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The inelastic neutron scattering spectra for formamide (HCONH2) and its N-deuterated isomer (HCOND2)
have been measured. The spectra are interpreted on the basis of a vibrational harmonic normal-mode analysis
using a variety of models. The models are a single molecule, a formamide dimer, a tetramer resembling the
unit cell of crystalline formamide, and a cluster of 36 formamide molecules. Force fields of the first three
model systems were computed ab initio using the B3LYP DFT functional and the 6-31G** basis set. The
tetramer force field was then applied to the cluster of 36 molecules. Most of the observed vibrational bands
could be assigned by comparing the relative INS intensities and frequencies calculated for the theoretical
models with the measured spectra. Reasonable agreement between the calculation and the experiment was
achieved on this basis. The results confirm the presence of the strong hydrogen bonding in the formamide
lattice. However, the previously proposed model for the hydrogen bonding inN-methylacetamide involving
a dynamical proton exchange between the amidic (‚‚‚OCNH‚‚‚) and imidolic (‚‚‚HOCN‚‚‚) forms is not
consistent with our findings.

Introduction

Formamide is one of the simplest compounds that exhibit
hydrogen bonding between amide groups. This type of
hydrogen bond, present in many polymer systems such as
polypeptides, proteins, and polyamides, plays a key role in their
secondary structure and reactivity, and hence their biological
function.1 Many questions remain about the degree of the
electron delocalization (charge transfer) accompanying the
formation of hydrogen-bonded amide group clusters.
Vibrational spectroscopy has been extensively used to

investigate the details of the structures and interactions in
polypeptides and proteins.2 Since the classic study by Miyazawa
and co-workers,3 a tremendous amount of work has been done
on biorelated molecules using IR and Raman spectroscopy.4

Nevertheless, the low-frequency region, which is of interest for
slow biological processes, is not easily accessible by conven-
tional optical techniques. Inelastic neutron scattering (INS)
spectroscopy is an attractive option in the low-frequency regime.
In addition, due to the high incoherent neutron scattering cross
section for hydrogen and the vibrational amplitude weighting
of the intensity of the scattering, the INS technique has a
preferential sensitivity for proton movements. This makes INS
a very useful technique for studies of hydrogen-bonded systems.
Recent results are very encouraging with respect to the
understanding of the hydrogen bonding in simple amide systems
and peptides.5 Also, the spectral broadening in IR and Raman
spectroscopy caused by extensive intermolecular hydrogen
bonding is absent in INS because neutrons interact only with
the nuclei. Furthermore, INS spectroscopy of oriented samples
can potentially provide a great deal of detailed information on
the character of vibrational modes.6

It has been recognized previously that many vibrational
frequencies in the amide group are shifted by the formation of

hydrogen bonds.7 For example, the N-H stretching frequencies
are reduced by about 100 cm-1, while the frequency of the out-
of-plane distortion modes generally increases. It is possible to
relate the N-H stretching frequencies to the N-O distance in
such systems7 and generally to the strength of the hydrogen
bond. Recently, based on the INS data of solidN-methyl-
acetamide, a model has been proposed suggesting a double-
minimum potential for the hydrogen in bonded amides and
peptides.5 Naturally, this would lead to the formation of a
resonance structure of the amidic (‚‚‚OCNH‚‚‚) and imidolic
(‚‚‚HOCN‚‚‚) forms of the hydrogen-bonded molecules or to a
dynamical proton exchange between them. As an alternative
definition, the hydrogen bond becomes ionic (Nδ-‚‚‚Hδ+‚‚‚Oδ-).
Such a model implies a long-distance cooperativity during the
formation of the hydrogen bonds because of the chaining of
the molecules. Yet according to other studies7,8 the hydrogen
bonding does not disturb substantially the formamide molecule,
and the ionic character of the bond cannot be compared to the
truly ionic interactions in inorganic crystals.6

In this study, crystalline formamide is modeled on the basis
of computationally tractable clusters. The single-minimum
harmonic potential obtained by an ab initio method for these
smaller systems is then compared with the experimental INS
spectra. Similar studies have been conducted previously using
empirical potentials.9 The empirical methods cannot be used
systematically, and they lack the flexibility needed for a more
complex model. Ab initio techniques generally provide more
reliable and accurate force fields, although their power is still
limited by the computational requirements of such approaches.
A recently introduced so-called hybrid DFT/HF functional has
been shown to be a useful tool for vibrational studies on smaller
molecules.8,10-15 More recently, the DFT force-field calcula-
tions on formamide monomer and dimers have been pub-
lished.8,15 These calculations are extended to a tetramer and a
large 36-molecule cluster with the aim of simulating the
experimental INS spectra. Moreover, the effect of the anhar-
monic forces on spectral intensities are estimated for the
monomer and dimer. On the basis of these models, the
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experimental vibrational bands can be assigned and classified.
Furthermore, the effect of hydrogen bonding on the geometry,
vibrational frequencies, and INS intensities is determined.

