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Vibrational Spectroscopy of N-Methylacetamide Revisited
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Although a lot of work has been performed on the vibrational analysi¢-wfethylacetamide (NMA), some
uncertainties and even contradictions remain, mainly due to the fact that the structure of NMA at room
temperature is not stable due to traces of water or due to the fact that the authors only studied the infrared
or the Raman spectra. On the basis of the infrared and Raman spectraib36eC to +100°C temperature

range, we have shown that the effects of temperature on the structure and the changes in the strength of the
hydrogen bonding within a structure elucidate a lot of the complexity of the solid state vibrational spectra of
NMA. Force field calculations on the monomer and multimers=(6) and solution spectra of NMA and the
N-deuterated compound are used to provide a better understanding of the influence of hydrogen bonding on
the typical amide fundamentals. Nine typical so-called “amide bands” have been further characterized.

Introduction The infrared spectra were recorded on a Brucker IFS 113v
Fourier transform spectrometer, using a liquid nitrogen cooled
. . MCT detector with a resolution of 1 crh. For each spectrum,
served as a simple _model fo_r understanding the nature of thelOO scans were recorded and averaged. The low-temperature
trans secondary amide function, also ca_lled the pept'dgﬂgrounmeasurements were performed with a laboratory designed liquid

HcY)Y\i(Oaver, recently developed ) techniques g;éﬂ\{ ’ nitrogen cooled cryostat, consisting of a copper sample holder
INS,”™" gas-phase and force ‘;'261‘31802"’1“9”""‘“ " and with a small container that can be filled with liquid nitrogen.
temperature-dependent speéfrél- 1214152t illustrated several 1y is surrounded by a jacket with KBr windows and placed
very unusual features concerning this molecule, especially in ;. qer vacuum.
the amide A and amide B region (3568000 cnt?), the far- . .

From the sample, a pellet in KBr matrix was made under

infrared region (40650 cnt?), and the amide | and Il region drv ni h ded far-infrared -
(1700-1500 cntl) where seven bands have been observed fy nitrogen atmosphere. We recorded far-infrared spectra using
instead of the two known fundamentals a DTGS detector with a resolution of 4 ctaFor each spectrum,

' 250 scans were recorded and averaged.

The conflicting results obtained even in recent studies are .
The Fourier transform Raman spectra were recorded on a

very debatable and must be ascribed to an incorrect model andBrucker IFS 66v interferometer equipped with an FT Raman

the fact that NMA shows some disorder in thd0 °C to +40
N ; ; RA 106 module. The molecules were excited by the 1064 nm
C temperature region. The spectra of the ordered and disordere .
P g P ine of a Nd:YAG laser operating at 200 mW. For each

crystal cannot be compared, due to the existence of different 1000 ded and d The |
types of hydrogen bonding. This phenomenon has also beenSPECtrum. scans were recorded and averaged. The low-
observed in the NMR spect?a. temperature Raman spectra were recorded on a SPEX-1403

On the basis of the infrared and Raman spectra in-the6 0.85 m double-beam spectrometer. The molecules were excited

) iy o
°C to +100°C temperature range, we will prove in the present mrieSpggﬁr%vg:yffé r:z)ogglolzg?g Q\?nn II:S?rHeASMglc?rra were
paper that the effect of temperature on the vibrational spectra y cel . pie. P

of NMA elucidates a lot of the complexity of these spectra. recorded with a spectral slit of 4 cth For each spectrum, three

The main point is that it is very well possible to construct a scans were recorded and averaged.
relatively simple and unambiguous model that is in good __1heAH values were measured on a TA Instruments DSC

agreement with the experiments, instead of the more complicated?920 equipped with a RCS-cooling system and on a SDT 2960
theories such as proton-transfer, the polaron theory, and Fermi-Simultaneous DSC-TGA. The experiments were performed
resonance. under dry nitrogen atmosphere (50 mL mijy and the heating

In this article, we also discuss the function of hydrogen 'ate was ZC min. _ .
bonding in the evolution of the nine typical amide bands, which ~ The NMR spectra were recorded on a Varian Unity 400 MHz
have been characterized and discussed. spectrometer. The chemical shifts are given in ppm. DMBO-
The results obtained in this work go far beyond the initial Was used as solvent and TMS as internal standard. The
aim which was to show the effect of variable temperature and concentration was 0.1 M, and data were taken at 30, 60, 90,
pressure on the infrared and Raman spectra of NMA. 1&% and 150C. TheAd/AT (ppm/K) was calculated from the
shifts.

The simple peptideN-methylacetamide (NMA) has long

Experimental Section

NMA purchased from ACROS ORGANICS was first distilled
under vacuum and then dried by freeze-and-thaw under vacuum The density functional theory calculations were performed
several times before use. using GAUSSIAN 983

Computational Details
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G Figure 2. Raman spectra of NMA at 8TC (A), 15°C (B), and—120
°C (C).
a Between 10°C and the melting point at 27C, hydrogen
bonding still exists but the orientation of the NMA molecules
0" N - is changed drastical. Above the solid transition temperature
. . at about 10°C, the length of thea-axis is halveé and each

¥ site is occupied at random by a molecule in one of the two
orientations as given in Figure 1B. This high-temperature
s » modification is also orthorhombic but contains only two
molecules per unit cell.
The Raman spectra at 8C, 15°C, and—100°C are given

in Figure 2. From this figure we can see that the Raman
spectrum of the liquid at 80C is very comparable with the
. N . spectrum obtained at 1% and that the small frequency shifts
can be explained very well by assuming a stronger inter-
molecular hydrogen bonding at lower temperatures. The Raman
\ spectrum at-100°C is very different from the others, mainly
Cy due to the crystal effects.
The structure of NMA is unknown at lower temperatures,

B but we did not observe a phase transition betwe&f °C and
—80°C by the DSC measurements. Infrared and Raman spectra
Figure 1. Crystal structure of NMA. (A) Fully ordered form below taken with an interval of 10C betyvegn—lo °C and—JTQG o(.: .
10°C. (B) Partially disordered form above G, with a-axis halved. have been recorded, and no indication of any transition in this
C1: C(CHy), Cx: C(amide), G: C(NH). I Inversion center. temperature region has been observed. This allows us to
conclude that NMA belongs to the same symmetry group in
this temperature region.

For better insight into the situation, DSC measurements were
performed by heating and cooling the compound betwe4@
°C and—+40 °C.

The DSC curves for heating and cooling are given in Figure

For all calculations, Becke’s three-parameter exchange func-
tionaP* was used in combination with the Le¥ang—Parr
correlation functionat® while the 6-31G* basis set was used
throughout as a compromise between accuracy and applicability
to larger systems.

To reduce the errors arising from the numerical integration,
the “finegrid” option, corresponding to roughly 7000 grid points
per atom, was used for all calculations.

To obtain information about multimers & 2, 3, 4, 5, and
6), the equilibrium geometry was calculated, without any
structural restrictions. Subsequently, for all equilibrium geom-
etries the vibrational frequencies and the intensities were
calculated using standard harmonic force fields.

From the heating curve (Figure 3A) af€/min, we observe
a small endothermal process at about°@ and several
overlapping endothermal processes with a maximum at about
28°C. The cooling curve (Figure 3B) exhibits a large exothermal
peak at about 7C and a small exothermal process-&3 °C.
For the heating process, we measured 4.7 kJ/ea0lg kd/mol)
for the sum of the phase transition and the melting; for the
cooling we measured 5.2 kJ/matQ.5 kJ/mol).

The temperature difference (2&€ and 7°C) is due to the

1. Geometry of NMA, Phase TransitionsThe melting point phenomenon of undercooling. The effect of this undercooling
of NMA is 27 °C, and below 10C NMA appears in a fully is shown in Figure 4, where at a cooling rate G&min (given
ordered state and belongs to the orthorhombic space g by the full line) we observe an increase of 2Qin 12 s. The
(D3 with four molecules per unit ceff The planar molecules  heat flow indicated by the dashed line clearly shows this
are parallel to the ac face of the unit cell as given in Figure 1A. exothermal reaction.

