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The vibrational motions of the model peptide unit represented by the main-chain carbonyl carbon, oxygen,
nitrogen, and amide hydrogen are analyzed quantum-mechanically using formamide,cis-N-methylformamide,
trans-N-methylformamide,N,N-dimethylformamide, L-alanyl-L-alanine, andN-benzoylphenylalanine as
dynamical models. To make this analysis computationally feasible, the peptide unit vibrational motions
were first separated from the remaining molecular vibrational motions by means of the crude adiabatic
(Born-Oppenheimer) approximation, and then, using the same approximate separation, the peptide unit
dynamical problem was separated into sets of high- and low-frequency subproblems. Importantly, the
simplest dynamical (one-dimensional) problem based on the separation of the amide out-of-plane motion
from the rest of the peptide unit motions allows for a physically correct description of the effective
“ground state” molecular geometry of all studied systems. The separation is thus believed to be also
suitable for reliable estimation of the dynamical effects on the geometry of the peptide unit in other molecular
systems.

Introduction

The peptide unit according to the IUPAC-IUB definition
including the group of atoms-CHR-CdO-NH- is an
essential structural element of proteins. Due to conjugation
between the carbonyl and amine groups (see Figures 1 and 2),
the CN bond (known as a peptide bond) has a partial double-
bond character, which prevents internal rotation around this
bond. Consequently, the whole arrangement of the four C, O,
N, H atoms and two attached carbon atoms is expected to be
planar. The peptide bond and its planarity are among the
essential structural features discovered by Pauling1,2 and suc-
cessfully applied to properties of secondary structure
elements. On the other hand, Ramachandran showed that
nonplanarity of peptide bonds is an internal property of cyclic
peptides; thus there is need for nonplanarity as another feature
in polypeptide chains.3 According to numerous theoretical
and experimental studies (see, e.g., refs 4-13), however, the
peptide unit atoms exhibit a quasiplanar arrangement with
departures from planarity, which should be considered in any
quantitative refining of X-ray and NMR structures and
rationalizing of NMR relaxation data (see, e.g., refs 14-16).
Esposito4 confirmed that significant departure from planarity
is strictly correlated with the values of the adjacentψ angle,
e.g., that the side chain character on the CR adjacent to the
carbonyl carbon influences the peptide bond properties. There-
fore, to complete these studies, accurate dynamical calculations
are necessary. The only practical way to perform such calcula-
tions while taking all relevant dynamical degrees of freedom
into consideration is to utilize molecular dynamics simulations
(see, e.g., ref 8 and references therein), which are feasible even
in the case of very large systems and ideally suited for the
exploration of structural dynamical effects. However, the
accuracy of these calculations is strongly limited by the

drawbacks of the available representations of molecular
force fields. In the case of the peptide unit, these representa-
tions seem to fail especially in describing the pyramidal-
ization phenomena at the peptide unit nitrogen atom.7,8,17 As
in the case of the amino unit of the nucleic acid bases,18

pyramidalization of the peptide unit is a truly collective
motion (involving all the unit atoms), which is opposed by a
profoundly anharmonic potential (see, e.g., ref 7). Consequently,
using the standard normal coordinate based vibrational
models for describing its dynamics (see, e.g. ref 8 and references
therein) is inadequate; more suitable alternatives are desirable.
One such alternative has already been probed by Brown
et al.,19 where these authors, using the so-called semirigid-bender
vibrational Hamiltonian,20 reanalyzed all the vibration-rotation
data of formamide related to the molecular planarity and its
out-of-plane NH2 vibration. The analysis has revealed that
(a) formamide possesses a very shallow single-minimum
inversion potential, (b) during inversion, the amino group
rotates around the CN bond with thesyn-hydrogen staying closer
to the NCO plane than theanti-hydrogen, (c) the formyl
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Figure 1. Definition of internal coordinates in the peptide unit.
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hydrogen moves in the direction opposite to that of the amino
hydrogens, whereas the CN bond lengthens as the amino
hydrogens move out-of-plane. Similar findings were also
obtained for cyanamide and vinylamine21,22 and are promising
in terms of the transferability of the forces associated with
pyramidalization motion.

