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Structure and Conformation Determine Gas-Phase Infrared

Spectra of Detergents

Carla Kirschbaum,*™ Kim Greis,”™ Sandy Gewinner,”” Wieland Schéllkopf,' Gerard Meijer,"
Gert von Helden, Kevin Pagel,“? and Leonhard H. Urner*®

Native mass spectrometry of membrane proteins relies on non-
ionic detergents which protect the protein during transfer from
solution into the gas phase. Once in the gas phase, the
detergent micelle must be efficiently removed, which is usually
achieved by collision-induced dissociation (CID). Recently, infra-
red multiple photon dissociation (IRMPD) has emerged as an
alternative activation method for the analysis of membrane
proteins, which has led to a growing interest in detergents that
efficiently absorb infrared light. Here we investigate whether
the absorption properties of synthetic detergents can be
tailored by merging structural motifs of existing detergents into

Introduction

Non-ionic detergents enable the native mass spectrometry
(nMS) analysis of intact membrane protein complexes."
Detergents are required for both the solubilization of hydro-
phobic membrane proteins and the protection of non-covalent
protein interactions during transfer from solution into the
vacuum of a mass spectrometer.”) nMS is a powerful analytical
technique which can inform on protein complex identity,
composition, dissociation pathways, ligand binding, and the
role of ligands in protein oligomerization.”

The advent of nMS of membrane proteins was supported by
the development of detergents with customizable solution and
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new hybrid detergents. We combine gas-phase infrared ion
spectroscopy with density functional theory to investigate and
rationalize the absorption properties of three established
detergents and two hybrid detergents with fused headgroups.
We show that, although the basic intramolecular interactions in
the parent and hybrid detergents are similar, the three-dimen-
sional structures differ significantly and so do the infrared
spectra. Our results outline a roadmap for guiding the synthesis
of tailored detergents with computational chemistry for future
mass spectrometry applications.

gas-phase properties.” A key challenge in nMS is to chemically
design detergents that stabilize proteins in solution and can be
removed under gentle conditions inside a mass spectrometer to
maintain non-covalent protein interactions prior to mass
analysis.®® Saccharide detergents, such as n-dodecyl-B-D-malto-
side or n-octyl-B-D-glucoside (OG), stabilize proteins well in
solution but require a high energy input for detergent removal
in vacuum.” Tetraethylene glycol monooctyl ether (C8E4) does
not stabilize proteins well in solution but is readily removed in
vacuum.” More recently, first-generation, dendritic triglycerol
detergent [G1] OGD and asymmetric hybrid detergents 1 and 2
were designed to integrate favourable solution and gas-phase
properties (Figure 1).%!

A complementary solution to the detergent removal
problem is the development of MS activation methods, which
include collision-induced dissociation (CID) and infrared multi-
ple photon dissociation (IRMPD). Today, detergents are com-
monly removed from protein complexes by CID.*® Forced by
an electric field, protein-detergent complexes collide with
neutral gas molecules. The internal energy of the complexes
rises and dissipates through the dissociation of non-covalent
bonds, which includes detergent removal, subunit dissociation,
and/or protein unfolding.” Detergents that preferably guide
energy dissipation through the detergent removal pathway can
help to maintain non-covalent protein interactions.” Detergent
design parameters that serve this purpose include non-ionic
character, five hydroxyl groups or less in the detergent head, a
hydrophilic-lipophilic balance between 11 and 17, and a critical
micelle concentration in the lower micromolar range.*®

Less is known about the design of detergents that can be
removed with IRMPD.” Here, protein-detergent complexes are
irradiated with infrared (IR) light (typically 10.6 um wavelength
for CO, lasers), and the sequential absorption of multiple
photons followed by intramolecular vibrational redistribution
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Figure 1. Overview of detergent structures. Molecular structures of asym-
metric hybrid detergents 1 and 2 contain headgroup elements of C8E4, [G1]
OGD, and OG.

(IVR) leads to a gradual increase in the internal ion energy,
eventually resulting in dissociation of protein-detergent inter-
actions. Like CID, IRMPD is suitable to release intact membrane
proteins from detergent micelles and can retain non-covalent
protein-lipid interactions.”™ Major advantages of IRMPD over
CID include charge-state-independent absorption of photons
and a high degree of control in tuning the irradiation time and
radiation intensity.®” Detergents with IR absorption bands that
match the wavelength of IRMPD lasers could increase the
efficiency of detergent evaporation and hence facilitate protein
release for MS analysis.®? Therefore, detergents with favourable
absorption properties are currently being sought.

