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The dimer of trans-N-methylacetamide serves as a simple model for hydrogen bonds in peptides, free of
any backbone distortions. Its preferred structures represent benchmark systems for an accurate quantum

chemical description of protein interactions. The trimer allows for either two linear or three strained

hydrogen bonds, with the former being the only structural motif considered so far in the literature, but the
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latter winning in energy by a large margin due to London dispersion. A combination of linear Raman and
infrared supersonic jet techniques with B3LYP-D3/aug-cc-pVTZ quantum chemical predictions corrects
earlier tentative spectroscopic assignments based on a hybrid density functional without dispersion

correction. Linear Amide I-lll infrared spectra of the jet-cooled monomer are compared to those recently

www.rsc.org/pccp obtained by action spectroscopy.

1 Introduction

The dimer of N-methylacetamide (NMA) offers a good compromise
between simplicity and realism when it comes to modelling
hydrogen bonds between remotely connected N-H and C—=O
groups in folded peptides and proteins."> Its monomer contains
a full C(CO)—-(NH)-C backbone segment of the peptide bond. The
preferred peptide bond conformation is trans (¢) for the C=0 and
N-H bonds, which we imply in the following for convenience,
unless the less stable cis isomer (c) is explicitly addressed.

NMA and its dimer have been investigated extensively, mostly by
different levels of molecular mechanics® and quantum chemistry,*®
including anharmonic effects in the case of the monomer® ™"
and dimer."” For trimers and longer chain aggregates of NMA,
the issue of cooperativity has been discussed.’**”

On the experimental side, vibrational spectroscopy is parti-
cularly sensitive to the hydrogen bonds which shape the secondary
structure of proteins'® and thus also to NMA aggregation."*?° The
NMA dimer is actually too simple to be amenable to selective
UV/IR double resonance techniques,”*>* because it does not
provide a favourable electronically excited state for fluorescence
or resonant 2-photon ionization studies. In contrast to numerous
studies of monomeric amides®*** and despite a sizeable dipole
moment of about 8 D, the ¢ dimer has also not been studied by
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microwave spectroscopy, such that most information on the
intermolecular N-H- - -O—C contact is currently based on low
resolution direct absorption FTIR spectroscopy. In inert matrices,"*®
one has to worry about matrix distortion of the spectrum. In the
gas phase,>” the monomer spectrum is distorted by thermal
excitation and the dimer has negligible abundance. In solution,
solvent and thermal effects superimpose.’®*> NMA spectra
have indeed been found to be particularly dependent on the
environment.> Therefore, supersonic jet spectroscopy is the
method of choice for providing information on cold, isolated,
structurally well defined dimers. Indeed, there was a jet FTIR study
of NMA dimers and trimers almost a decade ago,* but its assign-
ments were rather tentative and uncertain at the time due to the
low signal-to-noise ratio, the limited variation of expansion condi-
tions and the restricted availability of reliable quantum chemical
calculations including a balanced dispersion contribution. At the
time, an extension to Raman spectroscopy was already planned*?
and will be initiated in the present work. Very recently, while the
present work was completed, an IR multiphoton dissociation
(IRMPD) + vacuum ultraviolet (VUV) ionization technique was
presented for NMA and its clusters.* It is claimed to be universally
applicable, in analogy to the corresponding FTIR approach®®
which has been demonstrated between 200 and 8000 cm ™.
The results in the range below 1800 cm™ ' look promising and
the signal-to-noise ratio is impressive. However, the technique is
also not conformation-specific, it may suffer from fragmentation
of larger clusters to smaller ones (although this issue is not
discussed), and there is a systematic wavenumber difference and
broadening compared to the previous jet FTIR spectra,”® which
may be due to setup calibration and the multi-photon nature of
the experiment.
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Using predictions based on a large number of aromatic
peptide models and the validation of a computationally fast
dispersion corrected density functional in combination with
harmonic frequency scaling,*® the proposed experimental FTIR
assignment of NMA aggregation in ref. 33 was considered
doubtful or at least incomplete. Therefore, we come back to
this system in the present work and show that the original size
assignment indeed needs revision. This conclusion is based on
a more systematic FTIR study, hybrid density functional calcu-
lations including dispersion corrections, and most importantly
linear Raman jet spectroscopy which has become available in
the meantime and which complements the IR perspective quite
nicely for NMA.>"® For our purposes, the linear, off-resonant
Raman variant has considerable advantages over resonance
Raman,*” because it provides robust and predictable scattering
intensities for comparison with linear FTIR spectra. The com-
parison of IR and Raman intensities promises insight into the
aggregation topology due to the associated coupling patterns of
degenerate monomer vibrations.*® We consider this extensive
reevaluation and correction of the scientific record for NMA
aggregation necessary and urgent due to the significance of
NMA dimer and related systems for benchmarking purposes in
the field of peptide interactions.>**° Microwave spectroscopy
should be able to test the structural conclusions drawn in this
work, due to a significant polarity (0.4-9 D) predicted for the
assigned clusters.