Although formally one-dimensional, the semirigid-bender
approach allows for all the important interaction terms from
potential energy as well as rotation-vibration interaction terms
from kinetic energy, namely by making it possible for the
molecular valence coordinates to vary with the reference
coordinate (i.e., the inversion coordinate in the case of forma-
mide and vinylamine). The shapes of these variations area priori
unknown, and their determination requires the corroboration of
appropriate experimental orab initio data.

The semirigid-bender approach is formally simple and easily
extensible to larger molecular systems. However, the approach
is also beset by inaccuracy, which cannot be determined within
its framework. Therefore, to gain insight into its prospects and
reliability in the case of larger peptides/proteins, we found it
worthwhile to probe it within the framework of the nonrigid-
bender approach,23,24 which enables a quantitative accounting
for the dynamical interactions. The actual probing is performed
by means of model calculations using formamide,cis-N-
methylformamide, trans-N-methylformamide,N,N-dimethyl-
formamide,L-alanyl-L-alanine andN-benzoylphenylalanine as
model molecules. The calculations are kept feasible by reducing
the dimensionality of the dynamical problems by means of the
adiabatic (Born-Oppenheimer) separation of motions with
various energy contents (see, e.g., refs 25 and 26).

Computational Details

Theab initio calculations are performed stepwise. In the first
step, the equilibrium geometry (energy global minimum) and
vibrationally distorted geometries (energy optima for molecular

configurations described by fixed values of explicitly treated
vibrational coordinates with the remaining geometry parameters
allowed to relax) are determined by means of the Gaussian
program suite.27 For formamide,cis-N-methylformamide,trans-
N-methylformamide, andN,N-dimethylformamide the MP2
method28 is used with the AUG-cc-pVDZ basis set.29 The
structures ofL-alanyl-L-alanine andN-benzoylphenylalanine
were taken from the Cambridge structural database (CSD)30

under the CSD identifiers ALALHC31 and ECAMIE.32 The
optimization calculations onL-alanyl-L-alanine andN-ben-
zoylphenylalanine are performed using the RI-MP2/AUG-cc-
pVDZ approach33 and the B3LYP functional34 with the 6-31G**
basis set,35 respectively. In the second step, the actual (grid-
point) energies of the equilibrium and vibrationally distorted
molecular structures are calculated using the CCSD/AUG-cc-
pVDZ approach36 for formamides and the RI-MP2 and
RI-CC2 (ref 37) approaches (as implemented in the Turbomole
program38 with the AUG-cc-pVDZ auxiliary “RI” basis
set39 for L-alanyl-L-alanine andN-benzoylphenylalanine, re-
spectively.

The dynamical calculations are performed within the frame-
work of the nonrigid-bender formalism23,24 using a nonrigid
molecular reference following closely the N out-of-plane (F)
motion and geometrically defined (curvilinear) valence coor-
dinates (Φ) measuring the vibrational displacements from this
reference. The appropriate Hamiltonian acquires the following
form

In (1), Φ is the vector of the vibrational coordinates; the
quantum mechanical operators corresponding toJF andPm are
-ip(∂/∂F) and -ip(∂/∂m), respectively;V(F,Φ) is the total
potential energy;Vpseudo(F,Φ) comprises all the terms arising
from the vibrational dependence ofµFF (the out-of-plane
component of the tensor, which is the inverse of the 4× 4
generalized (HBJ) molecular inertia tensor) andGkl (the matrix
elements of the generalized vibrationalG matrix); for details
see refs 24 and 40.

Effective, state-dependent molecular geometries are evaluated
as the following average valence bond lengths/angles

where Ψi(F,Φ) is the vibrational wavefunction of a given
vibrational statei.

To make a comparison for comparing with diffraction data
involving contributions from all the populated molecular states
possible, the following thermal average characteristics are also
evaluated

whereEj are vibrational energies,T is a vibrational temperature,
andk is the Boltzmann constant.

