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Planarity of the XC(d)NHY linkage has been investigated in unprecedented detail in a number of relatively
simple compounds, including formamide (X) Y ) H), acetamide (X) CH3, Y ) H), urea (X) NH2, Y
) H), carbamic acid (X) OH, Y ) H), and methyl carbamate (X) OCH3, Y ) H). Reliable estimates of
the equilibrium structures of formamide, cyanamide, acetamide, urea, carbamic acid, methylamine, dimethyl
ether, and methyl carbamate are derived, mostly for the first time. It is shown that formamide, considered
prototypical for the amide linkage, is not typical as it has a planar equilibrium amide linkage corresponding
to a single-minimum inversion potential around N. In contrast, several molecules containing the CONH linkage
seem to have a pyramidalized nitrogen at equilibrium and a double-minimum inversion potential with a very
small inversion barrier allowing for an effectively planar ground-state structure. Observables of rotational
spectroscopy, including ground-state inertial defects, quadrupole coupling and centrifugal distortion constants,
and dipole moment components, as well as equilibrium CdO and C-N bond lengths are reviewed in their
ability to indicate the planarity of the effective and possibly the equilibrium structures.

1. Introduction

The XC(dO)NHY linkage, under the assumption Y) H
called the amide linkage, or referred to as the peptide link-
age, is genrally assumed to have a planar structure.1 This is
usually attributed to the contribution of a resonance structure
O--CXdN+HY, which induces a partial double bond character
of the C-N bond.1 Wiberg and co-workers2 proposed that the
resonance structure O-C+X-:NHY is another major contributor
to the overallπ-electron charge distribution in amides. Whatever
is the most pedagogical interpretation of the assumed planarity
of the XC(dO)NHY linkage, contributions of resonance struc-
tures can be changed by interactions with the environment of
the linkage represented by the substituents X and Y, which may
result in deviations from planarity.2-5 Furthermore, it is shown
in this study that many of the molecules containing the
XC(dO)NHY linkage are not planar at equilibrium. Therefore,
explaining their planar ground-state structure by arguments
based on equilibrium properties is somewhat controversial.

As to planarity, the simple molecules containing the
C(dO)NH linkage considered in this study can be divided into
three groups: (i) all of the atoms of the molecule lie in a plane,
i.e., the point-group symmetry of the molecule is at leastCs;
(ii) all of the atoms of the molecule lie in a plane except pairs
of hydrogen atoms which are situated symmetrically about the
plane of symmetry, i.e., the point-group symmetry of the
molecule isCs; and (iii) molecules which do not have a plane
of symmetry. Rotational spectroscopy and high-level quantum

chemical calculations are the most suitable methods available
today to determine which of these categories a molecule belongs
to. Furthermore, since rotational transitions correspond to
effective structures while electronic structure calculations in their
simplest form determine equilibrium structures, in certain cases
the question whether the molecule has a plane of symmetry or
not at its equilibrium or vibrationally averaged state arises
naturally.

The molecule considered prototypical for the amide linkage
is formamide, HCONH2, i.e., X ) Y ) H. The planarity of the
equilibrium structure of formamide, corresponding to a single-
minimum inversion potential, has been the subject of numerous
spectroscopic and quantum chemical investigations. The rich
history is reviewed nicely, for example, in ref 3. The interested
reader is referred to this paper and the original publications for
details. The large number of investigations reflects the subtlety
of the issues related to planarity. Although the most recent
computational3,5 and experimental (empirical)6 studies proved
beyond reasonable doubt theCs point-group symmetry of the
Born-Oppenheimer equilibrium structure,re

BO, of formamide,
an re

BO consistent with all available experimental and quantum
chemical information has not been derived. An aim of the
present study thus has been to derive a representation of the
equilibrium structure of formamide. The resultingr(C-N) and
r(CdO) bond lengths, central to resonance models explaining
the planarity of the amide linkage, are given special attention,
not only in formamide but also in a number of related
compounds, most containing the XC(dO)NHY linkage, in order
to provide dependable results for meaningful structural com-
parisons.

The question of the planarity of the CONH linkage is
considerably more interesting in those molecules that are
suspected not to have a single-minimum inversion potential
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around N but contain a pyramidalized nitrogen at equilibrium.
In these cases, the inversion barrier might be so small that,
although the equilibrium structure is nonplanar, the effective
structure determining the spectroscopic observables is in fact
planar. A prototypical molecule which has been suspected to
show such behavior is methyl carbamate (MC, H2NC(O)OCH3,
X ) OCH3 and Y ) H, see Figure 1). To substantiate claims
about planar vs nonplanar CONH linkages, measurements in
the microwave regions and fitting of effective Hamiltonians have
been performed on MC as part of this study. Furthermore,
electronic structure calculations, pushed to the technical limits,
have been executed for this molecule, as well. This study
establishes that the equilibrium structure of MC has a nonplanar
heavy-atom skeleton.

The equilibrium structures of further molecules, cyanamide
(NH2CN), acetamide (X) CH3, Y ) H), urea (X) NH2, Y )
H), and carbamic acid (CA, X) OH, Y ) H), have been
investigated to gain further insight into the planarity of the amide
linkage. The main question here is whether the single-minimum
Born-Oppenheimer equilibrium potential of formamide or the
double-minimum curve of MC should be considered typical for
the amide linkage. Similarly to MC, cyanamide, acetamide, urea,
and carbamic acid all have a pyramidalized equilibrium amide
linkage, as confirmed by high-level electronic structure calcula-
tions of this study consistent with the available experimental
information. Note that carbamic acid was also studied because
MC is its ester and because the nonplanarity of some peptide
linkages was suggested to be related to the low potential barrier
of the methyl group they contained.7

Since most of the new purely experimental information
presented in this paper is related to MC, it is appropriate to
point out the importance of the experimental and theoretical
results available for this molecule in more detail than for the
other compounds investigated.

Methyl carbamate is a structural isomer of the simplest amino
acid, glycine, H2NCH2COOH. MC has a series of biological
effects, and there are pharmaceutical applications of these.8 Detec-
tion of MC in interstellar space appears to be plausible because
it might be more abundant than glycine, as its energy is lower,
and because its rotational spectrum, investigated in the labora-
tory,8,9 is more intense. In the one conformer of MC found in
the laboratory, the methyl and carbonyl groups are in syn confor-
mation (Figure 1). This observation received confirmation by
electronic structure computations.9 Components of the dipole
moment vector of MC were determined experimentally by the
Stark effect.8 Accurate values of the14N quadrupole coupling
constants and of the centrifugal distortion constants were deter-
mined by Fourier transform microwave (MWFT) and millime-
terwave (MMW) spectroscopies, respectively.9 An approximate
and preliminary value for the barrier to internal rotation of the
methyl group in MC has also been determined in ref 9.

Contrary to glycine, for which accurate estimates ofre
BO of

the two lowest-energy conformers, Gly-Ip and Gly-IIn ,10 have

become available,10-13 there is no accurate equilibrium structure
available for MC. One of the goals of the present paper is to
fill this gap. As part of this work, the spectroscopic constants
of MC, including its dipole moment components, quartic
centrifugal distortion constants, harmonic and anharmonic
vibrational frequencies, and quadrupole coupling constants, are
calculated ab initio. An additional aim of this study has been
to check the predictive power of lower-level ab initio methods
in prevision of spectroscopic studies of larger molecules of
biological interest and of structure similar to MC. Finally, the
potential curve of and barrier to the methyl internal rotation is
calculated as this motion also affects the determination of the
equilibrium structure of MC. It is known that sophisticated ab
initio methods permit the accurate determination of potential
curves and the associated barriers of small molecules,14,15 but
there is a lack of reliable information for larger molecules.

The paper is organized in the following way. Section 2
describes the computational methods used for the detailed study
of the different molecules. Section 3 is dedicated to the
equilibrium and effective structures of formamide (3.1), cyana-
mide (3.2), acetamide (3.3), urea (3.4), carbamic acid (3.5), and
methyl carbamate (3.6). For methyl carbamate, the different
aspects studied include its ab initio structure (3.6.1), planarity
of the CONH linkage (3.6.2), the barrier to internal rotation
(3.6.3), the harmonic force field and the subsequent centrifugal
distortion constants (3.6.4), and the quadrupole coupling
constants (3.6.5). In sections 3.7 and 3.8, CO and CN bond
lengths are investigated employing a series of molecules
structurally similar to MC. Finally, section 4 contains the
conclusions of this study.

2. Methods of Computation

Most correlated-level ab initio electronic structure computa-
tions of this study have been carried out at two levels: second-
order Møller-Plesset perturbation theory (MP2)16 and coupled
cluster (CC) theory with single and double excitation17 aug-
mented by a perturbational estimate of the effects of connected
triple excitations [CCSD(T)].18 The Kohn-Sham density func-
tional theory19 using Becke’s three-parameter hybrid exchange
functional20 and the Lee-Yang-Parr correlation functional,21

together denoted as B3LYP, was also used extensively in this
study. Restricted Hartree-Fock (RHF) calculations, even when
not serving as references for the MP2 and CCSD(T) treatments,
have also been performed.

