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ABSTRACT 

Infrared spectra of formamide have been recorded between 4000 and 200 cm-l in _Ar, 
Xr, Xe. N, and CO matrices. The fundamentals of monomeric formamide are assigned. 
the assignment of the low-frequency bands differing from that presented previously_ The 
spectra of the deuterated species DCONHz, HCOND, and DCOND, in Ar rnatiees were 
aLso recorded and the fundamentals are assigned. “Compleration” of fonnernide with CO 
or NZ is found to shift the NH, rocking and torsional bauds in particular. The complexa- 
tion of formamide with nitrogen, especially its influence on the NH, torsional band, has 
been studied with the aid of ab initio 4-31G calculations. Three of the lowest energy con- 
figurations of the 1 rl complexes are presented. In rare-gas matrices, two overtone hands 
of the very intense torsional band have been found and these indicate only a very slight 
mechanical anharmonicity in this motion. The large difference between the torsional fre- 
quencies of the deuterated compounds HCONHD end HCONDH is disc-d_ 

INTRODUCTION 

Formamide (HCONHz, FA) is the simplest molecule containing the 
N-C=0 grouping, important in peptide chemistry, and thus its structure and 
spectroscopic properties have been the object of numerous studies. Despite 
the smallness of this molecule there is still controversy concerning the v-ibra- 
tional assignment and structure of this molecule. 

The Raman [l] and intiared [ 21 spectra of FA and its several isotopes 
have been recorded in the liquid state and these data have been used in con- 
structing a force field for FA [2] _ The near-infrared spectra of FA and its 
deuterated isomers have been studied [ 31 in chloroform solutions and the 
anharmonic force field based on these frequencies calculated. Itoh and 
Shimanouchi [4] studied the IR-spectrum of solid FA, and they concluded 
that FA and its deuterated homologues do not possess any intramolecular 
vibrational transitions below 400 cm-i. 

Comparison of the gas-phase IR data [ 51 with results obtained in the 
liquid state [Z] shows large differences between these spectra The NH2 
stretching frequencies are different in different solvents [S] , as are also the 
uCH frequencies in different electrolyte solutions [ 71 (the considerable vCH 
frequency shift on complexation with cations is suggested to be due to the 
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The only pmvious matrix infrar4 study an FA ds& with the argon 
mntrlx spectrum of HCONH2 ($1. The low-fkequoncy datdl VI%FO atw&w& by 
fitting the NH: wagging or Ynversion” mode to a double minimum potin- 
tial. However, thcsc nmtriccs wcw contaminated by the decompositfon pm- 
ducts of FA [ 81 and the argon used obvioutiy contained a small amount of 
N2 (t‘nc wgw matrix spectra of rcL [S] can be reproduced by adding l--2% 
of N: to Ar). Thckv are large differences between the argon and nitxogcn 
matrix spectra of FA. as will bo discussed Mcr in this paper. Gmidcs are 
obviously analogous to alcohols, whcrc specific intcra&ions have been found 
to shift the OH torsion in Na and CO matricel~ to a large extent (91. 

The far-inikarcd gas spectrum of FA [ 101 has been assigned in terms of 
the amino inversion flrndamcnti. its ovcrtorres and hot bands. 

Evans studied the vnpour spectrum of FA in the 2700==-3700 cm-’ region 
[ 111 and concluded that the molcculc is planar or only slightly nonplanar. 
An ezuly microwave study rcsultcd in a nonplnnar structut~ with the C-NWz 
group being slightly pyramidal [ 121, while the Iatcst microwave rcsulb sug- 
gest that the FA mokcuie is cssentiallly planar without any potential hump 
nt the planar configuration [ 131. 

The nb initio calculations on the STCMG minimal basis set kwel favour il 
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nan-planar ratxuctww [M,P81. whaexar both the 4-2I.G [ 161 and &SIC: 
(14.36j saleulak~o~~‘indica~ P planar &rktUre. From more oxtcnaivc 
calculletiarka it hi bean ssncluded that thu pokntial well of FA with respect 
to fnvorslon at nitrogen ir very Bat and occur in the vicinity oP the planar 
&ructupo g1E31. 

3%~ intcmml mkttisn btier of FA is, accorcling to NMR 1 I.71 ,70--89 kJ 
tnelmt * and the rrb inftio cnleulsted value5 m quifa close to thcec values IIS] . 
FCLLO a~p~moXc~ula cdculations suggo5t &hat the ik~lx%nnl rotatAn barrier 
incxctllass with incrrzasing rolvent polarity f 193, and nb initio calculations 
indicate an gncreaaie of the barrier with increasing dfclectric constant of the 
solvent [ZOl . 

