7530 J. Phys. Chem. A 2008, 112, 7530-7542

Elementary Peptide Motifs in the Gas Phase: FTIR Aggregation Study of Formamide,
Acetamide, N-Methylformamide, and N-Methylacetamide
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Cold, isolated peptide model compounds and their aggregates are generated in pulsed supersonic jet expansions
and detected by FTIR spectroscopy in the amide-A region, complemented by amide-I spectra. The most
stable, symmetric dimer of formamide is unambiguously assigned in the gas phase for the first time, also by
comparison to the analogous acetamide dimer. Efficient quenching of a hot-state Fermi resonance by cooling
of the dimers is invoked. As the preferred relative orientation of the C=0 and N—H groups in N-methylated
formamide and acetamide is trans, these compounds show a fundamentally different dimerization pattern.
Their most stable dimers, which would be analogous to those of formamide and acetamide, remain undetected
as a consequence of kinetic control in the jet. Accurate benchmark quantities for multidimensional vibrational
treatments of these peptide models are derived, and the influence of methyl groups on the N—H stretching

dynamics is discussed.

1. Introduction

The peptide bond is among the most important binding motifs
in biochemistry. It links amino acids together, provides rigidity
to the protein backbone, and contains the two essential docking
sites for hydrogen-bond-mediated protein folding and protein
aggregation, namely, the C=O acceptor and the N—H donor
unit (Figure 1). Via the peptide bond and its zwitterionic
resonance structures these two functional groups are intimately
linked together in an antiparallel (trans) fashion, offering
pathways for cooperativity and anticooperativity!* whenever
they undergo hydrogen bonding. The infrared C=0 (amide-I)
and N—H (amide-A) chromophores thus provide sensitive and
extensively used probes into the structure of peptides.>® The
N—H chromophore has been argued to exhibit a high degree
of adiabatic separability,” which makes it a useful sensor for
hydrogen-bond interactions in peptides. In weak hydrogen-bond
situations® it indeed correlates nicely with acceptor strength.
On the other hand, N—H bonds in strong hydrogen-bond envi-
ronments can develop a more complex vibrational dynamics.?!0
If the two IR chromophore groups are parallel (cis) to each other
(Figure 1), they represent a major intermolecular binding motif
for DNA.I!

Most experimental studies refer to condensed phases, the
natural environment of proteins and nucleic acids. However,
important spectroscopic insights have also been gained by
bringing small peptides and DNA fragments into the gas phase.
This is usually done at low temperatures, where conformations
can be frozen and primary steps of aggregation can be
investigated.'? In particular, the amide-A region profits from
supersonic jet cooling because its sensitivity to hydrogen
bonding leads to heterogeneously broadened bands in the liquid
phase. Remarkably, there remain many open questions for even
the simplest peptide and DNA building blocks in the gas phase.
The reason is that the simplest model compounds lack a suitable
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Figure 1. Different arrangements and hydrogen-bond options of the
N—H donor and C=O acceptor in the peptide bond and adopted
nomenclature for trans and cis N-methylated amides.

UV chromophore for sensitive double-resonance detection of
the vibrational spectrum. Traditional gas-phase data'>'* suffer
from thermal broadening and shifts. In addition, the gas-phase
concentration of dimers or larger clusters at thermal equilibrium
is usually negligible.

This contribution presents and discusses the first direct
absorption infrared cluster spectra of formamide and three of
its C- and N-methylated derivatives in vacuum isolation at low
temperatures. The experimental reference data are expected to
provide important benchmark information for theoretical ap-
proaches to these model systems,'®> which are indeed numerous
and range from harmonic calculations>*1926 over classical
molecular dynamics on DFT surfaces?*?® to multidimensional
variational treatments.??-* Furthermore, the spectra of these
elementary amides may be compared to those of more complex
amides®?3* and model peptides'??® with direct biological
relevance.

Formamide, the simplest molecule with a peptide bond, is
planar3® or quasi-planar.”37 Its dimer is an important member
of testing sets for noncovalent interaction energies.’®-° The next
member in the homologous series, acetamide, may have a
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slightly pyramidal NH; equilibrium structure and features a very
floppy methyl rotator, but for our purposes, one can treat it as
a single conformation.® By methylating one of the amide N—H
bonds, conformational isomerism around the peptide bond is
introduced. For consistency purposes within this paper, we
denote the resulting N-methylamides as cis (trans) whenever
the C=0 group and the remaining N—H group are cis (trans)
to each other (Figure 1). Note that this convention is not always
adopted.*>* The trans form is significantly more stable in singly
methylated formamide and acetamide. Therefore and also
because the barrier to isomerization around the anisotropic
peptide bond is rather high, we do not expect to observe clusters
of the cis form in our experiments, even if they are significantly
more stable. N-Methylformamide and, in particular, N-methy-
lacetamide have been studied in detail due to their model
function in peptide dynamics.304*

After introducing the spectroscopic tools in the next section,
the results for the four amides, ordered by increasing complexity,
are presented and discussed in section 3. The focus is on the
amide-A or N—H stretching region with some additional
information presented for the amide-I region. A discussion of
methylation and argon matrix isolation trends is followed by
the summary in section 4.

2. Methods

The vapor pressure of the investigated amides is rather small
at room temperature. Therefore, two different kinds of pulsed
supersonic jet expansions*>*® were employed to generate cold
clusters. A sensitive room-temperature 600 mm slit jet (filet jet*?)
was used to probe formamide and N-methylacetamide monomers
and dimers close to the detection limit. A heated, pulsed, 10
mm long and 0.5 mm wide slit nozzle (popcorn jet)*® was
employed for the study of clusters of all four compounds. The
spectrum of N-methylfomamide in Figure 7 was obtained using
a variant of the popcorn nozzle with two parallel slits of 10 x
0.5 mm? in a distance of 10 mm, which were probed perpen-
dicular to the slit direction. It offers enhanced absorption signals.
The sample temperatures were usually chosen such that the
vapor pressure was on the order of 1 mbar or less. Descriptions
of the experimental setups are found elsewhere.*’* In short,
0.1—0.3 s gas pulses emerging from the nozzles were synchro-
nized to Fourier transform infrared (FTIR) scans (Bruker IFS
66v or Equinox 55), and the signal was detected by an InSb or
HgCdTe detector after optical filtering of unwanted spectral
ranges. Maximum overlap between the jet zone and the IR beam
is achieved by KBr or CaF, lenses, which may be heated in the
popcorn-jet setup. In the heated nozzle setup double-sided
interferograms were recorded and provided two spectra per scan.
Because the gas pulses (He with a trace of the desired
compound) in particular from the long slit nozzle are too intense
to keep up a sufficient vacuum, they were diluted in large
vacuum chambers before being pumped away using mechanical
Roots pumps of moderate size (250—2000 m?3/h). This results
in a fairly low duty cycle, but the technique is much more
sensitive than continuous jet FTIR setups at moderate resolution
as it generates higher peak absorbances. The gas mixture was
prepared by flowing the He either through a cooled saturator
containing the liquid or solid (long nozzle) or through a heated
sample container enclosed between two check valves (short
nozzles). The container was filled with molecular sieve, which
was previously wetted with the liquid or molten compound. In
both cases (filet and popcorn jet) the pickup temperature was
lower than the nozzle temperature to prevent saturation of the
He with the compound of interest and therefore to support a
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controlled nonequilibrium aggregation. For the heated nozzle
additional spectra recorded in the effusive phase at the end of
the gas pulse after closing the He supply help in identifying
monomer absorptions. Spurious dispersion-like signals were
occasionally generated by particulate matter in the jet plume or
on the focusing lenses. They could sometimes be minimized
by subtracting spectra from the early phase of a measurement
sequence, where they were most pronounced.

