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Dilute solutions of formamide in carbon tetrachloride were studied by infrared spectroscopy in order to detect,
characterize, and measure the bands of the formamide dimers. The structural and spectroscopic properties of
these dimers, open or cyclic, were calculated using DFT procedures, with the B3LYP functional and
6-31G(d,p) or 6-31++G(d,p) basis sets, allowing proper assignments for the mentioned bands. Although a
planar structure was predicted by the calculations for the monomer and cyclic dimer of formamide, in agreement
with other authors, a nonplanar structure was found for the donor formamide molecule in the open dimer.
Measurements made with solutions of different concentrations and at different temperatures allowed an
estimation of the equilibrium constants between formamide and its dimers and of the corresponding dimerization
enthalpies. Acceptable agreement was found between these experimental enthalpies and theoretical values
after taking into account the solvation effects.

Introduction

As a first step in the study of the interaction of formamide
with other small molecules, we studied diluted solutions of that
substance in carbon tetrachloride by infrared spectroscopy,
measuring the spectral changes caused by variations in con-
centration and temperature.

The molecule of formamide was extensively studied by
different authors because it is the simplest molecule containing
the OCNH moiety characteristic of the peptide bond. In that
respect, one of the most interesting points to resolve was the
possible planarity of the molecule and the extension of that
conformational property to the peptide bonds in general. The
planarity of the isolated formamide molecule has been proved
by experimental1,2 and theoretical3 methods, but we show in
the present work that, although the closed (cyclic) dimer is also
planar, the quantum chemistry calculations predict the loss of
planarity when an open dimer is formed.

Formamide is strongly associated in the liquid and solid
phases, as clearly shown by the vibrational spectra of the pure
substance.4,5 It is necessary therefore to study dilute solutions
of formamide in a solvent presenting a minimum of interaction
with the substance in order to discriminate between monomer,
dimer, and eventually higher polymers bands. For that reason,
the infrared spectra of formamide isolated in low-temperature
Ar matrixes4,6,7 represent the best approach, followed by CCl4

solutions as a more accessible technique.8 Infrared spectroscopic
studies of formamide were also carried out in chloroform8 and
in nitromethane or liquid sulfur dioxide solutions.9

Extensive quantum chemistry studies were made by Floria´n
and Johnson on monomeric10 and cyclic dimeric11 formamide.

In the present study, the methods of quantum chemistry were
applied to the same species and extended to the open dimer
using DFT procedures (with a different functional than in refs
10 and 11) in order to obtain the optimized structures and the
wavenumbers of the corresponding normal modes of vibration.
These results allowed the assignment of the observed infrared
bands. The calculations served also to obtain theoretical
vibrational and thermochemical parameters for the studied
species in the free state or in CCl4 solution, in the last case
using the HF approximation.

An analysis of the infrared spectra recorded at different
concentrations and temperatures allowed the estimation of the
equilibrium constants between monomeric formamide and its
two dimeric forms, as well as the binding enthalpies for these
species. In that respect, the present work is intimately connected
with the infrared studies of hydrogen bond association between
purine and pyrimidine constituents of nucleic acids, pioneered
by Kyogoku, Lord, and Rich. In their paper dedicated to the
interaction between adenine and uracil derivatives,12 these
authors presented the appropriate formula for such studies and
found that the constants for self-association of these species
were very low when compared with the values corresponding
to the formation of cyclic dimers between the mentioned
derivatives. An infrared study of the interaction between
guanosine and cytidine derivatives by the same authors13 showed
that, again, the self-association of these species was less
important than the formation of cyclic dimers between both
derivatives; the guanosine compound, however, showed a
considerably higher degree of self-association than the cytidine
species. These last findings were confirmed in a more recent
study.14 Our present results show that formamide self-associa-
tion, leading both to cyclic and open dimers, is considerably
more important than for the adenine, uracil, and cytidine
derivatives.
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Experimental Section

Formamide (Riedel-deHae¨n, for analysis) was distilled at
reduced pressure, discarding the first and last portions of
distillate, and maintained under a N2 or He atmosphere.
Prolonged contact of the substance with air resulted in the
appearance of spurious bands at 3005, 2961, and 2922 cm-1.
CCl4 for spectroscopy (Uvasol, Merck) was used for all of the
measurements.

