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Hexamer cluster of N,N-dimethylformamide(DMF) based on the crystal structure was investigated for the equili
brium structure, the stabilization energies, and the vibrational properties in the density functional force field. The 
geometry (point group C) of fully optimized hexamer clustered DMF shows quite close similarity to the crystal 
structure weakly intermolecular hydrogen bonded each other. Stretching force constants for intermolecular hydrogen 
bonded methyl and formyl hydrogen atoms with nearby oxygen atom, methyl C-H…O and formyl C-H…O, were 
obtained in 0.055 〜0.11 and 〜0.081 mdyn/A, respectively. In-plane bending force constants for hydrogen bonded 
methyl hydrogen atoms were in 0.25 〜0.33, and for formyl hydrogen 〜0.55 mdynA. Torsion force constants through 
hydrogen bonding for methyl hydrogen atoms were in 0.038 〜0.089, and for formyl hydrogen atom 〜0.095 mdynA. 
Calculated Raman and infrared spectral features of single and hexamer cluster represent well the experimental 
spectra of DMF obtained in the liquid state. Noncoincidence between IR and Raman frequency positions of stret
ching C=O, formyl C-H and other several modes was interpreted in terms of the intermolecular vibrational coupling 
in the condensed phase.
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Introduction

DMF (N,N-dimethylformamide, (CH^NCHO) is a hydro
philic aprotic solvent with a high boiling point and very polar 
with a large dipole moment 3.82 D. DMF molecule has a 
planar skeletal geometry which has been a subject of theore
tical, computational and experimental investigations over the 
years.1〜8 A slight non-planarity in the gas phase was reported 
by gas phase electron diffraction method,5 which indicated 
some attractive intramolecular interaction between oxygen 
atom and methyl hydrogen atom syn to carbonyl group where 
the distance is quite near, only 2.4 A. However, in the liquid or 
solid state, it was investigated to be planar in the skeletal 
geometry. In addition, it has some interesting structural char
acters, i.e., a simplicity in the chemical structure, a low mole
cular symmetry (point group Cs if assuming planar), and an 
intermolecular interaction capability to its neighbors in the 
condensed phase considering its physical properties. Geome
tric configuration of DMF could be qualitatively viewed by 
considering following resonance forms to explain its distinctive 
structural feature, a skeletal planarity.

In the liquid state, it is generally considered fully disordered, 
but a partially ordered structure was suggested to form a cluster, 
possibly a dimer.8 The bond length of C=O bond 1.24 A in the 

liquid4 state obtained through X-ray diffraction study1 is sli
ghtly, about 0.02 A, longer than in the gas state,5 while the bond 
length of formyl C-N bond 1.35 A in liquid is a bit, about 0.01 
A, longer than in crystal, but 0.04 A shorter than in the gas state. 
Others, two methyl C-N bonds, 1.45 A, are similar to those in 
the gas and crystal state. In the crystal structure, the cluster of 
DMF was formed and connected by weak C-H…O hydrogen 
bonds, all of which with oxygen atoms as hydrogen bond accep
tor. In the crystal structure at 90 K, the mean distance of C=O 
bond was 1.23 A, formyl C-N bond 1.34 A, and methyl C-N 
bonds 1.453 A. The variance of the bond lengths in different sta
tes indicates that a strong intermolecular interaction exercises 
cooperatively between neighboring molecules in the condensed 
phases. The structural study1 of DMF crystal and liquid phases 
showed that the less positively charged formyl proton of DMF 
in the hexamer cluster allows formation of weak hydrogen 
bonds in the solid state, which are comparable in strength with 
interactions between the methyl protons and oxygen atoms.

The intermolecular nonbonding interaction in the condensed 
phase could be understood to be electrostatic and/or dipole
dipole interaction due to its high dipole moment, and other 
types of weak interactions such as dispersive forces. Among 
weak interactions, the intermolecular hydrogen bonding inter
action of C-H…O is known to be very weak, but its existence 
of this kind of nonbonding8〜10 was provided specifically in 
some organic crystal structures. The hydrogen bond distances 
observed frequently less than 2.4 A in some crystal structures. 
Because the van der Waals distance of this bond is near 2.6 A, 
it could be regarded as a certain amount of hydrogen bonding 
interaction. Under some circumstances, C-H could be a donor 
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to form a soft hydrogen bond. It has been focused because this 
weak nonbonding interaction could be potential in the fields 
of the supramolecular chemistry and the structural biology of 
biological macromolecules.

