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Probing the formation of isolated cyclo-FF
peptide clusters by far-infrared action

*b

Small cyclic peptides containing phenylalanine residues are prone to aggregate in the gas phase into

highly hydrophobic chains. A combination of laser desorption, mass spectrometry and conformational

selective IR-UV action spectroscopy allows us to obtain detailed structural insights into the formation

processes of the cyclic L-phenylalanyl-L-phenylalanine dipeptide (named cyclo-FF) aggregates. The rigid
properties of cyclo-FF result in highly resolved IR spectra for the smaller clusters (n < 3) and
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corresponding conformational assignments. For the higher order clusters (n > 3) the spectra are less
resolved, however the observed ratios, peak positions and trends in IR shifts are key to make predictions
on their structural details. Whereas the mid-IR spectral region between 1000-1800 cm™! turns out to

be undiagnostic for these small aggregates and the 3 pm region only for specific calculated structures,

rsc.li/pccp

Introduction

Peptides form a particularly interesting class of self-assembling
molecules, as their resulting nanostructures are found to play
an important role in neurodegenerative diseases, but they can
also be directed to form functional nano-materials. An important
example is the dipeptide diphenylalanine, FF or Phe-Phe, which
is a key structural motif in Alzheimer’s B-amyloid polypeptides.
However, FF was also found to self-assemble in aqueous solution
into highly structured nanotubes, and therefore consequently
used as a template to produce silver nanowires." These results
triggered in-depth research into FF containing nanostructures
and their properties, showing their versatility by the formation of
different nanostructures at different conditions.>” Adler-
Abramovich et al. found that using a vapor deposition technique,
so-called nanoforests could be produced consisting of nanotubes
and nanorods.® These nanorods actually consisted of the dike-
topiperazine cyclo-(Phe-Phe) or cyclo-FF, which was dehydrated
and cyclized from the FF starting material as a result of the high
temperature used in their experiment (250 degrees Celsius).””
Cyclo-FF nanorods or nanowires have very specific properties, as
they are for example extremely hydrophobic, they can show a
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the far-IR contains valuable information that allows for clear assignments.

strong blue luminescence and they possess semi-conducting
properties.”'®'"  Possible applications for these nanowires
include water guiding in microfluidic devices by its hydrophobic
properties,® acting as triboelectric material for biocompatible
nanogenerators,'* or as optical waveguide.'’ X-Ray diffraction
experiments on cyclo-FF nanorods showed that the peptides are
ladder-like structured, where the peptides are connected to each
other via double hydrogen bonds along the direction of the
nanorods.'®*® The resulting interactions between the amino
acid residues, such as intermolecular hydrogen bonding and
n-stacking, were also observed using NMR' and FT-IR."®
However, in these publications the nanostructures were
obtained in solution (e.g, using methanol mixtures) and not
under isolated conditions as is done in this work.

A computational study by the group of Scott Shell brought
insight into the early stages of the formation process of the
nanorods in the vapor deposition method."® They showed that
the cyclo-FF peptides adopt ladder-like structures, in which the
C—0 and N-H groups of the peptides are connected via double
intermolecular hydrogen bonds. In this way ladders are formed
of variable lengths (with an average of 3 cyclo-FF peptides per
ladder), and are aligned to other ladders via electrostatic
interactions, van der Waals forces and interactions between
the phenyl groups, with the latter pointing outward. In this way
very hydrophobic assemblies of associated ladders are formed,
with similar packing interactions to the crystal structures, but
in a more irregular way.

To obtain experimental insight into the early self-assembly
steps, peptide aggregation can be studied in the gas phase
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under controlled conditions combining laser desorption
molecular beam technology with IR-UV ion dip spectroscopy.
There are only a limited number of experimental studies on
peptide aggregation in the gas phase since the pioneering work
of Gerhards et al.,'” and these studies all focused solely on peptide
dimers."®*° Only recently, research from our group enabled us to
investigate the behavior of higher order clusters in the gas phase
(up to n = 9).%" The monomer of cyclo-FF was previously studied
for chirality effects in the amide A region by Zehnacker et al,
using conformer specific IR-UV laser techniques in the gas
phase.>” They determined the presence of a single conformer in
which a CH-n interaction was deemed important in the
stabilizing process. In this work, we make use of infrared action
spectroscopy techniques and focus thereby specifically on the
far-IR region, which constitutes information on global motions,
and is therefore ideal for research on aggregation.>**

Methods

Experimental details

The experimental details of the molecular beam set-up used for
the presented experiments have been discussed recently.>?
Therefore, only a brief description is given of the experiment
and its details. Cyclo-FF (mass 294.35 amu), was commercially
acquired from Bachem (>99% purity), and used without any
further purification. The molecule was mixed with carbon black
in an approximate 1:1 ratio, and deposited on the surface of a
graphite sample bar, which was placed in a high vacuum
(>10"7 mbar) chamber. There, a low intense (1-1.5 m] pulse )
laser beam from a Nd:YAG laser (New Wave Research, Polaris II,
1064 nm) was focused on the surface of the sample bar. The
sample bar is placed on a translational stage, which, by stepper
motor control, provides new sample for every laser shot, and
allows adjustment of the height of the sample bar. The nozzle of
a pulsed valve (Jordan), with a modified linear orifice (0.5 mm @,
operating at 10 Hz), is located directly perpendicular to the
sample bar surface where the laser is focused. The desorbed
molecules are entrained in the supersonic expansion created by
the pulsed valve, and are cooled down as a result of collisions
with the argon atoms (4 bar backing pressure). Downstream the
coldest part of the beam is selected by a skimmer, which leads
into a reflector time-of-flight mass spectrometer (Jordan). Here,
the molecular beam is crossed perpendicularly by a UV laser
(Nd:YAG pumped dye lasers, LIOP-TEC, around 2.5 m] pulse %),
and counter propagated by the IR laser in order to perform the
spectroscopic experiments. The infrared light is provided by the
free electron laser FELIX in the wavenumber range between
90 and 1800 cm ™' (~10 us width), or in the 3 um region by an
OPO/OPA system (LaserVision).>> The UV wavelengths have been
calibrated using a wave meter (HighFinesse, WS7).