2 Methods

The IR spectra were recorded with a Bruker IFS 66v FTIR spectro-
meter probing a 600 mm long slit jet expansion of NMA vapor
in a variable but large excess of helium gas at room temperature
and 0.75 bar.?® The pulsed expansion through the 0.2 mm wide
slit into a large vacuum chamber cools the NMA molecules
rotationally to about 10 K and vibrationally to a lesser extent. It
also leads to the formation of NMA dimers and a minor fraction
of NMA trimers on the first few mm of supersonic flow after the
nozzle. Although the vacuum chamber has a volume of more
than 20 m®, the 150 ms gas flow through the nozzle builds up a
background pressure of about 1 hPa, which limits the cross
section of the expansion zone to a few cm? not much larger
than the cross section of the mildly lens-focussed infrared
beam passing through it. During and after the gas pulse, the
vacuum is improved by mechanical pumps at 2500 m* h™* for
30-60 s, before the system is ready for the next pulse. This low
duty cycle in combination with the large nozzle and vacuum
buffer allows for a high signal during the synchronized FTIR
scan,®” but the vapor pressure of NMA close to room tempera-
ture is so low that more than 1000 pulse-synchronized spectra
have to be coadded to achieve an acceptable signal-to-noise
ratio at an interferometer resolution of 2 cm™'. The FTIR
calibration was verified to be better than 0.5 cm ™" by compar-
ison to water rovibrational transitions. The dilute gas mixtures
are prepared by flowing helium through a bed of solid NMA and
collecting 67 L in a pre-expansion reservoir. Due to the solid
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state and the low vapor pressure, the concentration varies some-
what over time despite temperature stabilization of the bed
between 293 and 298 K. By sorting batches of 100 scans according
to their CH, NH or C—O absorbance, an ordering into low,
medium and high concentration spectra is still achieved. CaF,
and KBr optics and a LN,-cooled InSb/HgCdTe sandwich detector
are used together with a 150 W tungsten lamp or Globar rod,
depending on the spectral range of interest. Optical band pass
filters restrict the light source to the region of interest (see ESIT
for further details about experimental parameters).

The strategy to obtain spontaneous Raman scattering spectra
of NMA dimers and trimers in supersonic expansions is some-
what different. Because the feeble Stokes scattering is collected
by an f/1.2 photo camera lens and dispersed in a 1 m mono-
chromator equipped with a LN,-cooled CCD camera (Princeton,
PyLoN 400B), the slit nozzle can be much shorter (4 mm). To
minimize readout noise, the expansion is run continuously over
7-9 min and the photon signals along the center section of the
slit nozzle are collected in and binned from 400 pixel rows of the
CCD chip during this time, whereas the 1340 pixel columns
contain the spectral information at a resolution of about 1 cm™ .
Cosmic ray removal is achieved by comparing several such data
blocks and calibration of the 532 nm laser and Stokes signal is
pushed to about 1 cm ™" by neighboring Ne and Kr discharge
lines with known vacuum wavelength. The signal-to-noise ratio
is maximized by using as much laser intensity as possible for
the scattering, in the present case 20-25 W supplied by a
Millenia eV solid state laser from Spectra-Physics and focussed
parallel to the slit exit at variable distance with a 50 mm focal
length lens. The NMA cluster size is controlled by the NMA/
helium ratio, the heating of the tubing and the nozzle as well as
the laser-to-nozzle distance. The higher the temperature of the
nozzle and the closer the laser to the nozzle, the smaller the
expected degree of aggregation for a given NMA concentration.
Spectra are shown as Stokes shifts 7 normalized to the same
monomer peak intensity after baseline correction, because laser
power, alignment, data acquisition time and to some extent
sample concentration may vary. The employed diffraction grating
performs better for Raman scattering perpendicular to the
scattering plane,*' in particular for large Stokes shifts. Therefore,
polarized bands (P = Ij/I, <« 0.75) have a somewhat higher
visibility than depolarized bands (P = 0.75), compared to a
balanced grating performance reflected in the calculated Raman
cross sections reported in this work.

Helium (99.996%, Linde), N-methylacetamide (99%, Sigma-
Aldrich) and N-methylacetamide-d, (99%, 98% atom D, Sigma
Aldrich) were used as supplied. Traces of methanol(-d,) from
partial decomposition of the sample were typically observed
in the beginning but quickly vanished in the course of the
measurement and had no detectable influence on the N-H or
C=0O0 stretching spectra.

Quantum chemical calculations (energy minimization,
harmonic wavenumbers) were carried out using Gaussian09
Rev. E.01.** The focus here is on trans dimer and trimer structures
and spectra, whereas monomer methyl torsion,*® backbone
planarity” and amide isomerism will be addressed elsewhere.
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The B3LYP hybrid density functional provides a reasonable entry
point for a theoretical description of NMA dimers and trimers.
Although dispersion interactions have previously been considered
to be minor in such strong hydrogen bonds,** we use Grimme’s
pairwise D3 dispersion correction® with BJ damping for the
B3LYP calculations and the aug-cc-pVTZ basis set, now that this
correction is available and the large basis set feasible (see ref. 45
for a discussion of lower and higher level approximations in
this context and for relevant references). All calculations
assume linear restoring force, dipole and polarizability trends
with elongation, the so-called double harmonic approximation.
Stokes scattering cross sections are calculated assuming a photon-
counting detector, low vibrational temperature, laser excitation
perpendicular to the scattering plane and non-polarizing diffraction.
Tight optimization and a superfine integration grid were used.
As will be shown below, our experimental work is in satisfactory
agreement with these approximate calculations. It still invites
much higher levels of electronic structure and anharmonic
vibrational treatment by specialized groups, to further unravel
the consequences of aggregation on the complex dynamics of
the peptide bond. In contrast, omission of the D3 dispersion
correction is shown to lead to serious disagreement for the
preferred dimer and trimer structures. Control calculations at
B97D level using the TZVPP basis set and D3 correction (ESIY)
were carried out using TURBOMOLE.*®