The correlation-consistent polarizedn-tuple zeta basis sets
cc-pVnZ22 with n ∈ {D, T, Q, 5} were employed extensively
in this study. In this paper, these basis sets are abbreviated as
VnZ. We also used mixed basis sets composed of, for example,
V5Z on all non-hydrogen atoms and VQZ on H, denoted as
V(5,Q)Z. Such basis sets are supposed to lead to little loss in
accuracy compared to the use of the full set on all atoms while
reducing the computation time significantly.23 For several
CCSD(T) calculations, especially geometry optimizations, a
mixed basis set denoted as V(T,D)Z was utilized. To account
for the electronegative character of the N and O atoms, the
augmented VnZ (aug-cc-pVnZ, AVnZ in short) basis sets24 were
also employed, especially at the MP2 level. The combination
of an AVQZ basis on all non-hydrogen atoms and of VQZ on
H is denoted hereafter as A′VQZ. A few calculations were also
performed with the split-valence basis sets 3-21G, 6-31G, and
6-311G, as implemented in Gaussian 03,25 including, in cases,
appropriate polarization functions.

In order to estimate the core-core and core-valence cor-
relation effects on the computed properties, especially on

Figure 1. Conformation and atomic numbering ofsyn-methyl car-
bamate.
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equilibrium structures,26 the correlation-consistent polarized
weighted core-valencen-tuple zeta (cc-pwCVnZ)27,28 and the
original cc-pCVnZ basis sets were employed. As for the effect
of inclusion of diffuse functions in the basis, it is sufficient to
use the MP2 method to estimate this correction.29 The frozen-
core approximation (hereafter denoted as FC), i.e., keeping the
1s orbitals of C, N, and O doubly occupied during correlated-
level calculations, was used extensively. Due partly to technical
limitations, geometry optimizations at the CCSD(T) level have
also been carried out by correlating all electrons (hereafter
denoted as AE).

The CCSD(T) calculations were performed with the
MOLPRO30-32and ACESII33 electronic structure program pack-
ages, while most other calculations utilized the Gaussian 03
program.25

3. Equilibrium and Effective Structures

It is well-established that the CCSD(T) technique usually
allows determination of reliable molecular properties.34 How-
ever, this sophisticated technique of electronic structure theory
is rather expensive, as far as computer time and memory is con-
cerned for molecules of the size studied in this paper. The much
simpler and consequently much more readily affordable MP2
method can also be remarkably accurate for the determination
of equilibrium structures,35 provided all atoms belong to the
first row and the systematic nature of the computational errors
is taken into account. Some error, which is due to the finite
size of the basis applied, unless the computed results are extrap-
olated to the complete basis set (CBS) limit, and to the partial
consideration of electron correlation, remains in bond lengths.
This error, usually called offset,36 is mainly systematic and may
be estimated with the help of molecules whose structure is
accurately known. The offset values can then be used to improve
the accuracy of Born-Oppenheimer equilibrium bond lengths
computed by electronic structure techniques of lesser quality.
For example, for the C-H bond length, the offset is nearly
independent of the environment and may thus be easily esti-
mated.37 This remains true for the N-H bond length of differ-
ent molecules, with exceptions, such as HNO.38 For other bonds,
the magnitude of the offset value is somewhat dependent upon
environmental perturbations,39 and it is essential to determine the
offset from structurally similar molecules. To the best of our
knowledge, there is no accurate determination of equilibrium
values of the C-N single bond length and the related offsets.
This is one of the reasons why, in this study, we have thoroughly
investigated the structures of molecules that have CN bonds.
MP2 may give reliable Born-Oppenheimer equilibrium bond
angles, with an accuracy of a few tenths of a degree.40 However,
for dihedral angles, including that describing the amide linkage,
the situation is less favorable, as also seen below.

In order to save space, only the final best representation of
the equilibrium structure,re

BO, is given in the main part of the
article. The complete list of ab initio structural results obtained
during this study is given in tables of the Supporting Information

labeled S1-S6. There a brief discussion is also given howre
BO

of the different molecules were derived.
The CCT1 diagnostic41 has been obtained for all molecules.

It is comfortably small in all cases studied. Its range at the
frozen-core VQZ CCSD(T) level is from 0.0097 for dimethyl-
ether to 0.0156 for formamide, indicating that non-dynamical
electron correlation is not particularly important and the
CCSD(T) results obtained are reliable.

3.1. Formamide, HC(O)NH2. Many studies have been
devoted to the structure of formamide (FA). In particular,
Fogarasi and Szalay3 investigated the question of planarity of
FA and computed estimates of itsre

BO at levels of theory up to
all-electron VTZ CCSD(T). They also determined a best
theoretical estimate ofre

BO and compared it to the available
vibrationally averaged experimental structures (Table 1). There
is an empirical structure of FA determined using the semirigid
bender (SRB) model and the experimental ground-state rota-
tional constants of 14 isotopologues.42 Later this structure was
improved significantly.43 An empiricalrs structure of FA is also
available.6 These studies show beyond a reasonable doubt that
FA has a planar equilibrium structure, a very shallow single-
minimum inversion potential, and consequently a planar effec-
tive ground-state structure, as well.

Besides lower-level estimates, in this study the CCSD(T)
method with the (A)VnZ basis sets up ton ) 5 was used for
obtaining ab initio estimates ofre

BO of FA. Both frozen-core
and all-electron geometry optimizations have been performed
(Table S1). The most important result of the extensive geometry
optimizations of this study is the confirmation of the planarity
of the equilibrium structure of FA. In particular, all CCSD(T)
calculations, including the one with the V(T,D)Z basis set, result
in a planar equilibrium structure.

Formamide is a molecule well suited to check the accuracy
of the mass-dependent methods of Watson et al.44 resulting in
so-calledrm structures, because rotational constants are available
for 16 isotopologues.42 On the other hand, there is one large
amplitude motion in formamide, and furthermore, there are
several small coordinates in the principal-axis system [a(C) ≈
-0.09 Å, b(O) ≈ -0.21 Å, andb(N) ≈ -0.16 Å]. The result
of this analysis is given in Table 1. With the exception of the
C-H and N-H bond lengths, which cannot be determined
accurately by this method (the basic assumption of therm

methods is that the differences in the mass of the substituted
atoms between isotopologues is small, which does not hold for
the substitution of hydrogen atoms), the two-parameterrm

(2)

structure of this study is in considerably better agreement with
re

BO than thers structure. This is an indication that therm
(2)

method might also be used in the presence of a large-amplitude
motion. This confirms the results recently found by Kisiel45 on
the structure of weakly bound clusters.

It was also attempted to determine a semi-experimental
equilibrium structure of formamide as follows. A complete cubic
force field has been determined at the all-electron VTZ MP2

TABLE 1: Molecular Structure of Formamide, HCONH 2, with Distances (r) in Å and Angles (∠) in Degreesa

type r(C-N) r(CdO) r(NHs) r(NHa) r(CH) ∠OCN ∠CNHs ∠CNHa ∠HCN

re
BO this work 1.3547 1.2097 1.0033 1.0006 1.1001 124.63 119.18 121.09 112.53

re ref 3 1.354 1.212 1.003 1.000 1.097 125.0 119.3 121.1 112.0
rs ref 6 1.352 1.219 1.002 1.002 1.098 124.7 118.5 119.9 112.7
SRBb ref 43 1.358(3) 1.2139 1.0069c 1.0043c 1.106c 124.61(10) 119.4(16) 121.35(58) d
rm

(2) this work 1.361(4) 1.210(4) 1.005(2) 0.984(4) 1.112(3) 124.8(4) 117.8(3) 121.8(5) 112.3(20)

a See Table S1 for more details.s ) syn (respectivelya ) anti) with respect to CdO bond.b SRB ) semirigid bender model.c Fixed at the
6-311G(d,p) MP2 value.d Not determined.
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level using built-in features46 of the ACESII code.33 The
calculation was performed at the corresponding optimized
reference geometry to avoid problems associated with nonzero
forces.47 This force field has been used to determine the
vibration-rotation interaction constantsRi

ê, whereê ) A,B,C
and i ) 1, ..., 12, counting the vibrational modes, for 16
isotopologues of formamide, all for which ground-state rotational
constants are available. The (lowest-order)Ri

ê constants have
been used, through standard formulas,48 to deduce equilibrium
rotational constants. However, although theV12 ) 1 mode (the
large-amplitude NH2 inversion motion at 288.7 cm-1) is well
isolated, the calculatedR12

A ) 2039 MHz andR12
C ) 28.9 MHz

are in poor agreement with the corresponding experimental
values, 978 and-0.0099 MHz, respectively.43 This problem is
reflected in the value of the equilibrium inertial defect which
should be 2 orders of magnitude smaller than the ground-state
inertial defect but in fact it is larger:∆e ) 0.086 uÅ2 to be
compared with ∆0 ) 0.007 uÅ.2 Whereas ther(C-N),
r(CdO), andr(C-H) bond lengths are rather well reproduced,
the semi-experimentalr(N-H) bond lengths are much too long
(best computational estimate forre

BO in parentheses):r(N-Hs)
) 1.007 (1.003) Å andr(N-Ha) ) 1.013 (1.001) Å. This poor
agreement is not surprising since the force field is calculated
assuming that the amplitude of the vibrations is small, whereas
the inversion is a large amplitude vibration. In conclusion, the
semi-experimental method as given above has to be used with
caution for decidedly non-rigid molecules.