There exitat both acmicmpirical [al, 221 and ab initio I14,16, 231 
calculated Force fields for FA. The 431G field [I41 does not reproduce the 
experimental low-frequency fundamental values 181 of 289 cm’- (NH2 
w.a&ng) and 602 cm-* (NEi, twisting). This force field gives a high value 
(884 cm”‘) for the lower fkequcncy vibration, this being xclatcd to a mode 
which should be expreezlc?d as an *‘M-It out-of-plane bending” rather than 
wagWing [ 141. On the other hand, the ab initio calculations of vibrational 
frequencies of FA indicate [ 231 that the low-Prequency spectrum oP mono- 
meric FA in particular is incompletely studied experimentally. 

In the present study the experimental vibrational spectrum of mcmomcric 
FA is reass&ncd using the published ab initio out-of-plane [ 16) force field 
as well as the N, complcxation shifts on the vibrational bands. 

EXFERKMENTAL 

Formamide (Merck, p.a.) was distilled in vacuum and dried over molecular 
sieves before USC. CBdcuterated FA was c*rrchascd from Merck Sharp & 
Dohmc, and it was used without further purification. The ND2 compounds 
were prepared by direct exchange with hc:ivy water (from Stohicr, USA) and 
were distilled under reduced pressure. The- D2U addition and distillation pro- 
cedure was rcpcated at least five times SI: ;hat the final extent of deuteration 
of the amide exceeded 90%. FA is hydrolysed in aqueous solution over a 
wide pH range [24], and to avoid the residue of the hydrolysis products the 
dcuterated FP. was distilled before use. 

The vapour pressure of FA is too low to allow the compound to be 
handled by usual vacuum-line methods. The matrices were prepared by flush- 
ing a small amount of molecular sieves, wetted with FA, with the matrix gas 
under reduced pressure. The gas mixture thus formed was then sprayed onto 
the cold CsI window of the cryocooler (Displex CS-202) at temperatures bc- 
tween 15 and 20 K. The M/A (matrix/absorber) ratio could be varied by 
varying the sample temperature; accurate ratios could not be obtained but 
they were typically between 500 and 1000. During the spray on the gas mix- 
ture was occasionally heated to about 300°C in order to reduce the amount 
of association, but this did not have any influence on the matrix sample. 
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Thus it can be concluded that collisions in the gw mixture at room tempera- 
ture suffice to break the FA associates. The spectra were recorded with a 
Perkin-Elmer 621 spectrophotometer, calibrated against standard gases. 
When recording the spectra, the matrix temperature was 13 K. 

RESULTS AND DISCUSSION 

The spectra of FA in Ar, Kr, Xe, N1 and CO matrices are shown in Fig. 1 
and the observed wavenumbers in Table 2. Only the bands of the monomer 
are included; results on the association of FA in matrices will be published 
in a later paper. 

The assignment presented in Table 2 is in accordance with previous assign- 
ments in the region 3709-1200 cm-‘. However, a few comments concerning 
the matrix data in this region will be made. 

Comparing the NH2 stretching frequencies in different hosts it is seen 
that Xe shifts these bands to lower frequencies even more than nitrogen, the 
shift being similar to that found for the strongly completing CO matrix. On 
the other hand, the low-frequency part of the spectrum is very similar in all 
rare-gas matrices studied but the spectra in interacting media (N, and CO) 
differ considerably from those in the solid rare gases. In the case of methanol 
[9] specific complex formation has been found in N1 and CO matrices_ In 
thr: case of maleimide [25] nitrogen has been found to interact specifically 
with the NH group. The bands showing the largest Ar to N2 or CO shifts in 
the spectra of FA are due to rocking and torsion of the NH2 group, which 
indicates that the amino group acts 2s the most important completing group 
in FA. 

In the course of matrix preparations it became apparent that the extent of 
the self-association in the samples diminished considerably when going from 
rare gases to NZ and especially to CO. This indicates that the van der Waals 
complexes between F-4 and N1 or CO occur at energies comparable to those 
for self-association of h A. 

The CH stretching band has in all matrices studied an additional compon- 
ent at lower frequencies, at about 2760 cm-‘_ This splitting of the vCH band 
is ascribed to the interaction between the vCH fundamental level and the 
first overtone level of the CH in-plane bending. 

The broad band at 1304 cm-’ found only in nitrogen matrices occuis in 
parallel with the downward shift of the CH stretching band (about 20 cm-‘) 
compared with other matrices, and thus an in&raction between uCN and 
2 X LuNH, is obvious. 