CCl4 solutions saturated in formamide were prepared by
overnight stirring of the solvent with an excess of formamide,
at room temperature (22°C). The concentration of such a
solution was found to be 4.8× 10-4 M by gas-liquid
chromatography. The solution was maintained under N2 or He
and diluted conveniently to obtain other concentrations.

Infrared spectra of the solutions were run in common liquid
cells provided with KBr or polyethylene windows and Teflon
spacers to have optical paths of 0.1-3 mm. A common 1 cm
quartz cell was also used for some spectra, whereas a homemade
cell of 2 cm path length was used for most of the measurements,
having quartz windows and the possibility of cooling or heating
the contained liquid.

Bruker IFS 113v or IFS 66 FTIR spectrophotometers were
used for the infrared measurements, with a resolution of 1 cm-1.

Calculations

Quantum chemical calculations were performed with the
Gaussian 98 set of programs.15 After optimization of the
geometrical parameters, vibrational and thermochemical proper-
ties were calculated for the monomer, open dimer, and closed
(cyclic) dimer of formamide using density functional theory
(DFT) procedures, with the B3LYP functional16,17 and the
6-31G(d,p) basis set. It has been previously shown that good
results are obtained with DFT techniques in the theoretical study
of hydrogen-bonded systems.10,11,18

Additional calculations were made with the same functional
but adding diffuse functions to the basis set, which was therefore
6-31++G(d,p). The objective of this second set of calculations
was to minimize the basis set superposition error (BSSE)19

which impairs the thermochemical values, as discussed in ref
11. The geometrical parameters and vibrational wavenumbers
obtained with this second basis set were also included in the
present work.

A third set of vibrational wavenumbers and associated
infrared intensities were calculated for the monomer and dimeric
species of formamide in CCl4 solution to be used in the
derivation of equilibrium constants, as mentioned below. These
calculations, which provided also thermochemical data, were
made with the polarized continuum model (PCM) as imple-
mented in Gaussian 98, using Pauling’s atomic radii scaled by
the factor 1.2 and the HF/6-31G(d,p) level of theory.

Results and Discussion

Structural Results. Theoretical calculations found in the
literature predict planar or slightly nonplanar structures for the
isolated formamide molecule, depending on the approximations
used. The levels of theory used in the present work predicted a
planar structure withCs symmetry for formamide and geo-
metrical parameters quite near to the values obtained by
microwave spectroscopy,20 as can be appreciated in Table 1. In
fact, the values calculated using the B3LYP functional reproduce
those experimental data slightly better than the BLYP calcula-
tions of Florián and Johnson.10 The geometrical parameters
obtained with both basis sets differ in 0.001-0.003 Å in the

bond lengths and some tenths of a degree in the angles. High-
level theoretical calculations predict also an exactly planar
structure for this molecule.3

A planar structure ofC2h symmetry was obtained for the
cyclic dimer of formamide in the present work (Figure 1), in
agreement with previous results using several levels of theory.11

The experimental X-ray structural data21 are reproduced fairly
well (Table 1), taking into account that the comparison is made
between an ideally isolated dimer molecule and the same species
subjected to the crystalline environment in solid formamide.
Here again, the difference in bond distances and bond angles
between both sets of calculations is of the above-mentioned
order. The hydrogen bond distances however, are slightly larger
when the diffuse functions are introduced, being these differ-
ences equal to 0.033 Å for the O‚‚‚H and CC distances and
0.024 Å for the N‚‚‚O distance. The NH‚‚‚O angle, on its part,
is reduced by 1.8°. These last differences mean a weaker
hydrogen bond for the dimer model which includes the diffuse
functions, a fact which is also reflected in the corresponding
smaller theoretical dimerization enthalpy (Table 4).