Experimental Section

Formamide (HCONH2) was purchased from Aldrich and used
without further purification. The N-deuterated formamide
(HCOND2) was synthesized from HCONH2 by successive
isotopic substitution using D2O (Aldrich). The resulting N-
deuterated formamide sample was analyzed by NMR and was
shown to be∼90% N-deuterated.
The INS spectra were recorded using the CHEX inelastic

neutron spectrometer at the Intense Pulsed Neutron Source
(IPNS) located at Argonne National Laboratory. The CHEX
spectrometer utilizes a fixed final energy, with the time-
correlation of the pulsed source providing the energy-transfer
determination. The scattered neutron beam is reflected by an
analyzer crystal array (highly oriented pyrolytic graphite) and
only neutrons with specific wavelengths (satisfying the Bragg
condition) will be reflected and detected. In addition, a
beryllium filter is placed between the analyzer crystal and the
detectors to reject the higher order reflections, thereby removing
any ambiguity in the final energy of the detected neutrons. The
spectrometer incorporates a time focusing design to achieve an
energy resolution (∆ν/ν) of <2% for frequencies below 2000
cm-1. The samples were placed in an “organ pipe”-like cell
which consists of a row of vertical small aluminum tubes
covering the whole cross section of the incident neutron beam
(10× 10 cm). The whole sample assembly was cooled to 15
K. The raw time-of-flight INS data were converted to neutron
energy loss data by standard procedures developed at IPNS.
A similar INS measurement of crystalline formamide has also

been carried out at the Los Alamos National Laboratory using
the FDS instrument at the Manuel Lujan Jr. Neutron Scattering
Center. The INS spectra produced by both neutron facilities
are in close agreement, and only the INS spectra from IPNS
are used here because the CHEX spectrometer has a better
energy resolution.

Computational Methods

The formamide monomer (FA), dimer (FA2), and tetramer
(FA4) were modeled using the same computational procedure.
The geometry of the clusters was optimized by energy mini-
mization, at the B3LYP/6-31G** level.12 Gaussian 9416 was
used for the calculation, as implemented at the Supercomputer
Center of the Charles University in Prague, Czech Republic.
The geometries of the molecular systems are shown in Figure
1. The dimer (tetramer) structure was chosen to resemble part
(whole) of the crystal unit cell. In accordance with the neutron
diffraction data,17 theCs (for FA) andC2h (for FA2 and FA4)
symmetry were employed to speed up the calculations. After
optimization, the harmonic force fields were calculated at the
same level by Gaussian 94, using the analytic derivative
technique. These force fields calculations are done in the
Cartesian coordinate system instead of using a set of defined
internal coordinates, to facilitate the transfer of the force field
to larger clusters.18

Similarly, the large 36-molecule cluster (FA36) was optimized
using the PM3 semiempirical Hamiltonian with Gaussian 94.
The starting geometry was chosen to resemble the crystal
structure, implementing theC2h symmetry (see Figure 1). Then
the tetramer DFT force field was transferred onto the cluster in
the Cartesian coordinate system,18 in an effort to obtain the main
terms of the FA36 force field.

The normal-mode atomic displacements (after isotopic sub-
stitution for the deuterated species) were calculated. The INS
intensity for each vibrational mode is approximately proportional
to the sum of the mean-square displacements of the protons
attributable to the vibrational mode. The CHEX spectrometer
measures INS intensities with a parabolic cut through the
momentum transfer space. Our program for generating INS
intensities takes into account this momentum transfer weighting
effect. An empirical method adopted from ref 19 were used
for the intensity calculation. The relative INS intensities,Sk,
can be approximately expressed as

where c is a convenience factor (c ) 1/16.132),νk is the
transition frequency in cm-1, σi is the incoherent scattering cross
section taken from ref 20, andCik is the mass-weighted
eigenvector of atomi. The parameter,R, controls the total
Debye-Waller factor. If the phonon wings, combinations and
overtone bands are ignored,R is the sum of the isotropic
internal-mode temperature factor,Uv, and the external-mode
temperature factor,Ue.19 Uv governs the intensity falloff for
the total internal-mode intensity, whileUe governs the distribu-
tion of the total internal-mode intensity between the parent
internal mode and the phonon wings.19 Uv calculated from the
mass-weighted eigenvector is about 0.04 Å2 for all of the
hydrogen atoms in formamide. As the experimental data yield
a value forR of 0.06 Å2, Ue is estimated to be 0.02 Å2. This
approach is sufficient to achieve our goal of assigning the
internal modes, which does not require a detailed fit of the INS
profile.

