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Vibrational motions of solid N-methylformamide ~NMF! and its N-deuterated analogue are
investigated using the inelastic neutron scattering ~INS! technique at 15 K. The force field for
obtaining the normal vibrational modes of the crystal is based on a quantum chemical calculation
and a subsequent transfer of a harmonic force field of a smaller pentameric segment to a fragment
of 11 NMF molecules. Two types of hydrogen bonds present in crystalline NMF are also modeled
with dimers. The distinct bonding leads to a splitting of the N-hydrogen wagging mode in the
spectrum. Although the hydrogen bonding has a profound effect on vibrational frequencies, the
results indicate that an occurrence of a double-well potential for bonded hydrogen proposed
previously is unlikely. Instead, a limited electronic conjugation along the hydrogen bonds in
crystalline NMF is observed. Unlike in previous models, we simulate the relative INS intensity of
each vibrational transition separately, which leads to a substantial improvement of the overall profile
of the intensity pattern. The modeling allows one to assign most of observed INS bands to
vibrational modes and the overall spectral profile that reproduced by the simulation compares well
with the experiment. © 1998 American Institute of Physics. @S0021-9606~98!01101-5#

I. INTRODUCTION

N-methylformamide ~NMF, HCONHCH3! is one of the
simplest amides that are widely used to investigate basic
properties of the peptide linkage, OvC~R!–NH~R8!. As in
formamide or N-methylacetamide ~NMA!, strong intermolecular hydrogen bonding is present in the condensed phase
of NMF. Traditionally, the bonding was compared to proteins and other molecules present in living matter.1,2 Quite
recently, for example, NMF was identified as an anticancer
agent3–5 and phase II clinical trials have even been
conducted.6 Also, other basic biochemical processes ~charge
transfer, neuron signaling! can be conveniently modeled with
simple amides.
The presence of intermolecular hydrogen bonding can
also be investigated by conventional ir and Raman spectra,
especially in the near ir region (3000– 3500 cm21) where
stretching motions of the hydrogen atoms dominate. However, in the lower energy region, either the signal is obscured
by vibrational motions of heavier atoms, or it cannot be measured due to the limited spectral window of the spectrometer.
a!
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Thus due to the high inelastic neutron scattering cross section for hydrogen, INS offers an attractive alternative to the
conventional optical spectroscopy for the studies of hydrogen bonding. In addition, with the lack of symmetry selection rules, all the vibrational modes involving hydrogen can
be observed. INS intensities for each vibrational mode are
directly proportional to the mean square displacements of the
hydrogen atoms and thus can be modeled using standard
methods of normal mode analysis. INS studies on the deuterated compounds can be particularly aimed at the hydrogen
bonding, since the acidic hydrogen may be easily exchanged.
The main drawbacks of the INS method are expensive instrumentation, lower resolution, and a relatively large amount of
sample needed.
NMF in the gas, liquid, and solution phases has been
extensively studied by means of vibrational spectroscopy,7–9
microwave spectroscopy,10 and electron diffraction.11 These
studies confirm the planar structure of an isolated NMF
molecule,12 stabilized due to the partial double-bond character of the C–N bond. Surprisingly, x-ray crystal structure of
NMF was not determined until recently,13 while the intermolecular structure of NMF in the liquid phase has been studied
by x-ray and neutron diffraction.14–16 The NMF molecules
form helical chains in the crystal, with equal numbers of left-
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smaller than 2000 cm21. N-methylformamide was purchased
from Aldrich and used without further purification. The Ndeuteration was carried out by successive exchange with
D2O. The degree of deuteration was determined by NMR
measurement to be greater than 95%. An ‘‘organ pipe’’-like
sample cell was made from a row of vertical thin aluminum
tubes so that the whole cross section of the incident neutron
beam ~about 10310 cm! was covered. The whole sample
assembly was cooled to 15 K for the INS measurements.
III. THEORY OF INS

FIG. 1. The models of the NMF crystal: single molecule ~NMF!, H-bonded
dimers D1 and D2, and the polymers chain5 and chain11.