To gain information on the influence of nitrogen complex formation on 
Che lowest-frequency mode, structures for a few 1: 1 compleves between 
nitrogen and FA were calculated on the 4-31G basis set level, using the pro- 
gramme GAUSSIAN 76. For the FX molecule the 4-31G optimised geo- 
metry was used [ 181, and the bond length of the nitrogen molecule was 
1.098 A (the experimental value). The intermolecular coordinates were 
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optimised, and the three lowest-energy configurations are shown in Fig. 2. 
In these cases the N2 molecule was found to be on the erikension of the 
N-H or C=O bonds, being almost parallel or perpendic-tikr to these bonds 
in the FA molecular plane. Complex formation in the lowestenergy con- 
figuration was found to increase the NH2 torsional force constant by about 
10% compared to the value found for the free FA molecule on this basis set. 

The ab initio calculated out-of-plane force field [ 161 was taken to repro- 
duce the observed out-of-plane frequencies_ The torsional coordinate was 
that of Pieti& and Stenman [ZS] , developed for planar torsions_ The experi- 
mental planar geometry [13] was used for FA in the cakulation. The most 
important result were that this force field produced the observed frequen- 
cies with only slight modifications in the diagonal. constants, and that the 
NH, wagging mode has a higher frequency than the NH2 torsion. The result- 
ing out-of-plane force field is given in Table 3. 

The large intensity of the lowest-frequency fundamental band, the 7NH2 
band, can be understood with the aid of the results of Williams et al_ [2’7]_ 
They found that perturbations in the N-C=0 bond resonance system are 
encountered upon rotating the NH2 group out of the molecular plane, 
which probably causes electrical anhannonicity to the NH2 torsional transi- 
tions. 

According to the present study the first and second overtones of the NH2 
torsion are of considerable intensity in rare-gas rl:atices. Overtones occur 
rather seldom in low-temperature m ~‘rices. The frequencies imply that there 
is only slight mechanical anharmonicli;y in this motion; the intensity is 
rather due to electrical anharmonicity. 

E&-IS [ 53 assigned the rNH, fundamental of FA in the gas phase at 
1167 cm-‘. In rare-gas malxix spectra this band can be found at about 
1190 cm-’ but no fundamental is found in this region in N, or CO matrices. 
This band is shifted due to complex formation to lower frequencies, in Nz to 
830 cm-’ and in CO to 948 cm-l. It is to be noted that in the CD matrix 
spectra the NH, rock, wag and torsion fundamentals are split into at least 
two bands. This fine structure may indicate several well-defined complex 
structures between FA and CO molecule(s). 

It was also found that the NH2 torsional band broadens reversibly in the 
temperature range 13-25 K in N2 and CO matrices, but not in rare-gas 
matrices. In the case of methanol [9] similar broadeKing in the OH torsional 
band was observed and was suggested to be due to rapid vibrational relaxa- 
tion caused by coupling of the rOH mode with complex modes. The reversi- 
bility of the NH, torsion band of FA could arise from similar causes. 

The deuterated formamides 

The fundamental frequencies of the deuterated formamides in Ar are 
given in Table 4. The spectra of the NC-, species we;=, however, complicated 
in certain regions by the presence of the partially deuterated species NHD 
and NDH. 





Fig. I. The matrix inframd spectra OF formamide in Ar, Kr, Xe, N, and CO matrices. The 
epcwtra weee recorded nt 13 K. The starred pcaka arc duo to aaaaciated species. 

The uC0 band of the Gdeutcrated species is a doublet with a peak separa- 
tion of about 30 cm-‘. In the case of formic acid similar splitting was ob- 
served [28] in the spectra of C-deuterated species and this was explained by 
Fermi resonance between the vC0 fundamental and the CD out-of-plane 
wagging overtone. For perdeuterated FA this is also the most reasonable 
explanation. In the case of DCONHz the third overtone of the NH2 torsion 
shifts the CD out-of-plane bending band up to about 970 cm-l, ar.l thus the 
splitting of the uC0 band originates from the interaction of the vC0 funda- 
mental with the combination level rNHz + S OCN. 

Pt is difficult to assign with certainty the rNH, band of perdeuterated 
FA. There are two candidates, a medium intensity band at 1102 cm-’ and 
a very weak band at 910 cm-‘. According to our tentative normal coordinate 
calculations the ND2 rocking motion is very much a mixed motion, strong 
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TABLE2 

Theobservedfrequencies(cm-')forformamideinAr.IrJ,Xe,N, andC0 matrices-The 
spectrawere recorded at13 Kandthe fiequenciesare believedtobe accurateto rlcm-' 

Krypton Xenon Nitrogen Carbon &gnment 
monoxide 

3561. sb 
3553sh 
35481-n 
3436s.h 
3431s.h 
3427m 
2884m 
267Ow 
2779vw 
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1'74ows 
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TABLE 2 (continued) 

Agon I&Won Xenon Nitrogen Cs :hou 
monoxide 

Assignment 

604 m 
600 w,sh 
564 m 
311 w 
306 m 
303 vvs 

571 m 
313 ws 

567 m 576 m 
319 vvs 402 sh,m 
316 vvs 396 vvs 

579 m 60CN 
456 vs TNH, 
445 vs 

aIntensity varies from sample to sample. 