Results and Discussion

Formamide. The simplest molecular model for studying
dynamical properties of the OCNH peptide unit is provided by
the formamide molecule. Nevertheless, despite this simplicity
(which is only relative as the molecule possesses 12 vibrational
degrees of freedom), the abundance of highly accurate micro-
wave and infrared spectral data,41-48 and numerous theoretical

Figure 2. CPK ball and stick models of studied molecules: (A)
formamide; (B)N-methylformamide (trans); (C) N-methylformamide
(cis); (D) N,N-dimethylformamide; (E)L-alanyl-L-alanine; (F) N-
benzoylphenylalanine.
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studies (see, e.g., refs 49 and 50 and references therein),
resolving its structure may still seem to be a delicate problem:
whereas the most accurate theoretical studies strongly support
its planarity, the experimental data can be rationalized equally
well by considering it to be either planar or nonplanar. In our
opinion, the uncertainty concerning the molecular planarity is
only apparent because of an improper comparison of the
equilibrium theoretical characteristics with the experimental data,
which were affected by the dynamical effects of molecular
vibrations. To prove this, we ran several dynamical calculations
and evaluated dynamically corrected characteristics, which are
suitable for comparison with the available experimental data.
To gain insight into the accuracy limits of the semirigid-bender
model being probed, three kinds of dynamical calculations were
performed using the following adiabatic separations for the total
vibrational wavefunctionΨ(F,Φ)

and

where the out-of-plane coordinateF measures the distance of
the N atom from the plane formed by the C atom and the H
atoms of the NH2 group; and the symmetry coordinatesS2 and
S3 are the following combinations of the valence angles of the
CNH2 fragment (see Figure 1)

and

and,Φ, Φ′, andΦ′′, the “remaining” vibrational coordinates,
are assumed to respond adiabatically to the changes in the
explicitly treated motionsF, S2, S3, and rNH′, rNH′′, rCN,
respectively.

Obviously, the first separation scheme (4) provides the first-
principles theoretical rationalization of the semirigid-bender
theory for theF motion in a one-dimensional potentialVeff(F),
generated by the remaining molecular motions. In the second
scheme (5), the pyramidalization at the N atom is treated as a
collective bending motion in an effective energy-minimum-path
potentialVeff(F,S2,S3) obtained through optimizing molecular
energies on a three-dimensionalF X S2 X S3 grid of molecular
configurations. The third type of the adiabatic separations (6)
describes the N atom, which involves stretching (“high-
frequency”) motions adiabatically separated from the other
molecular motions.

From the aspect of the energy contents of the vibrational
degrees of freedom, fairly quantitative separation of the mo-
lecular motions can be expected for the low-frequency (νofp ∼
300 cm-1) out-of-plane and high-frequency (νNH ∼ 3500 cm-1)
NH stretching motions. Less quantitative results are to be
expected for the separation of the out-of-plane and medium-
frequency (νCN ∼ 1250 cm-1) CN stretching motions (the
purpose of treating of the slower CN stretching motion
simultaneously with the truly high-frequency NH stretchings
in Scheme (6) is to account for the relatively strong “CN vs
NH” kinematic interactions). The suitability of the adiabatic
separation (4) of the out-of-plane motion from the vibrational
bending motions involving the NH2 fragment is shown
in Figures 3 and 4 (the couplings of theS3 bending and
OCNHcis dihedral motions with the out-of-plane motion are
the very same as those of theirS2 and OCNHtrans

counterparts): Although the energy minimum motion is opposed
by a very shallow potential, the motions “perpendicular” to it
are hindered by steeper potentials. From this point of view, the
out-of-plane motion is the only low-frequency motion of
formamide and may be thus assumed to be reasonably
tractable by means of a one-dimensional theory (4). Apparently,
a fairly accurate separation can be expected when dealing

Figure 3. VF,S2,S3)0 section of the total potential energy of formamide.

Figure 4. VF,τ section of the total potential energy of formamide.