The normal mode analysis is a method based on the analytic 
dynamics of a chemical system whose potential energy is ex
pressed as a quadratic function, i.e., harmonic potential appro
ximation, of atomic displacement from its equilibrium geo
metry. A normal mode comes from a concerted motion of inter
connected atoms. The normal mode analysis of a cluster system 
can provide direct information of weak nonbonding by way of 
generating force constants of concerned. This type of low eneigy 
interaction has been proven valuable in modeling slow confor
mational dynamics of biological molecular structures because 
the force constants of low energy nonbonding interactions 
should be incorporated for the study of molecular dynamics 
simulation using empirical force fields at the atomic level.

In the present study, the vibrational analysis of hexamer 
cluster of six DMF molecules based on the crystal structure1 
was investigated by the normal mode analysis of Wilson’s GF 
matrix formulation11,12 using local symmetry coordinates. We 
employed the method of density functional BP86 approximation 
which has been successfully applied for the vibrational predic
tion of many nitrogen compounds because it is more accurate 
for the vibrational frequency calculations than any other density 
functional formalism. The polarization and diffuse functions 
were adapted to consider the significant charge separation in 
DMF molecules. The calculation results were compared to the 
experimental spectroscopic Raman or infrared data. The hydro
gen bonding effects between neighboring molecules in the 
hexamer cluster were studied by obtaining the force constants 
of stretching, bending, and torsion modes as well in energetic 
and structural points of view.

Computational Details

Cluster model. Initial structure of cluster was generated 
using CS CHEM3D PRO (CambridgeSoft Cooperation) accor
ding to the crystal structure reported previously, and then trans
ferred to the Gaussian03 program package for the optimization 
and the frequency calculation. Fully optimized structure dis
played in Figure 1 was obtained without any structural cons
traints at various levels of theory, and then employed for the 
calculation of Cartesian force constants and the intensities of 
Raman and infrared normal modes. The hexamer cluster was 
not positioned perfectly planar, but slightly tilted holding Ci 

symmetry as shown in the crystal structure.
Single molecule and hexamer cluster of DMF were calcu

lated at the theory level of B3LYP and BP86 using the 6-31+ 
G** basis sets with the Gaussian03 program package (Gaussian, 
Inc.). The isotope atomic masses adapted for calculations were 
12.01115 for carbon, 14.00307 for nitrogen, 15.9994 for oxygen, 
and 1.007825 for hydrogen, respectively. The temperature was 
set to 298.15 K and the pressure to 1.0 atm. The infrared and 
Raman spectra calculated for single and hexamer cluster are 
shown in Figure 2 along with experimental spectra constructed 
data taken from ref. 2(a). Because the hexamer cluster possesses 
its point group Ci symmetry, the cluster was classified into three

Figure 1. Hexamer cluster of DMF with index numbers and hydrogen 
bonds between DMF molecules (Dashed lines represent weak hydro
gen bonds.) Cluster was classified into three groups. Group A: index 
number 1〜12 and 25〜36, Group B: index number 13〜24 and 37〜48, 
Group C: index number 49〜60 and 61〜72.

IR absortption Frequency and Raman Shift / cm-1

Figure 2. Raman(dot line) and IR(straight line) spectra of DMF. (A: 
calculated spectra of single DMF, B: calculated spectra of DMF 
hexamer cluster, C: experimentally observed spectra of liquid state 
DMF constructed from data presented in ref. 2(a).

groups for the convenience. The group A is of atom index num
ber 1 〜12 and 25 〜36; the group B of atom index number 13 〜 
24 and 37 〜48; the group C of atom index number 49 〜60 and 
61 〜 72.

Normal mode analysis. The local symmetry coordinates of 
single DMF molecule (Cs point group) was composed of 11 
stretching, 14 in-plane bending, 2 out-of-plane deformation, 
and 3 torsion vibrations. These were the same as reported pre
viously. The fundamental vibrational modes are split into 19 A' 
and 11 A" symmetry species. To obtain vibrational properties 
of hydrogen bonds in the hexamer cluster (Ci point group), 
each single molecule was configured to be connected each other 
through hydrogen bonds displayed in Figure 1. The local sym
metry coordinates were composed of 70 stretching, 92 in-plane 
bending, 12 out-of-plane deformation, and 30 torsion vibrations. 
Single DMF molecule and hexamer cluster have 12 and 72 
atoms in total, respectively. The force constants matrix in the 
Cartesian coordinate generated through density functional cal
culation has 666 and 23436 elements for single molecule and 
hexamer cluster overall which are composed of all the diagonal 
and half the off-diagonal elements. Using these elements, the 
force constants in the local symmetry coordinates, the frequen
cies, and potential energy distributions were obtained using
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Table 1. Structural bond lengths in gas, liquid and crystal, and Optimized molecular parameters of DMF single and hexamer cluster at B3LYP 
and BP86 level of theory.