It is difficult to quantify the effective rotational and vibrational
temperatures in our jet expansion spectra, which represent
averages over up to 1 cm? of the expansion cross section. Higher
resolution studies,” rovibrational transitions from water impuri-
ties, and the scaling of P/R-branch separations with VT all
indicate rotational temperatures between 10 and 30 K. The
vibrational temperatures are usually higher, around 200 K, where
vibrational hot bands could be observed,® but probably varying
between at least 50 and 300 K for different types of vibration.

Formamide (Fluka, 99%), acetamide (Fluka, 99%), N-
methylformamide (Alfa, 99%), and N-methylacetamide (Aldrich,
99+%) were used as supplied. Traces of water could usually
be removed during the first scans due to its higher volatility.

Harmonic force field calculations at the B3LYP/6-311+G*
level were carried out using the Gaussian 03 program suite,!
scaling N—H stretching wavenumbers uniformly by 0.96 and
C=O0 stretching fundamentals by 0.98. There is a large number
of literature data on quantum chemical force fields of the
investigated compounds, sometimes including higher levels, to
which we selectively refer to in the discussion. However, it was
deemed necessary to have a uniform albeit approximate ap-
proach for all systems?' for a systematic comparison of the
effects of methyl group substitution on the aggregation. We are
aware of the fact that subtle monomer NH, planarity and methyl
group torsional issues are not dealt with adequately at the
B3LYP level. For example, acetamide monomer is predicted
to have a planar NH» group and a Cy-symmetric methyl group
at variance with several higher level results®6-23 and also the
solid-state structure.>* For an understanding of the dimerization
behavior these issues are of secondary importance and some of
them already change with inclusion of zero-point motion. Major
dispersion interactions are not expected for these elementary
systems with polar hydrogen bonds. For MP2 calculations of
amide clusters use of a large basis set is nevertheless important.
Accurate quantum chemical and quantum dynamical modeling
of the four model compounds remains a challenge for theoreti-
cians, to which this work attempts to contribute on the
experimental side, as far as cluster formation is concerned.

3. Results and Discussion

Spectroscopic results for the four amides are presented and
discussed in order of increasing complexity, i.e., methylation.
The emphasis is on benchmark wavenumber data for previous
and future multidimensional modeling approaches and the N—H
stretching dynamics. The spectra obtained in this range are
summarized in Figure 2. At the end, the influence of methylation
and matrix embedding on the vibrational dynamics is analyzed.

3.1. Formamide. Three IR bands can be expected in the
N—H stretching spectrum of formamide monomer. The sym-
metric N—H stretching fundamental is slightly perturbed with
its unperturbed band center close to 3440 cm™!.%> The antisym-
metric N—H stretching mode is higher in wavenumber, near
3564 cm™!.37 In between, at 3530 cm™!, the C=0 stretching
overtone has been assigned to a significantly weaker band.’
The anharmonic monomer spectrum has recently been studied
using the nonrigid bender formalism.’
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Figure 2. Popcorn-jet spectra of formamide (338 K, 1340 coadded
spectra), acetamide (338 K, 606 coadded spectra), N-methylformamide
(333 K, 600 coadded spectra), and N-methylacetamide (323 K, 600
coadded spectra) in the N—H stretching region.
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Figure 3. (Top) N—H stretching FTIR spectra of formamide recorded
with the filet-jet setup (top, 298 K sample, 450 coadded spectra) and
with the popcorn-jet setup (bottom, 338 K sample, 1340 coadded
spectra). (Bottom) Calculated wavenumbers for the monomer, the
second most stable dimer, and the most stable cyclic dimer at the
harmonic B3LYP/6-311+G* level, scaled by 0.96. The calculated dimer
intensities are scaled to approximately match with the popcorn-jet
spectrum, which contains ~10% dimer. The expected position’’ of the
carbonyl overtone is marked in the top spectrum.

Figure 3 shows two spectra of formamide expansions in He.
The upper trace was obtained from a room-temperature expan-
sion through the 600 mm nozzle and the lower trace from an
expansion through the 10 mm nozzle with the compound heated
to 338 K. All three absorptions expected for the monomer are
observed within +2 cm™! of the room-temperature band centers
(see Table 1). However, the center band is significantly stronger
in the heated and therefore denser expansion, indicating an
additional contribution due to clusters around 3527 cm™!. This
correlates with a prominent band near 3167 cm™! in both jet
spectra, which also becomes stronger in the heated expansion.
Further absorption signals are too weak and unspecific to be
identified unambiguously. The comparison of the filet- and
popcorn-jet spectra illustrates the advantage of a heatable nozzle.
Despite the 60x shorter optical path, monomer absorptions of
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comparable intensity are obtained in the heated setup. Cluster
absorptions are even stronger because higher concentrations of
formamide in the carrier gas can be realized.

A straightforward interpretation of the two new bands in the
jet spectra is possible in terms of a centrosymmetric dimer (see
insert in Figure 3). It is predicted to be particularly stable and
expected to have two IR-active and two Raman-active N—H
stretching bands. Figure 4 illustrates the evolution from a
hypothetical localized N—H stretching mode (loc) via the
antisymmetric (a) and symmetric (s) combinations in the
monomer to the four modes in the dimer. The latter result from
antisymmetric and symmetric combinations of the two monomer
modes, denoted by a second ‘a’ or ‘s’. The apparent red shift
of the ‘aa’ and ‘as’ bands relative to the monomer ‘a’ band is
largely a consequence of the localization of the free N—H
stretching modes in the dimer. Relative to the average value of
the monomer modes ‘a’ and ‘s’, these dimer modes are even
slightly blue shifted. The N—H*-+O=C hydrogen-bonded modes
‘sa’ and ‘ss’ are strongly red shifted relative to the monomer
‘s’ band with the Raman transition (symmetric within the
monomer modes and in the two monomers relative to each other,
therefore ‘ss’) falling at the lowest wavenumber. Larger
clusters®® involving the dangling N—H bonds or higher lying
dimer isomers*?® do not appear to contribute significantly to
the spectrum as these would normally affect the hydrogen-bond
lengths and thus the N—H stretching spectra quite substantially.>’
However, we should stress that the next most stable dimer2®
(center trace in the bottom part of Figure 3, involving a single
N—H-++O=C bond along with a weaker C—H+++O=C contact)
would be difficult to discriminate from the spectrum computed
for the global minimum structure at this point and may be
present as well.

The only problem with this rather simple interpretation is
that it does not fully agree with previous spectroscopic evidence
based on matrix isolation and Rydberg electron-transfer infrared
spectra. Therefore, an extensive discussion is required to support
our straightforward assignment.

We start this discussion by a summary of what is known from
quantum chemistry about formamide dimer. Several minima on
the potential-energy hypersurface (PES) have been located in a
range of studies. By far the most stable structure is the
symmetric structure with an inversion center shown in Figure
3 (top part). Its electronic binding energy has been predicted
near 62 kJ/mol based on a very extensive ab initio study.* The
next lowest structure is almost 20 kJ/mol less stable* and
therefore unlikely to form in significant amounts in our
supersonic jet expansions.