and right-handed helices. In fact, the helical and sheeted
structures of proteins are stabilized by similar hydrogenmediated interactions.
Previously, we studied the INS spectrum of solid formamide ~FA!.17 The results confirmed that the strong intermolecular hydrogen bonds have a major effect on the vibrational motions of FA molecules in the lattice. The FA study
also showed that the crude ionic model18,19 for the hydrogen
bonds in amides and peptides was incorrect. In a crystal of
the FA, hydrogen atoms participate in two hydrogen bonds,
unlike the most usual interactions between peptide groups in
a living matter. In this study, we focused on NMF which we
consider a more realistic model for the biomolecular interactions. In the case of FA, a model has also been developed,
based on ab initio quantum chemical calculations, which allows one to assign the peaks observed in the INS spectrum to
the vibrational modes of the crystal.17
The harmonic force field for molecular and crystalline
NMF was modeled in numerous studies based on isolated
molecules or dimers using a relatively lower level of
approximation.20–22 In this study, we take advantage of the
current computer power and the discovery of modern DFT
functionals. The functionals usually provide accurate vibrational frequencies for molecules in the gaseous and liquid
state.17,23,24 A series of model NMF crystal fragments is proposed as plotted in Figure 1: a single molecule ~NMF!, two
types of dimers derived from the x-ray structure of NMF ~D1
and D2! and helical chains of 5 and 11 NMF molecules
~referred to as chain 5 and chain 11, respectively!.

General theory of INS has already been elaborated in
numerous studies.25,26 For computer simulations, however,
we used a more convenient treatment based on intensities of
individual quantum transitions than working with a general
formula for an ensemble of harmonic oscillators. Especially,
the former approach leads to mathematically simpler expressions which can be directly implemented with a limited number of empirical parameters. In principle, anharmonic vibrational transitions ~which are not considered here! can also be
included.
The process of the inelastic neutron scattering can be
described using basic quantum mechanical rules. Since the
neutron-sample interaction is weak, the initial wave function
of the sample and neutron beam can be expressed as a product ~omitting a normalization constant!

c i 5exp~ 2iki–r! Q i 5 f i Q i ,

~1!

where f i and Q i are the neutron and sample parts, respectively, ki is the wave vector of the incident neutron beam, i
5 A (21) The wave vector is related to the neutron current
density, Ii , by
Ii 5i ~ f *
i “ f i2 f i“ f *
i ! 52ki.

~2!

Neglecting the spin, the sample-beam potential can be approximated by a sum25
V ~ r! 5 ( l51•••N a l d ~ r2rl ! ,

~3!

l

where r is the position vector of a nucleus l and N is the
number of atoms. The constant a l is proportional to the
bound scattering length26 and (a l ) 2 is proportional to the
INS scattering cross section, s l . Due to the interaction,
quantum state ~1! becomes

c f 5exp~ 2ikf–r! Q f ,

~4!

with a neutron current If52kf. The differential cross section
s f for the process is26
2
s f 5k f k 21
i uw fu

~5!

with

II. EXPERIMENT

The INS spectra of NMF and N-deuterated NMF were
measured using the CHEX inelastic neutron spectrometer at
the Intense Pulsed Neutron Source ~IPNS! located at Argonne National Laboratory, Illinois. The details of the instrumental design have been described elsewhere.17 The energy
resolution (D n / n ) is less than 2% for an energy transfer

w f 5 ( l51..N a l ^ c f u d ~ r2rl ! u c i &
5 ( l51..N a l ^ Q f u exp~ i ~ k f 2ki ! –rl ! u Q i &
5 ( l51..N a l exp~ iD•ri0 ! ^ Q f u exp~ iD–Rl ! u Q i & .

~6!

The difference D5kf2ki is commonly known as the momentum transfer since the wave vector is equal to the mo-

J. Chem. Phys., Vol. 108, No. 1, 1 January 1998
Downloaded 31 Jan 2012 to 128.248.155.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

mentum in atomic units. In the last expression, nuclear coordinates rl were separated into vibrational deviations, Rl ,
and equilibrium positions, rl0 . The deviations can be further
expressed using the normal mode coordinates Q j ,
Rl 5 ( j Slj Q j ,

~7!

where Slj is the normal mode displacement matrix. Except
for the highest energy transitions, the product (D–Rl ) is
small and the last exponential term in ~6! can be expanded.
For example, for a neutron with an energy 300 cm21, u D u
;4.2 Å 21 and the amplitudes R of the vibrational motion
are typically of the order of 0.01 Å. Using the orthonormality
of the vibrational functions, ^ Q f u Q i & 50, and Eq. ~7!, we
have
w f 5i ( l51..N a l exp~ iD–rl0 ! D• ( j Slj ^ Q f u Q j u Q i &
1o @~ D–R! 2 # .