Theoretical approaches

Several theoretical approaches have been combined, namely
for the monomer and dimer, a conformational search was
performed using an amber force field.”® First, the starting
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structures were heated up to 1000 K (for the monomers), and
300 K (for the dimers), after which they were cooled down to 0 K
in order to find minima in the conformational energy landscape.
This process was repeated 500 times, and consequently provided
500 structures. Similar structures were grouped together, while
structures above 70 k] mol ' were discarded, resulting in 6
structures to evaluate for the monomer and about 21 structures
for the dimer. The difference in simulated heating temperatures
for monomer and dimer is a result of how the bonds are treated
by the force field: at larger temperatures (>300 K), all the
intermolecular interactions that hold the two monomers in the
dimer together are broken. This is solved by either performing
more conformational searches, starting with different input
structures to sample the entire conformational space, or by
manually design the molecules and directly calculate them. This
last approach was used for the dimer, in which all possible
combinations of the six monomers with two hydrogen bonds
were calculated: an additional 26 structures.

The conformers obtained from the conformational searches
(monomer and dimer) or by the design approach (dimer,
trimer, tetramer) were optimized and their frequencies calculated
at the B3LYP-D3/6-311+G(d,p) level of theory for the monomers
and dimers, the B3LYP-D3/6-311+G(d) level of theory for the
trimers and the B3LYP-D3/6-31+G(d) level of theory for the
tetramers in the Gaussian 16 environment.”””® In order to
correct for anharmonicity, the calculated spectra between 0
and 1800 cm ™" were scaled by 0.976 for all molecules.>**' For
all molecules in the amide A region, between 3350 and
3450 cm™ ', the spectra were scaled by 0.954, as determined by
the overlap of the experiment and calculation of the monomer
(see also Fig. S4, ESI¥).

Results and discussion
Electronic spectra

The mass spectrum, presented in Fig. S1 (ESIt), obtained at
UV = 37506 cm™ ' shows that both the cyclo-FF monomer as
higher-order clusters are formed together inside the molecular
beam TOF set-up. Fig. 1 shows the REMPI spectra of cyclo-FF
and its homogeneous clusters, which are obtained by scanning
the UV laser in the region between 37 100 and 38 300 cm™ . The
electronic excitation spectrum of the monomer (Fig. 1a) has
been published before by Zehnacker et al.>* The monomer
shows a well resolved spectrum with the origin located at
37588 cm ™ '. However, the origin measured in this article is
shifted by —15 cm ™' with respect to the value reported by
Zehnacker et al., possible resulting from a variance in laser
calibration. For our work, the lasers are calibrated using a High
Finesse wavemeter, verifying the position of the origin and
vibrational progression in Fig. 1. Additional bands and
different intensities can be observed in comparison to the
spectrum obtained by Zehnacker and coworkers, possibly
resulting from different experimental parameters.”> The
spectra of the dimer and the trimer, in Fig. 1b and ¢, show
their origins slightly red shifted (—10 em™") with respect to the
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Fig. 1 Normalized REMPI spectra of the measured molecules: The clusters of cyclo-FF,, with n = 1-4 (a—d). The solid arrows indicate the position where
the IR spectra presented in Fig. 2, 3, 5 and 6 are obtained (monomer, dimer, trimer and tetramer, respectively) and in Fig. S11 (ESI{). The dashed line in
(a) indicates the second conformer named b, as shown in Fig. S5 (ESIt). The dashed arrows in (b) and (c) are assigned to complexes with argon. The inset

in (a) depicts the molecular structure of cyclo-FF.

monomer, and the peak is slightly broadened (7 ecm™* with

respect to 1.5 cm ™~ of the monomer). Intense features that appear
in the monomer spectrum also show up in the UV spectra of the
dimer and trimer spectra (n = 2 and 3), around +341 cm™ " and
+532 cm™'. The peak at +645 cm™ ' is however absent, and
replaced by a peak at +614 cm™ ' in the dimer/trimer spectrum
respectively. The strong features arising to the red side of the
origin (—18/—41 em ' for the dimer and trimer) can most likely
be assigned to complexes of the molecule with argon, although
the presence of hot bands cannot be excluded. The spectrum of
the tetramer (Fig. 1d), shows no sharp resolved peaks as was
observed in the spectra of the lower order clusters, however
the broader features remain. The presence of a dominant
conformation of the monomer> was verified by recording an
IR-UV hole-burning spectrum, although a small contribution of
an additional conformer was observed (see Fig. S5, ESIt). The
origin of both monomer conformers is expected to split, resulting
from the electronic transition of each of the chromophores in the
cyclo-FF molecule. However, as discussed in detail by Zehnacker
et al,”* this is likely smaller than the experimental resolution.

This journal is © the Owner Societies 2021

For the cyclo-FF clusters, a broader origin peak is observed, which,
in addition to reduced cooling, can indicate a small peak splitting
of the multiple chromophores as a result of the clustering.
Although very interesting, this lies outside the scope of this work.