Discussion
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Figure 3. (A) Heating DSC curve for NMA betweenr-40 °C and Temperature / °C
+40 °C. (B) Cooling DSC curve for NMA betweeit40 °C and—40 Figure 5. DSC curve for the boiling of NMA.
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Figure 6. Geometry ofN,N'-dimethyloxamide.
0.25
—4-2 . . .
considering a proton transfer in a very strong hydrogen bond
system, must already be rejected on this basis.
1. It has to be noted that the energy of the phase transition in
NMA is also incorporated in these values.
0.00 ) ! : : ! . However, phase transitions in peptide molecules as we
Time / min. observed forN,N'-diisobutyloxamide at 73C and 89°C,
Figure 4. Undercooling in NMA by a cooling of 2C/min. respectively, have an order of magnitude of maximum 1.3 kJ/

. . ) mol.

The two small peaks respectively atQ in the heating curve Several authof$ already noticed that some amide funda-
and at—2.85°C by cooling are probably due to the melting  nenals in the spectra at lower temperatures are split into two
and solidification of traces of water. The DSC curve of the components. We observed this splitting for practically all in-
boiling of NMA also exhibits a shoulder at about 1%3 which plane fundamentals of the amide group (see below). This

can be ascribed to traces of water (Figure 5). This uptake of gjitiing is due to symmetry reasons in the crystal, as by ascent
water is practically inevitable as NMA is very hygroscopic, and symmetry fromCs to D, We calculated a splitting of each
the water uptake while the DCS cell is being filled is sufficient in-plane fundamental (Ainto two different infrared (B, Bay)

to observe the traces of water in these DSC curves, although;n4 Raman (A Big) bands and each fundamental out-of-plane
the measurements took place under dry nitrogen atmosphereqqe (A") into two Raman bands ¢§ Bsg) and one infrared

The AHyqp for NMA has been measured to be 42 kJ/mogj. B, band (A, mode is not infrared active), according to the
For comparison, we measured thdéd sublimation ofN,N'- following representations:

dimethyloxamide, a molecule solely exhibiting two trans

secondary amide functions in a normal peptide intermolecular A'— A, + B, + B,,+ B,
hydrogen bonding with an average-M---O distance of 2.82 9 g ! !
A3L (Figure 6). ThisAHsu, is measured to be 85 kJ/matp) A" = Byyt Bgg+ A, + By,

which is about twice the sum @&Hmeiting + AHvap (4.7 kJ/mol
+ 42 kJ/mol), indicating a normal intermolecular hydrogen bond 2. Effect of Hydrogen Bonding on the Amide Fundamen-
strength in both molecules. So the theory of F. Filldux, tals. The effect of the hydrogen bonding on the amide
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Figure 7. Effect of hydrogen bonding on the amide fundamentals.

fundamentals can be explained by considering this interaction
as a donor:acceptor complex according to the theory developed
by V. Gutman? (Figure 7).

A donor:acceptor interaction results in increasing polarities
of the bonds, originating from the donor and acceptor atoms,
respectively. The increasing polarity is related to an increase
in fractional positive charge at the acceptor atom and an increase
in fractional negative charge at the donor atom.

The original loss of negative charge at the donor atom is
overcompensated by attracting electronic charge from other parts
of the donor molecule to the donor atom. In this way the electron
density at the donor atom is increased with appropriate changes
of fractional nuclear charges in other areas of the donor
molecule. This has been designated as the “pile-up effect” of L L L 1 1 1 L 1
negative charge at the donor atéfh. 3400 3350 3300 3250 3200 3150 3100 3050

The original decrease of fractional positive charge at the Wavenumber / cm=1
acceptor atom is also overcompensated by passing over therigure 8. Infrared and Raman spectra of NMA in the 35800
negative charges. In this way the fractional negative charges ofcm™ region at different temperatures.
other nuclei in the acceptor component are increased. This has
been designated as the “spill-over effect” of negative charge inductive effect, the lability of the electron lone pair, changes
from the acceptor aton#g° in hybridization, dipole-dipole interactions, and hydrogen

Both the pile-up and spill-over effects result in the same bonding.
electron flow and enhance the effect known as the cooperative We observed considerable differences in the amide funda-
effect. mentals in the gas phase and in the crystal structure at different

The electron flow to more electronegative atoms results in temperatures. All these frequency shifts on going from the gas
an increased interatomic distance and to a less electronegativghase to the solid, and the shift in the solid at lower tempera-
atom in a decreased distance. tures, can be explained very well by considering a stronger

The change in temperature causes a change in the inter-hydrogen bonding.
molecular distancé%3* and consequently a change in the Yet other vibrations such as the CH modes, in which the
donor-acceptor strength. At lower temperature, we conse- hydrogen bonding is not participating, remain practically
quently expect a stronger doneaicceptor interaction, resulting  unchanged in frequency. Therefore we believe that, by compar-
in weaker NH and CO bonds and stronger CN bonds. ing vibrational solid state spectra at different temperatures, the

The hydrogen bonding in secondary amides can also beeffect of the change in hydrogen bonding is certainly primordial
regarded as a redistribution of electrons in the amide group, and explains very well the experimental shifts.
due to the lability of the nitrogen lone pair and the high 3. Amide A and B Region (3406-3050 cnT?). The Amide
accepting power of the CO group on the other hand, resulting A and B region is given in Figure 8 for the infrared and Raman
in a greater stabilization of the ionic contribution (B) relative spectra, and Table 1 schedules the frequencies and the proposed
to the normal structure (A) by considering a stronger hydrogen assignments in this region. In discussions of secondary amides
bonding (see also Figure 7). The higher contribution of the ionic in this region, it became common to refer to bands at about
form B by stronger hydrogen bonding reduces the CO bond 3300 cnt! (amide A orvNH modes) and 3100 cm (amide B
order and increases the CN bond order. TiNH mode is or overtones and combination bands, intensified by Fermi-
expected to decrease by stronger hydrogen bonding, as thaesonance).
ammonium type o#NH modes (with a partial positive charge ThevNH modes shift to lower frequencies at lower temper-
on the nitrogen) are always situated at lower frequencies atures, as expected for a stronger hydrogen bonding, and clearly
compared with the normalNH modes. show a splitting at lower temperatures as expected Dy

The electronic distribution in the secondary amide group can structure with four molecules per unit cell.
be described as resulting from many simultaneous interactions The amide B band shifts to higher frequency at lower
of many factors such as the-electron delocalization, the temperatures in the Raman spectrum, while this band clearly

Raman units

100°C
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TABLE 1: Amide A and Amide B Region (3400-3030 cnt?) (cm™1)

T (°C) +100 +25 -70 -120 -196 Assignment
Raman 3323wvbr 3300w br 3287 shw 3284 sh vNH (Ag) )
Amide A
3256 m br 3251 m br vNH (B1g)
3080 vw 3092 w 3097 m 3099 m overtones + comb.
3108 m (Amide B)
Infrared 3304 v br 3287 shm 3286 shm 3284 shm  vNH (Bay) .
Amide A
3265 m 3264 m 3263 m vNH (Bay)
3114 v br 3101 m 3104 m 3106 m overtones + comb.
(Amide B)

TABLE 2: vND Region at—120°C (cm™1)

notation in figure IR Raman

band | 2464 w 2467 w
band Il 2429 w 2429 w

2419w 2418 w 3
band IlI 2396 ms 2395 m s
band IV 2374 m 2370 ms ‘€
band V 2348 mw 2349 mw g
band VI 2300 w 2302 w =

shifts to lower frequency between the disordered state and the
ordered crystal and then shifts, according to the Raman band,
to higher frequencies on cooling in the infrared spectra.

The intensity of this band, the asymmetric profile (as can be
seen from the Raman spectrum-&t20°C), and the frequency
shifts let us conclude that this amide B band must be composed
of several overtones and combination bands, enhanced by Fermi
resonance. The increased frequencies at lower temperatures
indicate that the amide Il and Il modes, especially (see below),
are involved in these overtones and combination bands.

It is well known that the profile of theeNH modes is very
complicateé® and highly temperature sensitive. It is evident that
the apparently broadNH mode is composed of a number of
possible sharper bands. This is clearly shown inAKB region,
where the bands appear sharper and where there is no interaction
possible with overtones or combination bands of the amide |
and Il fundamentals. ThisND region (2506-2250 cnt?) is
given in Table 2, and Figure 9 gives the infrared and Raman
spectra at-120 °C in this 2506-2250 cnt! region.