The optimized structure obtained for the open dimer of
formamide reveals a hydrogen bond between a NH group
located in position trans to the oxygen atom in one molecule
and the oxygen atom of the second molecule as acceptor, with
the CN bonds forming an angle of 82° (80.4°). (The values in
parentheses correspond to the model incorporating diffuse
functions.) The NH bond which acts as a H donor is near the
plane of the second molecule, being the NsH‚‚‚OdC dihedral
angle equal to 3.2° (2.5°). Interestingly enough, the molecule
acting as a H-bond donor (I in Figure 1) is predicted to have a
nonplanaramide group. In fact, the dihedral angles between
the NH bonds and the CH and CO bonds in this molecule have
values of 10.5 (9.4) to 16.5° (12.4°), whereas the sum of angles
around N amounts to 354.3° (356.4°). It seems evident that the
H-bond formation increases the partial negative charge on the
N atom of moleculeI , diminishing the delocalization of the N
“lone” electron pair on the CN bond, which therefore becomes
somewhat longer than in the free formamide molecule [1.368
(1.363) vs 1.361 Å (1.362 Å)]. In fact, the calculations show
atomic charges of-0.61 (-0.58) for the N in moleculeI and
-0.57 (-0.51) for the N in moleculeII (Figure 1). The usual
geometric effects which accompanies H-bond formation are
clearly seen: the donor NH bond and acceptor CO bond become
longer, and this last elongation is accompanied by a shortening
of the adjacent CN bond (Table 1). The same effects are
observed on the CO and CN bonds in the cyclic dimer but
substantially more shifted from the monomer distances because
the pair of H-bonds are shorter and stronger than in the open
dimer. In fact, N‚‚‚O distances and NH‚‚‚O angles are 2.875 Å
(2.899 Å) and 174.3° (172.5°) for the cyclic dimer and 2.940
(2.973) and 158.4° (158.5°) for the open dimer.

Nonplanar geometries around the amide N atom were
demonstrated theoretically for free DNA bases,22 but in the case
of the simple formamide molecule, the present results show that
nonplanarity could be achieved only through the formation of
open H-bonded dimers (and presumably open chains).

Vibrational Results. The wavenumbers corresponding to the
normal modes of vibration of monomeric and dimeric forma-
mide, calculated at the B3LYP/6-31G(d,p) level, are compared
with the experimental data in Table 2. The main purpose of the
calculations was to obtain a theoretical basis to support the
assignment of the monomer and dimer bands observed in the
NH and CH stretching regions. However, the complete set of
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normal modes of vibration was included in Table 2 to support
the tentative assignment of bands observed in other parts of
the spectra. No experimental intensities were included in the
table, as the reported bands were observed in different solution

spectra using different optical paths and/or concentrations for
which no reliable values of intensities were collected. Some
expected bands were partial or totally overlapped by solvent
bands.

TABLE 1: Optimized Geometrical Parameters of Formamide and Its Dimers, Calculated with the B3LYP Approximation and
Different Basis Sets

monomer cyclic dimer open dimer

parameter
calcd with
6-31G(d,p)

calcd with
6-31G++(d,p)

mw
spectrumb

calcd with
6-31G(d,p)

calcd with
6-31G++(d,p) X-rayc

calcd with
6-31G(d,p)d

calcd with
6-31G++(d,p) d

Bond Lengths (Å)
NH cisa 1.010 1.011 1.001 1.029 1.028 1.01 1.012 (I) 1.012 (I)

1.014 (II) 1.014 (II)
NH transa 1.007 1.008 1.001 1.008 1.008 1.01 1.022 (I) 1.020 (I)

1.007 (II) 1.008 (II)
CN 1.361 1.362 1.352 1.342 1.344 1.318 1.368 (I) 1.363 (I)

1.352 (II) 1.354 (II)
CH 1.109 1.107 1.098 1.106 1.104 1.09 1.109 (I) 1.106 (I)

1.105 (II) 1.104 (II)
CO 1.216 1.219 1.219 1.232 1.234 1.241 1.217 (I) 1.222 (I)

1.226 (II) 1.228 (II)
O‚‚‚H 1.849 1.876 1.965 2.000
N‚‚‚O 2.875 2.899 2.948 2.940 2.973
CC 4.052 4.085 4.183

Angles (Degrees)
HNH 119.3 119.2 119.6 119.6 118.1 (I) 118.5 (I)

119.7 (II) 119.2 (II)
HCO 123.1 122.6 120.6 120.8 122.8 (I) 122.2 (I)

121.7 (II) 121.7 (II)
OCN 124.9 124.7 124.7 125.7 125.2 124.9 125.2 (I) 125.1 (I)

125.1 (II) 124.8 (II)
CNH cisa 118.9 119.3 118.5 120.6 120.4 119.6 116.1 (I) 117.2 (I)

119.1 (II) 119.7 (II)
CNH transa 121.7 121.5 119.9 119.8 120.0 118.9 120.1 (I) 120.6 (I)

121.1 (II) 121.1 (II)
NCH 112.0 112.7 112.7 113.7 114.1 114.5 111.9 (I) 112.6 (I)