3.2. Cyanamide, H2NCN. Several investigations attempted
to determinere

BO of cyanamide. Unlike planar formamide,
cyanamide has an equilibrium configuration pyramidal about
N. An empirical structure was determined using the SRB model
and the ground-state rotational constants of seven isotopo-
logues.49 An empirical rs structure of cyanamide has been
determined by Tyler et al.50 Kapellos and Mavridis51 have
calculated an ab initiore structure using the singles and doubles
configuration interaction (CISD) technique. In this study, the
re

BO structure of cyanamide was determined following geom-
etry optimizations at several levels of electronic structure theory
(Tables 2 and S2).

The range of variation ofre(CtN) is known to be quite small,
see for instance Table 6 of ref 52. There

BO value found for
cyanamide in this study, 1.159 Å, lies in the predicted range
but is significantly smaller than the value of 1.1645 Å assumed
by Brown et al.49 in their SRB analysis. This is probably the
reason why the true C-N bond atre

BO) 1.348 Å is consider-
ably longer than the value of 1.3301(5) Å derived in ref 49.
The accuracy of there

BO bond angles of cyanamide is thought
to be as good as 0.2°, whereas that of the dihedral angle may
be as low as 1°.

3.3. Acetamide, CH3CONH2. Acetamide, the methyl deriva-
tive of formamide, is of special interest because of its very low
barrier to internal rotation (V3 ) 25 cm-1)53 that has a huge

effect on the rotational spectrum. For this reason, the MW
spectrum of acetamide was investigated several times. See, for
instance, two recent papers53,54 which review earlier work. In
all of the MW works, it was assumed that the frame of the
molecule hasCs symmetry; that is, all of the atoms lie in the
same plane except two of the methyl H’s.55 This assumption
was verified by a careful analysis of the MW spectrum that
clearly indicates that the huge internal rotation splittings are
perfectly accounted for assuming aCs symmetry for the frame
of the molecule,53 with the MW data fitted with a standard
deviation of 26 kHz for 1706 lines in theVt ) 0, 1, and 2
torsional states, a result which is clearly within the experimental
accuracy. Absence of an out-of-plane component of the dipole
moment from Stark measurements and absence ofc-type
transitions also strengthen a planar ground state structure for
the frame.

This assumed planarity of the frame seems to have been first
based on an early gas electron diffraction (GED) analysis56

where, actually, it was already assumed that the amide group
is planar. This assumption was later strengthened by two far-
infrared (FIR) vapor-phase spectral studies.57,58 As to the
equilibrium structure, a recent ab initio work59 concluded that
the amino group might be slightly pyramidal. Moreover, in the
same ab initio study, it was also shown that a C-H bond of
the methyl top is almost perpendicular to the plane of non-
hydrogen atoms, hereafter called a perpendicular conformation,
which seems to be also the most stable form in the solid state.
Samdal60 computed several ab initio force fields and found that
the best agreement between the calculations and the experi-
mental gas-phase vibrational frequencies is obtained with the
perpendicular conformation and a planar NH2 group.

MW studies of the parent isotopologue cannot tell which
conformation, one C-H being syn (eclipsed with the oxygen),
anti, or perpendicular to the plane of non-hydrogen atoms, is
the most stable in the gas phase because MW studies correspond
to an average of the structures while the CH3 group is internally
rotating. For example, the out-of-plane dipole moment compo-
nent, µc, is zero in the syn and anti conformations and also
averages to zero for all torsional angles in the case of the
perpendicular conformation. The only information MW studies
yield is that the assumption of a planar heavy-atom skeleton
agrees, within experimental accuracy, with results of a fitting
of the data to an “in-plane” Hamiltonian. Likewise, if the NH2

group is slightly out of the plane, it is likely that the higher-
order rotation-torsion terms used in the Hamiltonian are going
to “absorb” this small effect.

The structure of acetamide was optimized in this study at
several advanced levels of electronic structure theory (Tables 3
and S3). Our calculations on formamide (section 3.1 and Tables
1 and S1) and urea (section 3.4 and Tables 4 and S4), as well
as on carbamic acid (section 3.5 and Tables 5 and S5), indicate
that the all-electron V(T,D)Z CCSD(T) level is accurate enough
to predict the structure of the heavy atom skeleton. The ab initio
calculations of this study confirm beyond reasonable doubt that
the perpendicular conformation is the preferred equilibrium
structure of acetamide. The calculated value of the angle∠(i,
c) between the internal rotation axisi and the principal axisc
is 89.78°. To analyze the internal rotation splittings, a value of
90° was assumed for this angle and as mentioned above, this
assumption leads to an excellent standard deviation in a global
fit. The two structures, the one deduced ab initio and the one
from experimental MW and FIR data can be understood if one
takes into account the qualitative difference between an equi-
librium structure, which corresponds to the minimum of the

TABLE 2: Structure of Cyanamide, H 2NCN, with Distances
(r) in Å and Angles (∠) in Degreesa

type r(CtN) r(N-C) r(N-H) ∠HNC τ ∠NCN

re
BO this

work
1.1587 1.3482 1.0072 113.39 115.39 177.06

SRB ref 49 1.1645 1.3301(5) 0.9994 b b 174.8
rs ref 50 1.160(5) 1.346(5) 1.001(15) 115.6 112.0 180b

a See Table S2 for more details. SRB) semirigid bender.τ )
dihedral angle (NCN, CNH). For a planar molecule 2∠HNC + ∠HNH
should be 360°, but in the present case, it is only 338.8° for re

BO. b Not
given or fixed in the original work.
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potential, given ab initio, and a ground-state structure, which
corresponds here to a vibrational-torsional average given by
experiments. This idea is supported by the fact that the ground-
state inertial defect is∆0 ) 3.10 uÅ2,53 whereas the equilibrium
value is∆e ) 3.19 uÅ2, giving a vibrational contribution∆v )
0.09 uÅ2. Assuming that the vibrational contribution can be
calculated from the harmonic force field and using the scaled
ab initio force field of Samdal,60 we get ∆v ) 0.09 uÅ2, in
perfect agreement with the experimental value. This shows that
the small positive vibrational contribution to the inertial defect
is compatible with a nonplanar equilibrium structure.

3.4. Urea, H2NCONH2. Similarly to formamide, planarity
of urea has been the subject of much debate. The early studies
are reviewed nicely by Godfrey et al.61 These authors also
analyzed the MW spectra of several isotopologues of urea which
allowed them to obtain anrs structure (Table 4). They found

that the conformer of lowest energy hasC2 symmetry and that
a structure ofCs symmetry has a slightly higher energy.

The new high-level calculations of this study (Tables 4 and
S4) confirm that the equilibrium structure of urea belongs to
C2 point-group symmetry. It may be noted that several
parameters of the equilibrium structure are rather far from the
rs structure parameters derived in ref 61. This is not surprising
because it is well-established thatrs(XH) distances are not
reliable. Furthermore, the rotational constants of the13C
isotopologue were not determined, which explains the inac-
curacy of thers(CdO) bond length.

3.5. Carbamic Acid, H2NCOOH. Methyl carbamate is an
ester of carbamic acid (CA). Before investigating the structure
of MC, it is important to check whether CA has a planar or
nonplanar equilibrium heavy-atom framework, because the
nonplanarity of some peptide linkages has been attributed to
the low potential barrier of a methyl substituent.7

CA has not yet been characterized in the gas phase by any
experimental technique, although its zwitterion, H3

+NCOO-,
has been identified by infrared spectroscopy in the solid phase.62

The structure of carbamic acid has been determined at the HF
level using the 4-21G63 and 6-31G*64 basis sets. In both cases,
the planar trans form, with the hydroxyl hydrogen trans to N,
was found to be the most stable one.

The structure of CA was optimized in this study (Tables 5
and S5). Although the∠(OCNH) dihedral angles show con-
siderable variation with the level of theory, imposing the
constraint of planarity during optimization always resulted in
one imaginary vibrational frequency. Therefore, we can conclude
that there

BOstructure of carbamic acid isnot planar. It has to be
noted, at the same time, that the energy difference between the
planar and nonplanar forms is rather small, only 20-30 cm-1

at the all-electron CCSD(T) level with basis sets V(T,D)Z, VTZ,
and AVTZ.

3.6. Methyl Carbamate. This section involves the most
detailed discussion among the molecules considered, and thus,
it is divided into subsections. The results relevant for MC are
presented in Tables 6-11 and in Table 13, as well as in Table
S6.