Instead of the two expected infrared and two Raman modes, ,

____.________< —— e ——————————

Raman units
e e e e o e e e e e

six bands are observed, indicated in Figure 9 from I to VI, and 2500 2450 2400 2350 2300 2250
band Il is split both in infrared and Raman. Wavenumber / cm™!

The great similarity between the infrared and Raman spectra gig e 9. »ND region at—196°C for the infrared and at 120°C for
is very remarkable, and also the regularity in the frequencies the Raman spectrum.
can be noticed as the frequency difference between bands I

and IIl, Il and IV, and IV and V is about 22 cnt and the and controversial region of any molecule exhibiting a trans
difference between | and Il and V and VI is about doubi&b secondary amide grou.11:12.15.16,20,3%3
cm). The infrared and Raman bands at low temperatuE6 °C

In fact it may very well be possible that all these bands can for infrared, —110 °C for Raman) are for the normal and
be explained as combinations of the genuird® modes with N-deuterated NMA, given in Figures 10 and 11 for this region.
a low energy staté'36.37 In Tables 3 and 4 we scheduled the proposed assignments.

Recently, H. Ratajcz&k also studied unusual vibrational The bands under discussion are indicated from A to J in the
properties in hydrogen-bonded systems and concluded that thetables and the figure for the normal compound, and frontoA
shape of thev(XH) (or XD) is mainly generated by the G for the deuterated compound.
mechanical anharmonic coupling between this fundamental and Band A appears in both Raman and infrared spectra as a weak
the low frequency (%H---X) modes of the hydrogen bond band at about 1665 cm. This band shifts to higher frequency
system. The author also stated that in the solid state the wholeat lower temperature and shifts also to higher frequency on
system is further coupled to the bath. deuteration. This band has certainly m@=0) character, as

4. Amide 1, Il, and Il Region (1700—1200 cnt?). The bands with this character are expected to shift to lower frequency
1700-1200 cnt? region of NMA is probably the most discussed  at lower temperature and on deuteration. Some authors already
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A— TABLE 3: Amide |, Amide Il, and Amide Ill Region
(1700-1250 cnrl) for Normal NMA at Lower Temperature
J (cm™
notation
in IR Raman
Figure 10 —196°C —-30°C —120°C —30°C assignment

A 1667 (2) 1664 (2) comb. band
1663sh 1659 sh comb. band
1642vs 1644 vs am. | (B
1627 (7) 1629(7) am.l(4
1625 sh am. | (&)
1600 (br 1) am. | (By
1586 m NO am. Il (By)
1576 m 1566 m NO am. Il (B)
1531 mw 1530 vw NO comb. band
1484 w NO amide cis
1325w NO amide cis
1320 (10) 1302 (4) br am. Il (§
1310s 1301 sbr am. Il (B)
1310 (sh) am. I (B
1260w 1256w am. Il (By)

Transmittance

—TIGTMMmMO O W

(&N

TABLE 4: Amide | ', Amide Il’, and Amide Il ' Bands
(1700-950 cnT?) for N-Deuterated NMA (cm~1)

Raman units

notation in R Raman
B c Figure 11 —-196°C —-30°C —120°C -—-30°C assignment
IJ

. : A, ! A’ 1682 (2) 1679 (2) comb. band
1700 1600 1500 1300 1667 sh 1660 sh comb. band
Wavenumber / cm™" B’ 1638vs 1639 vs am: By,

. (o4 1633 sh am.'lB
Figure 10. Infrared and Raman spectra at low temperature of NMA 1616 (8) 1620 (8) am! AZ“

in the 17006-1250 cnt! region. 1595 sh am.'Byg
shoulder at about 1600 crh

D' 1505m 1497 mw am. 1By
N 1495sh  1493sh am.IBy,
1488 (8) 1486 (8) am.1By
G E 1485ms 1478 mw am.’IBsy
1008 m 1007m 1008 (3) 1007 (3) CH def.
= F 1002ms 997 m am. 1Bz
981(4) 980(4) am.IllAy
G 980 mw 979 mw am. 1By,
970(1) 968sh  am. !By
jjk/u The splitting of this fundamental, which is expected from
A_B ¢ symmetry reasons, is better observed for the deuterated com-
1700 1600 1500 1000 pound where we clearly observed two overlapping bands at,
Wavenumber / cm ™! respectively, 1638 crmt and 1633 cm! in the infrared and at
Figure 11. Infrared and Raman spectra at low temperature of NWA- 1616 cnt*and a shoulder at 1595 crhin the Raman spectrum
in the 1706-950 cnt? region. (bands B and C). Barthe$§ also observed this weak band at
the low-frequency side of the intense amide | and designated
reported on this unconventional supplementary amide band inthis band as band X; other auth#suggested that this weak
the Raman spectra at lower temperatti¥é22°but the corre- Raman band could be explained in terms of self-trapped states.
sponding infrared band was not discussed. This band could beWe, however, think that this weak shoulder in the Raman and

due to an interaction between low-frequency modes and otherthe clear splitting of the band in infrared can be ascribed to the
amide fundamentals or, considering the opposite character, predicted splitting in théD,, crystal structure.

Transmittance

to the amide | mode as a result of Fermi-resonance between a
combination band and the amide | mode (see below).

, The amide | band generally appears in infrared as the most
| intense amide fundamental and is of medium intensity in Raman.

i This fundamental has mainly(C=0) character and conse-

! quently shifts to lower frequency on cooling, due to the stronger

: intermolecular hydrogen bonding at lower temperature, and also
5

1

]

]

shifts to lower frequency on deuteration, due to the slightly
different character of this band in the deuterated compound (see
below).

We assigned this amide | fundamental to the intense 1642
cm1band in infrared, exhibiting a weak shoulder at about 1625

Raman units

cmt at lower temperature (bands B and C). The Raman active
amide | modes are situated at 1627 @mexhibiting a clear

F
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TABLE 5: Amide Il Infrared Modes for Some Simple
Amides (cn?)
compound amide Il (crt)
CH;CONHCH; 1577 (ref 7)
CD3;CONHCH; 1572 (ref 7)
g CH;CONHCD; 1562 (ref 7)
£ CD3;CONHCD; 1558 (ref 7)
-’é RHNCOCONHR
& R=CHjs; 1559
2 R=CDs 1548
R = C;Hs 1548
R = CsH7 1550
R =cCsHs 1542
R = C4Hg 1557
R = sGHg 1549
R= tC4H9 1536
. . . . studied the four methyl isotopes of NMA and observed clearly