Bond Length/A

Experimental B3LYP/6-31+G** BP86/6-31+G**

Gasa Liquidb Crystalc single
hexamerd

single
hexamerd

Group A, B Group C Group A, B Group C

C=O 1.224 1.24 1.231 1.225 1.236 1.226 1.235 1.246 1.236
C-N 1.391 1.35 1.340 1.364 1.356 1.360 1.374 1.366 1.370
N-CH3 syn to O 1.453 1.45 1.452 1.455 1.455 1.458 1.459 1.460 1.462
N-CH3 syn to H 1.453 1.45 1.453 1.452 1.456 1.452 1.456 1.461 1.457
C-H formyl

1.112
1.09 0.980 1.106 1.101 1.106 1.117 1.112 1.117

C-H3 syn to O
C-H3 syn to H

mean 0.950
0.972

1.090
1.093

1.089
1.092

1.089
1.093

1.100
1.102

1.099
1.103

1.099
1.117

"Experimental data from ref.5. (unit: A). ‘Experimental data from ref.4. (unit: A). 'Experimental data from ref.1. (unit: A). dgroup A, B and C classification 
as shown in Figure 1.

Table 2. Stabilization Energy (kJ/mol) per a DMF molecule at 298 K and 1 atm of Hexamer cluster at B3LYP and BP86 level of theory.

Energya Single/hartree Hexamer/hartree Stabilizationc /kJ/mol

Eo -248.431 -1490.612 -10.80 ( -8.90)
B3LYP/6-31+G** Et -248.425 -1490.565 -6.42 ( -5.62)

AGb -248.431 -1490.678 -40.88 (-36.65)
Eo -248.431 -1490.603 -7.58 ( -6.46)

BP86/6-31+G** Et -248.425 -1490.555 -3.18 ( -2.82)
AGb -248.431 -1490.670 -38.11 (-33.45)

aEo (electronic + zero point energy) and Et (electronic + thermal energy) = AH. ‘Vibrational entropy was only counted, so the rotational and translational 
entropy were ignored for the Gibbs free energy calculation. cThe stabilization energies A(Eo), A(Et) and A(AG) are in kJ/mol unit, and defined as [A 
(hexamer)-6A(single)]/6. The values in parenthesis are the stabilization energies obtained from the counterpoise corrected calculation for the superposition 
errors in the basis set (BSSE).

Wilson’s GF matrix method. In this study, we did not apply any 
scaling factor, e.g., 0.96, etc., for the frequency calculations par
tly because the intermolecular interaction and dipolar coupling 
in the hexamer cluster adjust and/or affect the whole structural 
parameters of molecules. Others were the same as previously 
reported.12

Results and Discussion

Optimized stiuctuie of DMF hexamer 이ustei: Mean bond 
distances of fully optimized geometry of DMF hexamer cluster 
at the level of B3LYP and BP86 theory using 6-31+ G** basis 
set have been presented in Table 1 with those of fully optimized 
DMF single. Gas, liquid and X-ray crystallographic data of 
crystal state were included. Every DMF single molecule in the 
cluster was planar in the optimized geometry, as well as in the 
single molecule. The skeletal inter-planar angle for hexamer 
was obtained to have 178.1o at B3LYP level, and 178.7o at BP86 
level. This angle is similar to the crystal geometry, where the 
angle of 170.9o was observed.1

The carbonyl bond length varies upon the physical state of 
DMF as much 0.01 A, i.e., 1.22 A (gas), 1.24 A (liquid) and 
1.23 A (crystal). Further, the bond length of C-N connected 
next to carbonyl group decrease upon the states, 1.39 A (gas), 
1.35 A (liquid) and 1.34 A (crystal). The bond lengths C-H of 

formyl and methyl groups also decrease on the states, 1.112 A 
(gas), 1.09 A (liquid) and 〜0.98 A (crystal). The lengthening 
of C=O, shortening of both C-N and C-H bond distances in 
the condensed phase indicate the strong intermolecular interac
tion. In the calculated geometry, the same features were ob
served, but not as much as the experimentally observed struc
tural. However, the four-membered centro-symmetric ring 
entity (group A and B in Table 1 and Figure 1) inside the hexamer 
cluster shows above experimental measures clearly. The bond 
lengths of C-H in crystal are noticeably shorter than liquid or 
gas partly because the distance of hydrogen atom inherently 
comes shorter through the crystal packing.