3.6.1. Equilibrium Structures.An estimate ofre
BO of MC is

given in Table 6 (see Table S6 for more detailed computed
results). All geometry optimizations indicate that in MC the
amide group is slightly nonplanar at equilibrium. This is in
apparent contrast to results of MW investigations,8,9 measure-
ment of the vibrationally averaged dipole moment of MC clearly
shows that the molecule has a plane of symmetry, asµc is zero.
Fogarasi and Szalay3 have demonstrated that MP2 optimizations
wrongly predict a nonplanar structure for formamide, but in their

TABLE 3: Structure of Acetamide, CH 3C(O)NH2, with
Distances (r) in Å and Angles (∠ and τ) in Degreesa

parameter re
BO rg

56

r(NHs) 1.003
r(NHt) 1.000
r(CN) 1.362 1.380(4)
r(CdO) 1.216 1.220(3)
r(CC) 1.509 1.519(6)
r(CH1) 1.082
r(CH2) 1.086
r(CH3) 1.085
∠(HNH) 119.28
∠(CNHs) 118.05
∠(CNHt) 121.84
∠(NCO) 122.20 122.0(6)
∠(NCC) 115.11 115.1(16)
∠(OCC) 122.69 123.0
∠(CCH1) 108.68
∠(CCH2) 108.63
∠(CCH3) 112.73
∠(H1CH2) 108.19
∠(H1CH3) 109.86
∠(H2CH3) 108.65
τ(OCNHs) -5.39
τ(CCNHs) 173.92
τ(OCNHt) -174.88
τ(CCNHt) 4.44
τ(NCCH1) 147.98
τ(NCCH2) -94.52
τ(NCCH3) 25.94
τ(OCCH1) -32.71
τ(OCCH2) 84.79
τ(OCCH3) -154.75

a See Table S3 for more details. The hydrogen H2 is approximately
perpendicular to the heavy-atom plane.s ) syn (respectivelya ) anti)
with respect to the CdO bond. For a planar molecule, 2∠HNC +
∠HNH should be 360°, but in the present case, it is 359.2° for re

BO.

TABLE 4: Structure of Urea, OC(NH 2)2, with Distances (r)
in Å and Angles (∠ and τ) in Degreesa

parameter rs
61 re

BO

r(CdO) 1.2211 1.2116
r(C-N) 1.3779 1.3817
r(NHs) 0.9978 1.0047
r(NHa) 1.0212 1.0047
∠ (OCN) 122.64 123.17
∠ (CNHs) 119.21 116.73
∠ (CNHa) 112.78 112.63
τ(NCNHs) 23.2 30.62
τ(NCNHa) 169.2 165.79

a See Table S4 for more details. For a planar molecule, 2∠HNC +
∠HNH should be 360°, but in the present case, it is only 343.7° for
re

BO.

TABLE 5: Structure of Carbamic Acid, H 2NCOOH, with
Distances (r) in Å and Angles (∠ and τ) in Degreesa

parameter re
BO parameter re

BO

r(C-N) 1.3569 r(CdO) 1.2083
r(N-Hcis/dO) 1.0025 r(C-O) 1.3622
r(N-H/trans) 1.0031 r(O-H) 0.9654
∠CNHcis 117.58 ∠C-O-H 105.77
∠CNHtrans 120.40 ∠O-C-N-Hcis 9.10
∠HNH 119.48 ∠OdC-N-Hcis -171.90
∠N-CdO 125.88 ∠O-C-N-Htrans 170.93
∠N-C-O 110.62 ∠OdC-N-Htrans -10.07
∠OdC-O 123.49
τ(NCOH) -178.75 τ(OCOH) 0.28

a See Table S5 for more details. For a planar molecule, 2∠HNC +
∠HNH should be 360°, but in the present case, it is only 357.5° for
re

BO.
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work, the Hartree-Fock (HF) calculations predicted a planar
structure. For MC, even the HF calculations predict a nonplanar
equilibrium structure (results not presented in Table 6). Fur-
thermore, Kwiatkowski and Leszczynski65 have shown that the
6-311G(3df,2p) MP2 level of theory predicts an almost planar
structure for formamide. For MC, the same level predicts a
nonplanar equilibrium structure. Likewise, Marstokk et al.66 have
found that the 6-31+G* and 6-311++G** MP2 methods do
not give a planar structure for acrylamide, whereas both HF
and B3LYP geometry optimizations predict a planar structure.
The difference between the energies of the optimized planar
and the nonplanar structures of MC is small for all methods
considered, the difference is only 53 cm-1 at the all-electron
V(T,D)Z CCSD(T) level.

Based on evidence presented for the other XC(dO)NHY
molecules investigated, there is no doubt that the nonplanarity
predicted at the highest level, all-electron V(T,D)Z CCSD(T),
for re

BO of MC is real. The equilibrium inversion (pyramidal-
ization) barrier about N is small, only about 50 cm-1 at the
VTZ CCSD(T) level.

3.6.2. Planarity of the Amide Linkage.Different possible
planarity criteria are discussed in this section, like the values
of the inertial defect and the quadrupole coupling constants,
summarized in Table 7, one of the most important tables of
this study, and the electric dipole moments, shown in Table 9.
All of this is related to the question of the difference between
a nonplanar equilibrium and a seemingly planar effective
structure of MC.

Ground-state inertial defects are commonly used as a measure
of planarity. If a molecule has a plane of symmetry with only
the two methyl hydrogen out of the plane, the ground-state
inertial defect may be written as

wheredHH is the equilibrium distance between the two out-of-
plane hydrogens and∆v

0 is the vibrational contribution to the
ground-state inertial defect. Ab initio calculations are generally
reliable in predicting the structure and the distortions occurring
within a methyl group in asymmetric environments.15,67For MC,
a reasonable value fordHH is 1.7737 Å (as deduced from Table
6), resulting in an equilibrium inertial defect of 3.1706 uÅ2 (see
also the last two lines of Table S8 of the Supporting Information

which give the inertial defect for the planar form). Using the
experimental value of the inertial defect, 3.247 uÅ2 (see first
line of Table 8) results in∆v

0 ) +0.076 uÅ2. Such a small
positive contribution seems at first compatible with a planar
equilibrium structure, at least for most molecules.68 Nevertheless,
for the molecules containing an NH group studied in the present
work we can draw no firm conclusion, as can be seen from the
results collected in Table 7.

The vibrational contribution is known to increase with the
mass of the molecule. Therefore, the value found for MC is
perhaps slightly too small. Furthermore, the values of the
calculated inertial defects for the planar and nonplanar forms
of MC are rather close, as can be seen by comparing the last
four lines of Table S8 of the Supporting Information. Therefore,
it seems difficult to draw any firm conclusion from the inertial
defects.

However, there is another way to estimate the equilibrium
inertial defect, using experimental ground-state rotational con-
stants and ab initio rovibrational corrections, calculated in this
case at the all-electron 6-31G* MP2 level. The corrections are
as follows (in MHz): Ae - A0 ) 82.1,Be - B0 ) 39.6, andCe

- C0 ) 30.8 (Table 8). This gives∆e ) 3.390 uÅ2. This value,
almost identical to the value obtained from there

BO structure of
Table 6, 3.38 uÅ2, is definitely too large for only two out-of-
plane hydrogens, and it is an indication that the molecule is
nonplanar at equilibrium. It is possible to go a little bit farther
using the mixed regression method,69 which is a weighted least-
squares technique, where the ab initio equilibrium structure of
Table 6 and the semi-experimental equilibrium constants, i.e.,
the experimental ground-state rotational constants corrected with
the ab initio rovibrational contributions (R’s), are used as input
values (with appropriate weights). The fitted parameters are
nearly identical to the original equilibrium structure, the
maximum deviations are 0.0010 Å forr(C2dO3) and -0.13°
for ∠(N1C2O4), with the exception of the two dihedral angles
∠(H10N1C2O3) and ∠(H9N1C2O3), whose fitted values (with
input values in parentheses) are 12.17° (15.88°) and 159.47°
(164.91°), respectively. These calculations provide further clear
evidence that MC has a nonplanar equilibrium structure.
However, it has to be mentioned that the planar effective
rotational constants are corrected withR’s computed at a
nonplanar equilibrium structure. As the rotational constants of
the planar and nonplanar forms agree within 10 MHz, it is
reasonable to assume that the corrections have similar errors.
These should have no significant consequence on the structure.
The main reason why this assumption is working well is that
theR’s that have different values in planar and nonplanar forms
are those related to the large amplitude motions, and they are
negligible compared to the others.

Next, the quadrupole coupling constants are used to check
the planarity of MC.4 The øcc constant of MC, wherec is the
principal axis perpendicular to the assumed symmetry plane,
should have a value close to those found for similar molecules.
From inspection of data in Table 7, it might be concluded that
MC has a nonplanar equilibrium structure since nonplanar
species have a larger absolute value. However, as shown by
the variation oføcc for species having a planar ground-state
structure, planarity is only one of the factors that affectøcc.
Therefore, it appears somewhat dangerous to draw any conclu-
sion about the planarity of the heavy-atom skeleton of the
effective structure based on the value oføcc.