All infrared spectra were obtained using the IR ion-dip
method.”® The IR spectra for the monomer were taken at a
wavenumber of 37588 ecm ™!, and 37612 cm ™! for the second
conformer. IR spectra of the dimer and trimer were simulta-
neously recorded at a REMPI wavenumber of 37580 cm ',
which is for both aggregates the main band in the spectrum.
Additional, coinciding IR spectra were taken for the peaks
indicated in Fig. 1b and c with dashed arrows, which are
assigned to possible complexes with argon. The IR spectra of
the tetramer and higher order clusters were measured at a single
wavenumber of 37506 cm . This is a result of optimization of
the signal on wavelength at the day of IR measurement.

Infrared spectra

Structural analysis of cyclo-FF monomers. Six possible
conformers can be identified for the monomer as both rings

Phys. Chem. Chem. Phys., 2021, 23, 20945-20956 | 20947
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can be positioned in three different ways with respect to the
central six-ring, noted as g, g~ and ¢, with a dihedral angle t of
60°, 60° or 180° respectively (see Fig. S2, ESIt for the
nomenclature).?* All six structures were optimized and had
their frequencies calculated according to the Methods section.
Fig. 2 presents the experimental far-IR spectrum (in black) of
the cyclo-FF monomer together with the calculated IR spectra
of the six possible conformers. Roughly, three regions can be
distinguished in the experimental far-IR spectrum: A number of
small peaks between 90 and 525 cm™'; significant IR activity
between 525 and 725 cm ™', and a set of smaller peaks in the
region between 725 and 1000 cm ™.

The calculated far-IR spectra show that this region is very
sensitive to subtle ring rotations; i.e., differences in the ring
orientations result in completely different patterns throughout
the whole far-IR region (Fig. 2, colored spectra). The region
between 90 and 525 cm ™' contains mostly weak global motions,
where rings, backbone and/or CH, groups are involved.>® The
region from 725 to 1000 cm ' is dominated by ring motions.
The larger peaks at 695, 745 and 755 cm™ ' can be assigned to
different ring vibrations, from which the latter two are typically
seen in spectra containing phenylalanine residues. The most
interesting region for this molecule, with also the most intensity
(between 525 and 725 cm™ '), is where free N-H bending modes
are present.”>*>*° The different types of N-H out-of-plane
motions are indicated by various signs; a and s for (anti-)sym-
metric motions with both N-H groups involved; +, — and ¢ when
only a single N-H group is involved (when located next to a ring

mainly globular motions
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in the g*, g~ or ¢ position, respectively). For example, in the g'g™
spectra (blue, second trace from top), the peak at 567 cm™ " is
indicated with a “+”. This means that only 1 N-H out of the two
is involved in the vibration, and in this case the N-H that
belongs to the amino acid of the ring in the g position.

The far-IR region below 400 cm ™" also comprises a number
of interesting spectral features. At 334 cm™ " a very weak peak
can be observed, which can be assigned to a CH, rocking
motion of the g~ side group. Another peak is predicted at
371 ecm™!, but this has not been observed as a result of
experimental sensitivity limitations. This predicted peak
belongs to the CH, rocking motion of the g" side group. The
rocking motion of the CH, peak of a ¢ side group would show
up around 353 cm ', which makes this region particularly
diagnostic to determine what ring orientations are present in
the molecule.

Previously, the observed neutral cyclo-FF monomer has been
assigned to the g'g~ conformer, based on the IR spectrum
recorded in the 3 um region.>” Three peaks were observed in
this IR region, while only two appeared in the calculated
spectrum: the third peak was assigned to a combination band.
To complete our IR study, we have included the mid-IR in
both the 1000-1800 cm™" and 3300-3500 cm ™' region of the
monomer as well, see Fig. S3 and S4 (ESIT), obtained with the
UV excitation of 37588 cm™'. However, the calculated IR
spectra of all six conformers in the amide I and II region are
very similar in this region, preventing an assignment based
solely on this spectral region.

, free N-H modes | mainly ring motions
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Fig. 2 Experimental spectrum of the main conformer of the monomer (black, top) and calculated (colored) far-IR spectra of the six possible monomeric
structures, arranged from lowest energy to highest (top to bottom). The corresponding structures are shown to the right of each spectrum. All calculated
spectra are scaled by 0.976, calculations have been performed at the B3LYP-D3/6-311+G(d,p) level. Zero-point energies (left) and Gibbs free energies at
300 K are shown between square brackets. The region which exhibits free N—H bending modes is indicated above the figure, and indicated above each
peak involved in such a vibration is the responsible N—H group (+, —, t for single N-H vibration, a and s for (anti-)symmetric N—H vibrations). For clarity,
the region below 280 cm™* has been multiplied by 30 (calculated spectra), and 5 (for the experimental spectrum), and between 280 and 520 cm™ by

5 for the calculated spectra.
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Based on the far-IR region, we can confirm the assignment
of the main conformer of the monomer to the g'g™ structure.
Almost all calculated peaks are in excellent agreement with the
experimental spectrum, in both wavenumber and intensity.
Only the experimental peak at 672 cm™ ' is broader than the
calculation, and the calculated peaks around 900 cm™ ' are
slightly redshifted and show lower intensity compared to the
experiment. The calculated spectra of the other conformers
show a poor agreement in almost every region, which makes
this a very confident assignment. The far-IR region proves to be
very diagnostic in comparison to the other infrared regions.
Specifically, the region between 525 and 725 cm™ " acts as a
fingerprint for the ring orientation of the diketopiperazine
molecule (ie., g', g7, t). We will use this information to
characterize the structure of the aggregates of cyclo-FF.
The assignment agrees with the work by Zehnacker et al.>* using
the 3 pm region, although in our analysis of the 3 pm region we
have an alternative peak assignment as discussed in S3 (ESIT).