Knowledge on how to chemically design non-ionic deter-
gents with IR absorptions that overlap with the wavelength of
the IR laser remains elusive. Herein, we combine modular
detergent chemistry, gas-phase IR ion spectroscopy, and
computational chemistry to explore experimental capabilities in
designing detergents with customizable gas-phase IR absorp-
tion properties. Specifically, we investigate whether the gas-
phase IR absorption properties of the detergents C8E4, [G1]
OGD, and OG can be combined by fusing their IR-active
functional groups into hybrid detergents 1 and 2 (Figure 1).

Results and Discussion
Hybrid Detergent Design

Gas-phase IR absorption properties of detergents are mainly
determined by the structure of their polar headgroups.*® To
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understand how gas-phase IR spectra of detergents change
when their headgroups are covalently combined, we designed
hybrid detergents 1 and 2 (Figure 1). Specifically, we fused a
glycerol fragment (GO) of the first-generation, dendritic trigly-
cerol detergent [G1] OGD and the tetraethylene glycol head
(E4) of C8E4 into hybrid detergent 1. Furthermore, we fused the
glucose head (Glu) of n-octyl-p-D-glucoside (OG) and the
tetraethylene glycol head (E4) of C8E4 into hybrid detergent 2.
The synthesis of hybrid detergents 1 and 2 was accomplished
by means of a previously established combinatorial dichloride
coupling strategy.'” Alternative synthesis strategies, such as
triazole coupling,"” Ugi-reaction,"? or thiol-ene click® would
also enable the fusion of different headgroups into hybrid
detergents. However, the molecular structures of the parent
detergents C8E4, [G1] OGD, and OG do not contain functional
groups that result from these coupling procedures, including
amide, triazole, and thioether. These functional groups have
higher gas-phase basicity values compared to functional groups
present in the parent detergents, i.e., ether, hydroxyl group,
methylene groups."® Increasing the gas-phase basicity of func-
tional groups alters not only the population of available
protonation sites but also IR spectra of ionized species.™ To
minimize the bias on obtainable IR spectra, from a modular
chemistry perspective, we excluded all functional groups in our
design of hybrid detergents 1 and 2 other than those present in
C8E4, [G1] OGD, and OG.

Gas-Phase Infrared lon Spectroscopy

Having designed hybrid detergents 1 and 2, we explored
whether their gas-phase IR absorption properties reflect a
combination of the parent detergents C8E4, [G1] OGD, and OG
using gas-phase IR ion spectroscopy. This technique combines
mass spectrometry and IR spectroscopy to generate IR spectra
of isolated ions in the gas phase. Here we use an instrument
employing superfluid helium as a spectroscopic matrix, which
has been described previously (Figure 2)."

The detergents are ionized using nano-electrospray ioniza-
tion, which is a soft ionization technique that generates mainly
protonated, ammoniated, and sodiated detergent ions in
positive ion mode (Figure S1). Mass spectrometry is used to
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Figure 2. Schematic overview of gas-phase infrared spectroscopy in super-
fluid helium droplets. Detergent ions are picked up from an ion trap by
helium droplets and are released from the droplets by irradiation with
infrared light. The amount of released ions at each wavenumber is an
indirect measure for light absorption.
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determine the mass-to-charge ratio (m/z) of each ion type
(Figure 3A). To measure the IR spectra of protonated deter-
gents, only the m/z of interest is transferred into the instrument
using a mass-selective quadrupole. The selected ions are then
transferred into a temperature-controlled hexapole ion trap
that is cooled to 90 K by liquid nitrogen. After thermalization,
the ions are picked up from the trap by a beam of superfluid
helium droplets that traversed the trap coaxially. Superfluid
helium is used as a spectroscopic matrix because it is IR-
transparent, cryogenic (0.4 K), and allows free vibrations of
encapsulated ions."® The ion-doped droplets are irradiated with
IR light provided by the Fritz Haber Institute free-electron
laser,"” which leads to vibrational excitation of the encapsu-
lated ions if the light frequency is resonant with a vibrational
transition. The absorbed energy is dissipated by evaporation of
the helium shell, until the ions are eventually released from the
droplets and detected by a mass spectrometer. This process
requires more than 100 photons per droplet under the
employed experimental conditions. The number of released
ions at each wavelength is an indirect measure for IR
absorption. Because the method is based on a non-linear
photon absorption process, relative intensities in the IR spectra
do not perfectly reproduce spectra obtained from linear IR
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Figure 3. A) Mass spectrum of C8E4 with proton, ammonium, and sodium
adducts highlighted. B) Gas-phase infrared spectra of protonated detergents.
The intensities are scaled to the absorption maximum of the IR spectrum of
protonated C8E4.
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spectroscopy methods, but are
comparable."