Calculated spectra within the double-harmonic B3LYP/6-
311+G* approximation (Figure 3, bottom) reveal that the
spectrum of the symmetric dimer structure matches the experi-
mental spectrum quite well. Spectra of formamide dimer have
been calculated previously at various levels, and we include
some of the results!>:18.19.21,23.24.26 in Table 1. In this table the
dimer fundamentals are listed relative to their corresponding
monomer modes according to Figure 4. Alternatively, one could
have tabulated shifts relative to the average of the monomer
modes.*® Quite uniformly, all calculations predict the IR-active
free N—H stretching fundamental about 50 cm™! below the
antisymmetric monomer stretching mode. Approximate inclusion
of anharmonicity?? reduces the shift to about 30 cm™!. This is
in satisfactory agreement with the experimental shift in solu-
tion,'® matrix isolation®>" and the supersonic jet,?® including
the present work. For the larger shift of the hydrogen-bonded
N—H fundamental the scatter of harmonic predictions is larger
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TABLE 1: Harmonic (anharmonic) Formamide Monomer Antisymmetric (a) and Symmetric (s) N—H Stretching Fundamentals
and Wavenumber Shifts in the Corresponding Dimer Vibrations for IR (antisymmetric combination of monomer modes, aa and
sa) and Raman (Ra, symmetric combination of monomer modes, as and ss) Active Dimer Modes (all in cm™')*

method a S as(Ra) aa(IR) sa(IR) ss(Ra)

PWOI1PW91/6-314+G*2! 3625 3491 —49 —49 —303 —358
B3LYP/6-311+G(d) 3717 (32) 3583 (28) —44 (0) —43 (146) —201 (1000) —236 (0)
B3LYP/6-31++G(d,p)'® 3732 (45) 3587 (36) —48 (0) —48 (179) —246 (1256) —290 (0)
B3LYP/6-31++G(2d,2p)* 3734 (44) 3589 (34) —52 (0) —51 (168) —277 (1337) —325 (0)
+anharmonic PT® 3527 3411 —31 —31 —251 —394
B3LYP/6-311++G(2d,2p)* 3726 (45) 3588 (35) —47 (337) —47 (135) —258 (1279) —303 (0)
B3LYP/aug’-cc-pvdz'’ 3709 (42) 3564 (34) —49 (0) —49 (164) —283 (1400) —335 (0)
MP2/6-31G(d,p) "° —60 —216
MP2/cc-pVTZ* 3787 3635 —58 —273
Ar matrix®' 3555 3430 —37 —300
Ar matrix>®-0 3548 3427 —33 =211

—232
Ar matrix?6-% 3547 3427 —-32 —296
Xe matrix?® 3537 3411 —38 —253
CCly solution'® 3534 3411 -36 —182
jet RET? 3568 3442 -36 -219

—259
jet FTIR (this work) 3564 3440 —37 —273
gas phase’’ 3564 3440
gas phase®! 3570 3448

@ Calculated IR band strengths in km mol™! are listed in parentheses. Comparison is made between the lowest energy predicted structure and

experimental (anharmonic) monomer band centers and dimer shifts.

- - aa
loc .- as

sa
ss

Figure 4. Qualitative evolution of the N—H stretching mode in an
NH, group from a local mode picture (loc) via the coupled monomer
situation (a, s) to the symmetric dimer (aa, as, sa, ss). The first label
refers to the relative phase of the two monomer stretching modes and
the second label to the relative phase between the two monomers in
the dimer.

(200—300 cm™'), but most values are quite close to our
experimental anharmonic value of 273 cm™!. Experimental
values for embedded formamide dimers are remarkably smaller
in some cases (Table 1). For the CCly solution'® this is not
surprising because thermal excitation weakens the hydrogen
bonds. Therefore, the assignment to the centrosymmetric dimer
in that study is consistent with our observation at low temper-
ature. For the cryogenic matrix value>®® it is more unusual as
the monomer matrix shifts are only on the order of 15 cm™! 60
in Ar and somewhat larger in Xe?® (see also section 3.6 below).
It is conceivable that similar to solid formamide,>’ interaction
of the free N—H groups with Ar and Xe matrix atoms weakens
the dimer N—H-+++O=C hydrogen bonds. The fact that two
bands separated by 21 cm™! are observed in some Ar matrix
studies also points to important matrix interactions such as site
splittings. On the other hand, some Ar matrix data are more
consistent with our jet spectra.?®®! Furthermore, a single band
is also listed for other matrices such as CO and N,.% Therefore,
the matrix isolation data are not fully consistent among each
other but can mostly be reconciled with the jet data.

Finally, the intensity ratio between the bonded and the free
N—H dimer stretching vibration is predicted to be between 5
and 10 at the various levels of approximation. This is consistent

with our experimental value, which cannot be quantified exactly
due to the overlap with the monomer C=O overtone. In
summary, the isolated formamide dimer spectrum with a single
strongly red-shifted band can be reconciled with most of the
previously available embedded spectra considering the possible
artifacts which embedding can produce.

Quite surprisingly, the recent supersonic jet spectrum of
formamide dimer based on Rydberg electron transfer (RET)??
contains two red-shifted bands of similar strength reasonably
close to some of the Ar matrix positions®*% but not to our
dominant jet band. In this innovative technique vibrational
spectra are recorded by monitoring the electron-capture process
as a function of vibrational pre-excitation. The authors postulate
that the mutual Raman/IR exclusion rule may be lifted in their
experiment such that the Raman-active band of the cyclic dimer
is observed as well in the IR. This appears unlikely despite the
action spectroscopy character of the RET experiment as the
absorption step occurs first. Furthermore, the Raman band is
expected at significantly lower wavenumber based on all
harmonic predictions, and the anharmonic value is likely to be
even lower.2%2 Currently, the sensitivity of our Raman jet
spectrometer® is not sufficient to observe the totally symmetric
stretching vibration.

We can only speculate why the RET experiment®? finds two
hydrogen-bonded N—H stretching bands, both of which are blue
shifted from the single band observed in this work. The RET
process may favor a higher-lying, dipolar isomer of formamide
dimer despite its low abundance. Our FTIR spectra indeed show
some weak absorption features in the range of the RET signals.
Alternatively, the high dissociation threshold of the cyclic dimer
may distort its action spectrum observed in the RET experiment.
In particular, it is conceivable that hot dimers contribute most
to the RET spectrum, and there could be a similar hot Fermi
resonance scenario as in acetamide, described in the following
section.

The carbonyl stretching (or amide-I) band>*® was also
investigated in the jet-FTIR expansion (Figure 5). However, the
separation between monomer and dimer absorptions is not large
enough to allow for unambiguous conclusions in this range.
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Figure 5. Carbonyl stretching FTIR jet spectrum of formamide (bottom
of the top half, 338 K sample, 400 coadded spectra) and effusive gas-
phase spectra recorded immediately after the jet expansion (middle and
top trace, 400 coadded spectra each). They are compared to the
calculated wavenumbers for the monomer, the second most stable dimer,
and the most stable cyclic dimer at the B3ALYP/6-311+G* level, scaled
by 0.98.