An IR-UV hole-burning experiment, with the IR fixed at the
3402 cm ' NH stretch peak, was performed to confirm the
presence of a single conformer (Fig. S5, ESIT), however, this
surprisingly yielded a second (minor) conformer at 37612 cm ™.
The IR spectrum of this conformer was measured around
3400 cm™ ', and is presented in Fig. S5b (ESIf). The second
lowest energy structure (g”g~) shows good overlap with the
experiment, and this structure is therefore assigned to the
second conformer of the cyclo-FF monomer.

Structural elucidation of the cyclo-FF dimer. A large number
of dimer conformations has been generated and calculated in a
systematic fashion. All possible doubly hydrogen bonded

View Article Online
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combinations of the six previously mentioned monomers were
manually built, optimized, and their frequencies calculated.
Additionally, a conformational search was performed to
include single and non-hydrogen bonded structures. Double
hydrogen bonded dimers are the lowest in energy, followed by
single hydrogen bonded dimers (first one at 9 k] mol '), and
non-hydrogen bonded dimers (>40 k] mol™'). Structures
which include the g'g” monomer, and specifically the dimers
that exist of two g'g~ monomers, are distinctly lower in energy.
The structures that contain the high energy tt monomers are
consequently also very high in energy.

The experimental far-IR spectrum of the dominant conformer
of the dimer (Fig. 3) was obtained at a UV wavenumber of
37580 cm™ ' and shows a wealth of resolved peaks. The peaks
below 280 cm ' are slightly broadened with respect to the rest of
the spectrum, as these are measured at different settings
(and bandwidth) of the free electron laser. The large peak
in the experimental spectrum around 900 cm™ " is predicted in
all double hydrogen bonded dimers, while it is absent in all
single or non-hydrogen bonded dimers (see Fig. S6, ESIt for the
calculated far-IR infrared spectra of all structures below
30 kJ mol™'). Therefore, we only consider double hydrogen
bonded dimers to be viable candidates. By comparing the over-
lap between experiment and calculations, and considering the
energies, the three most promising conformations are presented
in Fig. 3. Since all three conformers have very similar spectra
between 1000 and 1800 cm ™" (see Fig. S7, ESIt), only the far-IR is
used to make assignments, as was done with the monomer.

Here, the calculated far-IR spectra of the g'g” =g'¢g", g ¢ =
g'g”, and g'g = g g conformers (see Fig. S2, ESIt for
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Fig. 3 Experimental (black, top) of the main conformer of the cyclo-FF dimer and calculated (colored) far-IR spectra of three possible conformations,
arranged from lowest energy to highest (top to bottom). The corresponding structures are shown to the right of each spectrum. All calculated spectra
(B3LYP-D3/6-311+G(d,p) level) are scaled by 0.976. Zero-point energies (left) and Gibbs free energies at 300 K are shown between square brackets. Four
regions of interest have been indicated above the spectrum: containing mostly global modes, free N—H vibrations, and N-H vibrations that are part of a
double hydrogen bonded structure. The region below 380 cm™! has been multiplied by 10 (calculated spectra), and 3 (for the experimental spectrum).
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nomenclature) are presented, together with their structures and
the experimental far-IR spectrum. Notice that these three
structures are combinations of two g'g~ subunits (the main
monomer conformer), connected via double intermolecular
hydrogen bonds. They differ in the relative orientation of the
rings: g'g” = g'g is the lowest in energy and has only C,
symmetry; g ¢" = g'¢” has C, symmetry and has the two g* rings
T-stacked and the g~ subunits pointing to the outside, thereby
adopting a more extended form; and g'g~ =g g", slightly higher
in energy (+8.6 k] mol ') and more packed, with all four rings
T-stacking with each other.

The far-IR spectrum can roughly be divided into 4 regions:
Below 280 cm™*; between 280 and 525 cm™'; between 525 and
800 cm™" and between 800 and 1000 cm ™. The features in the
region below 280 cm ™' result from large, global motions with
involvement of the complete dimer (symmetrically between the
two subunits). In this region, the experimental far-IR spectrum
shows a peak with a shoulder to the red at 104 cm ™", followed
by a triplet of peaks at 197, 205 and 215 cm ™ *, and two peaks at
236 and 258 cm ™. All these peaks are in near perfect agreement
with the calculated IR spectrum of the g~g" = g'g~ dimer (green
spectrum in Fig. 3). Only for the triplet around 200 cm ™' the
intensities of the 205 and 215 cm™ ' peaks are reversed.
In contrast, the g'g” = g'g~ (blue) dimer lacks the peak at
104 cm ™', shows additional activity between 110 and 150 cm ™,
and has doublets instead of single peaks at the 236 and 258 cm™"
position. The g'g~ = g~¢" conformer (red) misses a number of
peaks around 200 cm ™, and is worse overall in this region.

In the second region from 280 to 550 cm ™', the g ¢" = g'g~
dimer also shows the best agreement. First of all, the five
features between 418 and 503 cm ' are all explained by
g g" =g'g", while both other conformers either have doublets
instead of singlets (g'g” = g'g™), or the peaks are shifted to
different wavenumbers (g'g” = g7g'). Furthermore, the two
distinct peaks at 336 and 366 cm " are only predicted correctly
by the g g" = g'¢g~ dimer.

The free N-H wagging region (525-800 cm™ "), known to be
sensitive to the phenyl ring orientation of the monomers, is
diagnostic for the dimer conformation. This region can be used
to identify the phenylalanine subunits within the monomers
by their free N-H groups, such as two ¢~ subunits in the g g" =
g'g~ dimer. This section of the experimental spectrum contains
a set of peaks with similar intensities at 562, 576, 615, 631,
746 and 759 cm ', a larger and broader feature at 695 cm™"
with a shoulder to the blue, and a smaller peak at 771 cm ™' In
the same fashion as the previous regions, here g g" = g'g~
shows the best agreement with the experiment. All peak
positions are accounted for, and in particular the shoulder of
the peak at 695 cm™ " and the three peaks around 750 cm ™" are
predicted well.