Energetics of DMF hexamer cluster. Intermolecular interac
tions would generate significant stabilization energies to form 
the cluster. Table 2 shows these results at two levels of theory, 
B3LYP and BP86 using 6-31+G** basis set under 1.0 atm and 
298 K. Because clustering could generate a lot of low fre
quencies from concerted vibrational motions in the cluster, the 
vibrational contribution become larger upon more clustering. 
These low vibrational frequencies generated due to clustering 
shows two different effects, i.e., moderate stabilization in 
enthalpy (or internal energy) and large stabilization in free 
energy. The thermal correction of vibrational component to the 
internal energy, AUvib(T), would be quite large for clustering 
due to considerable contribution of low frequencies. It would
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Table 3. Calculated Frequencies of DMF single and hexamer at BP86 level, and experimental Raman and infrared frequencies of liquid DMF 
with Assignments.

Experimental DMF 
single

DMF hexamer
Assignments"

Ramanb IRb Ramanc IRc

v1 2996 2998 3081 3086(A), 3092(C), 3101(B) 3086(A), 3092(C), 3101(B) vas(CH3)0
v2 2960 2956 3050 3039(A), 3047(C), 3051(B) 3039(A), 3047(C), 3051(B) vas(CH3)H
v3 2929 2930 2950 2951(A), 2952(C), 2954(B) 2951(A), 2952(C), 2954(B) vs(CH3)0
v4 2884 2884 2940 2935(A), 2937(B), 2940(C) 2934(A), 2937(B), 2940(C) vs(CH3)H
v5 2856 2857 2872 2867(C), 2933(B), 2941(A) 2867(C), 2933(B), 2938(A) v(C1-H)
v6 1659 1677 1707 1654(A), 1674(B), 1705(C) 1673(A), 1674(B), 1705(C) v(C=O) + v(C1-N)
v7 1502 1507 1493 1492(A), 1494(C), 1496(B) 1493(C), 1494(A), 1496(B) 5as(CH3)H + 5as(CH3)0
v8 1448 1460 1455 1453(A), 1454(B), 1455(C) 1453(A), 1454(B), 1455(C) 5as(CH3)0 + 5as(CH3)H
v9 1438 1440 1416 1417(C), 1427(B), 1428(A) 1417(C), 1427(B), 1428(A) &(CH3)h

v10 1405 1406 1386 1379(B), 1380(A), 1391(C) 1379(B), 1380(A), 1391(C) &(CH3)0 + 5(C-H)
v11 1386 1388 1378 1381(C), 1385(B), 1389(A) 1381(C), 1385(B), 1389(A) v(C1-N) + &(CH3)h

v12 1386 1388 1364 1367(A), 1368(C), 1400(B) 1358(A), 1368(C), 1400(B) 5(C-H) + v(N-C4)
v13 1257 1239 1229(B), 1232(C), 1233(A) 1229(B), 1232(C), 1233(A) v(N-C5) + v(N-C4)
v14 1091 1093 1062 1040(A), 1060(C), 1076(B) 1040(A), 1060(C), 1077(B) p(CH3)H + p(CH3)0
v15 1068 1064 1043 1034(B), 1038(C), 1054(A) 1034(B), 1038(C), 1063(A) p(CH3)0 + p(CH3)H
v16 866 866 851 845(C), 847(B), 852(A) 845(C), 847(B), 852(A) v(N-C4) + v(N-C5)
v17 658 659 638 636(A), 638(C), 639(B) 634(A), 638(C), 640(B) 5(0CN) + v(N-C5)
v18 405 405 380 387(A), 388(C), 392(B) 387(A), 388(C), 392(B) 5(C4NC5)
v19 319 318 305 302(C), 304(B), 310(A) 302(C), 303(B), 307(A) 5(C1NC5) + 5(0CN)
v20 2996 2998 3005 3005(A), 3009(B), 3009(C) 3005(A), 3009(B), 3009(C) vas(CH3)op0
v21 2960 2956 2993 2951(A), 2952(C), 2954(B) 2951(A), 2952(C), 2954(B) vas(CH3)opH
v22 1448 1460 1454 1453(B), 1457(A), 1461(C) 1454(B), 1457(A), 1462(C) 5as(CH3)op0
v23 1438 1439 1431 1432(C), 1439(B), 1444(A) 1432(C), 1439(B), 1444(A) 5as(CH3)opH
v24 1152 1133 1135(C), 1137(B), 1138(A) 1135(C), 1137(B), 1138(A) p(CH3)op0 + p(CH3)opH
v25 1091 1093 1087 1089(C), 1090(A), 1090(B) 1089(C), 1090(A), 1090(B) p(CH3)opH + p(CH3)op0
v26 1012 1014 956 955(C), 980(A), 989(B) 955(C), 980(A), 989(B) 5(C-H)op
v27 357 345 330 332(C), 346(B), 350(A) 332(C), 346(B), 356(A) t(C1-N3)
v28 224 232 246(C), 261(B), 281(A) 246(C), 261(B), 281(A) t(N3-C5) + 5(CNC)op
v29 215 171 179(A), 182(C), 190(B) 180(A), 182(C), 190(B) t(N3-C5) + 5(N3-C4)
v30 113 118 118(A), 120(C), 136(B) 118(A), 120(C), 136(B) 5(CNC)op + t(N3-C4)