TABLE 2: Harmonic Formamide Monomer (M) and Dimer
(D) Carbonyl Stretching Vibrations and Wavenumber Shifts
between the Monomer and Dimer Bands (in ecm~1)?

method VYc=0 (M) Yc=0 (D) A’l/c:o
PW91PW91/6-31+G*?! 1754 1738 —16
B3LYP/6-311+G(d) 1796 (477) 1779 (947) —17
B3LYP/6-31++G(d,p)'8 1797 (459) 1782 (911) —15
B3LYP/6-311++G2d2p)™° 1781 (442) 1765 (870) —16
B3LYP/6-311++G(2d,2p)** 1783 (440) 1765 (872) —18
MP2/6-31+G(d)2 1795 (443) 1796 (896) —1
MP2/cc-pVTZ?® 1811 1802 -9
Ar matrix®! 1743 1728 —13
1739
Ar matrix?® 1739 1728 —11
Xe matrix?® 1731 1719 —12
jet FTIR (this work) 1754 1740 —14
gas phase’’» 1754
gas phase®! 1755

% Comparison is made to experimental (anharmonic) monomer

and dimer band centers and the resulting dimer shift. Calculated IR
band strengths in km mol™! are listed in parentheses.

Furthermore, it is possible that larger clusters contribute. The
dispersion-like feature on the high-wavenumber slope may result
from imperfectly compensated formamide deposits on the optics.
Nevertheless, a bathochromic dimer shift by about 14 cm™! can
be extracted from the dominant spectral features. In Table 2
this shift is compared to calculated values and matrix data. The
calculated shift between the carbonyl stretching vibration of the
monomer and dimer falls in a range of 15—18 cm™! except for
MP2 predictions, which are much smaller. This may be due to
basis set deficiencies, like in the related pyrrole carboxaldehyde
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Figure 6. N—H stretching FTIR jet spectrum of acetamide (substance
at 338 K, 600 coadded spectra) compared to the calculated wavenum-
bers for the monomer, the second most stable dimer, and the most stable
cyclic dimer at the B3LYP/6-311+G* level, scaled by 0.96. The
calculated dimer intensities are divided by 12 to match with the
approximate experimental monomer/dimer ratio, implying a dimer
fraction of ~7%.

case.% The dimer shifts in matrices?®°! also agree well with
the jet result, although they are comparable to the matrix-induced
shift itself.

Apart from the strong bands at 1754 and 1740 cm™! in the
jet spectrum, a third prominent band occurs at 1760 cm™!. This
band initially survives the collapse of the jet expansion (shown
in the upper two traces of Figure 5). It is therefore likely that
it has a monomer origin. Indeed, no blue-shifted dimer band is
expected from the calculations. Interestingly, there is a similar
blue-shifted and unassigned band in the recent matrix spectra
(ref 26 Figure 4). It remains unclear whether both bands have
the same origin as the matrix band depends on the embedding
matrix and may also be due to a site splitting.

Overall, the jet spectra are consistent with a dominance of
symmetric formamide dimers, but contributions by a less stable
dimer with a single N—H++-O=C hydrogen bond cannot be
ruled out at this stage. In such a situation it is meaningful to
switch to the homologous compound acetamide.

3.2. Acetamide. Figure 6 shows a popcorn-jet spectrum of
acetamide recorded under similar conditions as that of forma-
mide (Figure 3). The appearance of the spectrum is also quite
similar with two strong monomer bands (‘a’ and ‘s’) and two
IR-active dimer bands (‘aa’ and ‘sa’). Weaker bands between
‘aa’ and ‘sa’ may be due to larger clusters or a dimer Fermi
resonance pattern, like in the related acetic acid case.®> The
monomer band positions (Table 3) may be compared to earlier
gas-phase spectra recorded at 453—483 K.'* While the value
for the symmetric N—H stretching mode agrees, the antisym-
metric one was observed at a somewhat lower wavenumber in
the hot gas phase than in the jet (Table 3).

Acetamide has been extensively studied by matrix isolation
techniques.®®-%8 The band for the antisymmetric N—H stretching
fundamental was found at 3552 cm™! and the symmetric N—H
stretching fundamental at 3432 cm™! in an argon matrix.%-67
The monomer matrix red shift is 12—16 cm™!, similar to that
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TABLE 3: Harmonic Acetamide Monomer Antisymmetric
(a) and Symmetric (s) N—H Stretching Fundamentals and
Wavenumber Shifts in the Corresponding Dimer Vibrations
for IR (antisymmetric combination of monomer modes, aa
and sa) and Raman (symmetric combination of monomer
modes, as and ss) Active Dimer Modes (all in cm™1)?

method a S as(Ra) aa(IR) sa(IR) ss(Ra)
B3LYP/6-311+G(d) 3728 3596 —45 —45 —226 —262

28) 27 (0 (129)  (1365) (0)
MP2/cc-pVTZ> 3797 3653
Ar matrix%¢7 3552 3432
Ar matrix® 3557 3436 —42 =296
CHClI; solution 3533 3415 —32 —225
CHClI; solution® 3535 3417 —35 —227
phenylacetamide® 3556 3438 =56  —303
jet FTIR (this work) 3568 3448 —=37 —299
gas phase'* 3550 3450
GC-IR7 3570 3450

“Comparison is made between the lowest-energy predicted
structure and experimental (anharmonic) monomer band centers and
dimer shifts. Calculated IR band strengths in km mol™! are listed in
parentheses.
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Figure 7. Popcorn-jet spectra of formamide (338 K, 500 coadded
spectra), acetamide (338 K, 710 coadded spectra), N-methylformamide
(323 K, 700 coadded spectra, double slit nozzle), and N-methylaceta-
mide (323 K, 600 coadded spectra) in the C=O stretching region. The
calculated wavenumbers (scaled by 0.98) of the monomers are
symbolized with O and the ones of the dimers with @. For the
N-methylated amides the less intense dimer band is symbolized with a
smaller @.

of formamide. Our B3LYP calculations predict the a/s splitting
and the intensity pattern reasonably well, as was the case for
formamide.

The shifts of the dimer bands relative to the corresponding
monomer transitions compare well with those observed in an
earlier matrix isolation study®® (Table 3), although the latter
suffers somewhat from site splittings in the monomer range.
The matrix study%® assigns the dimer bands to a structure with
a single hydrogen bond. As the B3LYP simulations in Figure 6
show, an assignment to the cyclic dimer (upper trace) fits better
and is more plausible in view of its higher stability. The singly
bound structure (center trace) now involves a methyl C—H
instead of an amide C—H and is about 20 kJ/mol higher in
energy than the cyclic dimer at the B3LYP level. Furthermore,
the predicted formamide coincidence of the most red-shifted
bands of the two lowest dimer structures is removed in
acetamide. Presumably the methyl C—H is an inferior secondary
hydrogen-bond donor to the amide C—H. This is reminiscent
of the acetic acid case,” but the spectral separation is less
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pronounced. Since the experimental spectrum still shows a single
dominant low-wavenumber N—H stretching band, the ambiguity
concerning the isomer assignment is removed. We can now
safely assign the dominant features of the formamide and
acetamide jet spectra to the antisymmetric hydrogen-bonded
N—H stretching mode in a centrosymmetric dimer.

Independent evidence for the cyclic dimer structure comes
from a UV/IR double-resonance study of the phenyl derivative
of acetamide’? (phenylacetamide, see Table 3). Its band positions
are very similar to those observed here for the unsubstituted
monomer and dimer, which are more accessible to high-level
quantum chemistry calculations. In acetamide, we also find weak
evidence for secondary dimer bands, which have been attributed
to combinations of lower wavenumber fundamentals.3?