3 Amide I-Ill FTIR spectra

We start with a brief reinvestigation of the C=O0 stretching and
peptide bond framework vibrations of monomeric NMA,*?
which have recently been measured by a novel IRMPD-VUV
scheme,*® but only superficially compared to earlier FTIR
spectra at low signal-to-noise ratio.** The latter had revealed a
rather narrow C—O stretching fundamental at 1722 cm *,
whereas the IRMPD-detected band center is at 1707 cm ™ *,
i.e. 1% lower and significantly broader. The former deficiency
may be attributed to calibration error and the latter to the limited
resolution of the free electron laser radiation, but the observed
width is actually somewhat larger than the expected 1% laser
bandwidth.>* This suggests that the action spectroscopy induces
a spectral broadening mechanism, which is not unreasonable for
a multiphoton excitation process. To verify this, we have repeated
and improved the FTIR C=O stretching measurement®® by
using a long room temperature slit nozzle and more spectral
co-additions. The result shown in Fig. 1 clearly confirms the
narrow band width (0.4% of the central wavenumber) and
higher wavenumber position (+1%) of the FTIR carbonyl or
amide I band. The full width at half maximum of 7 cm™' is
mostly due to residual rotational structure at the ~10 K rota-
tional expansion temperature and the employed 2 cm™* spec-
tral resolution, as indicated by the band contour comparison in
the ESL7 In line with theoretical predictions, the transition
dipole moment is nearly parallel to the C—0 bond and closely
aligns with the b rotational axis, explaining the b-type character
of the band. The dip between the jet-cooled P and R branches
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Fig. 1 Amide I-lll and methyl deformation jet FTIR spectrum of N-methyl-
acetamide (see inset) monomer (with a dimer trace near 1695 cm™Y) serving
as a reference for anharmonic calculations of this peptide bond prototype®*
due to the narrowness and reliable position of the bands.

1700 1600

thus provides the best estimate for the vibrational band center,
1720(1) em ™. The exact position of the C=0 stretching band
is important to predict the C=O overtone for NMA, which
may interfere with the N-H stretching fundamental in amides
(vide infra). Based on the IRMPD data, it should fall around
3395(10) cm ™, whereas with the FTIR fundamental value, it is
expected close to 3423(10) cm ™, if a carbonyl group anharmonicity
constant of about —8.5 cm™ " is assumed.*” Comparison to the
gas phase spectrum (ESI{) shows good agreement between the
estimated FTIR band centers. The C—O fundamental has a
pronounced P/R rotational structure in the gas phase, which
collapses in the jet. The absence of such a structure in the IRMPD
spectra confirms that the probed molecules are rotationally
cold, ruling out rotational temperature as a broadening factor,
as expected. Therefore, the IRMPD broadening must be due to
a preferential probing of vibrationally hot molecules or due to
another multiphoton effect.

Table 1 summarizes the previous and current findings for
the monomer amide I-IIT and methyl deformation modes. The
recent IRMPD data appear to have a somewhat wavenumber-
proportional shift with smaller deviations in the central region.
One can see that matrix isolation, thermal, and IRMPD or
calibration effects are comparable in magnitude, thus rendering
the jet FTIR measurement the only currently available reference
for highly accurate electronic structure and anharmonic mode-
coupling investigations. We refrain from a more detailed analysis
of the observed bands and their coupling, as the present
contribution focusses on spectral evidence for dimer and
trimer structures, we just note that the pronounced splitting
of the amide II band has apparently not been captured by
available calculations.”™"

Note that the small peak near 1695 cm ™' in Fig. 1 is not due
to NMA monomer but rather due to NMA aggregates. It has been
found near 1690 cm " in much more concentrated expansions,
where dimers and trimers contribute significantly.>® Therefore,
one may expect the trimer to contribute somewhat below
1690 cm ™', whereas 1695 cm ™' is now the best estimate for
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Table 1 Amide I-IIl transitions in cm™ for N-methylacetamide observed in FTIR jet spectra compared to selected experimental literature values
Method\mode Amide I Amide II + CH; def. Amide IIT
Jet FTIR® 1720 1534, 1490, 1475, 1451, 1423, 1370 1258, 1233
Jet FTIR*? 1722

Jet IRMPD** 1707 1519, 1478, —, —, 1415, 1364 1248, —
Gas phase?” 1731/1713

Gas phase” 1730/1715 1254
H,-matrix*” 1710

N,-matrix*® 1707

“ This work.

the dimer signal. Again, the recent IRMPD values®® of 1681 3520 3500 3450 3400 3350 3320
(dimer) and 1656 cm™" (trimer) are presumably too low. The [t 3 |

fact that the IRMPD shift of the dimer band is very close to the

shift of the monomer band points at a calibration origin, rather

than a major fragmentation issue in the detection scheme.

This suggests that the dimer amide I-III spectrum reported

recently®® is indeed due to NMA dimers, and offers a much

better signal-to-noise ratio and size resolution than our current B
FTIR spectra. In Fig. 1, the small relative dimer intensity in the i g
amide I range ensures that dimer contributions to the amide II-III , <&
bands will be almost negligible (ESIT). Neither the FTIR nor the ‘o 2

IRMPD spectrum indicate any dimer isomerism, as there is
only one fairly unstructured C—O stretching band (more
narrow in the FTIR case). An N-H stretching or amide A
spectrum under the same conditions is likely to reveal more
details about possible NMA dimers, due to the hydrogen bond-
induced intensity enhancement and pronounced shift charac-
teristic for that mode.