Gas-phase IR spectroscopy in superfluid helium droplets
achieves high resolution. Contrary to condensed-phase IR
spectroscopy, the ions are free from intermolecular interactions.
Furthermore, pre-cooling of ions in the ion trap leads to
annealing of higher-energy conformers, which reduces the
conformational flexibility and thus spectral complexity. Lastly,
evaporative cooling by the helium matrix allows the ion to relax
back into its vibrational ground state after each photon
absorption, which considerably reduces thermal broadening of
absorption bands."”

The fact that individual ions are probed in isolation holds an
additional advantage over condensed-phase IR spectroscopy:
the obtained IR spectra reflect intrinsic quantum-chemical
properties of the ions, which can be computed in silico. By
matching the experimental IR spectra with computed IR spectra
of different conformers, information on the three-dimensional
molecular structure and intramolecular interactions can be
obtained.

usually  qualitatively

Infrared Spectra

For this study, we measured IR spectra of protonated
detergents. The gas-phase IR spectra of all parent and hybrid
detergents are displayed in the range from 800-1700 cm™' in
Figure 3B. All spectra have their most intense vibrations located
between 1000-1200 cm™', which is the typical range of C-O
and C—C stretching vibrations. Low-intensity peaks in the range
between 1200-1500 cm™" are typical for C—H bending vibra-
tions of alkyl chains. In the spectrum of OG, and in most spectra
with reduced intensity, an additional weak absorption band is
visible between 1600-1700 cm™".

Because the most intense vibrations of all detergents lie in
the range of commercial 9.3 um (ca. 1075 cm™") CO, lasers, the
latter might be a promising alternative to the more common
10.6 pm lasers (ca. 940 cm™') for detergent removal in native
MS. It remains to be tested experimentally whether shorter-
wavelength CO, lasers indeed increase the detergent removal
efficiency or rather damage embedded proteins that also
absorb in this range. We speculate that IVR within the protein-
detergent complex prevents protein damage and enhances
detergent release by inducing preferential dissociation of non-
covalent protein-detergent bonds.

In addition to the absorption wavelength, the absolute
absorption intensity is an important factor to consider for
applications in NnMS of membrane proteins. The absorption
maximum in the IR spectrum of C8E4 serves as ideal benchmark
for comparison since this detergent requires less IR irradiation
intensity to be removed from membrane protein ions than any
other detergent tested to date.*! The measured absorption
intensities in the IR spectra obtained from hybrid detergents 1
and 2, [G1] OGD, and OG are about or less than half the
intensity obtained from C8E4 (Figure 3B). This comparison
should be regarded with caution because the technique used
here is non-linear, and release efficiencies from the helium
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droplets might vary between detergents. However, the ob-
served absorption intensity differences can be used to
qualitatively explain why higher laser energy is required to
liberate membrane proteins from [G1] OGD and saccharide
detergent micelles.®? The spectra also illustrate that fusing
detergent headgroups into hybrid detergents does not result in
a linear combination of their individual gas-phase IR spectra.

Computed vs Experimental Spectra

To understand the relationship between detergent structure
and IR spectra, we sampled and optimized structures of the
protonated detergents and computed harmonic IR spectra
using density functional theory (DFT) at the PBEO+ D3/6-311 +
G(d,p)® level of theory. All computed structures and IR spectra
are provided in the Supporting Information.

The conformers and corresponding IR spectra yielding the
best agreement between experiment and theory are shown in
Figure 4 for the parent detergents C8E4, [G1] OGD, and OG.
Due to the abundance of ether and hydroxyl groups, all
structures show characteristic hydrogen bonding networks,
which stabilize cyclic conformations. The lowest-energy com-
puted conformer of C8E4 forms a ring comprising all oxygen

atoms, in which the proton of the primary hydroxyl group and
the additional proton are coordinated between the hydroxyl
oxygen and the ether oxygens O3 and O5. This motif is found
in all computed structures.

Similarly, in [G1] OGD, the proton bridges the primary
hydroxyl group of one glycerol arm to the secondary hydroxyl
group of the other arm, and the resulting cyclic structure is
further stabilized by two additional hydrogen bonds. In OG, the
proton is coordinated by the anomeric oxygen of glucose and
stabilized by a hydrogen bonding network between all hydroxyl
groups that lie on the same side of the sugar ring. The poor
match between experiment and theory for this detergent will
be discussed further below.

