerlla more stable than conforméa. This is unlike calculated relative stabilities of the proline conformers are
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MP2/aug-ce-pVDZ
geometries

N
st

DFT/aug-ce-pVDZ
geometries

G;\.

CCSD/6-31++G**
MP4(sdq)/aug-cc-pVDZ

MPA(sdq)/6-31++G**

MPA(sdiq)6-3L++G*
CCSD(TY6-31++
MP4(sdq)/aug-cc-pVDZ

MP2/6-31++G**

MP2/aug-co-pVDZ
MP2/aug-ce-pVDZ

Figure 8. Relative stability of conformelt
I: (@) proline; (a) glycine; @) alanine.

with respect for conformer

consistent with their IR spectral manifestations. The shifts of

the bands in the proline IR spectra due to the N—O H bond
are stronger in comparison to other amino acids.
The DFT/B3LYP and MP2 methods failed to predict correc

relative energies of the two lowest energy proline conformers. 243
Both methods provided too high energy differences and ruled

out the presence of conformier at the experimental conditions.
This was corrected when the CCSD method was applie
Although the relative stabilities of conformdrandll calculated

for several amino acids (glycine, alanine, valine) at the MP

and DFT levels of theory were in agreement with the CCSD

results, this was not the case for proline. Thus the CCSD meth
should be applied to calculate relative energies in future studi
of other amino acids and related systems.
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