4 Amide A FTIR spectra

We thus continue with a reinvestigation of the amide A or N-H
stretching infrared spectra, which are currently not accessible
to the IRMPD scheme. The upper panel of Fig. 2 shows spectral
traces obtained at low, medium and high concentration of NMA
in He, from bottom to top. The conditions for the medium
concentration correspond roughly to those in the amide I-III
spectra in Fig. 1. The strongest signal at 3508 cm ™' is due to the
trans monomer, a very weak signal near 3470 cm ™' may arise
from the minor cis conformation and another weak bump near
3420-3430 cm™ ' tentatively fits the trans NMA C=O stretching
overtone (see above). Indeed, comparison to the gas phase
spectrum (ESIT) shows the presence of a monomer transition
near 3425 cm ', which may or may not profit from Fermi
resonance with the N-H stretching fundamental. The rotational
band contour of the main N-H band is anomalous and there-
fore the jet-cooled band center is not easily extracted from this.
Possibly, methyl torsional hot bands coupling to the N-H
stretching mode are responsible for this distortion and can
be efficiently frozen out in the jet. Of interest in the context
of NMA aggregation are two peaks at 3395 and 3365 cm *,
which grow relative to the monomer signals with increasing
concentration. At the same time, a shoulder of the monomer
peak appears to grow in near 3506 cm ™', but is difficult to
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Fig. 2 N-H stretching spectra of trans-NMA (t) and its aggregates. Upper
panel: FTIR spectra for decreasing NMA concentration in the carrier gas from
top to bottom. Middle panel: Monomer-scaled harmonic predictions for trans
dimers tty and ttc and trimers ttt, and ttt, with IR band strengths (A/(km mol ™),
pointing up) and Raman scattering cross sections (or./(10~>* m? sr™Y), pointing
down). Lower panel: Raman spectra for increasing nozzle temperature
(70-175 °C) and thus lower aggregation tendency from top to bottom,
recorded at 3 mm nozzle distance and a nominal stagnation pressure of
0.45 bar (helium saturated with NMA vapor at 60 °C), scaled to equal NMA
monomer peak intensity (1). Weak bands due to cis-NMA monomer (c) and
the trans monomer C=0O stretching overtone (2C=—0) are also shown.
See Table 2 and ESI¥ for further details.

identify unambiguously on top of the monomer signal. This is a
general disadvantage of methods which are not selective to the
cluster size. All these spectral contributions are likely due to
dimers (the 3506 cm™* shoulder could also be due to residual
methyl torsion hot bands), but the fact that the 3395 cm ™" band
grows more quickly at the highest concentration indicates a
superimposed trimer contribution. Such a spectral sequence
of higher wavenumber trimer and lower wavenumber dimer is
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quite unusual for hydrogen-bonded hydride stretching modes,
as cooperativity normally enhances the hydrogen bond-induced
downshift with growing cluster size. Indeed, the tentative assign-
ment proposed before®® was chosen in the opposite way, although
the comparison of low and high cluster content spectra (employing
a short heated nozzle) should have raised doubts. This already
indicates that the expected hydrogen bond cooperativity in the
NMA trimer must be counteracted by some effect. In summary,
besides offering a better signal-to-noise ratio, the new IR spectra are
fully consistent with those reported earlier,* but the partial trimer
assignment is tentatively inverted, because the intensity behaviour
with changing concentration is now given higher weight than the
wavenumber sequence.

At this point, it is helpful to compare the monomer band
position with results from other experiments (see Table 2). The
dominant jet monomer signal at 3508 cm ™' is upshifted by
about 20 cm™" from the N, matrix isolation value®® and by
about 10 cm ™" from the hot gas phase value as well as from the
pH, value.” It is thus essential to compare accurate theoretical
predictions to the supersonic jet result, rather than to thermal
or matrix-embedded measurements.

Before the doublet of peaks emerging at 3395 (tN) and
3365 cm™ " (ttc) is interpreted in terms of two competing ¢t
dimer isomers (with a t¢¢ trimer superposition on the higher
wavenumber signal), other possible interpretations have to be

Table 2 Amide A transitions in cm™ for N-methylacetamide and its
clusters observed in FTIR and Raman jet spectra compared to selected
experimental literature values. Assignments in square brackets are chal-
lenged in the present work

Method FTIR Raman Assignment

Jet® 3508 3508  trans monomer N-H stretch
Jet FTIR*? 3510

Exp. vacuum®  (3545) Source not clear

Gas phase” 3494/3509

Gas phase””  3489/3501

H,-matrix*” 3500

N,-matrix*® 3493/3498

CCl,-solution®* 3475

Jet®
H,-matrix*”

N,-matrix*® 3453/3458

CCl,-solution®? 3431

Jet® ~ 3425 trans monomer C=—0O overtone
Gas phase” 3425

Jet® 3506? trans dimer free N-H?

Jet® 3395 3396  trans dimer(+trimer) bound N-H
Jet FTIR*? 3395 trans dimer bound N-H
CCl,-solution®* 3391

Jet® (3395) 3386  trans cyclic trimer, N-H

Jet® 3365 3367  trans dimer bound N-H

Jet FTIR*? 3365 trans [chain trimer + dimer], N-H
CCl,-solution®* 3354

CCly-solution®® 3332 trans [chain tetramer], N-H

“ This work.

(3470) 3469
3463

cis monomer N-H stretch
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ruled out. The cis-NMA content is clearly too low to form
significant mixed cis-trans or even the very stable cis—cis dimers
in the expansion.** A tunneling splitting is very unlikely due
to the non-equivalence of the two NH bonds, the heavy mole-
cular frames, and the expected weak coupling to facile methyl
torsion. However, the closeness of the monomer C—O overtone
near 3425 cm™ " may induce a Fermi resonance across the hydrogen
bond in the dimer, similar to the one observed in a methanol-
acetone complex.”® By doubling the amide I downshift of 26 cm ™
observed in Fig. 1, we arrive at about 3368(10) cm ' for the
unperturbed hydrogen bond acceptor C—O stretching over-
tone, which is suspiciously close to the lower of the two bands,
but also sufficiently close to the mid-point of the two bands,
where a strong resonance partner would be expected to give rise
to two more or less equally strong separated bands. A Fermi
resonance within the hydrogen bond donor molecule®® would
have to build on the donor C=0 overtone close to 3425 cm™ "
and is therefore less likely due to the absence of significant
absorption in that region.