There is earlier evidence for acetamide aggregates in CHCl;
solution.’#7" The shift between the antisymmetric N—H stretch-
ing vibration of the monomer and the ‘aa’ vibration of the dimer
is similar to the jet value, whereas the shift between the
symmetric N—H stretching vibration of the monomer and the
‘sa’ vibration of the dimer is underestimated in comparison with
the jet value. This is again a consequence of the thermal
weakening of the hydrogen bond at the solvent temperature.
The ‘sa’ band in solution is split, which has been attributed to
a Fermi resonance with the first overtone of the bending mode
Onm,->8 Such a resonance possibility is also suggested by our
harmonic B3LYP/6-3114+G* calculations of the cyclic aceta-
mide dimer, where the two states lie quite close together in
energy. However, anharmonic contributions are sizable and may
act in different directions for the resonance partners. A close
resonance in the jet can be ruled out due to the relatively narrow
‘sa’ band profile. It is remarkable that a nearly perfect Fermi
resonance in chloroform solution with a coupling matrix element
of about 65 cm™! is completely quenched by jet cooling. The
common zero-order band position of ~3270 cm™! of the two
states in chloroform transforms into a stretching transition in a
cold and thus more strongly bound complex at 3150 cm™! (see
also Table 1 for the related behavior in formamide) and a
stiffened bending overtone transition above 3300 cm™". It would
be interesting to study this Fermi resonance quenching as a
function of cooling.

The solid state of acetamide’-’? consists of a hydrogen-
bonded network of interconnected rings of six monomer units,
where every monomer donates and accepts two hydrogen bonds.
The donors are the two hydrogen atoms of the NH, group, and
the acceptor is the carbonyl oxygen. The hydrogen-bond
distances are 2.91—2.95 A.7! Calculation for the cyclic dimer
predicts a similar hydrogen-bond length of 2.91 A (B3LYP/6-
311+G*). The solid-state N—H bands appear at 3160 and 3330
cm™ L4 reflecting coupled vibrations or the Fermi resonance
discussed above. In any case, the absence of the 3330 cm™!
band excludes the presence of large solid-like clusters in our
jet expansion.

The amide-I or carbonyl stretching region of acetamide is
not as widely studied as the amide-A or N—H stretching region.
Our theoretical and experimental results for the carbonyl
stretching vibration are compared to the literature values in Table
4. The pioneering gas-phase value'* for the vc—o mode (1733
cm™!) differs somewhat from the jet monomer band maximum
at 1746 cm™!, probably due to thermal excitation. The agreement
for the dOnu, bending mode at 1593 cm™! (amide-1I band) is
better. Gas-chromatographic IR data (GC-IR) reported in the
NIST database’® show even better agreement in their graphically
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TABLE 4: Harmonic Acetamide Monomer (M) and Dimer (D) vc—o Carbonyl Stretching Vibrations and dnu, Bending
Vibrations as well as Wavenumber Shifts between the Monomer and Dimer Bands (all in cm—1)*

method ve=o (M) ve=o(D) Avce—o Onn, (M) Onm, (D) Adnn,
B3LYP/6-311+G(d) 1765 (425) 1745 (876) —20 1655 (89) 1681 (74) 26
B3LYP/6-3114+4-G**33 1762 1622
B3LYP/6-311++G(2d,2p)*° 1752 (394) 1625 (92)
MP2/6-314+G*20 1780 (354) 1663 (94)
MP2/cc-pVTZ> 1805 1641
Ar matrix® 1728 1694 —34 1586 1620 34
Ar matrix® 1727 1585
CHCl; solution” 1700 1678 —22 1595
jet FTIR (this work) 1746 1706 —40 1593
gas phase' 1733 1600
GC-IR7 1742 1590

@ Comparison is made to experimental (anharmonic) monomer and dimer band centers and dimer shifts. IR band strengths in km mol~! are

listed in parentheses.

estimated band centers (1742 and 1590 cm™'). In Ar matrices
and solution, the monomer band positions are bathochromically
shifted.

The strongest dimer feature in the jet appears 40 cm™! below
the monomer C=O stretching band (see Figure 7). In the matrix
and solution the shift is smaller. This is also the case for the
harmonic B3LYP prediction. Nevertheless, the dimer assignment
is unambiguous as concentration dependency studies show. A
further red-shifted band attributed to larger clusters due to its
stronger concentration dependence appears in the jet at 1696
cm™!. The dimer Onp, bending mode is too weak and broad to
be located unambiguously in the jet spectrum, but it has been
assigned by matrix isolation and in solution. Its blue shift relative
to the monomer is described well by the B3LYP calculations.

3.3. N-Methylformamide. While the homologues formamide
and acetamide are seen to be very similar in their aggregation
signature, N-methylformamide introduces a new aspect. Me-
thylation of one of the N—H bonds has two important
consequences. Only a single chromophore remains in the N—H
stretching range, but two well-separated monomer conformations
become possible. The cis/trans nomenclature adopted for them
in this work is described in Figure 1. The cis form should show
a similar aggregation behavior to formamide and acetamide,
whereas the trans form and also mixtures of the two can only
dimerize via a single N—H+++O=C bond. The interesting twist
is that the trans form is more stable in the monomer, whereas
the cis form is expected to be more stable in the dimer as it
allows for two strong hydrogen bonds. This leads to a
noteworthy aspect of kinetic control in the jet experiment
because the barrier between the two monomer conformations
is very high as a consequence of the partial double-bond
character of the amide bond.

The situation is illustrated schematically in Figure 8. At the
zero-point energy corrected B3LYP/6-3114+G* level the cis
dimer is 28 kJ/mol more stable than the trans dimer relative to
the corresponding fragments. Relative to two trans monomers,
the energy difference is still 20 kJ/mol. As the monomer
isomerization barrier is about 89 kJ/mol and the monomer
energy difference amounts to about 5—8 kJ/mol®>7* (4 kJ/mol
at the B3LYP/6-311+G* level), there will be neither a
substantial cis monomer population before the expansion nor a
significant interconversion during the expansion, unless there
is a much lower barrier isomerization pathway for the dimers
or the nozzle is heated to high temperatures. The former is
unlikely, whereas the latter can in principle be achieved. At
room temperature the relative cis monomer abundance has been
estimated to be around 0.05—0.18.2>7>-77 The most recent value
is 0.05 in the gas phase (with an enthalpy difference of 7—8

58
-2

Figure 8. Schematic energy diagram for dimerization and isomerization
of N-methylformamide (numbers in kJ/mol from B3LYP/6-311+G*
calculations including zero-point energy corrections). In the jet expan-
sion, isomerization from the trans to the cis conformation does not
occur and the cis dimer is not detected due to the low cis monomer
population.

kJ/mol) but about twice as high in solution and in the neat
liquid.?® This means that rather high temperatures will be needed
to produce significant amounts of cis-cis collisions.

There have been numerous spectroscopic studies of N-
methylformamide because it can be considered as one of the
simplest model systems for protein vibrational dynamics. A
recent summary is given in ref 25. In the hot gas phase the
N—H stretching mode was observed as a broad, structured band
near 3480 cm~! 1378 whose conformational assignment was
corrected later.”>77 Our popcorn-jet spectra (Figure 9) indeed
show a monomer band at 3501 cm™! (see Table 5). The
difference may be attributed to thermal broadening and limited
resolution in the earlier work.!> N> and Ar matrix isolation
values®>’ are also in reasonable agreement (see Table 5)
considering expected matrix shifts. The matrix spectra reveal
the cis isomer, which absorbs at 37—38 cm™~! lower wavenum-
ber? in the N—H stretching range and can be enhanced by
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Figure 9. N—H and C=O stretching FTIR jet spectra of N-
methylformamide at 313 (bottom, 600 coadded spectra each), 323
(middle), and 333 K (top) in comparison to calculated wavenumbers
for the trans monomer, the cis-cis cyclic dimer, and the trans-trans
dimer. The calculated N—H stretching wavenumbers are scaled by 0.96
and the carbonyl stretching wavenumbers by 0.98. The calculated dimer
intensities are divided by 2, and the intensity of the N—H stretching
vibration of the monomer is multiplied with 4 to be visible in the plot.