Figure 1. Molecular models of formamide: (a) monomer, (b) dimer,
(c) tetramer, and (d) the 36-molecule cluster. Note that all the model
systems are planar. The FA models are assembled according to the
structure of the FA unit cell from ref 17. The dotted lines indicate the
hydrogen bonds.

Sk ) 1/3cνk exp(-cRνk)∑
i

N

σiCik
2 (1)
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To estimate anharmonic effects, a procedure similar to that
of ref 21 was used. This could be carried out only for the
monomer and the dimer due to computational limitations. The
third and semidiagonal (dijkl with four different indices excluded)
fourth Cartesian energy derivatives were calculated by numerical
differentiation, using the Gaussian 94 program. For FA, the
B3LYP/6-31G level was again used for the calculation of second
derivatives with a differentiation step size of 0.1 Å. For FA2,
the HF/6-31G** level was used with a step size of 0.01 Å (such
a small step would lead to a numerical instability for the DFT
grid-based methods).
The theoretical INS profiles were simulated from the calcu-

lated INS intensities using the Gaussian instrumental energy
resolution function for all transitions. The simulated resolution
function was assumed to increase linearly with frequency, and
the proportionality constant was chosen to mimic the observed
experimental widths.

Results

Geometry. Selected geometry parameters are given in Table
1 for the model systems, and compared with the experimental
parameters for the monomer and crystalline formamide. The
monomer structure is not dramatically perturbed by the electron

conjugation in the crystal, where the bond lengths differ by about
1-2%. There is evidence of electron rearrangement toward
the imido form of the molecule as the hydrogen bonding takes
place in the clusters. The N-H distance, for example, lengthens
as the hydrogen bonds to the oxygen and the calculated N-H
bond length increases by 0.017 Å for the H-bonded N-H(cis
to the oxygen within the same molecule) of the inner pair of
FA4 (the structure which is closer to an infinite crystal) as
compared to the N-H(cis) distance of the FA/DFT monomer.
This compares favorably with the experimentally observed
increase of 0.021 Å (comparison of the gas-phase and solid-
phase structures). The same comparison of the FA/DFT and
the inner pair of the FA4 models indicates that the CdO bond
length increases by 0.023 Å, which is also close to the
experimental difference in CdO bond length (between those
in the gas and solid phases) of 0.027 Å. The calculated bond
length of the C-N bond is 0.026 Å shorter in the inner pair of
FA4 than for the FA/DFT monomer, which is in relatively poor

TABLE 1: Geometry of the FA Model Systemsa

model R(N-H) trans/cisb R(C-H) R(CdO) R(C-N) R(N‚‚‚O)

FA, DFT 1.007/1.010 1.010 1.216 1.362
FA, PM3 0.990/0.992 1.101 1.220 1.391
FA2 1.029/1.008 1.106 1.232 1.342 2.874
FA4 (IP)c 1.008/1.027 1.111 1.239 1.336 2.899 (cyclic)
FA4 (OP)c 1.016/1.009 1.111 1.219 1.353 2.986 (zigzag)
FA36, PM3 innerd 1.006/1.010 1.108 1.224 1.362 2.821 (cyclic)
FA36, PM3 outerd 1.007/1.010 1.110 1.245 1.361 2.812 (zigzag)
experiment
gas phasee 1.027(6)/1.027(6) 1.125(12) 1.212(3) 1.368(3)
solid statef 1.048(6) 1.096(6) 1.239(7) 1.294(5) 2.958(7) (cyclic)

1.326(4)g 2.853(7) (zigzag)

a Bond lengths given in Å,R(N‚‚O) is the hydrogen bond length.b trans/cis indicates the N-H bond length for the N-hydrogen trans or cis to
the oxygen within the same molecule. This is also indicated in Figure 1.c IP and OP are the inner and outer pairs indicated in Figure 1.dOuter FA
are the ones which are at the edges of the unit cells and only one N-H atom/FA molecule is H-bonded. Inner FA are the ones which are located
inside the clusters with both N-H atoms in the FA molecules are H-bonded.eGas electron diffraction.23 f Neutron diffraction, 7 K.17 g X-ray
diffraction.22

Figure 2. Simulated INS spectra of formamide (HCONH2): (a) the
monomer, (b) the dimer, (c) the tetramer model, (d) the FA36 model,
and (e) experimental spectrum in the range 0-350 cm-1 (the asterisk
indicates the NH2 wagging mode in the monomer).