The dipole moment vector of MC provides possibly the best
indicator about the ground-state planarity of the amide linkage.
If the heavy-atom skeleton of the molecule in its ground state

TABLE 6: Estimate of Born -Oppenheimer Equilibrium
Structure of Methyl Carbamate with Distances in Å and
Angles in Degreesa

parameter re
BO parameter re

BO

N1-C2 1.362 O4C5H6 110.57
N1-H9 1.002 O4C5H7 110.50
N1-H10 1.002 O4C5H8 105.44
C2dO3 1.207 H6C5H7 109.11
C2-O4 1.351 H6C5H8 110.61
O4-C5 1.429 H7C5H8 110.58
C5-H6 1.087 H9N1C2O3 15.88
C5-H7 1.087 H9N1C2O4 -165.90
C5-H8 1.084 H10N1C2O3 164.91
C2N1H9 115.88 H10N1C2O4 -16.86
C2N1H10 118.23 N1C2O4C5 -177.46
H9N1H10 118.25 O3C2O4C5 0.79
N1C2O3 125.51 C2O4C5H6 -60.24
N1C2O4 109.92 C2O4C5H7 60.66
O3C2O4 124.54 C2O4C5Hs -179.82
C2O4C5 113.49

a See Table S6 for more details. For a planar molecule, 2∠HNC +
∠HNH should be 360°, but in the present case, it is only 352.4° for
re

BO.

Ia
0 + Ib

0 - Ic
0 ) mHdHH

2 - ∆v
0
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was not planar, theµc component of the dipole moment would
be different from zero (Table 9). With a value even as small as
0.1 D, note that the ab initio values are much larger,c-type

transitions should be easily detected with the highly sensitive
technique of MWFT. We used a pulsed-nozzle MWFT spec-
trometer70 to search for such transitions and could not detect
any. This clearly confirms that the vibrationally averagedµc

component of the dipole moment is very close to zero. This is
the most convincing experimental evidence for the planarity of
the amide linkage of MC in the ground state.

In conclusion, the picture of MC having a nonplanar
equilibrium structure deduced from high-level ab initio calcula-
tions and a planar ground-state structure deduced from experi-
ments can be understood as follows. MC behaves as urea and
many other molecules containing the amino group, whereby “the
two shapes (planar and nonplanar) are likely to be parts of a
potential energy surface domain which is associated with the
most stable shape, i.e., one in which the zero-point vibration

TABLE 7: Quadrupole Coupling Constants, øcc(14N)/MHz, and Vibrational Contributions to the Inertial Defect, ∆v/uÅ2, of
Some NH Derivatives

molecule øcc(14N) ∆v
a

ground-state
planarityb

Planar Equilibrium Structure
BH2NH2 (aminoborane) -2.186(8)c 0.048 planar
BF2NH2 (aminodifluoroborane) -3.193(8)d 0.152 planar
CH3NHC(O)H (N-methylformamide) -3.59(30)e 0.15 planar
C6H5NHCHO (trans-formanilide) -3.671f -0.601g planar
FCH2C(O)NH2 (2-fluoroacetamide) -3.7008(27)h 0.102i planar
HCCC(O)NH2 (2-propynamide) -3.82(8)j 0.182 planar
CH3C(O)NHCH3 (N-methylacetamide) -3.823(3)k 0.602l planar
NH2CHO (formamide) -3.848(4)m 0.007 planar

Nonplanar Equilibrium Structure
CH3C(O)NH2 (acetamide) -3.9433(9)n 0.130 planar
OC(NH2)2 (urea) -4.0889(29)o -0.425 nonplanar
H2CdCHNH2 (vinylamine) -4.147(19)p -0.330 nonplanar
C6H5NH2 (aniline) -4.227(6)q -0.411r nonplanar
NH2C(O)OCH3 (methyl carbamate) -4.2961(8)s 0.076 planar
CH3NH2 (methylamine) -4.394t -3.959 nonplanar
H2CdCHC(O)NH2 (acrylamide) -4.6(3)u 0.131 planarV

NH2CN (cyanamide) -4.945(19)w 0.285 nonplanar
NH2OH (hydroxylamine) -5.76x -2.597 nonplanar
NH2NC (isocyanamide) -5.764(58)y -0.752 nonplanar
NH2F (monofluoramine) -6.55z -1.141 nonplanar

a Vibrational contribution to the inertial defect is calculated by subtracting the equilibrium value, calculated at the VTZ MP2 level, from the
ground state value. The reference is the same as forøcc (unless otherwise stated). There is no quadrupole data measured for carbamic acid; therefore,
CA is not included in the table.b Heavy atom skeleton in the (a, b) symmetry plane.c Vormann, K.; Dreizler, H.; Doose, J.; Guarnieri, A.Z.
Naturforsch.1991, 46A, 770-776. d Vormann, K.; Dreizler, H.Z. Naturforsch. 1991, 46A, 909-913. e Fantoni, A.; Caminati, W.; Hartwig, H.;
Stahl, W.J. Mol. Struct.2002, 612, 305-307. f Aviles Moreno, J.-R.; Huet, T. H.; Petitprez, D.J. Mol. Struct.2006, 780-781, 234-237. g The
large negative value of the inertial defect is explained by large-amplitude low-energy torsion around the C-N bond.h Heineking, N.; Dreizler, H.
Z. Naturforsch. 1993, 48A, 787-792. i Marstokk, K.-M.; Møllendal, H.J. Mol. Struct.1974, 22, 287-300. j Reference 4.k Ohashi, N.; Hougen, J.
T.; Suenram, R. D.; Lovas, F. J.; Kawashima, Y.; Fujitake, M.; Pyka, J.J. Mol. Spectrosc.2004, 227, 28-42. l The vibrational contribution to the
inertial defect calculated with the aug-cc-pVTZ B3LYP harmonic force field is 0.637 uÅ2. m Kukolich, S. G.; Nelson, A. C.Chem. Phys. Lett.
1971, 11, 383-384. n Reference 54.o Kretschmer, U.; Consalvo, D.; Knaach, A.; Schade, W.; Stahl, W.; Dreizler, H.Mol. Phys.1996, 87, 1159-
1168.p Brown, R. D.; Godfrey, P. D.; Kleibo¨mer, B.J. Mol. Spectrosc.1987, 124, 21-33. q Kleibömer, B.; Sutter, D. H.Z. Naturforsch. A1988,
43, 561-571. r Lister, D. G.; Tyler, J. K.; Høg, J. H.; Larsen, N. W.J. Mol. Struct.1974, 23, 253-264. s Present work.t Kreglewski, M.; Wlodarczak,
G. J. Mol. Spectrosc.1992, 156, 383-389. u Marstokk, K.-M.; Møllendal, H.; Samdal, S.J. Mol. Struct.2000, 524, 69-85. V The ground-state
structure of acrylamide is probably not planar, similarly to MC.w Brown, R. D.; Godfrey, P. D.; Head-Gordon, M.; Wiedenmann, K. H.; Kleibo¨mer,
B. J. Mol. Spectrosc.1988, 130, 213-220. x Morino, I.; Yamada, K. M. T.; Klein, H.; Belov, S. P.; Winnewisser, G.; Bocquet, R.; Wlodarczak, G.;
Lodyga, W.; Kreglewski, M.J. Mol. Spectrosc.2000, 517-518, 367-373. y Schäfer, E.; Winnewisser, M.Ber. Bunsen-Ges. Phys. Chem.1982, 86,
780-790. z Christen, D.; Minkwitz, R.; Nass, R.J. Am. Chem. Soc.1987, 109, 7020-7024.

TABLE 8: Comparison between Predicted and Experimental Rotational Constants (in MHz) of Methyl Carbamate

methoda A ∆Ab B ∆Bb C ∆Cb ∆c

exp. V ) 0 10719.4 4399.1 3182.9 3.247
semiexp. equil.d 10801.5 -0.77 4438.7 -0.90 3213.7 -0.97 3.387
ab initio equil.e 10707.4 0.11 4449.1 -1.14 3209.8 -0.85 3.342
CCSD(T) V(T,D)Z 10755.2 -0.33 4444.1 -1.02 3212.2 -0.94 3.407

a See Table S8 for a detailed list of computed results.b ∆A ) A0 - Acalc.; ∆B ) B0 - Bcalc.; ∆C ) C0 - Ccalc, all in %. c ∆ ) Ia + Ib - Ic (in
uÅ2). d Semiexperimental value of the equilibrium rotational constants, calculated employing the measured ground-state rotational constants and
vibrational averaging corrections computed at the all-electron 6-31G* MP2 level.e From last column of Table 6.f Planar heavy-atom skeleton (Cs

point-group symmetry).