The free N-H wagging motion of the g~ subunit is located at
631 cm™ ', which is absent in the g'g~ = g g" dimer as here the
g~ subunits are involved in hydrogen bonding. Both g'g™ = g'g~
as g'g” = g~ ¢" have an additional peak at 589 cm™' resulting
from the free N-H wagging vibrations of the g" subunit, which
is not observed in the experimental spectrum. In g g = g'g™,
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only the g~ subunits have free N-H groups which explains the
absence of this peak in the experimental spectrum. The g~ g" =
g'g~ conformer shows excellent agreement based on the
absorption frequencies, however, the intensities of the N-H
out-of-plane vibrations are not well predicted in this region,
which has been observed before for this N-H wagging region
when using static DFT calculations rather than dynamic
DFT.29'30

The region between 800 and 1000 cm™ ~ is dominated by
hydrogen bonded symmetric N-H wagging/out-of-plane
vibrations. The experimental spectrum shows a strong and
broad peak centered around 891 cm™ . Interestingly, from all
the calculated IR spectra, only the dimers with two (double)
hydrogen bonds have significant activity in this IR region. The
single and non-hydrogen bonded dimers all lack intense
peaks here, see Fig. S6 (ESIT). Although all three highlighted
conformations in Fig. 3 are not overlapping perfectly, the g~ g" =
g'g~ conformer shows the most convincing match.

The far-IR spectrum clearly indicates that the g g™ = g'g~
conformer is the dimer present in our experiment. The 3 um
spectrum of the free N-H bending is also measured and
compared with the three possible conformers in Fig. S7 (ESIT)
using the obtained scaling factor for the monomer (Fig. S4,
ESIT). The 3 um region confirms our far-IR findings: the g"g* =
g'g™ structure provides the best overlap with experiment in the
amide A region.

Trimer studies. In our previous aggregation studies where
peptides self-assemble in the gas phase, we have shown that
dimers and higher-order clusters are formed from the present
monomer conformer(s).”>*" For cyclo-FF, the monomer is
found to predominantly exist as the g'g~ conformer. The
conformation of the dimer was found to be of the g7g" = g'g~
geometry which are indeed formed exclusively from the g'g™
monomeric units. No dimers were observed which included the
minor g g~ monomeric conformer (see Fig. S6, ESIt).

It is expected that the higher-order clusters of cyclo-FF show
the same behavior as was reported on the aggregation of
Ac-Ala-Ala-OBn and Z-Ala-Ala-OMe, where also the monomeric
subunits were represented in the dimer and so on.” Therefore,
we have used a more focused approach for the conformation
search of the trimer: trimer conformers have been built out of
g'g” monomers and for the assignment, diagnostic peaks and
features from the monomer and dimer assignment have been
used. The size of the trimer and the consequent increase
in the degrees of freedom prevented us to perform large
conformational searches in order to sample the entire
conformational space.

The experimental far-IR spectrum of the trimer is presented
in the top of Fig. 4a (black trace) and is compared with the
calculated IR spectra. The trimer IR spectrum is recorded at the
same REMPI wavelength as the dimer and simultaneously
acquired. The experimental far-IR spectrum shows a set of
well-resolved and diagnostic peaks and has a similar pattern as
the dimer far-IR spectrum, namely activity in the 90-280 cm ™"
region; two small peaks between 300 and 400 cm™'; a group of
peaks between 400 and 525 cm ' and between 525 and
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(a) Experimental spectrum of the trimer of cyclo-FF (black, top) and the calculated (colored) far-IR spectra of six possible conformers, arranged

from lowest energy to highest (top to bottom). Relative zero-point energies (left) and Gibbs free energies at 300 K are in kJ mol™ between square

brackets. All calculated spectra are scaled by 0.976, calculations have been performed at the B3LYP-D3/6-311+G(d) level. The region below 380 cm

-1

has been multiplied by 20 (calculated spectra), and 6 (experimental spectrum) for reasons of clarity. The region below 280 cm™ is convoluted by 2.5% of
the wavenumber and 1% (light colors), to match the experimental conditions. (b) Corresponding 3D structures of (a).

800 cm ', and a large and broad feature around 890 cm *,

however with an additional broadened peak around 860 cm ™.

Nine different trimer conformations have been calculated,
all but one including only the g'g™ subunit. The ninth structure
contains a single g~ g~ conformer. The calculated IR spectra of
the six lowest energy conformations are presented in Fig. 4a
(colored spectra), together with their structures in Fig. 4b.
Mid-IR spectra and relative energies can be found in Fig. S8
and Table S1 (ESIt). Four conformers include the assigned
dimer conformation (g g" = g'¢”) and five conformers contain
the lowest energy dimer (g°g~ = g'g"~) conformer. The calculated
spectra of the four structures that are all connected via inter-
molecular double hydrogen bonds forming a so-called ladder
show a much better agreement with the mid-IR experimental
spectrum than the conformers where one monomeric subunit
is only connected through n-n interactions. The calculated IR
spectra of the latter structures show an additional peak around
1410 cm™ "', which is completely absent in the experiment.
Moreover, the intensities of the two peaks in the amide I region
are reversed (see Fig. S8, ESIt).