Figure 3. Simulated INS spectra of formamide (HCONH2): (a) the
monomer, (b) the dimer, (c) the tetramer model, (d) the FA36 model,
and (e) experimental spectrum in the range 350-2000 cm-1 (the asterisk
indicates the NH2 wagging mode in the monomer, (the double asterisk
indicates the NH2 wagging frequency suggested by the IR data at 20
K from ref 25). The predicted and experimental INS features are
correlated by the numbers: (1) NH2 wagging; (2) NCO bend+ C-N
stretch+ NH2 rocking; (3) NH2 torsion; (4) C-H wagging; (5) NH2
rocking; (6) amide III (N-H bend+ C-N stretch); (7) C-H bend;
(8) amide II (N-H bend+ C-N stretch).

Hydrogen-Bonded Solid Formamide at 15 K J. Phys. Chem. A, Vol. 101, No. 33, 19975879



agreement with the difference of 0.042 Å observed experimen-
tally (comparison of the X-ray22 and gas electron diffraction23

values). The C-N bond length of 1.294 Å obtained by neutron
diffraction indicates a shortening of 0.074 Å upon crystallization.
In contrast, an X-ray study gave a C-N bond length of 1.326
Å. Our calculation is in better agreement with the X-ray result.
The C-H bond length increases by less than 0.2% according
to the calculations, which is consistent with the experiments.
The N‚‚‚O distance is longer in the tetramer than in the dimer,
which would suggest that the “H-binding ability” is essentially
saturated in the dimer. In a real crystal, the alternating H-bond
lengths are shorter than for the cyclic ones, which is predicted

by previous calculations24 and by our PM3 model taking into
account the long-range electron conjugation, unlike the DFT
calculation on the tetramer. A detailed study of this long-range
electron transfer or conjugation at a reliable level is currently
beyond our computational possibilities.
INS Spectra for Formamide. The theoretical and experi-

mental spectra are shown in Figures 2 and 3. Due to the lower
spectral resolution at higher frequencies, in combination with
the weaker scattering intensities, the C-H and N-H stretching
bands over 2000 cm-1 are poorly defined. For the purpose of
the mode assignment, those high-frequency modes are of limited
utility. On the other hand, the signals of the lower frequency

TABLE 2: Vibrational Frequencies (in cm-1) of Formamide

modea FA FA2 FA4 expt (INS) expt (Raman/IR)c assignment for FA4d

1 3740 A′b 3686 Bub 3690 Agb asym N-H stretch, OP
2 3690 Bu asym N-H stretch, OP
3 3685 Ag 3683 Ag 3265 asym N-H stretch, IP
4 3683 Bu asym N-H stretch, IP
5 3596 A′ 3325 Bu 3504 Bu sym N-H stretch, OP
6 3504 Ag sym N-H stretch, OP
7 3269 Ag 3357 Bu 3217 sym N-H stretch, IP
8 3310 Ag 3124 sym N-H stretch, IP
9 2951 A′ 2986 Ag 3026 Ag 2893 C-H stretch, IP
10 3023 Bu C-H stretch, IP
11 2982 Bu 2915 Bu C-H stretch, OP
12 2915 Ag C-H stretch, OP
13 1835 A′ 1812 Bu 1834 Ag CdO stretch (amide I), OP
14 1834 Bu CdO stretch, OP
15 1780 Ag 1797 Bu 1748 CdO stretch, IP
16 1765 Ag CdO stretch, IP
17 1620 A′ 1664 Bu 1660 Bu 1697 1692 amide II (N-H bend+ C-N stretch), IP
18 1659 Ag amide II, IP
19 1661 Ag 1651 Bu 1623 amide II, OP
20 1648 Ag amide II, OP
21 1432 A′ 1435 Bu 1433 Ag 1405 1396 C-H bend
22 1432 Bu 1373 C-H bend
23 1435 Ag 1432 Ag C-H bend
24 1432 Bu C-H bend
25 1275 A′ 1362 Ag 1376 Ag 1363 1358 amide III (N-H bend+ C-N stretch), IP
26 1360 Bu amide III, IP
27 1344 Bu 1294 Bu amide III, OP
28 1293 Ag amide III, OP
29 1054 A′ 1111 Ag 1119 Ag 1153 1154 NH2 rocking, IP
30 1109 Bu 1143 NH2 rocking, IP
31 1102 Bu 1102 Ag NH2 rocking, OP
32 1102 Bu NH2 rocking, OP
33 1046 A′′ 1069 Au 1071 Au 1073 1061 C-H wagging, IP
34 1061 Bg C-H wagging, IP
35 1056 Bg 1047 Bg C-H wagging, OP
36 1047 Au C-H wagging, OP
37 881 Au 868 Au 843 NH2 torsion, IP
38 831 Bg NH2 torsion, IP
39 650 A′′ 844 Bg 727 Au 721 NH2 torsion, OP
40 726 Bg NH2 torsion, OP
41 563 A′ 648 Bu 653 Bu 686 676 NCO bend+ C-N stretch+ NH2 rocking, IP
42 626 Ag 657 646 NCO bend+ C-N stretch+ NH2 rocking, IP
43 618 Ag 589 Bu 641 NCO bend+ C-N stretch+ NH2 rocking, OP
44 587 Ag 619 NCO bend+ C-N stretch+ NH2 rocking, OP
45 126 A′′ 503 Bg 523 Bg 841 NH2 wagging, IP
46 516 Au NH2 wagging, IP
47 485 Au 450 Bg NH2 wagging, OP
48 449 Au NH2 wagging, OP
49 231 Bu 264 262,231 FA rotation, IP
50 189 Bg 205 Bg 213 224 FA rotation, IP
51 183 Ag 194 Ag FA rotation, IP+OP
52 158 Ag 174 Ag 178,171 FA translation, IP
53 136 Au 145 Au 166 146 FA rotation, IP
54 138 Bu 128 FA trans+ rotation, OP
55 101 Ag 92 FA translation+ rotation, OP