~8!

For harmonic vibrational states the nonzero elements are

^ Q f ~ n f ! u Q j u Q i ~ n f 21 ! & 5 d j f @ n f \/ ~ 2 v f !# 1/2,

~9!

where n f is the vibrational quantum number and v f is the
fundamental frequency for mode f , \ is the Planck’s constant. Because of the energy conservation,
\ v f 5\ 2 ~ 2m N ! 21 ~ k 2i 2k 2f ! ,

~10!

where m N is the neutron mass, the cross section from ~5!
becomes
21
s f 5k f k 21
i ~ n\/2 ! v f ( l51..N ( l 8 51..N a l a l 8

3exp@ iD
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TABLE I. Geometrical parameters of N-methylformamide.
Single molecule
Bond length ~Å!

Calc.

Expt.

CvO
N–H
C~O!–N
H•••O

1.220
1.009
1.359
-

1.219~5!
1.027~6!
1.366~8!
-

Crystal
D1/D2

Chain5 ~I/II!a

Expt. ~I/II!13

1.229/1.228
1.018/1.018
1.346– 53/1.349– 51
1.971/1.970

1.236/1.237
1.025/1.026
1.339/1.333
1.879/1.855

1.231/1.219
0.750/0.847
1.319/1.319
2.166/2.032

11

a

For the center molecule in chain5, Roman numerals denote the two types of the H bonding.

the N-hydrogens. In order to match the observed spectra patterns, simulated bandwidths were taken as directly proportional to the transitional frequencies ~d 50.0154v 15.86 for
d and v in cm21!, except for Figure 4 where a uniform width
of 5 cm-1 was used.
IV. RESULTS AND DISCUSSION
A. Geometries

Selected geometrical parameters are listed in Table I.
The experimental N–H bond length in the crystal appears
unreasonably short which can be attributed to an inaccurate
determination of the hydrogen positions by the x-ray diffraction. In fact, an increase of the N–H bond length is expected
in solid NMF when compared to the gas phase, as given by
the calculations. Similarly, the experimental length of the
hydrogen bond (H•••O) appears affected by the inaccurate
determination of the hydrogen position. On the other hand,
the experimentally derived N–H bond length for a single
molecule of 1.027 Å11 compares well with the theoretical
value of 1.009 Å. The N–H bond becomes longer in the
clusters as part of its electron cloud participates in the hydrogen bonding. Moreover, we can observe the effect of the
long range electron conjugation in the chain of NMF molecules, since the change of the N–H distance is doubled in
chain5 if compared to the dimers. This is in agreement with
a generally accepted model of the hydrogen bonding as a
cooperative process. On the other hand, the N–H bond
length ~and thus the hydrogen bond strength! depends little
on molecular orientation, as apparent from a comparison of
D1 and D2. The CvO bond becomes longer in the crystal if
compared to an isolated molecule, and the calculated CvO
bond length difference of 0.016 Å ~for chain5! is greater than
the experimental value ~0.000–0.012!. Meanwhile, the N–C
bond becomes shorter in the crystal, by 0.047 Å ~experimentally determined! or by 0.020–0.026 Å ~theoretically predicted!. Since these calculated differences are comparable
with the experimental ones within the error, we feel that our
model reasonably well describes the hydrogen bonding in
solid NMF. Although the N–H bond is substantially weakened due to the H bonding, the covalent character of the
N–H bond is conserved. Therefore, the double-well theory
of the hydrogen bonding in amides18,19 is not consistent with
our calculations. Surprisingly, the two different orientations
of NMF molecules in D1 and D2 do not have any significant
effect on the geometry parameters, unlike the vibrational frequencies given below.