The experimental far-IR spectra of the monomer, dimer and
trimer are plotted together in Fig. 5 to directly observe changes
or similarities in peak positions upon aggregation, to identify
conserved structural monomeric or dimeric signatures. The
green and red lines indicate similarities and differences
between the spectra, respectively. Starting at the red side of
the far-IR region (90-280 cm '), a new set of peaks appeared in
the trimer spectrum, which were not observed in the dimer or

This journal is © the Owner Societies 2021

monomer spectrum. The peaks above 180 cm ™" in the dimer

spectrum are preserved in the trimer spectrum, but broadened.
Importantly, the two small peaks that originate from CH,
rocking motions specific to the ring orientation (i.e., g*, g~ or ¢),

(cyclo-FF),

n=1

— T T T T T T T~ T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
wavenumber (cm™)

Fig. 5 Experimental far-IR spectra of the aggregates of (cyclo-FF),, with
n = 1-4. In some regions green or red lines have been added to show the
similarities or differences between the different spectra, respectively.
The region between 90 and 280 cm™~* has been multiplied by 8 for clarity
(grey spectrum).
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are found at the same position as in the dimer and monomer
(336 cm " for g7, 366 cm ' for g*). This substantiates the
assumption that only g'g~ subunits are present in the trimer.
The dimer spectrum in the region between 400 and 525 cm ™" is
completely different to the monomer, where only a few low
intense peaks are observed. In turn, the trimer spectrum
comprises here the same peak pattern as the dimer, with again
a broadening or splitting of the peaks. Since this part of the far-IR
region is, in addition to the region below 300 cm ™, very sensitive
to the overall structure of the molecule, the trimer appears to
contain the assigned dimer as a building block.

The free N-H wagging region between 525 and 800 cm ™
shows distinctive peaks for free N-H groups that are connected
to ag', g or ¢ side. This makes this region diagnostic for the
type of functional groups that are oriented on the outside of the
molecule. Upon dimerization, most peaks are retained in
the dimer spectrum when compared with the monomer,
although some peaks are slightly blue shifted or broadened
(e.g.,, at 696 cm™ ') due to intermolecular hydrogen bond
interactions. The peak at 673 cm ™", resulting from a symmetric
out-of-plane bending motion by both (g" and g~) N-H groups in
the monomer, is absent in the dimer spectrum (red line in
Fig. 5); a signature that the molecule is hydrogen bonded in the
dimer. The trimer spectrum shows a very similar pattern to the
assigned dimer conformer. Here, all the peaks (with IR wave-
numbers 562, 572, 615, 631, 714, 746, 759 and 771 cm_1) are
preserved in the trimer spectrum, although more intense. Two
new peaks are present, one at 589 cm ™" and a small shoulder at

1
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740 cm~". Since these are not related to the monomer, they
must result from hydrogen bonded N-H moieties. This,
together with other dissimilarities with the IR spectrum of
the monomer, also suggests that the third subunit is hydrogen
bonded to the dimer and not connected via m-interactions
(thereby excluding the g g" = g'¢g Xg'¢™ and g'g™ = g'g Xg'g™
conformers).

The region above 800 cm™" constitutes broad and intense
peaks in both dimer and trimer spectra, therefore likely to
originate from hydrogen bonded groups. The trimer constitutes
a slightly redshifted peak at 886 cm ™" (—6 cm ™) with respect to
the dimer, and a large additional feature at 863 cm™". Both are
assigned to vibrations of hydrogen bonded N-H groups. The
presence of two separate peaks in this region points to two
different double hydrogen bonds (e.g., in one g and g~
involved, in the other g* and g*). Therefore, we conclude that
the trimer should consist of the assigned dimer (g7 ¢" = g'g"),
with another g'¢” monomeric subunit connected via double
hydrogen bond with either the g* or the g~ group pointing to
the outside, probably in a way that the lowest energy dimer
(g'g” =g'g") is also part of the trimer.

By comparing the calculated far-IR spectra of the six
conformers to the experiment (Fig. 4), we can discard the two
(2, 1) conformers (red and purple traces), which constitute a
dimer and monomer attached only via backbone interactions.
They show the poorest overlap with the experiment overall, in
both the far-IR as the mid-IR region. The remaining four
conformers all show a decent overlap with the experiment.

a)

Experiment

1) g+g-=g+g-Xg+g-=g+g-_1 [0 | O]

2) g+g-=g+g-Xg-g+=g+g-_1 [+9.3 | +6.2]

3) g-g+=g+g-Xg-g+=g+g-_1 [+19.1 | +5.6]

A A,
4) g+g-=g+g-=g+g-=g+g- [+27.4 | +15.3]

5) g-g+=g+g-Xg-g+=g+g-_2 [+47.1] +45.1]

6) g-g+=g+g-=g+g-Xg+g-_1 [+53.1| +36.6]

" 2201 %o
&8 TT

300 400 500 600 700 800 900

wavenumber (cm™)
Fig. 6

* f
1000 o

(a) Experimental spectrum of the tetramer of cyclo-FF (black, top) and the calculated (colored) far-IR spectra of five possible conformers

containing only g*g~ subunits, arranged from lowest energy to highest (top to bottom). Relative zero-point energies (left) and Gibbs free energies at
300 K are in kJ mol ™ between square brackets. All calculated spectra are scaled by 0.976, calculations have been performed at the B3LYP-D3/6-31+G(d)
level. (b) Corresponding 3D structures of (a). Hydrogen atoms attached to carbon atoms are not showed for clarity. The lowest three energy structures
and the purple (5) structure are of the form (2, 2), the orange structure (4, 0) and the brown structure (3, 1).
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Amongst them, the g g" =g'g™ = g'g~ conformer shows the best
overlap, predicting the set of peaks between 200-260 cm ™" and
the feature around 500 cm ™ * very well. The other conformers all
fail to predict certain diagnostic features or predict peaks at
wrong frequencies. We can therefore confirm the findings in
the previous paragraphs. The trimer observed in our experi-
ment can most likely be assigned to the g g" = g'g” = g'g~
conformer (green) as it shows the best overlap in both the far-IR
and mid-IR (Fig. S8, ESIt) region. Moreover, this assignment is
in agreement with the evolution of the IR spectra upon aggre-
gating from monomer to trimer (see Fig. 5).