higher amide Il frequencies for the N-Gli$otopes (1577 cmt
» for CH3CONHCH;, and 1572 cm! for CDsCONHCH;) com-
Wavenumber/ cm pared with the N-CBRisotopes (1562 cmt for CH;CONHCD:,
Figure 12. Infralred _spectra of NMA at different temperatures in the and 1558 cm? for CDsCONHCDs). Also, for N-CHs disub-
1600-1450 cm* region. stituted oxamides, a higher amide Il mode compared with other
The amide Il band is situated in the 1550 ©nregion. In alkyl substituents has been observed (Table 5). From this table
this region we observe a clearly split band (bands D and E in it is obvious that the mass of the alkyl substituent only plays a
Figure 10) and a weaker and broad band with increasing minor role in the position of this amide Il mode. So, for the
intensity at lower temperature at about 1530 értband F in bands D, E, and F we can conclude that bands D and E are due
Figure 10). No bands are observed in this region for the Ramanto the amide Il fundamental and that band F is an overtone of
spectra. thezNH enhanced in intensity at lower temperature. The high
The bands D and E shift to higher frequencies on cooling amide Il mode observed for amides exhibiting the Ns@irbup
and disappear on deuteration as expected for the typical amidecould also be due to an interaction of this amide Il with typical
Il mode. This amide Il mode is too weak to be observed in frequencies of the N-CHgroup (hyperconjugation)
Raman as given earlier by other auth6$g2.20 The amide 1l band is expected as a medium-strong band in
The 1531 cm?! band (band F) has been assigned to an infrared and more intense in Raman in the 124800 cnt?!
overtone of ther(NH) mode (amide V), which increases in  region. The infrared and Raman spectra at different temperatures
intensity on coolind! Figure 12 shows the 166Q.475 cntt are given in Figure 13 for NMA.
region for the infrared spectrum of the normal product at In the infrared spectrum, we observe a broad band at 1301
different temperatures. From this figure, we clearly see the cm~! at room temperature, a strong band at 1310 cthand
increased frequency of the bands D and E (amide 1l modes) atl) exhibiting a weak shoulder on the high-frequency side at about
lower temperatures, due to the stronger hydrogen bonding; also1325 cnt?! (band H), and a weak band at 1257 @nfband J)
very obvious is the increased intensity of the band F at 1531 at —196 °C. The Raman spectrum exhibits a broad 130Z2tm
cm~1 by lowering the temperature. G. Ardkialso observed an  band at room temperature and a sharp 1320dpand with a
increased intensity of this 1530 chband by cooling and a  clear shoulder at about 1310 chat lower temperature. These
decreased intensity of the amide Il mode (bands D and E). He bands shift to higher frequencies on cooling and disappear on
stated that there is an isosbestic point between these bands andeuteration as expected for the amide Ill modes.
that the total of integrated intensities of these bands is For the deuterated compounds, the coupling betweenGhe
independent of temperature. This fact strongly suggests that thisand 6NH is no longer possible, and the amidé Hband,
1531 cnt! band is related to the amide Il fundamental and is exhibiting morevCN character, is then expected to appear in
interpreted by G. Arak? as a coupling between the amide Il the 1500 cm? region, while thedNH mode (amide Il is
and lattice phonons. This new quantum state, generated by thissituated in the 1000 cn region.
coupling, is called a polaron state by analogy with similar Figure 11 shows two infrared bands at 1505 and 1485'cm
electronic excited staté8This polaron state is destroyed when and two Raman bands at, respectively, 1495 tand 1488
many low phonons are excited at higher temperatures, resultingcm=t. These bands can undoubtedly be assigned to the four
in a lower intensity of this 1530 cnt band at higher temper-  expected amide'llmodes. In Figure 11 we also observe a methyl
atures. It should also be noted that such phenomena are verydeformation at 1008 crii. In the infrared spectrum, two new
typical for crystals, such as for NMA, that consist of charac- bands appear at, respectively, 1002 émnd 980 cm* for the
teristic one-dimensional chains formed with hydrogen bdfAds. deuterated compound and at 981 ¢nand 970 cm? in the
The first overtone of the amide V (792 cfmat —196°C) would Raman spectrum. These bands can also easily be assigned to
be near the amide II. It is very well possible that due to this the expected four amide 1lmodes (Fand G).
interaction the amide Il band is displaced to higher frequency It has to be noted, especially for the deuterated compounds,
while the overtone moves down to lower frequency by this that the splitting of the amide bands is in striking agreement
Fermi-resonanc#. So, considering this Fermi-resonance, we with the structure.
would expect a slightly higher amide 1l frequency compared 5. Cis—Trans Isomers. cisNMA is estimated to have a
with other simple secondary amides which do not exhibit this higher energy than the trans form by about 10 kJ/?foi®
phenomenon. however, the cis form of some noncyclic proteins has been
It is very remarkable that only secondary amides exhibiting observed in aqueous solutions by NRAR” and by X-ray
the N-CH; group show this high amide Il mode. F. Filldux  crystallography?

1600 1580 1560 1540 1520 1500 1480 1460
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for this cis form as all other fundamentals practically coincide
with the fundamentals of the trans form. For the N-deuterated
~196°C . J NMA, all cis and trans fundamentals practically coincide, so
* no vibrational evidence for the presence of the cis form in the
3 H deuterated compound could be given.
s 6. Amide S Band.UV RR%* of secondary amides exhibit an
€ |-r0°c extra band at ca. 1390 cr this additional band, intensified
g by UV RR, could not be assigned to a previously known amide
. vibration and is called the amide S band.
This amide S band only occurs for amides exhibiting H atoms
10%C attached to the (C)€atom. This 1390 crrt band is not present
in the CD derivatives, where an upward shift and intensification
of the amide Il band is observed compared to the CH
I compound.541
The origin of this band is very contentious and could be due
to an overtone of the amide V, which gains intensity via the
amide 1l mode>* or by torsional displacement in the excited
state®
Fillaux” studied the methyl isotopes of NMA and observed
£ this amide S band at 1384 cifor CH;-CONHCH; and at
g 1396 cn! for CH-CONHCD;; for these isotopes the amide
E J Il band is observed at 1320 crh The amide S band has not
S IR been observed for GJTONHCH; and CRRCONHCD;, and for
both isomers the amide Il band is situated at 1348 t(ne.,
28 cnt! higher than for the C(Ck) isomers).
704G The fact that this amide S is not observed for the N-deuterated
compounds lets us conclude that this amide S band also could
&5"_0,//\\\_“ originate from an interaction of the amide IIl with theC-

(CH3) mode (calculated at 1354 cry see below). Tori?
_ assigned the amide S band to the 1377 tin NMA and to
S Wavenumber / cm f » the 1371 cm* band for NMA:3H;0.
Figure 13. Infrared and Raman spectra of NMA at different temper- . P . :
atures in the 13561230 cnT region. We obser\(ed no evidence in th_e infrared gnd |n_t_he Raman
spectra of this amide S band, which can be intensified by UV

G. Schere® characterized the cis form by employing NMR RR )
techniques in agreement with molecular mechanical calculations /- Amide IV to VII Bands for NMA. The bands observed
and Monte Carlo simulatiorf§:56:60 Other§162 studied the at different temperatures in infrared and Raman are for the-900
splitting of the amide | bands as a function of these cis/trans 400 cnTt region given in Table 6.
conformations, and 5%is-NMA has been calculated in diluted In this region we observe the secondary amide fundamentals
CCl, from splitting of thevNH mode$? or thevCO overtone$§?* designated as the amide IV to VII bands. All these fundamentals
It is very well knowrfL6566that the abundance of cis and can be described as “localized frequencies” and appear in a
trans isomers of the noncyclic amide groups depends mainly Proad region with rather variable intensity, generally due to
on the size and sterical influence of the neighboring alkyl coupling with other deformations of functional groups on the
substituents. The steric interaction between fhalkyl sub- Co. atom. These bands are, considering the region and the
stituent and the carbonyl oxygen atom appears to be the mainvariable profile, not useful for diagnostic purpose$? In this
reason that some of the molecules exhibit cis character. region we should observe the four amide fundamental deforma-
However, when theéN-alkyl substituent becomes sufficiently ~ tions and thesCC mode.
large tert-butyl), an additional steric interaction occurs with All secondary amides, except the formamides, exhibit a band
the N-alkyl group on thea-position of the secondary amide, in the 850 cm! region and a second band in the 600¢m
and the molecule then reverts to the trans position. region. Both bands appear as polarized bands in the solution
S. Atak&* studied the cis/trans equilibrium of NMA by matrix ~ spectra and must consequently be due to in-plane modes. These
isolation and identified two bands of comparable intensity in bands are in the literature generally designated a€@, for
the cis form, completely different from the position of the typical the band in the 850 cn region, and as the amide IV with
trans bands at, respectively, 1485 ¢nfvCN) and 1325 cmt mainly SNCO character in the 600 crhregion. The PED values

1 1 1 1 1 1
1340 1320 1300 1280 1260 1240

(ONH). In the cis form, the coupling betwee©€N andoNH is in most force field calculations clearly show a strong coupling
much less than for the trans conformation, resulting in these between the'CC and thedNCO modes. The PED distribution
two new bands. depends on the nature of the substituent onott@ atom and

In Figures 12 and 13 we marked two weak bands with an the method of calculation. So both bands are typical for the
asterisk (see also band G and H in Figure 10), these bands appedi€condary amide function and can consequently be designated
as weak infrared bands at 1484 cin(Figure 12) and as a  as typical amide bands. So we propose to call these bands the
shoulder of the more intense amide Ill band at about 1325tcm  amide IVa and amide Vb bands, as only one amide deformation
(Figure 13) at lower temperature. We strongly believe that these is considered in these two fundamentals.
weak bands could be due to two fundamentals of the cis form The amide VI bands with mainly out-of-plane deformation
in the solid state. However, no other bands could be assignedNCO character are also generally observed in the 600'cm
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TABLE 6: Amide IV to VII Band Assignments for NMA (cm 1)

normal deuterated
IR Raman IR Raman
25°C —196°C 25°C —120°C 25°C —196°C 25°C —120°C assignments
892 894 883 894 880 882 879 883 amide IVa
725 792 — 790 520 557 - 560 amide V
629 636 628 635 627 636 627 633 amide VI
629 629
602 614 609 616 599 614 - - amide Vb
439 440 437 439 440 441 436 436 amide VII

It must also be noted that all these modes shift to higher
frequencies by cooling, as is expected for a stronger hydrogen
bonding at lower temperature due to the lattice contraction.