"Vibrations v1 〜v19; A' symmetry, vibrations v22 〜v30; A" symmetry in DMF single. b Experimental data taken from ref. 2(a). cThe band pairs in which 
the vibrational coupling occurs noticeably are typed in the bold face. "symbol v: stretching, & deformation, p: rocking, t: torsion, op: out-of-skeletal 
plane, subscript s: symmetric, subscript as: anti-symmetric, superscript O: syn to oxygen atom, superscript H: syn to formyl H atom.

increase the total internal energy of the cluster, consequently 
the total enthalpy, which results in moderate stabilization in 
enthalpy. However, these low frequencies increase also the 
total entropy a great deal to derive the free energy considerably 
low. Considering the stabilization in a condensed phase, the 
contributions of rotational and translational entropy to total 
entropy were ignored for the total free energy. Therefore the 
vibrational entropy was only counted to obtain the Gibbs free 
energy as following formulas.

AH = AU + A(PV) = Eo + AU(T) + A(PV)三 E° + AU(T) = Et 
Eo = electronic + zero point energy 
ET = electronic + thermal energy
AU(T) = AUtranJT) + AUrot(T) + AUvib(T)

AG = AH - TAStot

=AH - TA(Sfans + Srot + Svib + . . •)包 AH - TA(Svib + . . .)

Stabilization energies in AH (= Et in a condensed phase) per 
a single DMF molecule was, as expected, calculated in the 
range of about -5 kJ/mol for hexamer. However, the stabili
zation free energy AG was obtained to be about - 40 kJ/mol as 
shown in Table 2. If we consider the lager cluster, the stabili
zation free energies would be greater even.

Vibrational an지ysis of DMF hexamer 이uster: Calculated 
infrared and Raman spectra of DMF single and hexamer 
cluster at BP86/6-31+G** level with experimental frequencies 
of liquid DMF in Figure 2 and Table 3. The band pairs in which 
the intermolecular vibrational coupling occurs noticeably are 
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typed in the bold face. The frequency results of B3LYP func
tional were not good enough for the analysis, so those of BP86 
functional were analyzed. Normal mode analysis of single 
DMF molecule had been extensively studied previously by 
several groups, and every mode of its 30 normal modes had 
been well defined. Our results for single DMF were the same 
as previous studies.2,3

Vibrations of C=O stretching region: The characteristic fea
ture of an amide species is the amide I band, which is mainly 
attributed to C=O stretching and associated with C-N stret
ching and weakly with C-H in-plane bending. Stretching fre
quencies (v6) of C=O were calculated at 1654 cm-1 in Raman 
and at 1673 cm-1 in IR for group A of the hexamer cluster. For 
group B and C, they show at 1674 and 1705 cm-1, respectively. 
They are all well below down-shifted compared to amide I 
band of isolated DMF. Amide I band of isolated DMF in the 
liquid phase13 was measured at 1724 cm-1 by diluting DMF in 
CCl4 solution. In addition, considering they are spread in three 
parts, these three groups show different extent of perturbation 
for their potential curves induced from their own intermol- 
ecular interactions.

For group A, two carbonyl bonds couples strongly because 
they are near each other oppositely facing in parallel and very 
polar. As a consequence, the in-phase (Raman active) and 
out-of-phase stretching (IR active) mode shows positive non
coincidence effect (NCE),14~18 in this case Aw = 19 cm-1. This 
effect is known to be as Aw = Wamso - Wiso 室- Wiso because 
the IR peak frequencies are approximately coincident with the 
anisotropic Raman lines.14 The intensity of isotropic Raman 
line is much higher than anisotropic for the polarized Raman 
lines. This value is quite comparable to 17 cm-1 calculated 
with a time-domain computation method.18 Delocalization of 
vibrational energy or splitting of a degenerated vibrational 
level for a certain mode by means of vibrational coupling19"1 
are often considered by two kinds of mechanism, i.e., cou
plings through bond and through space. This NCE observed in 
group A is almost completely through the space coupling due 
to intermolecular coupling of dipolar bonds. The effect through 
bond is weak compared to through space as can be seen in 
following table which is from BP86/6-31+G** calculation of 
hexamer cluster.