TABLE 1: Experimental and Calculated Vibrational Frequencies of Formamide (in cm-1)

mode expa expb calc 1c calc 2d calc 3e calc 4f calc 5g calc 6h calc 7i

aνNH 3570 3566 3958 3754 3609 3560
sνNH 3448 3443 3825 3605 3486 3531
νCN 1255 1260 1334 1281 1309 1320
νinv 288.7 402.5 294.0 114.3 285.8 295 0 283.0 292.4
2νinv 657.3 805.0 655.3 228.6 650.0 681.9 648.4 681.4
3νinv 1058.3 1207.5 1049.2 342.9 1059.1 1122.9 1064.4 1124.4

a Reference 46.b Reference 47.c Calculated using the class II peptide quantum mechanical force field.17 d Semirigid-bender calculations.19

e This study: Harmonic approximation.f This study: 3D calculations (“exact” kinetic energy).g This study: 3D calculations (approximate kinetic
energy).h This study: 1D calculations (“exact” kinetic energy).i This study: 1D calculations (approximate kinetic energy).

Ψ(F,Φ) ) ψ(rNH′,rNH′′,rCN) ø(Φ′′;rNH′,rNH′′,rCN) (6)

S2 ) (2R1 - R2 - R3)/6
1/2 (7)

S3 ) (R2 - R3)/2
1/2 (8)

Ψ(F,Φ) ) ψ(F) ø(Φ;F) (4)

Ψ(F,Φ) ) ψ(F,S2,S3) ø(Φ′;F,S2,S3) (5)
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with dihedral deformations. The accuracy of the separation of
valence bending motions from out-of-plane motion does not
seem to be as promising. Therefore, to gain insight into its
limitations, three-dimensional calculations are also performed,
which account explicitly for all the valence bending motion
interactions (see (5)).

The results of the actual calculations are collected and
compared with the experiment in Tables 1-3. As can be seen

in Table 1 (the columns “calc 3” and “calc 6”), the assumption
of accurate separability of pyramidalization motion from the
other vibrational motions is nicely corroborated: The three and
one-dimensional inversional (out-of-plane) energies coincide
closely. It should be emphasized, however, that caution is
required when accounting for kinematic effects: The ap-
proximate kinetic energy operator obtained in this study by
disregarding the stretching intermode kinematic couplings and
vibrational dependence of the inversional reduced mass does
not allow for quantitative calculations (cf. “calc 4” vs “calc 5”
and “calc 6” vs “calc 7”). Not surprisingly, the description of
the inversional (out-of-plane) motion by means of harmonic
approximation is thoroughly inadequate.

Apart from the close coincidence of the nonrigid-bender and
rigid-bender inversional energies, there is also a close harmony
between the corresponding effective geometries of the ground
vibrational state (see the rows “calc 3” and “calc 4” in Table
2). Importantly, the calculated characteristics reasonably coincide
with their counterparts derived from the microwave data under
the assumption of a nonplanar molecular structure. In other
words, the calculated effective geometries agree reasonably well
with the experimental data, thus showing the correctness of the

TABLE 2: Experimentally Determined and Calculated Molecular Geometries of Formamidea

source rNH
trans rNH

cis rCN rCH rCO R1 R2 R3 â1 â2 â3 τtrans τcis

expb 1.002(5) 1.014(5) 1.376(10) 1.102(10) 1.193(20) 118.88(67) 120.62(67) 117.15(67) 122.97(67) 113.14(67) 123.80(67) 12(5) 7(5)
expc 1.002(3) 1.002(3) 1.352(12) 1.095(10) 1.219(12) 121.6(3) 120.0(5) 118.5(5) 122.5(20) 112.7(20) 122.5(20) 0.0 0.0
expd 1.027 1.027 1.368 1.125 1.212 121.6 119.7 118.7 122.3 112.7 125.0 0.0 0.0
calc 1e 1.000 1.003 1.354 1.097 1.212 119.6 121.1 119.3 123.0 112.0 125.0 0.0 0.0
calc 2f 1.00986 1.01245 1.36793 1.11051 1.22832 119.63 121.11 119.26 122.83 112.60 124.57 0.0 0.0
calc 3g 1.01200 1.01501 1.37381 1.11039 1.22803 117.32 119.19 117.55 122.78 112.63 124.61 15.5 8.6
calc 4h 1.01138 1.01378 1.37192 1.11040 1.22803 118.04 119.59 117.86 122.79 112.52 124.65 16.0 8.0