8. Far-Infrared Region. The far-infrared region has exten-
sively been studied by INS, vibrational spectroscopy, and force
field calculations’,18.19.27,39,70,71

In this region, we expect possible other amide fundamentals,
the intermolecular modes, and the external modes. The proposed
assignments are given in Table 7 for the normal and deuterated
compound at different temperatures.

T. Miyazawd” assigned, in an earlier work, the amide | to
VII modes as a fingerprint for the secondary amide, assuming

10°C that there were no internal fundamentals below 300'cexcept
w/ the methyl torsion modes.
However, recent results by other authors, as well as our
) . . . , | . . . , calculations (see below) and the experiments, locate a typical
840 820 800 780 760 740 720 700 680 660 amide band with higfNH, ONCO, andpNCO character in
Wavenumber / cm™" the 300 cm! region. This fundamental amide VIl band shifts
Figure 14. Infrared spectra of NMA at different temperatures in the as (:T'XpeCted to higher frequency on (.:O.Olmg and is practically
850-650 cn1 region. not influenced by deuteration. The splitting of this fundamental
due to the crystal effect is obvious at lower temperatures, as
can be observed from Figure 15 exhibiting the infrared and
region, and force field calculations sometimes indicate this Raman spectra at different temperatures in the-35G cnr?
amide VI band at slightly higher frequency than the amide IVb region.
band. In the solid state spectra we also have to consider the

The only way to differentiate between these fundamentals is intermolecular modes which describe the different intermolecular
the difference of polarization of the two bands: one fundamental vibrations involving the hydrogen bondiri§.The highest of
(amide IVb) is a deformation in the plane of the amide group, these frequencies is thg or the intermolecular stretching mode
and consequently totally symmetric to this plane, while the other v,(N—H---O) which appears as a broad band situated in the
fundamental is not symmetric and appears less polarized. 160-200 cnt?! region’® The other modes described as the

The amide V band generally appears as a broad band at roorrintermolecular deformations must be situated at lower frequen-
temperature in the 766750 cnt? region and shifts to the 560 cies. The position of this, mode is mainly determined by the
550 cnt! region on deuteration. This band entails a hidtiH mass of the donor and the acceptor (the nitrogen and the oxygen
character and becomes smaller and shifts to higher frequenciesitoms) and the strength of the intermolecular hydrogen bonding.
on cooling, as can be observed in Figure 14. This amide V band The effect on deuteration is rather small compared with the
has, for NMA, been observed by H. K. Kes3fewho already normal NH/ND ratio.
commented on its breadth. F. Fillauxt® calculated an internal torsion mode around an

The unusual large breadth of this band at room temperature,axis close to the CN bond of the amide in the 200 €megion;
compared with other simple secondary amides, is certainly duealso, our calculations (see below) predict a fundamental exhibit-
to the disorder in the structure at room temperature, resulting ing tCN character in the 200 cr region. This typical amide
in a heterogeneity of hydrogen bond interaction. The strong shift fundamental can be regarded as the amide IX band.
to higher frequencies on cooling depends mainly on the The broad bands arising at 198 thin the infrared and at
hydrogen bond strength, which is very well comparable with 188 cnr! in the Raman spectrum shift considerably to higher
other secondary amides, and to the lattice contraction with fequency on cooling and exhibit at least two bands at lower
temperaturé/~5° which must be significant considering the great temperature as can be observed in the low-temperature infrared
frequency shift. spectrum. So in this 200 crhregion we can expect two bands,

Other authorsalso observed a splitting of the bands in the assigned, respectively, to the amide IX and theN—H---O).

600 cnt! region, which is less pronounced for the lowest band. Al secondary amides exhibit a band in the +®0 cnt?

This splitting is, as mentioned earlier, due to the crystal structure. region due to a vibration involving the atoms within the
The amide VII band, which generally entails a high in-plane hydrogen bond K. Itoh?” performed a normal mode calculation
NCO character, is generally observed in the 450 tnegion in terms of linear structures, neglecting interactions between

and can, for NMA, undoubtedly be assigned to the 439%tm chains. The normal mode calculated at 124 trshows the
band. amplitudes of the atoms involved in the hydrogen bonding to

Transmittance
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TABLE 7: Far-Infrared Region for NMA (cm —1)

Normal Deuterated Assignments
LR. Raman LR. Raman

25°C -70°C -196°C 25°C -50°C -100°C 25°C -70°C -196°C 25°C -50°C -100°C

290 305 318 286 316 316 288 303 394 284 313 313 Amide VIII
287 288 289 289 284 285 286 286
198 203 221 188 br 221 224 196 215 215 186 br 218 222 Vg(N-H-----0)
203 216 209 209 { Amide IX
108 119 123 121 124 140 108 114 118 120 sh 130 sh Vy(NewHeoeevee 0)
121 122 121 skel. mode
95 98 99 97 97 99 skel. mode
81 84 88 77 76 86 81 82 84 76 76 88 VB Or Vg(N-H-----0)
74 77 skel. mode

Transmittance

Transmittance

160 140 120 100 80 60

Wavenumber / cm™!

Figure 16. Raman spectra of NMA at different temperatures in the
170-50 cnt? region.

cm~1 and the other shifting from 77 crito 86 cnt?, appear
very sensitive to lattice contractions and can be assigned to
deformation modes involving the (\H:--O) system. The
highest band can be assigned to the predicted out-of-plane
intermolecular modé’3334while the 77 cm® band shifting to
257 86 cn1t on cooling could be ascribed to the or v, mode of

. . . . ) . . . . the intermolecular deformations.
340 320 300 280 260 240 220 200 180 The other modes (122, 99, and 75 cdmat —120 °C) are

Wavenumber / om~" practically not influenced by the temperature and can be

described as skeletal modes.

9. Solution Spectra. The solution spectra of secondary
amides have been discussed by several authd?dn very
be perpendicular to the molar planes and in opposite phases irdiluted solvents, where no solute:solvent hydrogen bonding
different molecules. This mode can consequently be describedoccurs, NMA molecules do not form hydrogen bonds and the

Raman units

Figure 15. Infrared and Raman spectra of NMA at different temper-
atures in the 350175 cn1? region.

as the out-of-plane intermolecular deformation mouelg. ( spectrum of the monomer can then be observed. However, in
Figure 16 shows the Raman spectrum in the-458 cnt?! more concentrated solutions, aggregates and associates of

region at different temperatures. From this figure we can see molecules are formed, first by dimers and then trimers. An

that the low-frequency modes are not observed &t@%ut at increase in concentration shifts the equilibrium to the formation

—20 °C we can distinguish three rather broad bands at, of higher multimers. Bands such as the {IHodes are hardly
respectively, 121, 95, and 77 cfa The 121 cmi? band clearly influenced; this suggests that when hydrogen bonding is

splits in two bands observed at 140 chand 122 cm? at—120 changed, a redistribution of the electron density takes place
°C, the 95 cm? shifts to 99 cm! on further cooling, and the  practically strictly within the (HNCO) group.
77 cnt! band also shows a splitting in a 75 chband and a Figure 17 shows the 3568200 cnt? region in the infrared

86 cnt! band. Two bands, one shifting from 121 chto 140 at different concentrations of NMA in Gi&l,. For the saturated
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= Figure 18. NMA-3H,0 system.
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3500 3450 3400 3350 3300 3250 3200
Wavenumber / cm ' 2 Cs
Figure 17. CH.Cl, infrared solution spectra of NMA at different E
concentrations@ > C; > Cy). g
3
TABLE 8: Solution Spectra of NMA (cm ™) « c
3
CCly

IR Ram. H20 D0
dil.”® conc. conc—dil. conc.— dil. assignments
3476 3299 33023308-3314 vNH