To rule out the important possibility of N-H/2C—O-Fermi
resonance across the hydrogen bond, we have repeated the jet
and gas phase experiments with NMA-d, (ESIt). A comparison
of the NMA and NMA-d, spectra after scaling the latter to the
same large dimer-monomer shift and aligning the monomer
signals is also provided in the ESL{ Although the concentration
and signal-to-noise ratio is lower for the expensive isotopologue,
the pattern of NMA and fully deuterated NMA is remarkably
similar, with two weak dimer features in the deuterated sample
as well and a somewhat stronger cis-monomer peak. Therefore,
the Fermi resonance hypothesis can be ruled out. Also, any
tunneling effect due to methyl torsion should be attenuated
significantly in a -CD; group. Hence, the two dimer peaks
must be due to two different isomers of the ¢ dimer. We note
that for the related indole-NMA complex,”" two different con-
formations were clearly observed by conformationally selective
IR spectroscopy and no evidence for a pronounced Fermi
resonance was found. However, the lower wavenumber band
at 3307 cm™ ' showed some structure, which might point at a
weak resonance.

As evidenced by the overproportional growth of the 3395 cm™
band with concentration, the trimer appears to have only one
strong N-H stretching fundamental, instead of the two expected for
a chain trimer (besides a weak and weakly shifted free N-H stretch).
This was already remarked before®® and tentatively blamed on
dimer band overlap. However, given the assignment of the higher
wavenumber peak to the main trimer band in this work, such an
explanation becomes even less likely. Furthermore, a chain trimer
would certainly profit from hydrogen bond cooperativity and thus
shift further away from the monomer signal than a dimer. The only
plausible explanation is a ring NMA trimer with approximate
threefold symmetry of the hydrogen bond pattern and nearly
degenerate asymmetric N-H stretching modes underneath the
3395 cm™ ! band (due to strained hydrogen bonds), along with a
weakly IR active symmetric N-H stretch at lower wavenumber
below the detection limit. Such a ring trimer was never discussed
in the extensive literature, to the best of our knowledge.

1
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With these two open experimental questions - the structure
of the dimer isomers and the hydrogen bond topology of the
trimer - it is appropriate to move to a brief quantum chemical
analysis of these two systems.

5 Density functional predictions

The trans-NMA dimer ¢t was predicted to occur in different relative
orientations of the monomer planes, some coplanar (B-sheet-like'?)
like in the solid,"**"* others more perpendicular,>”®' like in
an o-helix. In some of them, the NH group engages the free
electron pair of the carbonyl group pointing to the acetyl
side,®® in others the C=O0 free electron pair on the amide
side.>® Although the cis-NMA dimer is actually more stable
than the trans dimer, it needs no discussion in this context as
the cis monomer abundance is very low®>*® even at high nozzle
temperatures, and the interconversion barrier*® is too high to
allow for significant trans—cis isomerization during the expan-
sion process. This is consistent with a predicted harmonically
zero point corrected energy difference of 9.0 k] mol™" between
the cis and trans NMA isomers at our standard level of
approximation.

An extensive search for possible ¢ structures at B3LYP/
aug-cc-pVTZ level including the pairwise D3 dispersion correction
and Becke-Johnson damping revealed two nearly isoenergetic, but
spectrally distinct chiral NMA dimers (Fig. 3). One arrangement
engages the NH donor to the lone electron pair on the acetyl
side (¢tc) (with an H---O=—C acceptor angle close to 120°), the
other one the lone pair on the amide side (¢ty) (with an
H- - -O—C angle close to 140°). The barrier for lone pair switch-
ing is probably not sufficiently high to freeze the corresponding
isomers in an early stage of the expansion. We estimate it at
<4 kJ mol ™" from preliminary transition state searches. This
justifies the use of energy rather than free energy to judge their
relative stability (Table 3). The very similar energy of the two
isomers leads to a similar population in the jet despite mutual

t, tt.
4 ) *
> "\?’%?
‘ . "JJ
9 9 ) ]
J\ -
@ 9 {
n 9
JJ.... 5 Jd
?J
9
Fig. 3 tty and ttc dimer structures from two different perspectives. In the

top row, the more or less perpendicular orientation of the hydrogen bond
donor relative to the plane of lone electron pairs in the acceptor and the
(N=)H---O=—C bond angle is visualized (see ESI} for Cartesian coordinates).
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Table 3 Computed properties of tt NMA dimers engaging the acetyl lone
pair (ttc) or the amide lone pair (tty) of the acceptor C—0O group in N—H
hydrogen bonding, at the D3-corrected B3LYP/aug-cc-pVTZ level: relative
electronic energies E, o, harmonically zero point corrected energies E, o,
hydrogen bond distances d(H- - -O), hydrogen bond angles with the C—=0
bond a(H---O=C), donor N-H stretching wavenumbers #(N—-H), dipole
moments u/D, infrared intensities Ajgr and Raman scattering cross sections
for perpendicular 532 nm excitation/scattering agr, in the double-harmonic
approximation. Results without D3 correction are given in parentheses

Quantity\isomer ttc ttn

Ey /K] mol ™" 0.0 0.0 (1.0)

E, o/k] mol 0.0 0.1 (0.8)
d(H---0)/pm 192 (199) 193 (200)
«(H: - -0=C)/° 119 (139) 139 (157)
7(N-H)/em " 3469 (3518) 3504 (3547)
Ag/km mol ™" 578 (522) 508 (440)
Oral/107% m® sr7! 25.4 (26.4) 19.6 (20.5)
/D 8 (9) 8 (9)

interconversion down to low conformational temperatures,
with the tty isomer having a somewhat more strained and thus
weaker hydrogen bond and less spectral visibility. A possible
reason for this strain is revealed by a calculation omitting the
dispersion correction. The H- - -O—C angle increases by about
20° for both dimer conformations and their energy still does
not differ by more than 1 kJ mol . This suggests that London
dispersion stabilizes both dimers to a similar extent and steric
hindrance by the N-methyl group is largely responsible for the
more open H---O=—C angle in .