a The lower energy modes (<100 cm-1) of the FA tetramer model cannot be assigned due to the interferences from the phonon density of states
in the experimental spectrum. Thus, the number of normal modes shown in this table for the FA tetramer is less than (3N - 6). b Symmetry species
of the vibrational modes.cRaman/IR data measured at 20 K are taken from ref 25.d Abbreviations: OP/IP- inner/outer pair in FA4, as indicated
in Figure 1.
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modes are relatively intense, and the comparison between
experiment and theory will focus on this region.
The mode assignments and frequencies are given in Table 2,

where the INS derived vibrational frequencies are also compared
with those from a Raman/IR study at 20 K.25 There is
remarkable agreement between the two different techniques at
frequencies below 1700 cm-1. The Raman/IR data also provide
a basis for a comparison of our theoretical results with
experiment.
The theoretical calculations overestimate the frequency of the

N-H stretch by more than 150 cm-1. This may partly be due
to the fact that not all the N-H are H-bonded in the models.
Furthermore, the calculations also overestimate the frequencies
of the C-H and CdO stretches by about 100 cm-1. This is
not surprising because, in general, Hartree-Fock and even DFT
methods do not include, or inadequately account for, electron
correlation.12,15 This is of less concern for lower frequency
vibrational modes.12

The single FA molecule simulated spectrum provides an
indication of the expected intensity as a function of frequency.
As the cluster size grows from FA to FA4, the low-energy
modes, corresponding to the translational and rotational motions
of formamide molecules within the clusters, are located in the
0-350 cm-1 region, as shown in Figure 2. Unfortunately, the
experimental spectrum in this region contains a contribution
from the phonon density of states, which is difficult to model
within the framework of the theoretical approach used in this
paper. However, the peaks between 150 and 270 cm-1 in the
experimental spectrum compare well with the FA4 and FA36
models. As is apparent from Table 2, the relative translational
and rotational motions between the FA molecules within the
lattice can be related to the observed bands in this low-frequency
region.
The NH2 wagging frequency increases from 126 cm-1 for

the monomer to∼500 cm-1 for the dimer and tetramer, under
the influence of the H-bonding. For the FA4 model, the stronger
bands of the out-of-plane NH2 wagging motions occur in the
range 450-525 cm-1, but the vibrational amplitudes for these
motions contain contributions from the large-amplitude motions
of the non-H-bonded “free” hydrogens. These large-amplitude
motions do not exist in a real crystal, and these intense peaks
will not be observed in the experiment. Instead, the NH2

wagging peak should be considerably weaker as the amide
groups which are H-bonded will have lower vibrational ampli-
tudes. The low-temperature IR data indicate that the N-H
wagging frequency is 841 cm-1.25

The signals between 550 and 2000 cm-1 can be compared
with experiment on the basis of calculated frequencies and
intensities. As shown in Figure 3, the NCO bend+ C-N
stretch+ NH2 rocking mode and the NH2 torsion mode are
correctly predicted by the FA4 and FA36 models. Modes in
the 1000-1120 cm-1 region involve the hydrogens of the NH2
group, as well as the motion of the C hydrogens. The signal
of the C-H out-of-plane wagging (∼1050 cm-1 experimentally)
is predicted to be approximately of the same intensity as that
of the N-H in-plane motion (∼1100 cm-1, experimentally 1121
cm-1) whereas the latter mode is about twice as intense as the
former in the experimental INS spectrum. The higher predicted
INS intensity for the C-H out-of-plane motion arises from the
relatively unrestricted wagging due to the lack of the interactions
between the crystal unit planes. The predicted frequencies and
intensities of the C-H in-plane bending and the amide II and
the amide III modes are well correlated with the experimental
spectrum. The spectrum of FA36 retains the basic features
observed in the spectrum of the tetramer, but the overall shape