2408— 2414 vND |
1700 1652 165%1658-1626 1656-1652-1626 amide I, amid€ | : L L L
1500 — amide Il 1700 1680 1660 1640 1620 1600
1260 1303 130%1305-1315 amide 111 Wavenumber / cm ™'
969— 966 amide It Figure 19. Water Raman solution spectra of NMA at different
883 881-882-884 871 amide IVa concentrations@; > C, > Cy).

solution we observe a sharp separated band at 3466, clue schematically given in Table 9. From these data they concluded

to the monomef; and a more intense and very broad band with that the change in the intermolecular interaction energy associ-
a maximum at about 3310 crharising from a superposition  ated with the hydrogen bond exchange process is small (less
of different multimers’* than 5 kJ/mol). They also concluded that the amide:amide

By dilution we observe consequently more free molecules hydrogen bonds and the interaction with water should be
as the relative intensity of the 3460 chband becomes more  approximately isoenergetic.

intense compared to the broad 3310 ¢iand. We also observe The factors determining the H-bond energy of NMA inCH

a shift to higher frequency of this broad band (from 3310 to are far more complex than those governing this model, as it is
3329 cn1?) due to the increasing number of shorter associates well known that the intrinsic stability of the interpeptide bond
by dilution 33 in water is very small and that these interamide hydrogen bonds

From Table 8, we can see that the data observed in diluteddo not form until the solute concentration is very hig2
CCl, solutions are very close to the calculated values of the  So, the first change in the hydrogen bonding of NMA on
monomers. In the concentrated GGblutions in the Raman  dilution in water is the breaking of the amide:amide system
spectra, we observe data closer to the multimers as expectedwhich on the NH side is replaced by the amide:water interaction
as the hydrogen bonding shifts thblH and amide | bands to  (water molecule A in Figure 18). This slightly weaker hydrogen
lower frequencies and amide Il and Il bands to higher bonding (see Table 9) results in a decreagdéH frequency on
frequencies. dilution.

Table 8 also gives the Raman data of dilution ipOH H. The Raman spectrum of the amide | region on dilution is
Torii’® studied the effect of hydration on NMA and showed given in Figure 19. From this figure we clearly see that at the
that the frequencies are strongly affected by both the dielectric first dilution we observe an increase of this band, resulting in
effect and the formation of different hydrogen bonds from pure a broad band with a clear shoulder on the low-frequency side.
amide:amide to amide:3#8 clusters on dilution. The high-frequency band disappears on further dilution, and

The effect of NMA-water hydrogen bonds on the vibrational the shoulder at the low-frequency side becomes more intense.
spectra were examined by explicity including water molecules This is unexpected considering th®&lH shift on dilution but
in the MO calculations, i.e., two water molecules to the lone can very well be explained by considering a stronger water:
electron pairs of the CO groups and one water molecule to theamide interaction by dilution (see Table 9).

NH group/”78 as given in Figure 18. The dominance of the  The slight upward shift at the beginning can be explained by
species with three hydrogen-bonded water molecules has alsaassuming a water:amide interaction with one molecule of water
been shown in a Monte Carlo simulatiéh. per amide unit. The decrease in frequency is then the formation

J. B. O. Mitchelf® performed HayesStone intermolecular  of the second water:amide hydrogen bonding on further dilution.
perturbation theo8} calculations on amide:water complexes. The amide Il band exhibits greatCN character. The
The different interactions and the calculated energies are electronic distribution on dilution mainly occurs in the NCO
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TABLE 9: Hydrogen-Bonding Energies in the NMA:Water 7.8
System (kJ/mol)
Amide : Amide N—H &= o=C -21.97 76L
H £
Amide : water N—H &= o7 -18.82 8
H b
74 |-
. . O—H o0=¢C
water : Amide H” (= = -25.98
H B
water : water ~0—H = ol -20.35 72
H \H 1 1 1 1

300 340 380 420
Temperature / K

amide group, so a lowering of the amide | band, with mainly ¢jg,re 20. NH—NMR signal as a function of temperature.
vCO character, suggests an increase in the electron density of

the CN of the amide group, resulting in a high&N mode. g, ertones and the intensities of these bafdsonfirm the

_ The decrease of the band with higRO character and the  jy5ropability of these alternative assignments. H. Ke&ler
increase of the band with mainhCN character on dilutionare  ¢,ncjyded from an NMR temperature gradient study that the
also reflected in the interatomic distances of NMA and the .namical shift of the NH signal in peptides is in excess of 4

NMA -3H;0O cluster (for NMA: C}? 1.2043 A, CN %&3495 A 103 ppm/K for normal peptide intermolecular hydrogen bonds;
and for NMA:3H,0: CO 1.2214 A and CN 1.3316 Aj. we obtained a value of 4.23 10-2 ppm/K for NMA (see Figure

In D,O we observe an increase of thBD, a decrease of 20), confirming the normal peptide bond in NMA.
tr;]e amtlde l:rﬁgstaDn mcr_(ejaSﬁllofhthedlamlg?t With 2'.?ht.”CNt We mostly agree with the characterizations of the amide
character. (amide 1If) hardly shifts on dilu lon 1o fundamentals in the high-frequency region as calculated by other
lower frequency, as can be expected for a weakening of the authors, and the CHassignments are in good agreement with

ND hydrogen bonding. ) the data given by E. M. Bradbu#}.The differences in the low-
In the present and previous studies of water, NMA systems frequency region will be discussed later in the article.

show that the hydrogen bonding is very complex and may not Since ab initio calculations refer to an isolated molecule it

easily be reduced to a simple model. G. Ciaatso calculated . ) .
that NMA and its hydrogen-bonded water molecules are would be appropriate to compare the calculated frequepues with
vibrationally coupled the gas-phase frequencies, but these data are not of high enough
10. Force Field Calculations. Since the first study of quality at the present time, Howe_ver, the Bind Ar matrix .
Miyazawal” different force fields have been proposed; 1654 spectra do contain this level of detail, although these frequencies
and practically all force fields are very comparable in the high- ?rti: f:éftﬁﬁﬂ Sg%?\f\%ggmﬁ &rid ;%Bhetrgfsrﬁgf?xadI?ﬁtel?gfgfemethe
frequency region, except the assignment scheme as proposecp - . ) ’ i
Calculated frequencies and their PED values are compared with

by F. Fillaux? These authors made the assignment in terms of ) . h
, - the data of the matrix spectfeand are given in Table 10 for
a dynamical proton exchange between the amidic (OCNH) andthe normal compound. Table 11 exhibits the data for the

imidolic (HONC) forms in infinite chains of hydrogen-bonded deuterated NMA compared with the normal compound.

molecules. This proton transfer is described by a symmetric 5 l1-know f . lculated with ab initi
double-minimum potential function. In this study theH has ecause well-kno requencies calculated with ab initio

been assigned to the 1575 chband, and the 3250 crhband ~ [OC€ constants are 20% higher than the experimental
has been assigned to the first overtone of the amide | frequencies, primarily due to _I|m|tat|ons in the basis set and
fundamental. This unreasonable low-frequency for #heH the neglect of electron correlation, Welscaled the force constants
mode was interpreted as a strong NH bond weakening by proton© eproduce the observed frequencies of the; Gtddes, as
transfer to the neighboring oxygen. This interpretation is wrong [1€S€ modes are less sensitive to aggregations and hydrogen
as can be shown by structural, thermodynamical, and spectro-2°"ding. .

scopic arguments. A. Latfbstudied the relationship between ~ AS the presented force field can be regarded to be very
the vNH modes and the N-O distances in crystals exhibiting ~ "eliable, it can be used to characterize the amide fundamentals
N—H---O hydrogen bonds and concluded an “average” hydro- @nd to discuss the influence of the hydrogen bonding on the
gen bonding for NMA considering the AH---O distance of ~ fundamentals.