Table 3 lists the computational predictions for the two stable
isomers ttc and tty identified in the calculations. The energetic
differences are too small to be significant at this computational
level and we invite higher level calculations to determine the
exact energy sequence. However, the spectral energy difference
in the N-H stretching mode is clear-cut and the 3365 cm ™" band
finds straightforward explanation by the ¢ isomer, whereas the
3395 cm ™' band must be due to the ¢y dimer. In both cases, one
observes the typical overestimation of the harmonic shifts relative
to the monomer at this computational level (see Fig. 2). Therefore,
the two dimer peaks find very satisfactory explanations and
reflect the sensitivity of the peptide hydrogen bond on the
coordinated lone pair of the C—=O group. The predictions
without dispersion correction show a similar isomer splitting,
suggesting that its mechanism is more closely connected
to repulsion than to dispersion interaction. The predicted
harmonic dimerization shifts now match the experimental shifts
perfectly (within 2 cm ™" after scaling of the predicted monomer
transition at 3654 cm™"), which is unusual for B3LYP hydrogen
bond shifts of smaller molecules. Thus, the dispersion inter-
action pushes the two monomers together and enhances the
hydrogen bond distortion of the N-H bond.

For trans-N-methyl amide trimers ¢¢t, chain conformations are
usually proposed, calculated or implied,*?:13717:19,28-30,32,33,52-54
probably inspired by the solid state chain structure®® and the
high dielectric constant of the liquid.”® This even includes the
most recent investigation of NMA trimers in vacuum isolation.>*

Indeed, we find reasonably stable chain conformations at
the dispersion-corrected B3LYP level used for the dimers.
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Fig. 4 ttt, and ttt, trimer structures from two different perspectives. In the
top row, the barrel-like arrangement is projected from the top, in the
bottom row from the side (see ESIi for Cartesian coordinates). DOI:
10.6084/m9.figshare.4233110.v1.

However, two types of cyclic trimers are about 17 k] mol ™" lower
in energy than the most stable chain trimers and it is quite
surprising that they have not been discovered or discussed
before (Fig. 4). One corresponds to three acetyl groups in
parallel on the same side (ttt,) of a barrel-like arrangement
with (non-imposed) C; symmetry, the other to a partially
alternating, less symmetric barrel arrangement (¢t¢,). These
two isomers are close in energy (Table 4). Depending on the
formation process of the cyclic trimer, one could also look at
their free energy difference at some intermediate temperature
between the nozzle and final expansion temperatures. As
the interconversion barriers will be much higher than in the
dimer, even a statistical formation of the two cyclic trimers is
conceivable. Note that the NH groups are now pointing at the

Table 4 Computed properties of ttt NMA trimers at the D3-corrected
B3LYP/aug-cc-pVTZ level. See Table 3 for explanations of quantities. ttt,
and ttt, symbolize cyclic, barrel-like trimers with alternating/antiparallel
and parallel orientation of the amide groups, ttt, a representative linear or
chain trimer. Results without D3 correction are given in parentheses

Quantity\isomer tit, tit, ttt
Ey /K] mol ™! 0.0 (0.0) 0.1 (0.3) 21 (~10)
E, o/K] mol " 0.0 (0.0) 0.5 (0.3) 17 (—12)
d(H---0)/pm 212 (226) 207 (224)
210 (224) 207 (224) 189 (194)
207 (225) 207 (224) 188 (195)
o(H- - -0=C)/° 104 (110) 109 (114)
105 (115) 109 (114) 141 (137)
110 (110) 109 (114) 118 (142)
7(N-H)/cm ! 3528 (3557) 3517 (3556)

3522 (3556)
3510 (3550)

3517 (3556)
3505 (3549)

3467 (3491)
3420 (3468)

Ag/km mol " 257 (192) 299 (199)
245 (193) 299 (199) 547 (400)
58 (3) 2 (0) 801 (986)
Ora/107%° m* st7* 3.2 (2.3) 2.9 (2.4)
5.3 (2.6) 2.9 (2.4) 19.0 (20.2)
15.8 (17.8) 18.0 (17.5) 32.4 (45.6)
u/D 0.4 (0.3) 1.2 (0.7) 11 (15)
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oxygen end of the m bond, rather than in the direction of the
lone electron pairs of the carbonyl group, which represents
quite a different type of hydrogen bond.

Again it is interesting to switch off the dispersion correction.
The cyclic minima still exist, but now, the chain topology which
was considered in all previous studies of this trimer wins by a
surprisingly large margin (10 k] mol™ " before and 12 kJ mol "
after zero point correction). This explains to some extent why
the cyclic NMA trimer has remained elusive for such a long
time and it provides a rather extreme example of dispersion
control in hydrogen bond aggregation.

The two cyclic trimer isomers are not only similar in energy,
but also in local structure. The hydrogen bonds are consider-
ably strained, with H.--O—C angles between 104° and 110°,
but three of these strained hydrogen bonds are evidently
more stable than two nearly unstrained ones, although they
do not realize a classical coordination of the lone electron pairs.
The strain and non-classical coordination explains why the
IR visibility of these structures is lower and why the cyclic
cooperativity does not increase the downshift relative to
dimers. It even explains why the spectral gap between harmonic
theory and experiment is smaller in the trimer than in the
dimer (Fig. 2), because the diagonal N-H stretching anharmo-
nicity is certainly attenuated by the strain. This follows from the
assumption that the IR-active N-H stretching bands of both
isomers somehow overlap with the higher frequency dimer
absorption in the upper trace of Fig. 2, thus contributing to
its enhanced scaling with NMA concentration. Presence of the
chain trimer in the IR spectra can be safely ruled out, not only
because of the predicted 17 k] mol " energy handicap, but also
because the observed spectral pattern and position is incom-
patible with the predicted one. As shown in Table 4, the most
intense chain trimer band should be further downshifted than
any dimer band in the IR spectrum. Thus, the middle panel of
Fig. 2 is in complete agreement with the IR spectra in the upper
panel if the two nearly degenerate asymmetric trimer modes
contribute to the higher wavenumber dimer signal.