becomes more realistic; namely, the signal from the formamide
molecules at the edge of the cluster is weaker (in FA4 there are
four non-H-bonded hydrogens and four H-bonded ones, in
FA36, the ratio is 16:56).
Effect of Deuteration. The simulated and experimental

spectra for the N-deuterated isomer are given in Figure 4, and
the corresponding vibrational band assignments are listed in
Table 3. From the FA4 model, similar spectral features are
predicted in the low-energy region (0-350 cm-1) as for the
hydrogenated case, which is in accordance with the experimental
observation. The signal of the “free” deuterium wagging (350-
400 cm-1) is again not seen experimentally. It should be noted
that the frequency of this mode is substantially shifted compared
to that for the free FA molecule. We therefore expect that the
anharmonic effects will be much smaller in the crystal force
field than in the single-molecule force field.26 The overall
gradual decrease in intensity in the region 200-900 cm-1 is in
accordance with experiment. The effect of the isotopic substitu-
tion can be observed for the bands corresponding to the ND2

and CH motions. The ND2 in-plane rocking mode frequency
is lowered (to 930 cm-1, experimentally 933 cm-1) and the
relative mode ordering for the ND2 in-plane and C-H out-of-
plane wagging modes is reversed, as the frequencies of the latter
are practically unchanged by the deuteration (1045 cm-1,
experimentally 1042 cm-1). Since the incoherent scattering
cross section of hydrogen is larger than that of deuterium by
about a factor of 16, this means that the C-H out-of-plane
motions are dominant in this region. Also, the relative intensity
of the ND2 in-plane mode signal drops to about one-fifth of
that of the C-H out-of-plane modes, which is in accordance
with the experimental observation. Generally, the simulated
spectra for the N-deuterated compounds are in better accord
with experiment than is the case for undeuterated formamide.
The INS spectrum of C-deuterated formamide (DCONH2)

can be obtained by the subtraction of the INS spectrum of
HCOND2 from HCONH2. There will be small differences
between the spectrum obtained in this manner and the actual
INS spectrum for this compound, but they are of no consequence
when assigning the modes. Figure 5 shows INS spectrum of
DCONH2 calculated by this method.
Anharmonic Effects. As the force field of formamide is

expected to be strongly affected by the anharmonic interactions,

Figure 4. Simulated INS spectra of N-deuterated formamide
(HCOND2): (a) the monomer, (b) the dimer, (c) the tetramer model,
(d) the FA36 model, and (e) the experimental spectrum in the range
0-2000 cm-1.
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an attempt was made to determine the effect of an anharmonic
force field on the predicted INS intensities. Figure 6 shows
the effect of anharmonicity on the predicted spectrum. For the
monomer, the inclusion of anharmonicity leads to extra bands,
corresponding to overtone and combination transitions. How-
ever, assignment of the extra bands to features in the experi-
mental spectra is difficult. Extra bands appear also in the
anharmonic spectrum of the dimer. Here the lowest-frequency
modes (0-350 cm-1) spread out over a wider frequency region;
they look quite realistic when compared to the measured
spectrum, although any detailed agreement is not possible
without taking account of the lattice phonon density of states.
In the region above 550 cm-1 many combination transitions
appear, which is consistent with the rather unresolved experi-
mental pattern. A detailed assignment of these modes is clearly

impossible. Due to the limited vibrational basis set, which is
unavoidable with our current computational constraints, the
accuracy of the calculated anharmonic force field is limited.
This precludes a quantitative comparison, but it is certainly the
case that the anharmonic effects contribute substantially to the
intensity pattern, and the intensity changes are comparable with
those caused by the H-bond formation.

Discussion

The results of this study demonstrate that we can interpret
the basic features of the experimental INS spectra using an ab
initio force field based on small clusters of formamide. This
approach can explain, for example, the increase in the NH2