Tetramer. The mid-IR (Fig. S9, ESIt) and far-IR (Fig. 6a,
black trace) spectra of the tetramer were obtained at a REMPI
wavenumber of 37506 cm ', and compared with calculated
IR spectra (in color) of a selection of predicted conformers
(corresponding structures in Fig. 6b). Three main groups can be
distinguished within these calculations (Table S2, ESIY), ie.,
consisting of a single ladder with length n = 4 (named 4, 0),
consisting of two ladders with length n = 2 (2, 2) or of two
ladders with lengths n = 3 and n = 1 (3, 1). These structures
contain either one or two of the dimers g'g~ =g'¢” and g ¢" =
g'g~, the assigned monomer g'g~ or the assigned trimer g g* =
g'g” = g'g”. Energetically, a clear division is visible between
these structural families. The two ladder structures with a loose
monomer (3, 1) are highest in energy (above 50 k] mol™'), the
single ladder species (4, 0) are lower in energy (>27 k] mol %),
and the double ladder structures with 2 dimers (2, 2) are found
to be energetically favorable. These (2, 2) dimers comprise the 5
lowest energy structures.

The mid-IR region of the IR spectrum shows a double peak
in the amide I region, which can be best explained by the (2, 2)
structures, although the other structural families cannot fully
be discarded here. The rest of the mid-IR does not provide
diagnostic structural information, as a result of similarities
between all calculations and the scarce amount of resolved
features in the experimental spectrum. The far-IR spectrum of
the tetramer shows less resolved signatures than observed in
the spectrum of the trimer, but similar general features are
present. Specific peaks are preserved from the trimer to the
tetramer, such as the peak at 632 cm ' originating from free
N-H out-of-plane wagging. The region between 540 and
685 cm™ " is very sensitive to free N-H groups. A comparison
with calculations of the monomer, dimer and trimer shows that
the peak attributed to free g~ N-H groups (633 cm ™', Fig. S10,
ESIt) is retained in the tetramer spectrum, whereas the free g* N-
H wagging motions (605 cm™") seem to have lost a considerable
amount of intensity. Combining these conclusions, we cannot
assign the tetramer to a specific conformation, however, we
conclude that the tetramer most likely forms a (2, 2) dimeric
structure made of the g'g™ = g'¢™ and/or g¢" =g'¢™ dimers, with
the backbones of both ladders faced toward each other and the
rings pointing away. The presence of a g g~ conformer in the
tetramer cannot be excluded.

Higher order clusters. Where the monomer, dimer and
trimer showed clearly resolved peaks in the REMPI spectrum
(see Fig. 1), the electronic spectrum of the tetramer and higher
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order clusters do not possess distinct features, possibly as a
result of a larger conformational diversity and/or insufficient
cooling. Like the tetramer, the experimental IR spectra of the
higher order clusters are obtained at a REMPI wavenumber of
37506 cm™'. Obtaining the IR spectra of these higher order
clusters is experimentally challenging, which is reflected in the
quality (signal-to-noise ratio) of the spectra of the highest order
clusters. Overall, the IR spectra show less resolved features than
the clusters with n = 1-3, although the most intense peaks are
still prominently present, such as the amide I and II peaks and
the ring vibration modes around 700 cm ™. Specific structural
assignments on clusters larger than the tetramer are not
possible at this moment, since their spectra are too broad,
and lack diagnostic bands.

Discussion

In this paper, we have experimentally studied the aggregation
process of cyclo-FF molecules under isolated conditions. To
compare our work to computational studies of vapor-depositing
experiments,'® the variations in aggregation conditions should
be kept in mind. In our experiments, cyclo-FF self-assembles on
the fly, starting from desorbing cyclo-FF powder. By collisions
with each other and with argon atoms the molecules are
cooled down and aggregate during the travel through the
vacuum chamber, where they are probed in flight.>' In the
vapor depositing process,® the starting material, lyophilized
cyclo-FF, is heated using thermal evaporation at temperatures
around 220 degrees Celsius, after which they are deposited onto
a substrate."

The first conclusion is that the double hydrogen-bond
“ladder” structures that have been found in previous experi-
ments and calculations,'® such as X-ray and NMR studies,"*"*
are also clearly observed in our experiments. Very convincing
assignments to these double hydrogen-bonded structures can
be made for the clusters of cyclo-FF. In particular, our work
showed that the region between 800 and 1000 cm™ " provides
strong evidence with high intense peaks. These peaks only
appear in the calculated IR spectra with double hydrogen
bonds, while almost no intensity is found in the single or
non-hydrogen-bonded calculations. In molecular simulations
performed by Jeon and Scott Shell on 50 cyclo-FF molecules,
two states were found, separated by a free energy barrier.'® One
state (98%) with a small average length (n < 3.5) and a large
average angle between the ladders (>30°), and a minor, second
state with a larger average length (>3.5) and smaller angles
between the ladders (<30°). This second state is likely
responsible for forming the nanowires and rods. It shows a
temperature dependence, with its maximum at 80 °C, which is
precisely the temperature the vapor deposition experiment
was conducted. A sharp decrease was observed for lower
temperatures (up to 27 °C). Although no simulations were
performed at even lower temperatures (towards temperatures
in our experiment), it seems probable that this state with its
larger average ladder length, would be non-existent. This would
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Fig. 7 (a) Amide | spectral region for aggregates of (cyclo-FF), with n = 1-8.

Blue and orange lines indicate positions of the top of the peak for the
aggregates with n = 1 and n = 8, respectively; (b) black line: peak position of
the hydrogen bonded C—O stretch peak (orange line) from (a) per cluster;
Red columns: the part of the total intensity in (a) that is allocated to the
hydrogen bonded C=O stretch. The remaining percentage is a result of the
free C—=O0 stretch peak (blue line in (a)).

be in line with our conclusions that the largest observed ladder
is n = 3, while the tetramer consists of two ladders of n = 2.