2.825 A6 Our measurements on theHya, of NMA (42 kJ/ In their first analysis of the infrared spectra of NMA, T.
mol) clearly show that we must consider a normal peptide bond Miyazawa" identified seven bands between 2000 and 170'cm

for NMA, and spectroscopic arguments also make the assign-as Vibrations within the trans secondary amide entity. These

ments by Fillau% and Kearl§® very questionable. bands are traditionally referred to as amides | to VII for the
The infrared and Raman spectra of NMA discussed in this normal and1to VII' for the N-deuterated compoungfs.
article are typical for a normal secondary amide and exhibit The amides I, Il, and Il bands are well assigned and

the expected characteristic amide bands. Furthermore, as wecharacterized, and our calculations are in good agreement with
already clearly indicated, we definitely observed théD mode the literature. The amide fundamentals in the lower frequency
in the 2450 cm? region, which cannot exist if there were no  region are less identifiable and need more reconsideration.
vNH bonds in the normal compound in the expected 3300'cm Table 12 schedules the characteristic amide bands, the gas-
region. phase frequencies for the monomer and multimers, and the
C. L. Perrir?® also stated that the position of the hydrogen frequencies of the solid state at room temperature ardla6
being equally likely on the nitrogen and the oxygen is practically °C. Regarding the sequence, gas-phase monemgas-phase
impossible due to the great difference in energies (4 kJ/mol) of hexamer— solid state at 283C — solid state at-196 °C, we
the two resonance forms. Other arguments, especially on theexpect stronger intermolecular hydrogen bonding. These fre-
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TABLE 10: NMA Fundamentals (Gas Phase) (cnm?): TABLE 11: NMA(D) Calculated Fundamentals and PED
Calculated Frequencies and PED Values Values
obsd@* calcdt PED (%) assignments N:\/IA (H) N:\/IA (D)
.(0.95 .(0.95 PED (% i t
3498 3456 100NH VNH calc. (0.95) calc. (0.95) %) assignments
3008 3016 68,CHs(N)+ 22v,CHs 3456 vNH
3008 2985 76/, CHs(C)+ 24v,CHy(C) 3016 3016 68aLCH3(N)+ 22vaCH3(N)
2973 2981 74, CHs(C)+ 23vaCHs(C) 2985 2985 76/CHy(C) + 24v2LH(C)
2915 2939  74.LCHs(N)+ 25vaCHs(N) 2981 2980 74aCHy(C) + 23vaLH5(C)
2915 2910 98.CHy(C) 2939 2939  74,CHs(N) + 25v,CHs(N)
1707 1702 7#CO+ 7vCN + 4 pNCO amide | 2892 22583932 gg;\%‘i’\‘) b
1511 1502 42NH + 16 vCN + 146NR amide Il 1702 v Vamide |
1472 1454  7@.CHs(N) + 23 9. CHa(N) ;
1446 1446 38.CH(N)+ 20 6.0HAC) + 150 1698  78/CO+ 8vCN+ 4 pNCO aml_?je 1”
110aCHs(N) + 9 ONH 1468 465aCHAN) + 160aCHs(N) +  amide I
1432 1439  39.CHs(C) + 16 ONH + Sﬁ;CNﬁ 21 SND - (N
14 02CH3(N) + 12 0aCH5(C) 1454 1454 6@aCHa(N) + 23 62 CHs(N)
1419 1426  68aLCHs(C) + 23 0aLCHs(C) 1446 1444  53,CHy(C) + 18 9.LCHs(C)
1370 1384 8®CHs(N) 1439 1426 68,CHs(C) + 23 0aCHs(C)
1370 1354 8®.CHs(C) 1384 1395  33LCHs(N)+ 16 "CN +
1266 1219 2PBNH+ 21vCN+ 150NR + amide Il 12 0aCHs(N) + 10 5ND
99NCO+ 8vCC 1354 1352  8&.CHs(C)
1168 1120  45.CHs(N)+ 15 p.CHs(N) + 1219 amide Il
130NH + 8 vNR 1120 1144 32aCH3(N) + 150NR +
1089 1106  6@.CHs(N) + 23 paCHs(N) 11 palCH3(N)
1089 1069 B@NR + 10 paCHs(C) + 8 vCC 1106 1106 6%adCHs(N) + 23 palCHs(N)
1037 1013  54.CHs(C) + 18 palCHs(C) + 1061 1082 4“1”I‘§N+Dl3 paCHs(C) +
1622CO
980 954  38.CH(C)+ 221CC+ 1013 1013 54;%5%3(()0) + 18 palCH5(C) +
12 paCH5(C)+ 8 vNR , 954 966 250aLHs(C)+ 24VNR +
857 831 26/CN+ 166NR+ 14vCC+ amide IVa 23vCC
125NCO 892  590ND + 155NR amide IIf
658 601 647CO+ 157CN+ 14 p.CHy(C) amide VI 831 amide IVa
619 593 4®NCO+ 30vCC+ 160NR amide IVb 822  21¥CN+ 200NR+ 14vCC+ amide IVa
439 414 45CN+ 272zNH + 202CO amide V 116NCO _
412  68pNCO+ 100NR + 9 pCHs(C) amide VII 601 amide VI
276 576NR + 210NCO+ 18 pNCO amide VIII 583  737CO+ 16 palCHs5(C) amide VI
154 67aNH + 237CN amide IX 593 amide IVb
71  517zNR+ 137NH + 9 7CN 589 396NCO + 27vCC+ 18NR aml_de IVb
45  62tCC+ 1272CO+ 77NR 414 amide V
412 amide VII
aCorrection factor= 0.95. 409 66pNCO+ 12 NR + amide VII
9 paCH3(C) _
guency shifts can all be very well explained solely by assuming 76 316 537CN+292ND + 1072CO aml_ge \\7/”'
; _ ; amide
a change in the hydrogen-bonding streng_th. 273 550NR -+ 220NCO+ 19 ,NCO  amide VIII
The fact that all fundamentals obey this sequence allowed g, amide IX
us to conclude that the PED values for the monomer, the 156 652ND + 257CN amide IX
multimers, and the solid state must be very well comparable 71 76 50rtNR+ 1472ND + 9 7CN
except for the amide V and amide VI bands where a visualiza- 45 49 62rCC+122CO+ 77NR

tion of the modes in the hexamer clearly shows me@O . ) )

character for the amide V anmcNH character for the amide VI the increase in frequency of both fundamentals in the sequence

mode. given in Table 12 confirms this theory. On deuteration, the
This is not unusual, as we observed opposite shifts for the coupling between'CN andoNH s released, and we observe

padNH, and waNH, mode for urea, and the PED data in the the amide Il, exhibiting highvCN character in the 1500 cth

gas phase and in the solid state were indeed calculated to b&egion. The amide Iflband, with highd)ND character, is situated

very differentd! in the 900 cm?! region. However, we must remark that in the
11. Amide | to IX Bands. The band arising in the 3400 cth deuterated compound t€N andoND modes are still coupled

region shifting to lower frequency by stronger hydrogen bonding Put to a lesser extent than in the normal compound.

and appearing in the 2500 cifor the N-deuterated compound All secondary amides exhibiting a-€ amide bond show
has purevNH/ND character. The ratioNH/vND = 1.364 two bands, respectively, in the 800 chand 600 cm region.
confirms this pure character. Both bands have a highiCC andoNCO character and can be

The amide | band shifts to lower frequency on cooling and considered as typical “zone frequencies”.
is practically not influenced by deuteration. The PED values  Generally the highest band is assigned asu@€ and the
for the normal and deuterated compounds are practically 600 cnt! band as the NCO mode or amide IV band. However,
identical, and the contributions in the PED data are all due to both bands are practically equally typical for this functional
vibrations within the amide group. group, and both should be regarded as amide bands. Therefore,
The amide Il and amide Ill modes both have higbN and we propose to assign the 850 thband to the amide IVa and
ONH character. For bands with highCN character and also  the 600 cmi? band to the amide IVb. The amide 1Va band also
with ONH character we expect an increased frequency by has a considerableCN character. On deuteration, the amide
stronger hydrogen bonding. The amide Il band is situated in IV'a and IVb slightly shift to lower frequency and hardly change
the 1550 cm? region and the amide IlI in the 1220 chregion; their character.
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CH, CH,4 /CH3
/N/ /N/ y—N H
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Figure 21. Geometry of NMA,n = 6.

TABLE 12: Influence of Hydrogen Bonding on the Amide
Fundamentals

monomer multimer multimer solid solid
(caled) (n=6) (n=25p (25°C) (—196°C)
vNH 3456 3326 (3301) IR 3304 3263
R 3300 3256
amide | 1702 1651 (1645) IR 1659 1643
R 1651 1627
amide Il 1502 1553 1559 IR 1566 1577
R
amide I 1219 1273 1277 IR 1301 1310
R 1302 1320
amide IVa 831 854 856 IR 892 894
R 883 894
amide IVb 593 596 506 IR 602 614
R 609 616
amide V 414 573 573 IR 725 792
R
amide VI 601 732 743 IR 629 636
R 628 635
amide VII 412 423 425 IR 439 440
R 437 439
amide VIII 276 287 287 IR 290 318
R 286 316
amide IX 154 185 187 IR 198 216
R 188 224

a Extrapolated by decay curvesPED changes drastically by the
formation of multimers.