a Bond distances in Å, valence angles in degrees.b Reference 43. Nonplanar structure assumed.c Reference 44. Planarrs structure.d Reference
54. Planar structure assumed.e Best theoretical estimate of the equilibrium structure.50 f This study: equilibrium structure.g This study, ground
state: 3D calculations (“exact” kinetic energy).g This study, ground state: 1D calculations (“exact” kinetic energy).

TABLE 3: Inversional Molecular Geometries of Formamidea

state rNH
trans rNH

cis rCN R1 R2 R3 ΣiRi τtrans τcis

3D
Vinv ) 0 1.01200 1.01501 1.37381 117.32 119.19 117.55 354.07 15.5 8.6
Vinv ) 1 1.01432 1.01705 1.38018 114.92 116.85 115.52 347.29 24.4 14.2
Vinv ) 2 1.01584 1.01829 1.38399 113.32 115.41 114.51 343.25 28.5 16.5
Tavb 1.01233 1.01530 1.37470 116.98 118.86 117.28 353.12 16.7 9.3

1D
Vinv ) 0 1.01138 1.01378 1.37192 118.04 119.59 117.84 355.47 16.0 8.0
Vinv ) 1 1.01357 1.01583 1.37809 115.79 117.35 115.60 348.73 24.5 14.1
Vinv ) 2 1.01487 1.01704 1.38176 114.78 116.04 114.29 344.81 28.2 16.6

a Bond distances in Å, valence angles in degrees.b Thermal average values (T ) 300 K).

TABLE 4: Experimental and Calculated Vibrational
Frequencies oftrans-N-Methylformamide (in cm-1)

mode expa expb calc 1c calc 3d calc 4e calc 5f calc 6g calc 7h

νNH 3480 3490 3867 3665 3502 3498
νCN 1201 1207 1304 1248 1330 1258
ν(Me)CN 946 951 1001 983 1029 1128
νinv 328 251 264 249 260
2νinv 570 601 568 601
3νinv 918 986 913 980

a Reference 55.b Reference 56.c Calculated using the class II peptide
quantum mechanical force field.17 d This study: harmonic approxima-
tion. e This study: 3D calculations (“exact” kinetic energy).f This
study: 3D calculations (approximate kinetic energy).g This study: 1D
calculations (“exact” kinetic energy).h This study: 1D calculations
(approximate kinetic energy).

TABLE 5: Inversional Molecular Geometries of trans-N-Methylformamidea

state rNC(Me) rNH rNC(O) R1 R2 R3 ΣiRi τtrans τcis

equilb 1.45888 1.01139 1.36323 118.52 120.55 120.93 360.0 0.0 0.0

3D
Vinv ) 0 1.45958 1.01286 1.36664 116.85 118.68 121.58 357.11 9.3 6.3
Vinv ) 1 1.46213 1.01450 1.37157 115.17 117.15 120.43 352.75 16.6 11.5
Vinv ) 2 1.46439 1.01527 1.37390 114.39 116.33 119.45 350.17 17.8 12.2
Tavc 1.45984 1.01300 1.36707 116.71 118.54 121.46 356.71 12.5 8.2

1D
Vinv ) 0 1.45950 1.01284 1.36660 116.86 118.70 121.61 357.17 9.3 6.3
Vinv ) 1 1.46193 1.01447 1.37149 115.19 117.18 120.51 352.88 16.6 11.5
Vinv ) 2 1.46416 1.01525 1.37385 114.40 116.37 119.55 350.32 17.8 12.2

a Bond distances in Å, valence angles in degrees. Experimental values:57 rNC(Me) ) 1.459(6),rNC(O) ) 1.366(8),R3 ) 121.4(9).b This study,
equilibrium structure.c Thermal average values (T ) 300 K).
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profoundly nonplanar geometries predicted for higher inversional
states (see Table 3).