TABLE 5: Harmonic (anharmonic) N-Methylformamide
and N-Methylacetamide Monomer N—H Stretching
Vibrations vN—g (M) as well as the Wavenumber Shifts
between the Monomer and Dimer Bands (Avn-gp) (all
in cm )¢

N-methylformamide  N-methylacetamide

method vN—f (M) AvN-n vN-n (M) AVN-H
HF/6-31+G*™ 3895 (50) 3866 (43)
CPMD?* 3344
CC-VSCF* 3523
CC-VSCF, MP2/DZP*° 3542

B3LYP/6-31G*1°
B3LYP/6-31+G*22
B3LYP/6-311+G*

3638 (16) —52 (369)
3643 (23) —106 (504)
3625 (17) =110 (491) 3652 (19) —114 (456)

PW91PW91/6-31+G*?! 3543 —171
MP2/aug-cc-pVTZ?! 3703
+ mode coupling®' 3531
N, matrix’ 3490 3498
Ar matrix® 3493 —81
CCl, solution?? 3475 —84
jet FTIR (this work) 3501 —107 3510 —115
gas phase'? 3480
gas phase’® 3504 3501
3494 3489
3482
3471
GC-IR7? 3480 3490

@ Comparison is made to experimental (anharmonic) monomer
band centers and dimer shifts. IR band strengths in km mol™! are
listed in parentheses.

heating the deposition nozzle up to 770 K.7* No corresponding
band could be found in the jet spectrum up to a nozzle
temperature of 443 K, confirming the low abundance of the
metastable conformation in the jet expansion.
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Similar to the case of acetamide, the detailed trans monomer
structure of N-methylformamide is still under debate,*' in
particular with respect to the conformation of the methyl group
(staggered vs eclipsed), which has a very low rotation barrier.*0-4?
This also refers to quantum-chemical studies*>793% but is not
critical in the present context.

There are several possibilities for formation of N-methylfor-
mamide dimers consisting of two trans monomers taking the
orientation of the two monomers into account. The most stable
dimers were found to be T-shaped, not planar.?> According to
our DFT calculations these trans dimers are very easy to
distinguish from formamide-like cis dimers. At the B3LYP/6-
311+G* level, the shift for the hydrogen-bonded N—H stretch-
ing vibration in the trans-trans dimer is predicted to be —110
cm™!, whereas the shift for the cis-cis dimer is predicted to be
twice as large (—239 cm™! relative to the cis monomer). On a
per hydrogen-bond basis, the hydrogen bond in the N-methyl-
formamide dimer formed of two trans monomers is about as
strong as one hydrogen bond in the cyclic formamide dimer.
The reason for the reduced shift in the trans dimer could reside
in the coupling of the two oscillators,®! in reduced charge shifts,?
or in a structural effect. A detailed investigation of this effect
is beyond the scope of this contribution, but a few pieces of
evidence shall be presented. A T-shaped formamide dimer is
predicted to exhibit even weaker red shifts because of the
coupling of the two N—H oscillators (—50 and —82 cm™!), but
their cumulative red shift is comparable to that of the trans
N-methylformamide dimer. The central N—H in a chain-like
trans N-methylformamide trimer has a shift of —162 cm™! at
the B3LYP level, i.e., significantly larger than in the trans dimer
but still less than in the cis dimer.

On the basis of these predictions, the interpretation of the jet
N—H stretching spectrum at low concentration (Figure 9, bottom
experimental trace) is straightforward. A sharp dimer band (D)
red shifted by 107 ¢cm™! from the monomer band (M) is
observed and must be attributed to a trans dimer (Table 5). In
an Ar matrix® a significantly smaller shift was obtained. Only
at higher concentration (obtained by a higher sample temper-
ature) does a broad, more strongly red-shifted band (C) appear
in the jet spectrum along with some very weak absorptions in
between. While it would fit with the spectral prediction of the
cis dimer, it is more likely due to larger chain or ring clusters.
Further red-shifted peaks may be due to Fermi resonance
partners in these larger clusters.

The C=O0 stretching range is also included in Figure 9 and
indicates further complexity. The negative, dispersion-like
features on the blue wing of the monomer may be attributed to
scattering effects from N-methylformamide nano- and micro-
particles formed in the expansion or deposited on the focusing
lenses of the vacuum chamber. They are most pronounced for
narrow transitions with a strong monomer transition dipole
moment, such as the C=0O stretching fundamental. Moderate
heating of the focusing lenses in the sample chamber helps in
reducing this artifact (see also Figure 7). However, the D and
C bands can be correlated between the N—H and C=O spectra
and suggest a bathochromic trans dimer shift of ~24 cm™! for
the strongest dimer C=0 band, which may be compared to the
B3LYP prediction of 26 cm™!. The accuracy of the experimental
shift is limited by the structured monomer band rather than by
the relatively sharp dimer transition. The monomer C=O band
has also been observed in matrix isolation (Table 6), featuring
typical matrix shifts. However, no dimer bands have been
tabulated in this range, only allowing for an approximate
graphical estimate.
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TABLE 6: Harmonic (anharmonic) N-Methylformamide and N-Methylacetamide Monomer (M) Carbonyl Stretching
Vibrations and Wavenumber Shifts between the Monomer and Dimer Bands®

N-methylformamide

N-methylacetamide

method Ve=0 (M) Ave—o Avc—o Ve=0o (M) Ave—o Avc—o

B3LYP/6-311+G(d) 1777 (390) —11 (140) —26 (871) 1744 (300) —11 (102) —25 (696)
B3LYP/6-311++G(2d,2p)202! 1763 (365) 1739 (285) —17 (31) —26 (720)
B3LYP/6-31G*16 1792 (240) —~7(8) —21 (637)
PW91PW91/6-31+G*?! 1706 —14 —26
MP2/6-31+G#20:21 1770 (362) 1753 (399) —3(15) —12 (784)
CPMD 28 1609
CC-VSCF » 1751
CC-VSCF, MP2/DZP*° 1749
MP2/aug-cc-pVTZ?! 1749
+ mode coupling?' 1727
Ar matrix>>¢ 1725 ~—20 1708 —22
N, matrix® 1706 -25
N, matrix”* 1721 1707
jet FTIR (this work) 1732 —24 1722 —32
gas phase”’ 1727 1718
gas phase'>!7 1724 1723
gas phase’® 1759 1731

1733 1713

1726
GC-IR7? 1735 1720

@ Comparison is made to experimental (anharmonic) monomer and dimer band centers and dimer shifts. Values are given in cm™!. IR band

strengths in km mol ™! are listed in parentheses.

We close this section with a brief survey over the hydrogen-
bond topology obtained from liquid-phase N-methylformamide
studies. Although the cis dimer is significantly more stable than
the trans dimer, the monomer trans preference survives in the
condensed phase.> More bulky N-substituents than methyl
groups can shift the equilibrium somewhat.®? The reason for
the persistent trans propensity is that bulk phases can avoid
dangling N—H bonds by extensive chain and network formation.
The detailed hydrogen-bond topology in liquid N-methylfor-
mamide is still under debate.”> Hexameric rings and linear
tetramers have been postulated to be the dominant species.?*
The transition between chains and rings was located between
tetramers and pentamers.®* At higher temperatures mainly linear
trimers and dimers are postulated in the liquid, but the
underlying quantum cluster equilibrium may be generally biased
toward cyclic structures, and the cis monomer was not included
in the study. Shin et al. deduced that the trans form prefers to
build long chains and that the cis form can serve as a chain
blocker (as it interacts more strongly with a trans structure than
a trans structure itself) and has a tendency to form strongly
bound dimers.?