Strong coupling has been calculated betweenrttiii, 7ND,
andzCN modes, resulting in bands at 414 ¢hand 154 cm?
for the normal compound and at 316 thand 156 cm? for

Herrebout et al.

/CH3 /CH3 /CHQ
N N
L H— vasH™ oo
\C§O ¢ \040 \C§O
CH, CH, CHy

) (E) (F)

TABLE 13: Some Interatomic and Intermolecular Distances
(A) and Angles (deg) for the Optimized Geometry in the
Monomer and Hexamer

Monomer Hexamer

at A B C D E F
HN 1.0090 1.0096 1.0163 1.0181 1.0187 1.0183 1.0167
CN 1.3691 1.3583 1.3525 1.3513 1.3516 1.3530 1.3628
co 1.2246 1.2326 1.2375 1.2387 1.2385 1.2372 1.2301

/7 N /N VAR /7 \ /

C=0--H-N angle 174.35 173.78 173.04 173.62 173.39

O-enH distance 19324 1.8945 1.8846 1.8918 1.9299

TABLE 14: Average Hydrogen Bond Energies for Different
Multimers

number of average
hydrogen bonds hydrogen bond energy (kJ)
1 31.8
2 35.3
3 37.3
4 38.6
5 395
25 40.76

a Calculated fromy = y, + a(1 — b).

The lowest observed and calculated band is situated in the
170 cnr region and exhibits, as already mentioned, a higN
character coupled withtNH and zND modes. This band can
be called the amide IX band.

12. Cooperative Effect in Hydrogen Bonding of NMA.To

N-deuterated NMA. The highest band has been assigned to theconfirm the existence of the cooperative effect in NMA we

amide V band and considerably shifts to 316 émn deutera-
tion (amide V). Typical for this amide V band is the strong
shift to higher frequency by stronger hydrogen bonding, and

calculated the monomer and the multimers withvarying
between 2 and 6. The equilibrium geometry was calculated,
without any structural restrictions. Subsequently, for all obtained

this is indeed observed from Table 12. The ratio amide V/amide equilibrium geometries, the vibrational frequencies and their

V' = 1.32 is typical for the amide V band.
The amide VI band with highCO character is also generally
observed in the 600 cr region and appears less polarized than

infrared intensities were calculated using standard harmonic
force fields.
In Figure 21 we present some data of the optimized geometry

the amide IVb band in the agueous Raman spectra. We of the hexamer, and the data are collected in Table 13. From

calculated this amide VI band at 601 ctinfor the normal
compound and at 583 crhfor the deuterated NMA.

Also generally accepted is the amide VII mode with high
pNCO character and appearing in the 450 ¢megion. This
mode is calculated at 412 crhand 409 cm! for the normal
and deuterated compounds.

All those deformation modes are expected to shift to higher
frequency by stronger hydrogen bonding. The calculation of

this table we can learn that, in the hydrogen bonding between
molecules A and B, we only have to consider the pile-up effect
in molecule A and the spill-over effect in molecule®¥This
results in shorter CO and NH bonds and longer CN bonds
compared with molecules B, C, D, and E where both the pile-
up and spill-over effect occur.

The strong cooperative effect can also be shown by the
average hydrogen bond energies defined as

these deformations for the multimers and the experimental data

in the solid state confirm this statement.
Another typical band arising in the low-frequency region is
the 276 cmt/273 cnt! band exhibiting higihNR, SNCO, and

E(trans— nmayx — X E(trans— NMA)
x—1

pNCO character for both the normal and deuterated compounds.The data are collected in Table 14. The value obtained for the
These contributions are all situated in the secondary amide grouptranssNMA dimer (31.8 kJ motl) compares favorably with the
and should therefore also be considered as a typical amide bandvalues of 26.0, 27.8, and 29.9 kJ mbtecently reported by H.

We propose to call the band the amide VIII band.

Torii®2 and W. Qiar®3
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TABLE 15: Calculated Fundamentals (cnm?!) and Relative Intensities (in Parentheses) of Some Multimers of NMA

1 2 3 4 5 6
vNH
3456 (16) 3454 (21) 3454 (24) 3454 (25) 3454 (25) 3453 (26)
3407 (369) 3386 (96) 3378 (366) 3374 (393) 3370 (379)
3377 (905) 3371 (294) 3368 (369) 3361 (350)
3350 (1106) 3345 (11) 3343 (425)
3335 (1831) 3337 (37)
3326 (2292)
amide |
1702 (240) 1696 (8) 1692 (140) 1691 (142) 1690 (147) 1689 (151)
1682 (637) 1682 (36) 1682 (132) 1681 (105) 1680 (122)
1669 (1095) 1673 (1) 1674 (153) 1673 (1)
1661 (1601) 1667 (2) 1668 (266)
1656 (2092) 1662 (4)
1651 (2596)
amide Il
1502 (129) 1530 (119) 1545 (107) 1550 (62) 1555 (13) 1558 (1)
1512 (168) 1536 (176) 1547 (217) 1552 (210) 1555 (50)
1515 (170) 1538 (175) 1549 (232) 1553 (345)
1515 (172) 1538 (174) 1548 (222)
1516 (173) 1542 (175)
1515 (175)
amide IlI
1218 (110) 1243 (131) 1261 (102) 1267 (153) 1271 (165) 1273 (209)
1232 (44) 1246 (84) 1264 (5) 1267 (10) 1270 (2)
1236 (62) 1248 (90) 1265 (44) 1267 (38)
1237 (62) 1248 (46) 1265 (32)
1238 (62) 1250 (91)
1238 (61)
These data show that, upon increasing the number of
molecules, the average hydrogen bond energy increases from 3460 -
31.8 kJ motft in the dimer to 39.5 kJ mot in the hexamer.
In agreement with the literatuf@ the data derived from the 3600 -
DFT calculations therefore clearly show that in the different
multimers a strong cooperative effect is present. The existence 3560 -
of this cooperative effect can also be deduced from the VNH
calculated frequencies, which are for some fundamentals sum- T 3520 -
marized in Table 15. These data indicate that, upon increasing S
the number of molecules, both the calculated hydrogen bond g 8480
energies and the frequency shifts tend to converge to a constant § -
value. Therefore, to obtain information on the asymptotic s
behavior of these properties, the calculated data were fitted using z 1790 |
simple decay functions of the type
1770 |
y=Yta(l—b) (AE)
y=Yy,+ae ™ (¥NH, amide I) 1750 |- Amide 1
y=y,+al- e_b") (other amide bands) .
1730 |-
1 1 1 L 1 1

with x being the number of hydrogen bonds in the complex 5 10 15 20 25
species. The resulting functions, illustrating the asymptotic Number of H-bridges 1
behavior as< increases from 0 to 25, is also shown in Figure
22 for thevNH and the amide | mode.

o

Figure 22. Asymptotic behavior ofyNH and amide | modes as a
function of the increasing number in the multimer.

Conclusions

Although an enormous amount of work has been published ~ The changes in the spectra on passing from the gas phase to
on the vibrational analysis of NMA, still a lot of contradictions ~the room temperature spectra and further to the low-temperature
and uncertainties about the vibrational spectra in the solid stateSPectra can all be explained by assuming stronger intermolecular
existed. We have shown that a thorough infrared and RamanPonds in this series.
study of the solid state at different temperatures can resolve a In the last part of the article we reexamined the typical trans
lot of these uncertainties, taking into account the different secondary amide function and proposed the amide IVa and
structures at lower temperature, the shift and splitting of the amide IVb bands as a coupling between #@&C andoNCO
bands due to the change in the hydrogen bonding, and themodes. We also proposed in the low-frequency region two new
changes in the crystal structure. bands designated as the amide VIII and amide IX bands.
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Furthermore, the cooperative effect has been nicely demon-
strated by calculations of the fundamentals of the multimers 192:

and the average hydrogen bond energy.
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