TABLE 9: Computed Equilibrium and Experimental
Ground-State Dipole Moment Components (in Debye) of
Methyl Carbamatea

method µa µb µc µtot

exp. 0.163(2) 2.294(9) 0c 2.300(9)
CCSD(T) V(T,D)Z 0.234 2.215 0.710 2.338
CCSD(T)b V(T,D)Z 0.435 2.354 0.0 2.394

a All electrons have been correlated in the computations.b Obtained
at the optimized structure under the constraint of a planar heavy-atom
skeleton.c The fit performed as part of this study results in (µc)2 )
-0.001.d The corresponding vibrationally averaged ground-state value,
based on a normal-coordinate expansion, is 0.573 D, significantly lower
than the equilibrium value but still far from zero.
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covers both geometries”.71 In other words, the ground-state
energy level corresponding to the one-dimensional effective
inversion motion lies above the top of the barrier separating
the planar and the nonplanar forms explaining why the measured
out-of-plane electric dipole moment is averaged to zero. In order
to provide further confirmation and determine the shape of the
potential, it would be necessary to measure excited vibrational
states. However, as the spectrum is extremely crowded, this
appears to be a daunting task.

3.6.3. Barrier to Internal Rotation of the Methyl Group.The
theory of internal rotation involves many parameters which can
make their experimental determination somewhat difficult. These
parameters, at least in principle, can be obtained ab initio. The
main difficulty is to achieve an accuracy for relative energies
to the level of about a few cm-1. However, very accurate
computations have recently been performed for a few small
molecules, like acetaldehyde.15

Here we wish to check whether it is possible to calculate ab
initio an accurate potential curve and barrier for the methyl
internal rotation of MC at a reasonable cost.

The barrier was first calculated at the all-electron 6-311+G-
(3df,2p) MP2 level of theory in the same way as for methanol
and acetaldehyde.72 The zero-point energy (ZPE) corrections
arising from the complementary, nontorsional modes have been
calculated at the 6-31G* HF level, including scaling, as in the
Gaussian-3 (G3) method.73 The result is given in Table 10 and
is in satisfactory agreement with the experimental value, the
deviation being only 4%. However, this agreement might be
accidental because the basis set used is small. Furthermore, it
is not obvious that the MP2 method is sufficient for recovering
correlation effects. The energy difference at the 6-31G* MP2
level, 283.0 cm-1, is close to the value found at the 6-31G*
QCISD(T) level, 284.5 cm-1, confirming that most of the

correlation is recovered at the MP2 level (although the 6-31G*
basis set might be too small to obtain dependable results15).

To get more insight into the internal rotation of the methyl
group in MC, we computed the energy differences between the
conformers using G3 theory.73 The ZPE corrections were first
calculated at the 6-31G* HF level, followed by a scaling of the
vibrational frequencies with a scale factor of 0.8929. G3 theory
uses, as reference geometry, the geometry from an all-electron
6-31G* MP2 optimization. The computed barrier at the G3 level
is V3 ) 396.9 cm-1, compared to an experimental value of
352.42(8) cm-1. The difference is almost 13%.

In order to obtain a reliable internal rotation curve and an
associated barrier for the methyl torsion, we used a local version
of the ACESII electronic structure package33b to optimize the
structure of MC while keeping the torsional coordinateτ, defined
as τ ) 1/3(F1 + F2 + F3 - 2π),14 whereFi are the dihedral
angles HiCOC, fixed at values very near to 0°, 15°, 30°, 45°,
and 60°. The 2π/3-periodic internal rotation potential of MC is
an even function and thus this region completely determines
the shape of the torsional potential. The constrained opti-
mizations have been performed at the all-electron V(T,D)Z
CCSD(T) level. Single-point energies at the all-electron
cc-pCVTZ CCSD(T) level have been computed at the optimized
reference structures. These energy values were fitted to the
functional form

The fitted {V3, V6, V9} values are, in cm-1, {328.3, -20.3,
+1.6}. These values do not reflect the effect of zero-point
vibrational energy corrections arising from the complementary,
nontorsional modes.

Finally, it is noted that a fit of the available experimental
data set8,9 to an internal rotation Hamiltonian with a fixed value
of V6 of -20.3 cm-1 andV9 of +1.6 cm-1 gave about the same
standard deviation as the fit withV6 ) V9 ) 0 and the
experimentally determined values ofV3 in the two cases differed
by only 4%, a result which is expected when dealing with
experimental data from the ground torsional stateVt ) 0.

3.6.4. Harmonic Force Field and Quartic Centrifugal Distor-
tion Constants.It is generally accepted that for most organic
molecules the ab initio HF and especially the density-functional
B3LYP methods, with small to medium-sized basis sets, give
reliable harmonic force fields (HFF) at moderate cost.74-77 The
HFF of MC has been calculated at the 6-31G* HF, VTZ, and
AVTZ B3LYP levels. The complete quartic force field of MC
has been computed at the all-electron 6-31G* MP2 level
resulting in harmonic as well as anharmonic vibrational
fundamentals. The calculated fundamentals are compared to the
observed ones78,79in Table S17. When the computed frequencies
are scaled using recommended scale factors, 0.8929 for 6-31G*
HF,80 0.965 for CH stre, and 0.975 for all other modes for VTZ
B3LYP,81 the agreement between theory and experiment
becomes satisfactory.

The equilibrium quartic centrifugal distortion (QCD) constants
have been calculated from the VTZ B3LYP force field without
scaling (the AVTZ B3LYP method gives almost identical
results) and the 6-31G* MP2 force field. The calculated
equilibrium constants are compared to the experimental ground-
state values in Table 11. At first sight, the agreement appears
to be unsatisfactory. Nevertheless, one has to note that the
experimental values have been determined for theA-component
of the internal-rotation doublets whereas the calculated values

TABLE 10: Barrier to Internal Rotation of the Methyl
Group (in cm-1) in Methyl Carbamate from Experimental
Measurements and from ab Initio Computationsa

V3 exp.- calc./%

exp. 352.42(8)b

6-311+G(3df,2p) MP2_AE 366.2 -4
6-31G(d) MP2_AE 283.0 20
G3 396.9 -13
VTZ B3LYP 203.5 42
CCSD(T)c 327.8 7

a The calculated values, except CCSD(T), take into account the same
ZPE correction of-5.0 cm-1, computed at the 6-31G* B3LYP level.
b The original value ofV3 (352.2 cm-1) reported in ref 9 was refined
in the present work using the so-called RAM approach (see also ref 53
and references in it). Both potential barrier height determinations
involved V6 ) V9 ) 0. c See text for details.

TABLE 11: Observed and Computed Quartic Centrifugal
Distortion Constants, in kHz, for MC

exp.9,a calc.(I)b IR contr.c calc.(II)a,d
exp.- calc.(II)

(%)

∆J 0.7794(7) 0.7574 0.0032 0.7606 2.4
∆JK 4.5326(29) 4.6700 0.5684 5.2385 -15.6
∆K 8.9474(22) 3.9092 5.2117 9.1209 -1.9
δJ 0.2164(3) 0.2040 0.0016 0.2056 5.0
δK 2.4033(33) 2.1777 0.3057 2.4835 -3.3

a For theA component of the internal rotation doublet.b “Unper-
turbed” constants obtained at the VTZ B3LYP level. The corresponding
6-31G* MP2 values are 0.7273, 4.0974, 3.4937, 0.2079, and 2.2731.
c Contribution of the internal rotation (IR). Calculated withF ) 167.26
GHz,s ) 28, andλa ) 0.9137.9 d Sum of the unperturbed value, given
under column calc. (I), and the internal rotation contribution, given
under IR contr.

V(τ) ) 1/3[V3(1 - cos(3τ)) + V6(1 - cos(6τ)) +
V9(1 - cos(9τ))]
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refer to the unperturbed frequencies. Taking into account the
internal-rotation correction82 improves the agreement consider-
ably. At 57%, the internal rotation contribution is particularly
large for the ∆K constant. The computed∆JK constant is
significantly too large, by 15.6%, at the VTZ B3LYP level but
it has to be remembered that lower-level force fields do have
certain deficiencies. For instance, if the VTZ B3LYP force field
is recomputed assuming a planar heavy-atoms skeleton, the∆JK

constant is decreased by 2 kHz and becomes too small (the
variation of the other constants is much smaller). However,
despite this apparent deficiency, the ab initio prediction of the
QCD constants from a medium-quality harmonic force field is,
as usual,83 accurate enough to help in the analysis of the
rotational spectrum.

3.6.5. Quadrupole Coupling Constants.In order to choose a
level of theory appropriate to compute the quadrupole coupling
(QC) constants of nitrogen, we first calculated the QC constants
of formamide. The reference geometry employed is there

BO

estimate of Table 1. The resulting QC constants are presented
in Table 12. It appears that the VTZ HF method gives a QCs
closest to that of the experiment.84 Although this is probably
due to compensation of errors, we employed the same level for
MC. As a check, the calculation was repeated at the AVTZ
B3LYP level. The results for MC are given in Table 13. The
agreement between the observed and computed constants of MC
is far from being perfect, the deviations are systematic and of
the same order of magnitude as for formamide. Nevertheless,
the accuracy of the predicted constants is good enough to start
the analysis of the hyperfine structure of the rotational lines. It
must also be remembered that it is not easy to obtain the
experimental quadrupole coupling constants with high accuracy,
as the results corresponding to two independent experimental
determinations presented in Table 13 imply.