113.2 (II) 113.5 (II)
CCN 61.6 62.5 60.7
CN...O 116.9 115.6 118.5 121.2 121.4
NH...O 174.3 172.5 158.5 158.5
OCHNe 180.0 180.0 179.9 180.0 178.1 (I) 178.3 (I)

179.9 (II) 180.0 (II)
HNHCf 180.0 180.0 180.0 180.0 152.5 (I) 157.9 (I)

178.4 (II) 179.3 (II)
ΣR around N4 354.3 356.4
ΣR around N10 359.9 360.0

a cis or trans with respect to the oxygen atom.b Reference 20.c Reference 21.d Roman numerals refer to each monomer forming the open dimer,
according to Figure 1.e Three atoms bonded to C.f Three atoms bonded to N.

Figure 1. Calculated structures of the cyclic and open dimers of formamide.
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Most of our infrared measurements were made in the
structure-sensitive region of the NH and CH stretchings,
previously studied by other authors.4,6-8 A typical spectrum of
a saturated solution of formamide in CCl4 in that region is shown
in Figure 2. The infrared experiments showed that the bands
located at 3534, 3411 cm-1 (ν NH), and 2862 cm-1 (ν CH)
should be assigned to monomeric formamide, as these grow
upon increasing dilution or temperature, in comparison with the
3498, 3302 and 3229 cm-1 (ν NH) bands attributed to dimeric
forms of formamide. Such preliminary observations agree with
previous studies.4,7,8 No clear evidence about the existence of
higher polymers were observed in our spectra.

The assignment of bands which are due to dimeric formamide
was based on the theoretically predicted wavenumbers and
confirmed by the behavior of these bands in solutions of
different concentrations. The correspondence between observed
bands and theoretical values is sketched in Figure 2, where the
latter values were multiplied by the recommended factor
0.961323 to better reproduce the experimental values. Moreover,
they were shifted by-50 cm-1 to facilitate the comparison in
the crowded region of the non-H-bonded NH stretching. In fact,
an analysis of that 3570-3350 cm-1 region using a curve-fitting
procedure revealed the location of severely overlapped weak
bands, as shown in Figure 3. An additional, very weak band
detected at about 3422 cm-1 in some spectra, does not appear

in the figure. Such a technique was also applied in the 3350-
3100 cm-1 region, in which appear the stretching bands that
are due to NH groups engaged in H-bonds. The integrated band

TABLE 2: Calculated [B3LYP/6-31G(d,p)] and Experimental Wavenumbers of the Normal Modes of Vibrations of Formamide
and Its Dimers

monomer cyclic dimer open dimer

calcd expt calcd expt cald expt

mode waven.
IR

intens.a
argon

matrix b
CCl4

solutionc waven.d
IR

intens.a
argon

matrixe
CCl4

solutionc waven.
IR

intens.a
argon

matrixe
CCl4

solutionc

NH stretching 3741 a′ 36.8 3548 3534 3687 u 159.1 3515 3498 3717 98.6 3507
3686 g 0.0 3644 75.9 3422f

NH stretching 3597a′ 31.0 3427 3411 3325 u 1337.7 3216 3229 3547 142.3 3400
3271 g 0.0 3414 327.3 3369 3302

CH stretching 2952 a′ 109.6 2884 2862 2985 g 0.9 2997 112.9 2957
2981 u 327.6 2922 2956 93.6

CO stretching 1836 a′ 352.2 1740 1721 1813 u 748.1 1716 1831 371.4
1781 g 0.0 1800 387.7

NH2 bending 1621 a′ 67.8 1579 1664 u 44.1 1689 1653 56.3 1679
1662 g 0.0 1628 30.6

CH rocking
in plane

1432 a′ 5.2 1400 1391 1436 u 29.8 1432 7.0

1436 g 4.5 1431 9.8
CN stretching 1276 a′ 94.6 1261 1252 1363 g 0.0 1316 94.0

1344 u 159.2 1275 1273 117.5
NH2 rocking 1054 a′ 2.5 1185 1216 1112 g 0.0 1102 8.8

1102 u 0.79 1080 0.9
CH wagging

out plane
1047 a′′ 0.1 1047 1064 1069 u 11.8 1053 0.6

1057 g 0.0 1048 0.3
NH2 torsion 651 a′′ 20.8 682 667 882 u 141.9 819 812 164.0 775

846 g 0.0 727 59.4
NCO bending 563 a′ 11.5 564 573 649 u 15.6 629 239.2 628 629

620 g 0.0 598 10.2
NH2 wag.