trans- and cis-N-Methylformamide . Having the N atom
attached to two carbon atoms,N-methylformamides seem to
be more suitable model systems for studying the peptide bond
than formamide (interestingly enough, the OCNH configuration
of the more stabletrans isomer is adopted by the great majority
of natural peptides). Unfortunately, the relevant experimental
data are too scarce to allow for a detailed testing of the probed
theory. Nevertheless, as can be seen in Tables 4-7, the actual
calculations (the very same as in the case of formamide) prove
reasonable adequacy of the semirigid-bender approach for
describing the dynamics of the low-frequency out-of-plane
motion and its dominant influence on the dynamical geometry
parameters. As in the case of formamide, the calculations show
the failure of the standard harmonic approximation to provide
a reasonable description of the pyramidalization phenomena.
Although the performance in describing the medium-frequency
molecular motions (both stretching and bending) is poor, the
adiabatic separation works reasonably for the high-frequency
NH stretching motion.

N,N-Dimethylformamide. Having substituted its peptidic
hydrogen by methyl, the molecule appears to be a less suitable

model system than methylformamides. Moreover, the molecular
dynamics is strongly complicated by the coupled torsions of its
methyl groups. Consequently, the only available (electron
diffraction) geometry data51 are insufficient for us to be able to
determine the molecular geometry decisively, and adequate non-
rigid-bender theoretical models have too high a dimensionality
to be practical. For these reasons, only one-dimensional
semirigid-bender calculations were performed. Qualitatively, as
can be seen in Table 8, the results are similar to those obtained
for formamide and methylformamides: Despite of planarity of
the equilibrium configuration, the average geometries are
significantly distorted from this configuration. On the contrary,
the predicted dihedral deformations are not in quantitative
agreement with their counterparts derived from the experiment.
The resolution of this disharmony would require either additional
experimental data or much more extensive theoretical calcula-
tions. In any case, the OCNC unit ofN,N-dimethylformamide
exhibits similar dynamical behavior as the OCNH unit in the
remaining studied systems.

L-Alanyl -L-alanine andN-Benzoylphenylalanine. In prin-
ciple, these two molecules can both be studied at the same level
of theory as the previous models. In practice, however, these
calculations would be highly impractical and certainly not
extendable to larger peptides, which are of real interest.
Therefore, to probe the prospects of the procedures that make
calculations on large molecules feasible, we performed our
calculations using the RI-MP2 and RI-CC2ab initio methods
and only a one-dimensional semirigid-bender dynamical model.
The results of these calculations are shown in Tables 9 and 10.
A brief inspection of these tables reveals fairly reasonable
harmony between the calculated and experimentally determined
characteristics. Importantly, the geometry characteristics cal-
culated using the Wilson-DeciusG matrix representation for
the molecular kinetic energy operators closely agree with their
“exact” counterparts, thus proving physical legitimacy of this
simplifying approximation, which avoids the awkward tedium
of the exact evaluation of the kinetic energy operator (see, e.g.,
ref 52).

TABLE 6: Experimental and Calculated Vibrational
Frequencies ofcis-N-Methylformamide (in cm-1)

mode expa calc 1b calc 3c calc 4d calc 5e calc 6f calc 7g

νNH 3452 3811 3632 3483 3480
νCN 1302 1386 1307 1335 1257
ν(Me)CN 1144 1069 1018 1026 1132
νinv -75 259 272 248 259
2νinv 564 599 545 578
3νinv 869 962 865 934

a Reference 56.b Calculated using the class II peptide quantum
mechanical force field.17 c This study: harmonic approximation.d This
study: 3D calculations (“exact” kinetic energy).e This study: 3D
calculations (approximate kinetic energy).f This study: 1D calculations
(“exact” kinetic energy).g This study: 1D calculations (approximate
kinetic energy).