0.1 or less. For group C, the diagonal force constants of in-phase 
and out-of-phase mode are not much different, indicating the 
coupling is very weak. The mixing between group A and C 
would be very weak partly because of their positional effect, 
nearly anti-parallel and far apart. Between group B and C, they 
couple in moderate way because they are in parallel, still very 
small due to orientation angle dependence of two dipolar in
teractions in parallel, (1 - 3cos20, angle 0 = 52.8 degree between 
two parallel carbonyl groups of group B and C). Between group 
A and B, small extent of mixing occurs in the in-phase stre
tching vibrations, but weak enough in the out-of-phase stret
ching vibrations. The diagonal force constants of group A, in
phase (10.7946 mdyn/A) and out-of-phase (10.9222 mdyn/A) 
of C=O stretching vibrations show considerable difference for 
the most part responsible for positive high NCE.

Vibrations of formyl C-H stretching and deformation re
gion: Stretching frequencies (v5) of formyl C-H show a split
ting at 2941 cm-1 in Raman in-phase mode and at 2938 cm-1 in 
IR out-of-phase for group A, whereas no splitting both for group 
B at 2933 cm-1 and for group C at 2867 cm-1. In this case, the 
NCE value Aw is small and negative value, -3 cm-1. Because 
C-H bond is weakly dipolar, the extent of intermolecular coup
ling is expected to be very small. It was proposed that when 
liquid structures are dominated by non-polar forces as those 
present in H-bonded liquids (as C-O stretching mode17 of me
thanol) the IR active modes may give rise to negative NCE. 
The delocalization of vibrational energy in the repulsive poten
tial region caused by steric repulsive interactions (such as ring 
breathing mode of benzene) results in the negative non-coin
cidences. On the other hand, the resonance energy transfer ari
sing due to the transition dipole-dipole (and induced dipole- 
induced dipole) interactions causes mainly positive noncoin
cidence (as O-H stretching mode of methanol,17 carbonyl of 
acetone15 or amide I of peptide,20 etc). This small and negative 
value, -3 cm-1 observed in the formyl C-H stretching of group 
A seems to be caused by steric repulsive interactions because 
this stretching is mixed weakly in the intramolecular manner 
with C-H3 stretching syn to formyl hydrogen atoms and in the 
intermolecular manner with formyl hydrogen atoms of group B.

The blue-shift of stretching frequency of X-H caused by 
intra/intermolecular interactions as X-H…Y types has been

C=O stretching force 
constant (unit: mdyn/A)

Group A 
in-phase

Group B 
in-phase

Group C 
in-phase

Group A 
out-of-phase

Group B 
out-of-phase

group C 
out-of-phase

group A in-phase 10.7946
group B in-phase -0.1105 10.8393
group C in-phase 0.0130 -0.0284 11.4331
group A out-of-phase 10.9222
group B out-of-phase 0.0120 10.8715
group C out-of-phase 0.0039 -0.0346 11.4345

The in-phase and out-of-phase C=O stretching vibrations 
of group A, B and C in the diagonal elements show very large 
values of force constants, near in the range of 10 〜11 mdyn/A 
as shown in table above. In contrast, the interaction force con
stants in the off-diagonal elements are relatively small, about 

well studied and reported as the improper blue-shifting hy
drogen bond.22〜24 The structural change of DMF induced by the 
water hydrogen bonded on the carbonyl group has been exclu
sively studied responsible for the methyl C-H blue-shift.25〜28 
Taking a look at only calculated results for sin이e and hexamer,
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Table 4. Optimized structural parameters and Calculated force constants in the local symmetry coordinates (mdyn/A for stretching, and mdynA 
for bending or torsion) of intermolecular hydrogen bonding in DMF hexamer cluster at B3LYP and BP86 level.