Ring closure of the hydrogen bond sequence was previously
discussed for less bulky amides than NMA and larger
oligomers,* but only in a planar rather than the barrel fashion
proposed here. In the condensed phase, there is also little
incentive for such strained barrel structures in competition to
longer, unstrained chains, but in the gas phase, three strained
cooperative hydrogen bonds are clearly superior to two
unstrained ones.

While we have achieved consistency between theory and
experiment, the evidence is still somewhat indirect, as it builds
on fortuitous band overlap of one dimer and three nearly
degenerate trimer bands. It would be interesting to observe
the presumably non-overlapping, symmetric stretching funda-
mental with the lowest trimer N-H stretching wavenumber.
Its IR intensity is an order of magnitude weaker than the
asymmetric stretch (see Table 4) and thus hidden in the noise
of the low concentration FTIR spectra. However, similar to the
case of alcohol trimers,*® it should carry most of the Raman
activity of the N-H stretching manifold.
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6 Temperature-dependent Raman jet
spectra

Raman spectroscopy of NMA in condensed phases has been
investigated thoroughly and is not without interpretational
difficulties. The amide A region involves both Fermi resonance
and vibrational Franck-Condon features."®® The amide I and II
vibrations are only weakly coupled to each other®* but never-
theless fall in a controversially discussed spectral region."’

In contrast, the amide A Raman spectra of supersonic expan-
sions, shown in the lower panel of Fig. 2, are rather straight-
forward to interpret with the knowledge accumulated above
from the FTIR spectra and calculations. They are dominated
by the ¢t monomer transitions, which are even accompanied by
a small fraction of cis isomer (c). The aggregated fraction is
controlled by nozzle heating, while keeping the NMA concen-
tration in the stagnant gas mixture more or less constant. The
lower the nozzle temperature (from bottom to top), the more
extensive is cluster formation. The reduction in relative cis
monomer abundance with increasing cluster formation should
not be interpreted as preferential cis clustering. It is largely a
consequence of the endothermic formation of cis monomers
from trans monomers and the lower nozzle temperature in the
upper traces, as verified under lower clustering conditions. Two
bands growing in simultaneously with nozzle cooling corre-
spond to the dimer isomers identified before. They are broader
and skewed towards higher wavenumber, because the expansion
is probed close to the nozzle where cooling of internal degrees of
freedom is not yet complete. Thus, there is population of thermally
excited dimers with reduced hydrogen bond shift. Also, the
band maxima are shifted slightly to higher wavenumber due to
the thermal population, but the correspondence to the IR
spectra is clear. The similar intensity of the two Raman dimer
peaks would again be consistent with either a perfect Fermi
resonance or similar abundance of two isomers, but the former
interpretation has been ruled out in the IR by deuteration
(vide supra). Very interesting is the emergence of a third band
at the lowest nozzle temperatures, where trimers can form
already a few mm downstream the nozzle. With 3386 cm ™",
it is close to the position where the Raman-dominant cyclic
tit, or ttt, trimer band is expected if its IR-dominant bands are
to overlap with the ¢y dimer. A chain trimer is incompatible
with the combined IR/Raman evidence, as it should have a
common strong transition further downshifted than any dimer
bands (see Tables 3 and 4). Thus, there is strongly supportive
Raman evidence for the existence of barrel-like NMA trimers in
aggregating supersonic jets. Based on the theoretical Raman
scattering cross sections, one can roughly estimate the abun-
dance of clusters in the coldest expansion (uppermost Raman
trace), although thermal excitation and polarizing properties of
the diffraction grating may introduce additional uncertainties.
The total cluster abundance is less than but comparable to the
monomer concentration, with similar relative amounts of the
two dimers and the trimer and a somewhat larger cumulated
contribution from higher oligomers. The latter contribute to a
very broad band below 3300 cm ™" (not shown). The trimer is
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thus just a minor strained intermediate on the way to less
strained cyclic or chainlike aggregates.

We have also recorded the amide I-III range of the Raman
spectrum at different nozzle temperatures (see ESIT for a
comparison to the FTIR spectrum for a diluted expansion). In
no case do the predicted spectra suggest a clear separation of the
bands from ¢ty and tt¢. This is consistent with the IRMPD + VUV
spectrum assigned to the dimer,** but instead of one relatively
broad band, the better resolved Raman spectrum shows several
peaks due to the donor and acceptor units in the amide I and
amide III case, whereas the amide II region has little Raman
activity. This is in contrast to strongly Raman-active CH defor-
mation bands at the lower end of the amide II range.
The intensity complementarity between IR and Raman spectra
suggests that there is no substantial mixing of these modes.
They either show strong Raman activity (when they are CH
dominated) or strong IR intensity (when they involve the amide
frame). The lower end of the spectrum reveals the amide III
vibrations with significant Raman intensity. Two relatively sharp
features due to tt dimers appear blue-shifted and have a very
weak correspondence in the diluted FTIR spectrum. Further
shifted away from the monomer transitions than the sharp
dimer peaks, relatively broad peaks emerge in the amide I and
III region. They are likely due to cyclic trimers and larger
oligomers, as the band maximum shows some evolution with
average cluster size. It is interesting to again compare the
wavenumbers with those of the size-selective IRMPD spectrum.
The amide I dimer transitions at 1704, 1694 and 1685 cm ™ * are
on average shifted from the IRMPD value of 1688 cm™" by a
smaller amount than the monomer peak. This casts some doubt
on a pure calibration interpretation of the shift. For the cyclic
trimer, there should be no match between the IRMPD band at
1656 cm ' and the dominant Raman peak near 1659 cm *,
because the exciton splitting between the IR and Raman active
modes is close to 30 cm™*, according to the theoretical predic-
tions. Actually, there is weak evidence for the IR-active (and
weakly Raman active) amide I vibration on top of the dominant
dimer signal at 1694 cm™". Such a large discrepancy between the
size selected IRMPD trimer spectrum and our linear but overlaid
spectra cannot be explained by calibration alone. In the amide III
region, the clustering upshifts are almost a mirror image of the
amide I clustering downshifts, with clear evidence for two dimer
contributions (donor and acceptor) at 1271 and 1285 cm™ . The
latter is overlapped by trimer contributions, as evidenced by a
stronger scaling with decreasing nozzle temperature. A broader
band near 1301 cm ' appears to be due to cyclic tetramers,
according to exploratory theoretical predictions. In summary,
the amide I-III region of the Raman spectrum confirms the
sequential formation of dimers and cyclic trimers with lower
nozzle temperature, without being able to discriminate between the
two dimer isomers. Even some of the CH deformation vibrations
show weak clustering shifts, which will not be analyzed further.
Comparison to IRMPD spectra has to await their recalibration
before any firm conclusions can be drawn.