3.7. CO Bond Lengths.Equilibrium CdO bond lengths,
re(CdO), are known for several molecules. The results are
collected in Table 14 together with the corresponding frozen-
core VQZ MP2re values. As expected, there is good correlation,
F ) 0.999, between the two sets of values (Figure 2). However,
the offset ∆r ) re - r[VQZ MP2] does not appear to be
constant. Nevertheless, the variation of∆r as a function of
re(CdO) is nearly linear between 1.160 Å,re in CO2, and 1.211
Å, re in HC(O)NH2, making the estimation of the offset
straightforward. It has to be noted that for OCS and OCSe, with

bond lengths shorter than in CO2, the linear correlation breaks
down. We did not find any satisfactory explanation for this
behavior.

The situation is considerably less favorable for the C-O
single bond lengths. Equilibrium values have been known in
oxirane,c-C2H4O,38 which is a ring, in formic acid, HCOOH,85

TABLE 12: Observed and Calculated14N Nuclear Quadrupole Coupling Constants (in MHz) for Formamidea

method øaa e - c(aa)/% øbb e - c(bb)/% øcc e - c(cc)/%

exp.b 1.960(2) 1.888(3) -3.848(4)
HF VTZ 1.767 9.85 1.728 8.47 -3.495 9.17

AVTZ 1.703 13.11 1.646 12.82 -3.348 12.99
VQZ 1.762 10.10 1.733 8.21 -3.494 9.20

MP2 VTZ 1.592 18.78 1.536 18.64 -3.128 18.71
B3LYP VTZ 1.662 15.20 1.616 14.41 -3.278 14.81

AVTZ 1.581 19.34 1.504 20.34 -3.085 19.83

a e ) experimental, c) computed.b Reference 84.

TABLE 13: Observed and Calculated14N Nuclear
Quadrupole Coupling Constants (MHz) for Methyl
Carbamatea

VTZ HF AVTZ B3LYP

exp. (I)b exp. (II)c calc.
[e(II) - c]/

% calc.
[e(II) - c]/

%

eQqaa 1.52 (27) 2.2833 (7) 1.99 12.8 1.85 18.9
eQqbb 3.51 (20) 2.0128 (8) 1.82 9.5 1.68 16.4
eQqcc -5.03 (33)-4.2961 (8)-3.81 11.3 -3.54 17.7

a e ) experimental, c) computed.b Reference 8.c Reference 9.

TABLE 14: Comparison of Equilibrium and cc-pVQZ MP2
Bond Lengths for CdO (in Å)

moleculea re VQZ MP2 offset (re - VQZ MP2)

CdO Bond
OCSe 1.1533b 1.1640 -0.011
OCS 1.1562c 1.1651 -0.0089
CO2 1.1600d 1.1662 -0.0062
H2CCO 1.1603e 1.1643 -0.0040
HNCO 1.1641f 1.1696 -0.0055
OCFCl 1.1730g 1.1775 -0.0045
OCHF 1.1773h 1.1812 -0.0039
OCHCl 1.1820i 1.1862 -0.0042
HCOOH cis 1.1910j 1.1945 -0.0035
HCOOH trans 1.1974k 1.2010 -0.0036
HCOCOOH 1.1977k 1.2025 -0.0048
azetidinone 1.201l 1.2044 -0.0034
H2CO 1.2047m 1.2082 -0.0035
HC(O)NH2 1.2109j 1.2132 -0.0023
OC(NH2) 1.2116j 1.2148 -0.0032
C(O)HCH2OH 1.2082j 1.2125 -0.0043
HCOCOOH 1.2087k 1.2114 -0.0027

C-O Bond
HOCN 1.3008j 1.2995 +0.0013
HC(O)COOH 1.3317k 1.3322 -0.0005
HCOOH trans 1.3410k 1.3427 -0.0017
HCOOH cis 1.3472j 1.3493 -0.0021
CH2dCHOH 1.3593j 1.3582 +0.0011
C(O)HCH2OH 1.3956j 1.3960 -0.0004
(CH3)2O 1.4062j 1.4066 -0.0004
CH3OH 1.4171j 1.4174 -0.0003
CH3CH2OH trans 1.4215j 1.4226 -0.0011
c-C2H4O 1.4256n 1.4303 -0.0047

a References forre structures are given explicitly; the VQZ MP2
bond lengths have been computed as part of this study.b Le Guennec,
M.; Wlodarczak, G.; Demaison, J.; Bu¨rger, H.; Litz, M.; Willner, H.
J. Mol. Spectrosc.1993, 157, 419-446. c Lahaye, J. G.; Vandenhaute,
R.; Fayt, A.J. Mol. Spectrosc. 1987, 123, 48-83. d Graner, G.; Rossetti,
C.; Bailly, D. Mol. Phys. 1986, 58, 627-636. e East, A. L. L.; Allen,
W. D.; Klippenstein, S. J.J. Chem. Phys.1995, 102, 8506-8532. The
frozen-core VDZ, VTZ, VQZ, and CBS CCSD(T) CdO bond lengths
in ketene are 1.1763, 1.1670, 1.1632, and 1.1606 Å, in order, computed
as part of this study. A related core correction is-0.0022 Å, resulting
in anre ) 1.1584 Å. These optimization results might explain why the
offset value of ketene is so different from molecules with a similar
CdO bond length.f Reference 38.g Demaison, J.; Perrin, A.; Bu¨rger,
H. J. Mol. Spectrosc. 2003, 221, 47-56. h Margulès, L.; Demaison, J.;
Boggs, J. E.J. Phys. Chem. A1999, 103, 7632-7638. i Demaison, J.;
Boggs, J. E.; Rudolph, H. D.J. Mol. Struct. 2004, 695-696, 145-
153. j This work. k Reference 85.l Demyk, K.; Petitprez, D.; Demaison,
J.; Møllendal, H.; Wlodarczak, G.Phys. Chem. Chem. Phys.2003, 5,
5038-5043.m Pawlowski, F.; Jørgensen, P.; Olsen, J.; Hegelund, F.;
Helgaker, T.; Gauss, J.; Bak, K. L.; Stanton, J. F.J. Chem. Phys. 2002,
116, 6482-6496.n Reference 39.
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and in glyoxylic acid, HC(O)COOH,85 where the C-O-H
moiety is involved instead of C-O-C, as in MC (Table 14).
For this reason, we have computed the structure of dimethyl-
ether, (CH3)2O, where the C-O-C moiety is present, and that
of a few other molecules (Table 14). Structural results for
(CH3)2O, obtained at several levels of theory, are reported in
Table S18. The effect of diffuse functions on the C-O bond
length is still large at the VQZ level, the increase in the bond
length is 0.002 Å. An empirical three-parameter exponential
formula,r(n) ) r(∞) + be-cn, was used to extrapolate the AVnZ
CCSD(T) values withn ) D, T, Q, to the CBS limit. This
extrapolation gives 1.4089 Å forre(C-O), which is in excellent
agreement with the V5Z CCSD(T)re value, 1.4090 Å. In other
words, at the V5Z level, there is no need to take into account
the effect of diffuse functions.

The experimentalrm
(2) structure44 has also been calculated for

dimethylether (Table S18). As to the CO bond length, it is in
good agreement with the ab initio value. It has to be noted that
the rs structure86 is also close to the ab initiore structure.

The fewre(C-O) data available, see Table 14, indicate that
the VQZ MP2 value is close, within 0.003 Å, to the equilibrium
value which has been determined either experimentally or using
high-level ab initio electronic structure calculations.

3.8. CN Bond Lengths.The equilibrium C-N bond lengths
of several molecules have been determined during this study.
Furthermore, additional equilibrium values are known from the
literature. All of these values are reported in Table 15. The
CtN bond lengths are not considered because they have been
recently reviewed.87 It is known that a constant offset may be
used to correct the MP2 values, and their behavior is different
from the C-N bond lengths.

During compilation of the results, it occurred to us that no
high-accuracy computed equilibrium structure for the simplest
molecule with a pure single C-N bond, i.e., CH3NH2 (methy-
lamine), has been reported. Therefore, we have computed the
equilibrium structure of methylamine at the all-electron VQZ
CCSD(T) level. This structure is expected to be close to the
true equilibrium structure.35 Particularly, it has been checked
that the CCSD(T) structure computed at the VQZ level appears
to be close to the CBS limit, since the cc-pwCVQZ and cc-
pVQZ basis sets give identical results at the all-electron MP2
level. The computed structure is given in Table 16.