Atomsa
Experimental B3LYP/6-31+G** BP86/6-31+G**

Crystal‘ Structurec Force Constant Structurec Force Constant

r(H18-O2) 2.418 A 2.380 0.0906 2.399 0.0810

Stretching
r(O14-H55) 2.647 A 2.520 0.0759 2.573 0.0550
r(H43-O62) 2.480 0.0919 2.503 0.0693
r(O38-H10) 2.446 A 2.322 0.1113 2.305 0.1084

0(2,18,13) 149.3° 167.21 0.5267 164.56 0.5514

Bending
0(14,55,52) 144.7o 142.09 0.3264 141.05 0.2886
0(62,43,40) 140.84 0.4035 138.77 0.3300
0(38,10,5) 167.3o 158.29 0.2764 157.39 0.2553

t(1,2,18,13) 170.9o 178.05 0.0723 178.69 0.0957

Torsion
t(13,14,55,52) -178.02 0.0384 176.32 0.0403
t(61,62,43,40) 178.78 0.0440 -176.47 0.0381
t(5,10, 38,37) 179.29 0.0888 -179.11 0.0890

aThe numbers are atomic index numbers shown in Figure 1. ‘Taken from ref. 1. cHydrogen bond lengths (r) are in A unit, and bond angles (0) and torsion 
angles (t) in degree unit.

the C-H frequencies of Group A and B show anomalous blue
shifts of about 68 and 61 cm-1 compared to DMF single, respec
tively. In contrast, it gives 5 cm-1 of red- shift in group C. The 
formyl hydrogen atoms at groups A and B are in the environ
ments of close contact with others while that of group C is free 
from direct contact with other atoms. The subtle interplay bet
ween electrostatic attraction and steric repulsion was suggested 
to be responsible for blue shift effects in C-H---Y interactions. 
This mechanism of the blue shift of the C-H stretching fre
quency suggests that the effect could be enhanced by sterically 
induced compression of the C-H---Y bridging which may arise 
in the case of intramolecular contacts.

While the out-of-plane deformation (v26) does not show any 
noticeable splitting, the in-plane bending (v11) shows a negative 
splitting of -9 cm-1 for group A. During the in-plane bending of 
C-H bond in group A, two hydrogen atoms move each other 
head-on in the in-phase mode (Raman active), whereas the 
two lean to one side in the out-of-phase mode (IR active). This 
also could be interpreted as the repulsive potential effect caused 
by steric repulsive interactions.

Vibrations of C-N stretching region: Stretching frequencies 
(v13, v16) of C-N bonds are fairly localized except the C1-N 
stretching. The stretching frequencies (v11) of C1-N bonds 
among three groups are up-shifted compared to the DMF single, 
indicating that intermolecular interaction makes it shorter and 
stronger particularly for group A and B. This bond are strongly 
coupled to the C=O bond to form amide I band, so this mode 
is dispersed in several bands. Two modes v13 and are contri
buted mainly to anti-symmetric and symmetric stretching of 
N-C bonds, respectively. Both are down-shifted compared to 
the DMF single. These stretching frequencies did not show 
any significant NCE.

Vibrations of methyl C-H3 stretching and deformation re
gion: Stretching frequencies (v1, v2, v3, v4, v20, v21) of C-H3 

bonds are localized. Anti-symmetric stretching (v1) of C-H3 

bonds syn to oxygen atom holding A' symmetry is spread out 
widely in the range of 15 cm-1 due to the steric interaction, but 
others not. Bending (v7, v8, v9, v10, v22, v23) and rocking (v 
14, v15, v24, v25) of the C-H3 bonds are also fairly localized 
except v7 and v15. The anti-symmetric bending (v7) and in- 
skeletal plane rocking (v15) deformations show moderate posi
tive Aw values of 2 cm-1 and 9 cm-1 for group A only, respecti
vely. This mode is combined in minor extent with skeletal 
stretching of delocalized C2-N-C=O entity of group A.

Vibrations of skeletal in-plane bending region: Bending fre
quencies (v17, v18, v19) of frame entity C2-N-C=O are slightly 
delocalized in the negative way. When the skeletal frame of N- 
C=O in group A is doing a bending motion, in the cases of v17 
and v19, the orientation angle of two C=O bonds changes con
tinuously in-phase. It could be understood that it perturbs the 
intermolecular interaction to show moderate negative split
ting in the skeletal in-plane bending of group A.

Vibrations of skelet시 out-of-plane deformation and torsion 
region: The torsion and skeletal out-of-plane deformation modes 
(v27, v28, v29, v30) were mixed together. The torsion mode 
(through C1-N bond) of v27 is only split to give positive Aw 
value of 6 cm-1 for group A. The in-phase motion (Raman active) 
of two torsions through C1-N bond in group A looks like a 
twist motion (consequently no dipole derivative) of methylene 
hydrogen atoms, and the out-of-phase motion (IR active) like 
a wagging motion (consequently small fluctuation of dipole) 
of those two. This difference induces the splitting of v27 mode 
because the wagging is usually higher in frequency than the 
twisting motion.