out plane
163 a′′ 248.3 303 323 502 g 0.0 586 19.6 493 475

484 u 263.6 456 446 369 158.8 352

Intermonomer Modesg
NH‚‚‚O stretching 234 u 96.0 ca. 230 250 181 36.7
NH‚‚‚O bend

out of plane
189 g 0.0 151 43.4

NH‚‚‚O stretching 184 g 0.0 134 4.1
NH‚‚‚O bending 158 g 0.0 108 13.5
NH‚‚‚O bend

out of plane
139 u 53.7 71 7.2

twist 67 u 18.7 48 3.6

a Infrared intensities in km mol-1. b Reference 6.c This work. d g: gerade (Raman active). u: ungerade (IR active).e Reference 7.f This band
appeared only in some spectra.g Descriptions valid only for the cyclic dimer (see text).

Figure 2. Upper trace corresponding to the IR spectrum of formamide
in CCl4 solution, in the NH and CH stretching region. Lower traces
correspond to the calculated spectra of monomeric formamide and its
cyclic and open dimers; the relative band intensities are valid only into
each trace but not between different traces. The dashed lines indicate
the correspondence between experimental and calculated wavenumbers.
The asterisk indicates an overtone band of formamide.
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intensities used for the derivation of thermochemical parameters
resulted from these band fitting procedures.

The calculated wavenumbers shown in Table 2, obtained with
the 6-31G(d,p) basis set, reproduce the experimental values with
a root mean standard deviation (RMSD) of 100.3 cm-1, with
the main contribution coming from the NH and CH stretching
vibrations, strongly affected by anharmonicity. When the
comparison is made with the wavenumbers calculated with the
6-31++G(d,p) basis set (Table 3), the RMSD is reduced to 88.7
cm-1. The larger contribution to such reduction comes from
the remarkably better reproduction of the 303 cm-1 vibration
(NH2 wagging of a′′ species), calculated at 163 cm-1 with the
first basis set (Table 2) and at 257 cm-1 when the diffuse
functions are added (Table 3). No improvement is observed in
both sets of calculations for the proposed experimental 1185

cm-1 value, which will be the object of further studies in our
laboratory in order to be confirmed or corrected.

The six last values in Table 2 correspond to the intermonomer
modes, designated (only for the cyclic dimer) as in ref 24, where
a schematic representation of these vibrations was given for
the (FSO2OH)2 cyclic species. The complex nature of these
modes for the open dimer allows only the identification of the
higher wavenumber mode as the NH‚‚‚O stretching. Such
intermonomer modes were also calculated for cyclic formamide
and for DNA base pairs by Floria´n et al. using several ab initio
methods.25 The molecular model including diffuse functions
gives intermonomer wavenumbers (Table 3) which are in all
cases lower that those resulting from the first set of calculations
(Table 2). This result reflects the relaxation in the hydrogen
bonds mentioned before in relation with the geometrical
parameters. A broad band located at ca. 250 cm-1, whose
intensity decreases upon dilution, was observed in our experi-
ments. This band can be assigned to theungeradeH-bond
stretching mode of the cyclic dimer and is probably the same
detected at ca. 230 cm-1 by Räsänen for matrix-isolated
formamide dimers.7 As a matter of fact, that is the intermonomer
mode having the highest calculated intensity (Tables 2 and 3).

Thermochemical Parameters.The quantitative study of the
self-association of formamide followed essentially the formula-
tion proposed by Kyogoku, Lord, and Rich,12 although we used
a simpler, alternative procedure. Additionally, to find the
association constants corresponding to the two simultaneous
equilibria existing between formamide and its cyclic and open
dimers, we used the ratio between infrared intensities predicted
by the quantum chemistry calculations.

Accepting that in dilute solutions of formamide in CCl4

the association phenomenon leads almost exclusively to the

TABLE 3: Calculated Wavenumbers and Infrared Intensities for the Normal Modes of Vibrations of Formamide and Its
Dimers, at the B3LYP/6-31++G(d,p) Level