We are not aware of any occurrence of trimeric peptide
barrels in proteins, which is quite plausible in view of steric
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crowding and competition from linear arrangements in a
folding peptide chain. Nevertheless, this completely overlooked
cyclic intermolecular amide binding motif is valuable for the
theoretical description of strained inter-segment peptide hydro-
gen bonds in general,®® which are often found in proteins.
Furthermore, it is a prototypical example for NH coordination
perpendicular to the >C=—O plane. A molecular mechanics or
quantum chemical model which is to be trusted in the descrip-
tion of regular and distorted arrangements of peptide hydrogen
bonds as well as their spectral signatures should be able to
reproduce the energetics and spectroscopy of NMA dimers and
trimers, as assigned in the present work for the first time with
sufficient confidence.

A first check can be made by using the extensively peptide-
validated B97D/TZVPP approach with D3 corrections and
empirical linear scaling of harmonic frequencies? to reproduce
the experimental and B3LYP/aug-cc-pVIZ findings with D3
corrections presented here (ESIf). For the #¢ dimers, the two
most stable conformations differ somewhat in structure, which
is not surprising given the floppiness of the single hydrogen
bond and should serve as a warning not to take the inter-
molecular structures in Fig. 3 too literally. Rewardingly, their
relative energies also fall within a narrow window of less than
0.5 kJ mol ' with and without zero point energy correction at
the B97D level. The two-parameter scaled harmonic wavenum-
bers are systematically 25 cm ™" lower than the (anharmonic)
experiment, but the splitting between ¢y and ¢ is predicted
perfectly. Because intramolecular hydrogen bonds in peptides
always tend to have some backbone strain, NMA dimers, deprived
of such covalent strains, might represent a useful limiting case to
the peptide training set. The two cyclic trimers are predicted
similar in energy and ttt, is found to be 18 kJ mol ' more stable
than a chain trimer at B97D level. None of the relative trimer
stabilities deviates by more than 1.5 kJ mol ™' from the B3LYP
predictions, which may be a rough measure for residual errors of
our DFT calculations. The two-parameter scaled harmonic trimer
NH stretching wavenumbers are finally in perfect agreement with
anharmonic experiment. Given the spectral overlap in the trimer
IR spectra and the residual thermal excitation in the trimer Raman
spectra, it is even hard to put a sign on the theory-experiment
discrepancy for ¢t NH stretching modes. This nicely confirms that
appropriately modified harmonic DFT approaches are able to
provide a consistent description of NMA aggregation and vibra-
tional spectroscopy, in agreement with the experimental data.

In a quantum cluster equilibrium treatment of NMA, the
high pressure gas phase description'® would possibly profit
from inclusion of the cyclic trimer, whereas it should be less
important for the condensed phases, as long as sufficiently long
chains are included as well.

7 Conclusions

The prevailing view of trans-N-methylacetamide aggregates was
that of chain-like dimers ¢ and trimers ¢¢. In the present work,
it is shown that the dimers occur in two nearly isoenergetic
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variants engaging the acetyl (¢tc) and amide-facing (ttx) lone
electron pairs of the acceptor carbonyl group. For trimers, it is
shown for the first time that the consistent chain aggregation
picture (ttt;) presented in more than a dozen publications
has to be replaced by an energetically much more favourable
barrel-like and thus cyclic pattern, either with alternating (zt,)
or parallel (ttt;) orientation of the backbones. This cyclic
hydrogen bond topology is certainly promoted by the vacuum
environment, which is usually also implied in quantum
chemical calculations. It is therefore surprising that it has been
overlooked for such a long time. This has also contributed to a
wrong tentative trimer assignment in our earlier FTIR aggrega-
tion study of four different peptide models,** which we correct in
the present work for NMA. A careful comparison of FTIR and
very recent IRMPD spectra of NMA and its clusters® suggests
that the latter method must be recalibrated and may induce
spectral broadening. Beyond these slight drawbacks, it may turn
out to be a sensitive and broadly applicable IR spectroscopy
method, certainly complementary to linear FTIR spectroscopy
with its limited sensitivity due to the use of conventional light
sources but currently still with broader spectral coverage.’®> We
finally think that there are good prospects to confirm the cyclic
NMA trimer structure by microwave spectroscopy, because at
least the ttt, structure has a sizeable dipole moment (>1 D).
Identification of the two dimer isomers tt; and tty should be
even more straightforward due to their high polarity, unless the
four methyl rotors cause too much intramolecular dynamics.
In conclusion, the switched dimer/trimer assignment and
the consistent chain aggregation picture of NMA in the literature
were wrong for a right reason, namely underestimated disper-
sion interactions in hybrid density functionals. This may be
slightly more satisfactory than having been right for the wrong
reason, but naturally we hope that the present assignments are
right for largely the right reasons and will thus remain valid.
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