TABLE 7: Inversional Molecular Geometries of cis-N-Methylformamidea

state rNC(Me) rNH rNC(O) R1 R2 R3 ΣiRi τtrans τcis

equilb 1.45523 1.01488 1.36688 116.24 120.28 123.48 360.0 0.0 0.0

3D
Vinv ) 0 1.46480 1.01504 1.36989 116.95 119.78 120.55 357.28 6.5 8.4
Vinv ) 1 1.46806 1.01627 1.37463 115.65 118.10 119.09 352.84 11.8 15.7
Vinv ) 2 1.47045 1.01707 1.37785 114.80 117.00 118.11 349.91 12.9 17.6
Tavc 1.46501 1.01512 1.37019 116.87 119.68 120.45 357.00 6.8 8.8

1D
Vinv ) 0 1.46481 1.01514 1.36979 117.07 119.47 120.65 357.19 6.7 8.7
Vinv ) 1 1.46754 1.01653 1.37437 115.58 117.98 119.15 352.71 12.2 16.1
Vinv ) 2 1.46952 1.01740 1.37785 114.63 117.02 118.20 349.85 13.0 18.9

a Bond distances in Å, valence angles in degrees.b This study, equilibrium structure.c Thermal average values (T ) 300 K).

TABLE 8: 1D Inversional Molecular Geometries and Energies ofN,N-Dimethylformamidea

state rNC1 rNC3 rNC4 R1 R2 R3 ΣiRi τtrans τcis Einv

equilb 1.45484 1.45255 1.36731 117.54 121.55 120.91 360.0 0.0 180.0
expc 1.453(4) 1.453(4) 1.391(7) 113.9(5) 122.3(4) 120.8(3) 357.0 11.4(39) 16.3(45)
Vinv ) 0 1.45585 1.45375 1.36871 117.24 120.96 120.32 358.52 4.7 6.8 0.0
Vinv ) 1 1.45753 1.45580 1.37120 116.67 119.98 119.37 356.02 8.6 12.9 159
Vinv ) 2 1.45881 1.45737 1.37313 116.22 119.24 118.69 354.15 9.7 14.8 342
Tavd 1.45607 1.45402 1.36904 117.17 120.83 120.20 358.20 5.1 7.4

a Bond distances in Å, valence angles in degrees, energies in cm-1. b Ab initio equilibrium structure determined in this study.c Experimental
geometry parameters (rg bond lengths andrR bond angles).51 d Thermal average values (T ) 300 K).
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Conclusions

The collective “pyramidalization” vibrational distortion (re-
moved from the vibrational dynamical problem and considered
as a generalized rotation by allowing the molecular reference
configuration to be a function of the out-of-plane motion
coordinate) of the peptide unit OCNH in the formamide,cis-
N-methylformamide,trans-N-methylformamide,N,N-dimethyl-
formamide, L-alanyl-L-alanine, andN-benzoylphenylalanine
molecules can be adiabatically separated from the other mo-
lecular motions. The separation allows for a physically correct
description of the effective (dynamical) “ground vibrational
state” molecular geometry of the OCNH unit of the studied
molecules. It is therefore not unthinkable to expect that the same
separation would allow for reliable estimating of the dynamical
effects on the geometry of the peptide unit in larger molecular
systems.

The “pyramidalization” motion of OCNH is profoundly
curvilinear and anharmonic. Hence, it cannot be described
properly using the concept of the standard normal coordinate.
The motion is opposed by a pot-like potential with a very flat
bottom, which makes OCNH fairly floppy. Because of this, the
equilibrium structure of OCNH does not truly reflect its
“physical” structure, which is much better represented by the
vibrationally averaged structures.

The NH stretching frequency of the peptide bond of the
studied model systems exhibits a high degree of the adiabatic
separability from the other vibrational motions and thus seems
to be a simple indicator of the presence and strengths of a
peptidic NH bond.53
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