B. INS Spectra

The INS spectra provide a more detailed view into the
structure and forces in crystalline NMF than sole geometry
parameters. The experimental and simulated spectra of NMF
are shown in Figure 3. The vibrational frequencies and assignments based on the normal modes of the chain5 model
are listed in Table II. The spectrum of chain11 differs from
chain5 mainly due to the signal of the terminal N–H groups.
Most of the spectral bands for the single molecule ~NMF!
can be assigned to observed peaks with approximately correct relative intensities. Calculations for single NMF cannot
obviously reproduce the lowest frequency region dominated
by signal stemming from the H bonding, which can be improved, however, for the dimers D1 and D2. The spectra of
D1 and D2 appear similar, although minor differences in the
mode ordering can be seen in Table II. Those differences
occur primarily in the C–H stretching (2863– 2952 cm21)
and bending (1386– 1488 cm21) regions. A far more dramatic effect on the INS intensities has been observed on the

FIG. 3. Simulated and experimental INS spectra of NMF. Top: calculated
intensities for the five model systems ~see Figure 1, the free acidic hydrogen
is replaced by deuterium in chain11-D!; bottom: the experimental spectrum
of solid NMF, measured at 15 K. Spectra simulated with a variable bandwidth ~see the text!.
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TABLE II. Calculated and experimental vibrational frequencies of N-methylformamide.
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TABLE II. (Continued.)

shift of the N–H out of plane wagging mode caused by the
hydrogen bonding. This is also observed for the NH2 out of
plane wagging in solid formamide.17 This mode, calculated
for single NMF molecule at 471 cm21 is shifted to 671 and
690 cm21 for D1 and D2, respectively. The largest shift to
829 cm21 calculated for this mode in chain5 corresponds
well to the experimental peak observed at 824 cm21. Moreover, the two types of hydrogen bonds present in crystalline
NMF are reflected in the distinct signals of the hydrogen out
of plane wagging modes, at 774 and 824 cm21 ~calculated

for chain11 at 724 and 830 cm21!. The relatively large frequency separation can be accounted for by a larger electron
conjugation in the second type of the hydrogen bonding ~as
in D2! assisted by the nearly planar structure of the
N–H••OvC system. As apparent from Table II, the mode
was found at 771 cm21 in liquid NMF, which indicates a
much stronger, cooperative hydrogen bonding in the crystal.
Calculated intensity of the wagging mode of the free terminal hydrogen in chain5 (512 cm21) becomes lower in
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chain11 and the signal disappears entirely when the mass of
the hydrogen is set to 2 ~chain11-D in Figure 3!.
The simulated spectra compares well with the experiment, although individual modes cannot be compared at the
lowest energy region bellow 150 cm21. The relative intensity
simulated for the symmetric C–H bending ~around
1450 cm21! and – CH3 rocking (;1050 cm21) appears
greater than observed, which can be partially attributed to the
neglect of the hydrophobic forces between the helical chains
in the crystal. However, these forces have only a minor effect
on INS intensities, since our trial model ~not shown here!
that included those interactions at an empirical level did not
lead to any improvement of the spectral pattern. Due to the
limited resolution of the spectrometer also the higher frequency modes (.2000 cm21) cannot be assigned in detail.
Nevertheless, the comparison of the calculated frequencies
and the experiment for single molecule can still be considered satisfactory, in spite of the fact that large frequency
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signal of the C–H and N–H stretching modes ~around
3000 cm21!. Unfortunately, neither of the two models provides an expression for the bandwidths of individual transitions, which must be found empirically. We do not expect
that this obstacle involving a solution of the time dependent
Schrödinger equation would be solved in the near future using an a priori approach.
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V. CONCLUSION

The INS spectra of hydrogenated and N-deuterated solid
NMF were measured and the overall spectral profile as well
as the intensities of most of the observed vibrational transitions were successfully reproduced by the simulation. The
modeling was based on the scattering of the neutron beam on
a cluster of NMF molecules mimicing the crystal geometry.
The ab initio harmonic force field could be transferred in
Cartesian coordinates onto the larger segment of the crystal,
not accessible by the calculation directly. The results reveal
strong cooperative hydrogen bonds which stabilize the helical chains in the NMF crystal. The two types of the hydrogen
bonding present in crystalline NMF lead to the split of the
INS signal assigned to the N-hydrogen out of plane wagging
modes. Present findings are consistent with our earlier study
on solid formamide, i.e., the N–H bonds are weakened if
compared to free molecules, but their character of a covalent
single-minimum potential is still conserved.
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