The experimental structure of CH3NH2 has been determined
several times, either from ground-state rotational constants88,89

or by gas electron diffraction (GED).90 However, all of these
structural studies assumed that the methyl group is symmetric,

which is far from being true. The isolated C-H stretching
frequencies were used to check the reliability of the ab initio
structure of the methyl group :ν(CHa) ) 2955 cm-1 and
ν(CHs) ) 2880 cm-1.91 These vibrations correspond to92

re(CHa) ) 1.089(2) Å andre(CHs) ) 1.094(2) Å, in good
agreement with the ab initio structure. There is another problem
with the experimental structures, they all give (or assume)
r(C-N) ≈ 1.471 Å, which is considerably longer than the ab
initio value, 1.461 Å. The rotational constants calculated with
the ab initio equilibrium structure are 1.2-1.3% larger than the
corresponding experimental ground-state values. These differ-
ences have the right order of magnitude for such a light and
non-rigid molecule as CH3NH2. Our conclusion is that for CH3-
NH2 the ab initio structure is more reliable than the presently
available experimental ones.

The residualsre(CN) - rcc-pVQZ MP2(CN) are given in Table
15. For the four molecules with a CdN bondsHNCO, HNCNH,
CF2NH, and CH2NHsthe bond lengths are quite similar. For
the single bond C-N, the residuals are more dispersed, but
assuming an experimental accuracy of( 0.002 Å, it may be
concluded that the residuals are not significantly different from
zero.

It is tempting to try to find a correlation between the C-N
bond length and the planarity of the CNXY group. The CN
bond length is indeed significantly larger for most nonplanar
molecules. For instance, at the frozen-core VQZ MP2 level,

Figure 2. Plot of re - r[VQZ MP2] as a function ofre for the CdO
bond length (in Å).

TABLE 15: Comparison of Equilibrium and Frozen-Core
VQZ MP2 Bond Lengths for the CN Bond in Different
Molecules (in Å)a

molecule re VQZ MP2 offset (re - VQZ MP2)

CdN bond
HNdCdO 1.215b 1.217 -0.002
HNCNH 1.222c 1.225 -0.003
F2CdNH 1.239d 1.242 -0.003
H2CdNH 1.271e 1.273 -0.002

C-N bond
H2N-CN 1.348f 1.347 0.001
HC(O)NH2 1.355f 1.355 0.000
H2NCOOH 1.358f 1.356 0.002
MC 1.362f 1.362 0.000
OC(NH2)2 1.382f 1.381 0.001
CH3NC 1.422g 1.418 0.004
glycine-Ip 1.441h 1.443 -0.002
CH3NH2 1.461f 1.460 0.001
proline-I 1.473i 1.475 -0.002

a VQZ CCSD(T)+ cc-pwCVQZ [MP2_AE- MP2_FC].b Refer-
ence 38.c Koput, J.; Jabs, W.; Winn, M.Chem. Phys. Lett. 1998, 295,
462-466. d Puzzarini, C.; Gambi, A.J. Phys. Chem. A2004, 108,
4138-4145.e Margulés, L.; Demaison, J.; Sreeja, P. B.; Guillemin, J.
C. J. Mol. Spectrosc. 2006, 238, 234-240. f This work. g Reference
29. h Reference 13.i Allen, W. D.; Czinki, E.; Csa´szár, A. G. Chem.
Eur. J. 2004, 10, 4512-4517.

TABLE 16: Equilibrium Structure of Methylamine,
CH3NH2, Calculated at the All-Electron VQZ CCSD(T)
Level (Distances in Å and Angles in Degree)a

parameter value parameter value

r(N-H) 1.0096 ∠(NCHa) 109.14
r(C-N) 1.4609 ∠ (NCHs) 114.95
r(C-Ha) 1.0873 ∠ (HaCHa) 107.21
r(C-Hs) 1.0932 ∠ (HaCHs) 108.06
∠ (HNH) 106.08 ∠ (H′NCHa) 63.34
∠ (HNC) 109.95 ∠ (HNCHa) 179.79

∠ (HNCHs) 58.22

a ∠(H′NCHa′) ) -∠(HNCHa), ∠(H′NCHs) ) -∠(HNCHs), and
∠(HNCHa′) ) -∠(H′NCHa). For a planar molecule, 2∠HNC + ∠HNH
should be 360°, but in the present case, it is only 326.0°.
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the CN bond length in nonplanar urea is 1.381 Å, much larger
than in planar formamide, where it is 1.355 Å. However, there
are a few exceptions. In carbamic acid (Table 5), the CN bond
length is quite short, although the molecule has a nonplanar
equilibrium structure. Nevertheless, in this case, the energy
difference between the planar and nonplanar forms is quite
small.

4. Conclusions

We have addressed a number of issues, both experimental
and theoretical, connected with the equilibrium vs ground-state
planarity of the C(O)NH linkage in simple biomimetic mol-
ecules.

We investigated formamide, the simplest among XC(dO)NHY
species with XdYdH. It has a planar (Cs point-group sym-
metry) equilibrium structure, consistent both with available
spectroscopic information and high-quality electronic structure
calculations. An almost ultimate representation ofre

BO of
formamide has been obtained. A relatively low level of
electronic structure theory which reliably provides a planar
structure for formamide turned out to be all-electron
cc-pV(T,D)Z CCSD(T), which was then used for most of the
other molecules of this study to obtain equilibrium structural
information. Formamide does not appear to be a good model
of all amide linkages as it exhibits a single-minimum inversion
potential, i.e., planar equilibrium and ground-state structures,
which appears to be rare among the XC(dO)NHY species.

A number of molecules having the XC(dO)NHY linkage
were investigated by sophisticated electronic structure techniques
resulting in accurate representations of their equilibrium struc-
tures. These include methyl carbamate, cyanamide, acetamide,
urea, and carbamic acid. They all have a pyramidalized nitrogen
at equilibrium.

An important result of this study is that the ground-state
inertial defect is not a good measure of planarity of the CONH
linkage because the vibrational contributions can be extremely
large. Other spectroscopic parameters show even more ambigu-
ity while deciding about planarity. If the quadrupole coupling
constant|øcc|(14N) is smaller than about 4 MHz in a number of
molecules considered in this study, it corresponds to a planar
ground-state and a planar equilibrium structure (i.e., a single-
minimum inversion potential). If|øcc| is larger than 4 MHz, it
seems to indicate that the equilibrium structure is nonplanar.
The larger the value of|øcc|, the more likely that even the
ground-state structure is nonplanar. Ground-state quartic cen-
trifugal distortion parameters show a huge effect of the internal
rotation of the methyl group in methyl carbamate, but this is of
less concern for this study. On the other hand, for example, the
∆JK centrifugal distortion constant is obviously sensitive to the
existence of a plane of symmetry of MC, but it is difficult to
draw any safe conclusions by comparing the measured and
computed values. Overall, the absence ofc-type transitions
seems to be the most definitive observation supporting the
planarity of the ground-state structure of any related compound
of interest.

The methyl carbamate molecule was chosen as a model for
a behavior that seems characteristic of many molecules contain-
ing the peptide linkage. MC has an effectively planar ground-
state structure, all atoms except the two out-of-plane methyl
hydrogens are in a plane, and a nonplanar equilibrium structure.
The equilibrium inversion (pyramidalization) barrier about N
is small, about 50 cm-1, whereas the harmonic frequency
corresponding to the inversion motion is about 220 cm-1. The
ground-state structure of MC corresponding to the planar CONH

linkage is supported experimentally by the absence ofc-type
transitions in the rotational spectrum and by a small positive
vibrational contribution to the inertial defect. The apparent
discrepancy between the nonplanar equilibrium and the planar
ground-state structures can be resolved by correcting the ground-
state rotational constants by vibrational-rotational interaction
constants which leads to values of these rotational constants
close to the nonplanar equilibrium structure values. This joint
use of high-level theoretical and experimental information is
the only route that can be recommended to decide about the
equilibrium vs ground-state planarity of molecules containing
the CONH linkage.

It was shown that it is possible to use the frozen-core VQZ
MP2 level to estimate the equilibrium CN and CO bond lengths.
For the C-N bond, there is no offset, whereas for the CdN
bond, there is a small offset of about-0.002 Å. For the CO
bond, the picture is a bit more complicated because the offset
increases (in absolute value) when the bond length decreases.
It is also interesting to note that the C-N bond length is the
shortest in formamide which happens to be the only planar
molecule (Table 15). Furthermore, it appears that the less planar
the molecule, the longer the C-N bond becomes. However,
other factors may be important. For instance, the presence of
adjacent multiple bonds (CtN in cyanamide) complicates the
pattern. It may also be noted that the range of the N-H bond
length is rather small: it varies from 1.000 Å (for acetamide)
to 1.010 Å (for methylamine). Finally, it is also remarkable that
the N-H bond length is the longest for nonplanar molecules:
urea (1.005 Å), cyanamide (1.007 Å), and methylamine (1.010
Å).

The elaborate structural analysis of this study suggests that
formamide should not be considered as a general model of the
amide linkage and a more complex picture be adapted as typical
for molecules containing the CONH linkage. The main char-
acteristics of this emerging picture are the nonplanar equilibrium
structure, the exceedingly small barrier to pyramidalization about
N, and the possibility of a subsequent planar ground-state
structure. Acetamide and methyl carbamate, the latter studied
in detail here, seem to be good model compounds exhibiting
such features.
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