3.4. N-Methylacetamide. N-Methylacetamide is particularly
well studied because its methyl substitution pattern makes it a
more complete but still simple peptide fragment, which can serve
as a model for a range of dynamical studies.®> The hot gas phase
of N-methylacetamide was investigated by Jones,”® and the band
position of the N—H stretching vibration was found to be similar
to that of N-methylformamide with the center of gravity at
slightly higher wavenumber (see Table 5). The weak monomer
band in the jet spectrum (Figure 2) confirms this, provides a
more accurate band center, and suggests the presence of a single
monomer conformation in the expansion. These findings are in
line with matrix isolation results,’* where a matrix shift of about
10 cm™! has to be taken into account. The N-methylacetamide
monomer indeed shows an even more pronounced preference
for a trans orientation of the C=0O and N—H groups than
N-methylformamide.?? The calculated energy difference between
trans and cis N-methylacetamide is about 10 kJ/mol,% confirmed
by our B3LYP/6-311+G* calculations. The transition barrier

is sizable (about 76 kJ/mol¥”), making an interconversion
unlikely in jet expansions.

The structure of trans N-methylacetamide has been calculated
at various levels of theory and involves subtle isomerism over
low barriers concerning the two methyl group conformations.!*3
Therefore, the conformation calculated at the B3LYP/6-311+G*
level may not correspond to the global minimum, but the
differences between eclipsed and staggered structures are hardly
relevant for the hydrogen-bond effects investigated here.

Other than acetamide and N-methylformamide, N-methylac-
etamide has been repeatedly addressed by multidimensional
anharmonic approaches to the vibrational dynamics,?®-3! render-
ing our cold jet data (3510 cm™! for the NH stretching
fundamental) particularly relevant also for the monomer. Gre-
gurick et al.? obtained an ab initio harmonic wavenumber of
3751 cm™! and an anharmonic value of 3523 cm™! using a
correlation-corrected vibrational SCF approach at the MP2/DZP
level. Bounouar et al.®® calculated an ab initio harmonic
wavenumber of 3752 cm™! and an anharmonic value of 3542
cm~! using a very similar approach. The multidimensional
MULTIMODE calculations by Kaledin et al.3' involving
selected three-mode couplings at the MP2/aug’-cc-pVTZ level
result in a harmonic value for the N—H stretching vibration of
3703 ¢cm™! and a 3D anharmonic value of 3531 cm™!. All
calculated values were originally compared to the experimental
matrix value of 3498 cm™! 7* because the gas-phase band’® is
very broad and no other accurate experimental value for the
N—H stretching vibration of N-methylacetamide was available.
The present value of 3510 cm™! extracted from our jet spectra
provides a more reliable reference. It should be a better value
for any test of the theoretical methods, although the matrix shift
is relatively small for this particular band and system. Apart
from residual errors in the multidimensional treatments, the
results indicate that the harmonic MP2 values may be somewhat
too high or else the anharmonicity too small. The DFT-based
Car—Parrinello molecular dynamics simulations by Gaigeot et
al.?8 of the gas phase of N-methylacetamide monomer at 20 K
predict 3344 cm ™! for the N—H stretching vibration band. This
value differs substantially from the experimental value, in
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particular considering that this classical procedure provides
essentially a harmonic value for temperatures below several
1000 K.

Turning now to dimers, the situation is more straightforward
than in N-methylformamide. The cis isomer is less accessible,
although qualitatively the scheme in Figure 8 remains valid.
For the trans-trans N-methylacetamide dimer with a single
N—H-++O=C hydrogen bond, different relative arrangements
of the two molecular backbones are conceivable. They have
been named o-helical and parallel and antiparallel /-sheet
dimers in analogy to the corresponding peptide segments.3® At
the B3LYP/6-311+G* level the antiparallel -sheet dimer is
predicted to be less stable than the a-helical dimer, but the
energy difference between the two dimers is less than 1 kJ/
mol, so there should not be a strong preference for one of the
structures.

Out of the two N—H stretching modes in the dimer, the free
one deviates only weakly from the monomer. Therefore, our
discussion (see Table 5, last column) concentrates on the
hydrogen-bonded N—H fundamental. Depending on the back-
bone arrangement, a bathochromic shift by 97—114 cm™!
relative to the monomer is predicted at the harmonic B3LYP/
6-311+G* level. The more stable dimer correlates with the
stronger red shift. However, the shift appears to be quite
sensitive to the level of calculation, as is the preferred backbone
orientation and methyl group conformation. Table 2 in ref 89
contains too many typographical errors to extract a reliable
value. Herrebout et al.'® report 52 cm™! at the B3LYP/6-31G*
level, and the structure is closer to that of a parallel 3-sheet.
Adding a set of diffuse functions more than doubles the shift,??
and the switch to the PW91 functional increases it further to
171 cm™!. Although these are harmonic values, they underscore
the need for a reliable experimental value. In our jet experiment
we observe a relatively narrow band with a bathochromic shift
of 115 cm™!, which can be assigned to a dimer (see Figure 2,
upper trace, and Figure 10). Figure 10 underscores the comple-
mentarity of the filet- and popcorn-jet setups. While the room-
temperature expansion is dominated by the monomer, the hot
expansion contains a higher dimer fraction. The sharpness of
the D band may indicate that a single dimer conformation is
stabilized in the supersonic expansion. The dimerization shift
is in coincidental agreement with the harmonic B3LYP/6-
311+G* prediction (see Figure 10), but anharmonic calculations
would be desirable.

N-Methylacetamide dimer had been previously assigned in
the IR spectrum of diluted CCly solutions.?? The much smaller
red shift by 84 cm™! relative to the monomer is largely due to
thermal weakening of the hydrogen bond, but the solvent shift
is also substantial. This underscores the importance of jet spectra
if reliable benchmark data for quantum treatments of the
vibrations are required.

Solution spectra of N-methylacetamide also show features
due to larger clusters.3® These may be compared to calculated
cluster spectra.”?> For the chain-like trimer, three bands are
predicted, the strongest of which is most red shifted (—154 cm™!
at the B3LYP/6-31+G* level). A multiparameter deconvolution
of the largely unstructured solution band into dimer, trimer, and
tetramer contributions allocates this mode 121 cm™! below the
monomer. In the jet spectra there is a larger cluster band at
3365 cm™! (see Figure 10), red shifted by 145 cm™! from the
monomer band. One may thus tentatively assign this band to a
trans N-methylacetamide trimer. The second band may be
superimposed by the dimer absorption. The enhanced red shift
of the lowest N—H stretching mode in the trimer relative to the

J. Phys. Chem. A, Vol. 112, No. 33, 2008 7539

03
] M
| D
02 X -
=
= '
£
=
0.1 / -
0.0 t U u t
1B3LYPE311+G" b il
x 0.96 o9
- P r
| E
Bl g 7.2
£ ] Wl
7 '.éf‘-‘—ﬂ. r
- &> -

3550 3500 3450 3400 3350 3300
viem™!