monomer cyclic dimer open dimer

mode wavenumber IR intensity wavenumbera IR intensity wavenumber IR intensity

NH stretching 3732 44.9 3684 u 178.9 3715 97.5
3684 g 0.0 3650 90.4

NH stretching 3587 36.1 3341 u 1255.8 3559 93.5
3297 g 0.0 3442 327.8

CH stretching 2976 98.9 3001 g 0.0 3012 98.7
2998 u 286.7 2977 84.9

CO stretching 1797 459.2 1782 u 910.5 1789 482.1
1751 g 0.0 1771 474.0

NH2 bending 1621 64.8 1653 u 30.7 1650 49.4
1647 g 0.0 1628 32.4

CH rock in plane 1418 5.7 1423 u 43.7 1420 12.5
1423 g 0.0 1418 7.5

CN stretching 1270 112.6 1349 g 0.0 1298 100.7
1335 u 184.7 1275 125.6

NH2 rocking 1055 4.1 1105 g 0.0 1092 6.4
1097 u 0.2 1072 1.3

CH wag out plane 1035 2.6 1058 u 17.7 1043 2.6
1049 g 0.0 1040 1.9

NH2 torsion 639 17.0 865 u 111.8 771 92.3
827 g 0.0 689 35.6

NCO bending 566 10.6 633 u 14.8 591 244.1
611 g 0.0 587 20.0

NH2 wag. out plane 257 245.8 500 g 0.0 583 47.3
488 u 271.3 379 183.0

Intermonomer Modesb
NH‚‚‚O stretching 216 u 98.8 165 31.0
NH‚‚‚O bend out of plane 179 g 0.0 128 13.2
NH‚‚‚O stretching 172 g 0.0 118 19.2
NH‚‚‚O bending 148 g 0.0 78 7.4
NH‚‚‚O bend out of plane 138 u 47.2 61 12.1
twist 65 u 28.6 41 9.9

a g: gerade (Raman active). u: ungerade (IR active)b Descriptions valid only for the cyclic dimer (see text).

Figure 3. Bands components in the free NH stretching region of a
formamide solution in CCl4.

1104 J. Phys. Chem. A, Vol. 106, No. 6, 2002 Gómez Marigliano and Varetti



formation of closed or open dimers, two equilibria are estab-
lished:

where F is the monomer, C is the cyclic or closed dimer, O is
the open dimer of formamide, andKc and Ko are the corre-
sponding association constants. The total concentration of
formamide is related to the concentrations of free formamide
and of its dimers by the expression

after using I and II andAF ) aFLCF, whereAF is the infrared
absorbance (given by the band area) of one monomer band,aF

is the corresponding absorption coefficient, andL is the optical
path (2 cm). The equation was applied to each of the monomer
stretching bands located at 3534, 3411 (ν NH), and 2862 cm-1

(ν CH).
A representation ofCt vs AF is reproduced in Figure 4 for

the 3411 cm-1 band (at 22°C), which presented the least
dispersion of experimental results. The points could be fitted
with the expressionCt ) 0.000 21AF +0.000 042AF

2, from
which the valuesaF ) 2380 l mol-1 cm-1 and (Ko + Kc) )
476 were calculated.

At that point, it was obviously necessary to have an
independent equation to resolve forKo and Kc. We resorted
therefore to the ratio of the theoretically predicted infrared
intensities of the bands which are due to the stretchings of the
NH bonds forming H bonds in each of the dimers, that is, the
3325 and 3414 cm-1 calculated modes that are due to the cyclic
dimer and the open dimer, respectively. Such a ratio isaC/aO

) 4.09, according to B3LYP results presented in Table 2. To
assess the effect of the solvent on such intensities, additional

vibrational calculations were made at the HF/6-31G(d,p) level
for the dimers either in the free state or solvated with CCl4.
The new intensity ratio was equal to 4.16 for the free dimer
molecules, showing almost no difference with the B3LYP ratio
of 4.09; for the solvated species, however, the intensity ratio
went down to 2.15. We used this last value in the subsequent
calculations. The ratio between the experimental absorbances
of the corresponding infrared bands (3229 and 3302 cm-1) is
AC/AO ) 8.35, and beingAi ) aiLCi resultedCC/CO ) 3.88.
Using this last ratio and the definitions of the equilibrium
constants I and II together with the previously obtained value
for Ko + Kc, the values of Table 4 were obtained for these
constants.