Scott Shell et al. also concluded that in vacuum electrostatic
interactions between the backbones of the ladders are the most
significant driving forces, which ensure that these backbones
are oriented towards each other, leaving the aromatic side-
chains facing outward. This behavior is what could explain the
hydrophobic properties of the cyclo-FF nanorods. In our work,
we assigned the structures of the monomer, dimer and trimer
to single ladder species, and only the tetramer and larger
clusters to double ladder species. One of the calculations of
the tetramer, the g7¢" = g'g Xg™g" = g'g~_2 conformer, has its
aromatic rings oriented to each other, and the backbones
to the outside. Compared to the same structure with the
backbones oriented towards each other (g g" = g'g~ Xg7g" =
g'g~_1), no clear differences can be observed in the far-IR, and
only minor differences in the mid-IR (small shift of the
1450 cm ™" peak and bands in amide I region). While spectrally
nearly indistinguishable, energetically a large difference
is observed in favor of the structure with the rings
pointing outward. Our work shows that indeed this type of
structure is the preferred assignment for the tetramer, however,
the energetically unfavorable structure cannot completely be
disregarded.

The amide I (C=O stretch vibration) peaks are shown in
Fig. 7a for the clusters n = 1-8, with two lines to guide the eye.
The orange line indicates the position of the hydrogen bonded
C=0O0 stretch peak of the 8-mer, while the blue line is centered
at the non-hydrogen bonded C—O stretch vibration of the
monomer. The percentage of the area occupied by the hydrogen
bonded C=O stretch vibration compared to the total amide I
region is presented in Fig. 7b in the red columns. In the dimer
spectrum, both hydrogen bonded and free C—O stretch peaks
have the same intensity, resulting in a percentage of 50%
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hydrogen bonded amide I (see Fig. 7b). This percentage grows
steadily with the cluster size, and ultimately more than 80% of
the intensity in the amide I region is a result of the hydrogen
bonded C=0O stretch peak. The black line in Fig. 7b indicates
the peak position of the hydrogen bonded C=O stretch peak,
and shows a clear redshift with growing cluster size (—14 cm ™"
from n = 2 to n = 8). This behavior was also observed before for
other model peptides, where the hydrogen bonding C—O
stretch peak redshifted as a result of clustering, toward the
obtained FT-IR value of parallel beta-sheet C—0O mode for the
bulk material.**

Two conformations were found for the monomer: One in the
lowest energy g'¢g~ configuration, with an important CH-nt
interaction that stabilizes the molecule, and a minor second
g g configuration, with both phenyl groups pointing away
from the central ring. Previously, we studied dimers of multiple
model peptides, from which the monomer showed the presence
of two conformers.?® There, the observed dimers showed to be
consisting of a combination of both conformers, whereas the
assigned dimer of cyclo-FF in this work solely consist of
the main conformer. There is no indication of the presence
of a second dimer conformer which includes the g g~
conformer. However, the UV excitation wavelength of a possible
second dimer conformer could be different (and hence not
probed by us), or its IR or UV signals are too weak to be
detected, and hence the signatures are not observed in the IR
spectrum. For the previous examples where both monomeric
conformers contributed to the dimer, both conformers were
found to have relatively similar UV intensities in the REMPI
spectrum, while in this work the signal of the second conformer
is almost negligible compared to the main conformer.

From the tetramer onwards the REMPI spectrum is broader
and lacks the sharp peaks of the smaller clusters. It is remarkable
that there seems to be a sharp transition between the trimer and
tetramer in this respect. The broadening could be explained by a
larger conformational diversity, or insufficient cooling. The large
difference between the trimer and tetramer could be fueled by the
double ladder structure of the tetramer, which is floppier than the
trimer, and allows also for more similar conformations.

Conclusions

We have investigated the aggregation of the cyclic dipeptide
cyclo-FF in the gas phase in detail using a combination of laser
desorption, mass spectrometry and IR action spectroscopy.
The hyphenation of IR-UV spectroscopy with molecular beam
time-of-flight detection allowed us to form neutral cyclo-FF
clusters on the fly, and to obtain mass- and conformer selective
mid-IR and far-IR spectra, resulting in a detailed structural
elucidation. Overall, our results show that the clusters are
grown from the smaller clusters. The monomer adopts
two conformers, the lowest energy g'g~ conformer (major
contribution), and a minor g g~ conformation. One conformer
was identified for the dimer, with double hydrogen bonds and
built up of g'g” monomers, thereby aligning in a so-called
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ladder configuration. In this conformer (g”g" = g'g™), they are
lined up such that both phenyl rings (g~) that stick out of the
molecule are pointing outward, while the 2 g" rings are
T-stacked at the inside of the “ladder”, at the hydrogen
bonding site. For the trimer also one conformer was identified,
with a single ladder (n = 3), namely g~ g" = g'g”~ = g'g™. This can
originate from the assigned dimer configuration and again
consists solely of the g'g” monomers. Again, on both outsides
of the molecule the rings are pointing away from the ladder.
The tetramer and other higher order clusters lose the highly
resolved spectra as seen for the smaller molecules, and are
likely subject to a larger conformational diversity. Nevertheless,
using the knowledge obtained from the monomer, dimer
and trimer on peak positions and ratios, predictions on the
structure of the larger clusters could be made. Whereas the
mid-IR between 1000 and 1800 cm ' is not sufficiently
diagnostic for these molecules, the N-H stretch region (to a
certain extent) and especially the far-IR region allowed us to
retrieve these unprecedented structural details.
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