Figure 10. N—H stretching spectra of N-methylacetamide in a filet-
jet (top, 293 K, 200 coadded spectra) and a popcorn-jet (bottom, 333
K, 600 coadded spectra) expansion, showing the dominant monomer
(M), dimer (D), and trimer (T) absorptions in comparison to the
calculated wavenumbers for the monomer, dimer, and trimer at the
B3LYP/6-311+G* level, scaled by 0.96. Computed intensities are
visually matched to experimental peak heights from the filet-jet
spectrum and consistent with 3 x 10'* cm™ monomers, 7 x 10'2 cm™
dimers, and 3 x 10'2 cm™ trimers.

dimer is due to cooperative effects, which are also reflected in
the cluster dissociation energies. 6229

Larger clusters are still predicted to form hydrogen-bonded
chains, whereas ring closure analogous to N-methylformamide
is prevented by methyl group steric hindrance.?® Their hydrogen-
bonded N—H band was observed between 3200 and 3400 cm™!
in CCly solution. Liquid N-methylacetamide is characterized by
even longer hydrogen-bonded linear and branched chains*
which may shorten with increasing temperature®® and are
structurally related to -sheet fragments.

N-Methylacetamide was also studied in the carbonyl stretch-
ing region (Figure 7), but as in the other investigated amides,
an unambiguous assignment is difficult in this region. The
monomer band is observed at 1722 cm™!, which is in good
agreement with the high-temperature gas-phase data if the
average of the P and R branch maxima is taken (see Table 6).
Matrix isolation data are systematically shifted to lower wave-
number. The jet result provides a firm benchmark for anhar-
monic calculations, which have however usually been compared
to the matrix data.?>3* The proper reference reduces the deviation
from 42—43 to 27—29 cm~!. The improvement amounts to
about one-half of the entire anharmonicity effect in this case.

For the trans-trans N-methylacetamide dimer there are two
bands expected and predicted by the calculations in the carbonyl
region, but the less red-shifted band has a much lower predicted
intensity than the second one. Only one dimer band can be
clearly observed in the jet spectrum, which is 32 cm™! red
shifted to the monomer band. This red shift is somewhat larger
than the red shift observed in matrices® and the predicted
harmonic red shift at the B3LYP level.
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Figure 11. Correlation between experimental anharmonic N—H and
C=0O0 stretching fundamental wavenumber shifts A, and B3LYP/6-
311+G* harmonic wavenumber shifts Awy, relative to the (average)
position of the corresponding monomer transitions for all four amides.
The diagonal line indicates a perfect correlation.

Huelsekopf et al.”® provide an approximate correlation be-
tween N—H and C=0 wavenumbers (¥c—o/cm™! = 0.3676¥n—n/
cm~! 4+ 426.1) which is derived from scaled calculations.
Testing this correlation with our observed N—H stretching
wavenumber, the equation results in #c—o = 1716 cm™!, which
differs only by 6 cm™! from the experimentally observed
carbonyl stretching vibration and is within the predicted
difference of up to 10 cm™! from the measured data.

3.5. Methylation Trends. The harmonic B3LYP calculations
performed in this study for comparison purposes reveal some
robust trends in the series formamide, acetamide, N-methylfor-
mamide, and N-methylacetamide. C-Methylation lowers the
monomer C=O stretching mode by about 30 cm™!, whereas
N-methylation lowers it by about 20 cm™!. The experimental
C=O0 stretching fundamentals behave in a qualitatively similar
way, but the C-methylation effect is three times smaller. This
is also seen in Figure 7, where the scaled monomer prediction
is poorer for the monomeric acetamides. Other density func-
tionals behave similarly.’’ Computed N—H stretching funda-
mentals increase upon C-methylation (at variance with the N—H/
C=0 correlation ?°) and decrease upon N-methylation, whereas
the experimental trends are much weaker.

N-Methylation has a significant influence on the dimer
binding energy. The N-methylformamide dimer built from two
cis units is bound 5 kJ/mol more strongly than the formamide
dimer. C-Methylation has a similar effect. This stronger binding
persists at higher levels of approximation.®? It is also reflected
in an enhanced bathochromic shift of the N—H vibration upon
hydrogen bonding. The experimentally observed difference
between the bathochromic shift of the sa band of the formamide
dimer and the acetamide dimer (26 cm™!) is well predicted by
our calculations at the B3LYP/6-3114+G* level (25 cm™}).

Quite generally, harmonic B3LYP/6-311+G* shift predictions
correlate well with anharmonic experimental shifts (see Figure
11) with the exception of the acetamide C=O shift and the
anharmonic N—H; stretching modes.

3.6. Ar Matrix Shifts. Table 7 summarizes the matrix shifts
experienced by the C=0 fundamental and the (symmetric) N—H
fundamental of the amides relative to the present jet results.
The monomer shifts are bathochromic and range between —8
and —19 cm™!. The dimer shifts, where available, range between
+18 and —36 cm™!, even if one concentrates on the most
consistent values. This may reflect specific matrix interactions
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TABLE 7: Ar Matrix Shifts Relative to the Jet Band
Positions of This Work for the C=0 Stretching and
(Symmetric) N—H Stretching Fundamentals of Amide
Monomers (M) and Dimers (D) (in cm™1)

C=0 M D N-H M D
formamide?® —15 —12 formamide2® —13 —36
acetamide®® —18 —12 acetamide®® —-12 -9

N-methylformamide® —7 ~—3 N-methylformamide®® —8 +18
N-methylacetamide® —14 —4

or irregularities in the coupling of the modes. The unusual N—H
blue shift for N-methylformamide dimer may be related to the
various conformations that this singly hydrogen-bonded dimer
can adopt. Indeed, annealing promotes more red-shifted dimer
absorptions.? The surprisingly large formamide dimer N—H
red shift in Ar?® may be related to the weakness of the
corresponding matrix band, but it is somewhat unusual that Xe
exhibits a smaller red shift. In Figure 4 of ref 26 a more regular
Ar band position is quoted (3158.2 cm™'), but that appears to
be a typographical error. In any event, the scatter in matrix shifts
is of a comparable order of magnitude as anharmonic effects in
these amides. In the future, we plan to investigate the Ar matrix
shifts more systematically by nanocoating of the jet-expanded
monomers and dimers.>

4. Conclusions

This investigation provides for the first time direct absorption
vibrational data on hydrogen-bonded dimers of four simple
amides in vacuum, which can be directly compared to anhar-
monic theoretical predictions.?*-3! No matrix, temperature, or
solvent shifts have to be considered, and the influence of a range
of approximations can be studied reliably. Even harmonic
predictions for dimers may be compared to experiment if
changes in the anharmonicity constants upon dimerization are
neglected. The results allow for a systematic assessment of
thermal, matrix embedding, and methylation effects on the
vibrational dynamics. They show that non-N-methylated amides
form symmetric dimers, whereas singly N-methylated amides
conserve their preferred conformation and form singly hydrogen-
bonded dimers with separate donor and acceptor roles under
the nonequilibrium conditions of a supersonic jet. The results
presented here may serve as elementary reference data for IR
spectra obtained by impressive UV/IR double-resonance studies
on much more complex amides.>* Furthermore, they should
provide a reference for rigorous tests of solvent models, which
often suffer from the inseparability of solute and solvent errors.

The study of intermolecular modes®**> and combined Raman/
IR investigations'® of amide clusters promise further valuable
insights into the dynamics of elementary amide clusters. We
are planning such a study using our jet Raman setup® after
improving its sensitivity for low vapor pressure compounds.
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