Measurements made at several temperatures between 0 and
50 °C allowed the construction of the lnK vs 1/T diagrams
shown in Figure 5, from which the dimerization enthalpies
which appear in Table 4 could be estimated. Such values are
compared in the same table with the enthalpies calculated from

TABLE 4: Experimental and Calculated Dimerization Enthalpies for the Formamide Dimers

∆H° dimerization. (kcal/mol)

dimer
Ki (l mol-1)

at 22°C expt

calcd
[B3LYP/

6-31G(d,p)]

calcd
[B3LYP/

6-31++G(d,p)]

calcd
[HF/

6-31G(d,p)]

calcd
[HF/6-31G(d,p)

in CCl4]

cyclic 330( 70 -7 ( 1 -15.43 -11.74 -11.26 -6.57
open 100( 20 -3.4( 0.2 -7.53 -4.79 -5.46 -2.39

Figure 4. Plot of Ct (total concentration of formamide) vsAf

(absorbance of the 3411 cm-1 band of monomeric formamide).

Figure 5. Plots of lnKi vs 1/T, with Ki being the association constants
of formamide to the cyclic or open dimers, in CCl4 solution.

2F / C; Kc ) CC/[CF]
2 (I)

2F / O; Ko ) CO/[CF]
2 (II)

Ct ) CF + 2CO + 2CC ) (AF/aFL) + 2Ko(AF/aFL)2 +

2Kc(AF/aFL)2 ) (AF/aFL) + 2(Ko + Kc)(AF/aFL)2
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the thermochemical values given by the DFT calculations, after
using the 6-31G(d, p) and 6-31++G(d, p) basis sets.26 The
substantially lower enthalpies derived from the last set should
be ascribed to the introduction of diffuse functions, which
minimize the basis set superposition error19 as was clearly shown
in ref 11. The weaker H-bonds predicted by that model for the
molecular structures are probably reflected also in such lower
values. However, these theoretical enthalpies corresponding to
ideally isolated species are far from the experimental values
derived from solvated molecules. Therefore, additional ther-
mochemical values were obtained with the HF/6-31G(d,p)
calculations mentioned above. These last numbers show that
the experimental enthalpy values, obtained from CCl4 solutions,
can be approximately reproduced by the methods of quantum
chemistry only if the solvent effects are taken into account. In
fact, it can be seen in Table 4 that such effects reduce the
predicted enthalpies to about one-half of the gas-phase values.
Theoretical studies on the hydrogen bonding of nucleic acid
bases in aqueous solution clearly show the significant role,
which the solvation process plays in the calculated association
enthalpies.27

The experimental dimerization enthalpy obtained for the
cyclic dimer of formamide resulted to be somewhat larger than
the value measured for the dimerization of a cytidine derivative
in chloroform, which amounts to 4.9 kcal/mol.14

Finally, the absorption coefficients for the studied bands of
monomeric formamide and its dimers were obtained from the
experimental data and are given as additional information in
Table 5.

Concluding Remarks

An infrared study with solutions of formamide in CCl4 was
carried out. Bands located in the NH and CH stretching regions
that are due to the monomeric substance as well as those that
are due to the cyclic and open dimers were characterized by
means of quantum chemistry calculations and by their intensity
behavior upon dilution or temperature change of the solutions.
The vibrational results of these calculations were also correlated
to other features observed in the spectra of the CCl4 solutions.
A particularly interesting band was measured at ca. 250 cm-1,
which seems to be the only intermonomer band observed up to
now for the cyclic dimer.

The theoretically optimized structures predicted planar con-
formations for monomeric formamide and its cyclic dimer, in
agreement with results of other authors. However, the structure
obtained for the open dimer showed that the H-bond donor
molecule loses its planarity, at least at the level of theory used
in the present work. The degree of nonplanarity of that molecule
decreases upon addition of diffuse functions to the basis set

used in the calculations, opening the question of the structural
behavior of that open dimer when higher levels of theory are
used.

The study of the solution spectra at several concentrations
and temperatures allowed an estimation of the association
constants for both dimers of formamide, values that were not
previously reported. The corresponding experimental association
enthalpies were also obtained, bearing a ratio of about 1:2 for
the open and cyclic dimers, as expected for the formation of
one or two hydrogen bonds, respectively. The experimental
values of∆H° could be approximately predicted by the quantum
chemistry calculations only when the solvent effects were taken
into account.
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TABLE 5: Experimental Absorption Coefficients for
Infrared Bands of Formamide and Its Dimers in CCl4
Solution

species IR band (cm-1) ai (l mol-1 cm-1)

monomer 3534 1400( 400
3411 2380( 600
2862 1200( 100

cyclic dimer 3498 1800( 700
3229 600( 100

open dimer 3400 3000( 1000
3302 320( 30
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