bending frequency, and the decrease in the NH2 stretching

TABLE 3: Vibrational Frequencies of HCOND2
a

mode FA FA2 FA4 expt (INS) assignment

1 2951 A′ 2986 Ag 3026 Ag C-H stretch, IP
2 3025 Bu C-H stretch, IP
3 2984 Bu 2915 Bu C-H stretch, OP
4 2915 Ag C-H stretch, OP
5 2771 A′ 2714 Ag 2731 Ag asym N-D stretch, OP
6 2730 Bu asym N-D stretch, OP
7 2714 Bu 2715 Ag asym N-D stretch, IP
8 2714 Bu asym N-D stretch, IP
9 2596 A′ 2428 Bu 2538 Bu sym N-D stretch, OP
10 2538 Ag sym N-D stretch, OP
11 2388 Ag 2449 Bu sym N-D stretch, IP
12 2415 Ag sym N-D stretch, IP
13 1829 A′ 1800 Bu 1826 Ag CdO stretch, OP
14 1825 Bu CdO stretch, OP
15 1749 Ag 1782 Bu CdO stretch, IP
16 1733 Ag CdO stretch, IP
17 1440 A′ 1467 Ag 1446 Ag 1407 C-H bend, IP
18 1444 Bu C-H bend, IP
19 1446 Bu 1440 Ag C-H bend, OP
20 1440 Bu C-H bend, OP
21 1332 A′ 1361 Bu 1373 Bu amide II, IP
22 1371 Ag amide II, IP
23 1359 Ag 1349 Bu amide II, OP
24 1347 Ag amide II, OP
25 1103 A′ 1184 Ag 1185 Ag amide III, IP
26 1158 Bu amide III, IP
27 1155 Bu 1115 Ag amide III, OP
28 1115 Bu amide III, OP
29 1043 A′′ 1051 Au 1056 Au 1073 C-H wagging, IP
30 1052 Bg C-H wagging, IP
31 1048 Bg 1042 Au C-H wagging, OP
32 1042 Bg C-H wagging, OP
33 896 A′ 914 Ag 930 Bu 961 ND2 rocking, OP
34 930 Ag ND2 rocking, OP
35 909 Bu 922 Ag ND2 rocking, IP
36 916 Bu ND2 rocking, IP
37 507 A′′ 672 Au 664 Au ND2 torsion, IP
38 623 Bg 617 Bg ND2 torsion, IP
39 484 A′ 576 Bu 579 Bu NCO bend+ C-N stretch+ ND2 rocking, IP
40 541 Ag 549 Ag NCO bend+ C-N stretch+ ND2 rocking, IP
41 547 Au 562 ND2 torsion, OP
42 547 Bg ND2 torsion, OP
43 508 Bu NCO bend+ C-N stretch+ ND2 rocking, OP
44 507 Ag NCO bend+ C-N stretch+ ND2 rocking, OP
45 126 A′′ 395 Bg 405 Bg ND2 wagging, IP
46 367 Au 389 Au ND2 wagging, IP
47 349 Au ND2 wagging, OP
48 349 Bg ND2 wagging, OP
49 219 Bu 217 Bu 255 FA rotation, IP
50 127 Au 193 Au 205 FA rotation, IP
51 180 Ag 190 Ag FA rotation/translation
52 150 Ag 166 Ag FA translation, IP
53 177 Bg 137 Bg 160 FA rotation, IP
54 131 Bu FA translation, OP
55 95 Ag FA rotation, OP

a Symbols and units same as in Table 2.
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frequency due to the formation of intermolecular hydrogen
bonds. Detailed experimental studies of this effect have been
done using IR spectroscopy, on the solvent and concentration
dependence of the out-of-plane N-H bending frequency of
N-methylacetamide (NMA).27 Fillaux et al. showed that the
N-H bending frequency decreases from 725 to 418 cm-1 on
going from pure liquid to dilute solution in cyclopentane.27

Another similar IR study on a cyclic amide, 5-methylpyrroli-
dinone demonstrated that the N-H stretching frequency in-
creases from 3237 to 3443 cm-1 on going from neat liquid to
dilute solution in deuterated chloroform.28 These results from
studies utilizing optical spectroscopy are in good agreement with
our theoretical calculations.
However, our results on the effects hydrogen bonding in

formamide are not consistent with the ionic model proposed
by Fillaux.5 According to the ionic model, the fundamental
N-H stretching frequency should be about∼1575 cm-1. Our
assignments place the N-H stretching frequency at about 3300

cm-1, which is inconsistent with the ionic model. In addition,
the low-temperature Raman data show an intense and sharp band
at 3124 cm-1, and no Raman band about 1575 cm-1 was
observed.25 This demonstrates conclusively that the fundamen-
tal N-H stretching frequency is about 3100-3200 cm-1. The
Raman data are in better agreement with our theoretical models
than the ionic model. The broad INS signal in the region around
1575 cm-1 in the INS spectrum of formamide can be explained
on the basis of a conventional interpretation of the inelastic
neutron scattering. The force field model used by Fillaux et
al. is based on a single-molecule approach where the force
constants for the various motions were refined from the
experimental data. The approach taken in this paper is a first-
principles method, and given the good agreement between the
theory and the optical and neutron spectra, the conclusion must
be that the ionic model for the bonding in simple amides is
incorrect. This incorrect assignment of the N-H stretch by
Fillaux et al. is based on the intensity of the mode at 1575 cm-1,
and it is likely that the empirical force field model does not
correctly estimate the vibrational amplitudes.
Moreover, the main feature of the ionic model is that the