Force constants of hydrogen bonding in local symmetry coor
dinate. The optimized structural parameters and calculated 
force constants in local symmetry coordinates of hydrogen 
bonding in DMF hexamer cluster using BP86 and B3LYP are 
shown in Table 4 along with crystal structural parameters 
available. Although the results of two methods are not much 
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different from another, the force constants calculated from 
BP86 functional are discussed as following because the cal
culated spectra using the functional BP86/6-31+G** fits well 
the experimental infrared and Raman spectra compared to 
results of B3LYP functional.

Stretching of hydrogen bonding: Force constants of slightly 
bent (~160 degree) and near (less 2.4 A) H---O bonds (H18… 
O2 and O38…H10) which were drawn with dashed lines in 
Figure 1, came out to 0.081 and 0.1084 mdyn/A. For further 
bent (~140 degree) and a little further apart (no less 2.5 A) H… 
O bonds shown with dashed lines, O14…H55 and H43…O62, 
they were calculated to 0.055 and 0.0693 mdyn/A. These values 
are about one fourth of strong hydrogen bonding chemical sys
tem. It is more than one half the stretching force constants 0.125 
mdyn/A of C=O…H-N in the polyglycine peptide system.11 
This outcome is quite similar to the result previously reported 
for DMF dimer system8 where roughly one-half the strength 
of the C=O- - -H-N hydrogen bond was calculated. These values 
are quite comparable to 0.0582 mdyn/A observed from a hydro
gen-bonded dimer29 formed between trimethylamine and ace
tylene, (CH3)3N…HC 三 CH, in gas phase by Fourier-transform 
microwave spectroscopy. The distance of the hydrogen bond 
is similar to 2.4 A calculated in the hydrogen bonded system30 
of ammonia-acetylene dimer, H3N…HC 三 CH.

In-plane bending of hydrogen bonding: Force constants of 
the in-plane bending of hydrogen bonding C13-H18-O2, which 
is quite crowd sterically than others, shows 0.5514 mdynA. 
However, other three bending motions give values in the range 
of 〜0.3 mdynA. These are about one half of usual bending 
force constants observed in typical methyl group, but are quite 
large compared to 0.030 mdynA of C=O--H-N bending force 
constants31 obtained from the calculation of crystalline anti
parallel chain pleated sheet polyglycine I system. However, the 
bending force constants of weakly bound dimers in the gas 
phase32 were obtained for a series of dimers, A…B (A: sym
metric top, B: linear). For the dimer of H3N…HCN, it was calcu
lated to ~94 x 10-21J from the gas phase nuclear quadrupole cou
pling constants. This corresponds to a value of 〜0.094 mdynA. 
Because the hexamer structure has been connected each other 
through hydrogen bonding with next molecules in the cluster, 
these in-plane bending modes seem to be very rigid. Further, it 
has much heavier than small molecules. Recent study33 of 15- 
base pair oligomer of single stranded nucleic acid fragments 
showed that the bending by 90° requires roughly 5 kcal mol-1 
where the effective bending force constants of 0.02 〜 0.06 
kcal mol-1 degree-2 was reported. This corresponds to roughly 
0.46 〜1.4 mdynA which is yet very huge in fact.

Torsion of hydrogen bonding: Force constants of torsion 
modes of weakly bent hydrogen bonding came out about 0.09 
mdynA, but of further bent hydrogen bonding to about 0.04 
mdynA. These values are also several times laiger than the usual 
torsion force constants adapted in the analysis of polyglycine 
I system. This is also mainly due to the rigidity in the hexamer 
cluster.

Conclusions

The equilibrium structure, the stabilization energies, and the 

vibrational properties were studied using a hexamer cluster of 
DMF molecules. Stabilization free energy for a hexamer forma
tion was calculated to about - 40 kJ/mol using B3LYP/ 6-31+ 
G** and BP86/6-31+G** theory. This implies that DMF mole
cules in a condensed phase operate very strong intermolecular 
interactions. The interactions in bulk could be electrostatic, di
pole-dipole or dispersive interaction. These nonbonding interac
tions are supposed to happen cooperatively through hydrogen 
atoms in bulk. This can be understood as weak or soft inter- 
molecular hydrogen bonding, a type of C-H…O which can be 
regarded responsible partly for the hexamer cluster stabilization. 
Using the force constant matrix calculated for hexamer, vibra
tional analysis shows successful to explain the experimental 
Raman and infrared spectra of DMF liquid state. Noncoin
cidence in Raman and infrared frequencies of amide I band 
observed experimentally in the liquid state was interpreted in 
terms of intermolecular vibrational coupling of dipoles. This 
supports certain degree of ordering in the liquid state of DMF. 
The stretching and angle-bending force constants of intermole- 
cular hydrogen bonds C-H…O were considerable to the extent 
that could not be neglected.
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