cl3 Hz3 

“+-$& Nylf-is6 A 

6.59 (4.371 6.21 (3.79) 4.08 (2 -23) 

Fig. 2. Three lowest-energy configurations of 111 complexes between FA and N, (inter- 
molecular coordinates optimised). In all cases the N, molecule is in the FA plane. The 
interaction energies in kJ mol-’ are indicated below the figures (the values obtained with 
the supermolecule correetiou are in parentheses)_ 

contributions coming from 6 ND5, 6 CD and vCN, and the rNDz frequency is 
predicted to be about 1100 cm-‘. Thus the band at 1102 cm-’ is assigned to 
the ND? rocking mode of the perdeuterated species. 

Figure 3 shows the torsi,xA region of a sample containing almost equal 
amounts of the species HCONH?, HCONHD, HCONDH and HCOND*. For 
other primary amides similar differences in the torsional bands of the par- 
tially ,V-deuterated species have been observed [ 29]_ Table 5 includes the 

TABLE 3 

.The out-of-plane force field of formamide. The off-diagonal constants are those from 
ref. 16. The coordinates are: S, =‘ CH oop bending, S, = NH, wag and S, = NH, torsion 

Coordinate LJ(calc.) PED 

S, 0.4071= 1038 0.95 s, 
S: -0.02 0.1046 677 0.99 s, 
S, 0.011 0.0160 0.0769 307 0.69 s, 

aForce constants in mdyn A rad-1 = lo-” J rad-‘. 



TABLE 4 

Fundamental &quencies (cm-‘) for deutexated formamides. The bands marked by an 
.asterisk anz uncertain due to the presence of partially N-deuterated species aa well es the 
very’low intensities of the bands 

~ONH, 

3547 
3429 
3424 
2156 

HCOND, DCOND, Assignment 

2663 2665 GJH,. ND, 
2498 2499 QJHI, ND, 

2886 2264 vCH, CD 
2873 2253 
1737 1734 vC=O 
1732 1703 

1738 
1710 
1699 
1580 
1141 
1243 

1173 
1164 

1086 
1406 
1297 
1306 

1031 6NH,. ND, 
946 6 CH, CD 

1309 vCN 
1302 
1102’ i-NH,, ND, 

974 1033* 864 rCH, CD 
960 
688 480 476 
682 

wNH,, ND, 
470 473 

679 
558 565 461 6 OCN 
305 221 221 rNH,, ND, 

300 MO 
--T----i- 

Fig. 3. The torsional region of the spertrum of an FA sample in Ar (containing almost 
equal amounts of the partially N-deuterated species). 
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TABLE: 6 

Obgerped to&&l fbquencies of partially N-deuterated formamides in Ar and N, 
matrices and monofluoro- and monochloroscetamida in Ar 

Ar % Ar 
FA CD-FA FA CD-FA MF’AA MCAA 

30s 306 396 397 354 357 NH, 
270 270 360 849 298 303 NHD 
239 240 311 310 286 286 NDH 
221 22s 296 294 266 265 ND, 

torsional frequencies found for formamides and for monofluoro- and mono- 
chloro-acetamides [ 29]_ 

It was thought that the changes in the frequencies could be due to differ- 
ences in the reduced moment of inertia for the internal rotation between 
the NHD and NDH species. Since the torsional barrier of FA is quite high, 
about 80 kJ mol-’ [ 171, this effect can he estimated by using the high barrier 
harmonic approximation 1301, with eigenvalues E, = N(V,F)"= (v + l/Z). 
The term F contains the reduced moment of inertia for internal rotation. 
The potential V, is taken to’ be the same for all isomers and thus relative 
values for the torsional frequencies can be obtained. 

This calculation gives for the NHDt (D in tmns position to C=O) and 
NHDcI, species a torsional frequency difference of about 7 cm-‘. which is 
much less than the observed difference for FA of 31 cm-‘. In the case of the 
halogenated acetamides the moment of inertia for the internal rotation is so 
large that this calculation does not predict any difference for the torsionzl 
frequencies of the two partially deuterated species. 

In all cases the internal rotation axis was chosen to be coincident with the 
C-N bond axis. Deviations from this in the real motion could partly esplain 
the discrepancy between the calculated and observed results for the internal 
rotation in partially N-deuterated species. 

On the other hand, the intramolecular interaction between the C=O and 
N-H,I, groups [ 18,231 could be responsible for the lowest-frequency vibra- 
tion being described as N-Ht out-of-plane bending 1141. Thus, if the contri- 
bution to the NH* torsion of the NHt group is larger than that of the NH,,, 
group, we are able to assign the higher frequency torsion peak of the partially 
N-deuterated amides as arising from the NHD,,, species. 
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