hydrogen bonded hydrogen atoms are not formally bonded to
the nitrogen atoms. Instead, there is a dynamical proton
exchange between the amidic (‚‚‚OCNH‚‚‚) and imidolic
(‚‚‚HOCN‚‚‚) forms. If this is true for the case of formamide,
the time-averaged N-H bond length in solid formamide must
exceed substantially the value for an isolated N-H bond. The
neutron diffraction study of crystalline formamide shows that
the N-H bond length in the crystal is only very slightly longer
than is the case for an ordinary N-H bond.17 Consequently,
the ionic model is definitely not applicable in the case of solid
formamide.
Although the effects of hydrogen bonding on the N-H

vibrational frequencies are clearly observed in our study, some
difficulties remain when modeling a real crystal with a small
cluster. First, not all the N-hydrogen atoms are hydrogen
bonded to the nearest oxygen atoms. Two different types of
N-hydrogen atoms (H-bonded and non-H-bonded) are present,
and they give rise to different N-H vibrational frequencies.
Naturally, all the N-hydrogen in a real crystal are hydrogen
bonded. Therefore, some strong extra bands exist in the
simulated INS spectra due to the “free” N-hydrogen. Also the
model lacks the interaction between the crystal unit planes. As
mainly the NH2 out-of-plane wagging frequency is affected by
the H-bonding, we can expect a significant effect from such an
interplanar interaction. Nevertheless, as far as the main spectral
features and the normal mode assignments are concerned, the
small cluster modeling seems to be sufficient. The ab initio
approach used in this study could be improved either by an
increase in the size of the cluster, or by solving the Schroedinger
equation under periodic boundary conditions.
The simple concept that “the stronger the bond the higher

the stretching frequency” can be demonstrated for the case of
hydrogen bonding in solid formamide. Within the FA4 cluster,
for example, the N-H and CdO stretching frequencies decrease
by ∼2-5% (with an increase in their bond lengths), when
compared to an isolated FA molecule. On the other hand, the
NH2 torsion and wagging frequencies increase by∼25% and
∼300%, respectively. The agreement between the simulated
and experimental spectra in the NH2 torsion mode region is
encouraging, as shown in Figures 3 and 4. However, due to
the imperfection of the models (insufficient H-bonds), the true
NH2 wagging frequencies should even be higher. The NH2

wagging frequency for the inner pairs of FA4 is slightly higher
than that for the outer pairs. This is mainly due to the different

Figure 5. (a) Experimental INS spectrum of formamide (HCONH2);
(b) experimental INS spectrum of N-deuterated formamide (HCOND2);
(c) INS spectrum of C-deuterated formamide (DCONH2) obtained from
the subtraction: INS(HCONH2)-INS(HCOND2).

Figure 6. Simulated INS spectra with anharmonic corrections: (a)
harmonic monomer, (b) anharmonic monomer, (c) harmonic dimer, (d)
anharmonic dimer, and (e) the experimental spectrum.
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H-bonds connected with the inner (cyclic H-bonds) and outer
(zigzag H-bonds) pairs. The inner pairs describe the crystal
environment better than the outer pairs. Following this trend,
the true NH2 wagging frequencies may actually be around 800-
900 cm-1 (about 600% increase from NH2 wagging frequency
for the monomer). Also, the true vibrational amplitudes for
these NH2 wagging motions, with every N-H atom pair being
H-bonded, will be much smaller than that for the “free” N-H
atoms. The INS intensities for these NH2 wagging modes are
therefore overestimated in the calculations. The INS signals
for the NH2 wagging modes may be hidden inside the
experimental INS bands at 800-900 cm-1. This is consistent
with the low-temperature IR data, which indicates a NH2

wagging frequency of 841 cm-1.25

Conclusion

Hydrogen bonding has a significant effect on the INS
intensities and vibrational frequencies of crystalline formamide.
Ab initio harmonic force field calculations using the DFT
method and small cluster models are reasonably successful in
reproducing the experimental INS spectra. The results of this
study are inconsistent with the previously proposed interpretation
of the INS spectra of solidN-methylacetamide based on a double
well (anharmonic) ionic model. The solid formamide spectrum
can be interpreted using conventional ab initio modeling of the
harmonic force field (or with an anharmonic perturbational part)
if calculated at a reasonably high level for a carefully chosen
model system. Further improvements in the agreement between
the theoretical calculations and the experimental data are likely
if larger clusters are used, to minimize the cluster surface effects.
An even better solution would be to use ab initio codes
incorporating periodic boundary conditions, and although such
codes are being developed, they are not yet able to provide the
necessary parameters for a prediction of INS spectra.
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