To determine how the hydrogen bond networks change
when chemical groups are combined into a new molecule,
structure optimization and frequency analysis of the hybrid
detergents 1 and 2 were performed in the next step (Figure 5).
The intramolecular interactions in detergent 1 contain elements
of the interactions seen in [G1] OGD and C8E4: Similar to [G1]
OGD, the two detergent arms are connected by an intra-
molecular hydrogen bridge between the two terminal hydroxyl
groups. The hydroxyl protons are further coordinated by two
ether oxygens like in C8E4. These are either O3 and 06 or O3
and O5 in the computed structures. The resulting structure can
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Figure 4. Optimized structures and computed infrared spectra (blue) compared with experimental IR spectra of parent detergents C8E4, [G1] OGD, and OG.
Typical regions of stretching (v) and bending () vibrations observed in the spectra are indicated. The core interactions and relevant oxygen atoms are
highlighted, with hydrocarbon chains truncated and aliphatic hydrogens removed for visibility. The computed free energies (AF) relative to the lowest-energy
conformer are given in kJmol™'. Structure optimization and frequency analysis were performed at the PBEO 4 D3/6-311+ G(d,p) level of theory and spectra
were scaled by a factor of 0.965.
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Figure 5. Computed infrared spectra and structures of hybrid detergents 1 and 2. Typical regions of stretching (v) and bending (d) vibrations observed in the
spectra are indicated. The core interactions and relevant oxygen atoms are highlighted with hydrocarbon chains truncated and aliphatic hydrogens removed
for visibility. The glucose ring of hybrid detergent 2 is shaded for orientation in the computed structure. The computed free energies (AF) relative to the
lowest-energy conformer are indicated in kJ mol™". Structure optimization and frequency analysis were performed at the PBEO+D3/6-311+G(d,p) level of

theory and spectra were scaled by a factor of 0.965.

be described as tricyclic and is distinct from either of the
conformations adopted by [G1] OGD and C8E4.

The conformation and IR spectrum of the glucose-contain-
ing hybrid detergent 2 significantly deviate from the OG
subunit, because the inert hydrocarbon chain of OG is
substituted by a C8E4 arm, which has the capacity to form
hydrogen bonds. In all computed structures of hybrid detergent
2, the proton forms a bridge between the sugar and the tip of
the C8E4 chain: the C4 hydroxyl group of glucose forms
hydrogen bonds to the primary alcohol at the tip of C8E4 and
the ether oxygen O3. Furthermore, the C3 hydroxyl group of
glucose forms hydrogen bonds with the anomeric oxygen (O1’)
and the tip of C8E4, while the C6 hydroxyl group of the sugar
forms a single hydrogen bond with O5 of the C8E4 chain. As a
consequence of this dense hydrogen bonding network be-
tween hydroxyl groups of glucose and ether oxygens of C8E4,
the polyethylene glycol chain is locked in a conformation in
which the entire chain is wrapped around the sugar. Overall,
the hybrid detergents show similar hydrogen bonding motifs as
their constituent parent detergents but adopt largely different
three-dimensional structures.

In Figures 4 and 5, we display only one of the lowest-energy
conformers that yielded the best match with the experimental
spectrum. However, since many computed structures differ by
only a few kJmol™", we expect that each spectrum represents
an overlay of several low-energy conformers that coexist in the
ion trap. lon capture in superfluid helium droplets conserves
the conformer distribution present at the ion trap temperature
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of 90 K because rapid cooling to 0.4 K prevents interconversion
between conformers. For most detergents, except for OG, the
overall appearance of the computed IR spectra is comparably
insensitive to conformational changes such as different folding
of the alkyl chain, as long as the core hydrogen bonds remain
the same (Figures S2-6). Accordingly, a single conformer fits the
experimental spectra reasonably well (Figure S7).

The absorption band that shifts most visibly between
conformers corresponds to the H-O"-H bending vibration
between 1600-1700 cm™'. This vibration involves a shared
proton, which is known to be strongly anharmonic and thus not
well predicted by the harmonic frequency calculations per-
formed here.'"™ Frequency shifts of this vibration between
different conformers could explain why this particular absorp-
tion is broadened out and reduced in intensity in the
experimental spectra: If multiple conformers with overall similar
spectra but shifted H-O*-H vibrations contribute to the
experimental spectrum, they absorb over a broad range
between 1600-1700 cm™'. However, as only few ions absorb at
each particular wavelength, the peak gets diluted in the
combined IR spectrum.

In contrast to the other detergents, for OG we find that
slight conformational changes cause significant differences in
the appearance of the IR spectrum (Figures S4 and S8).
Accordingly, the match between experiment and the computed
spectrum of a single conformer is unsatisfactory (Figure 4). The
conformation of the alkyl chain influences the absorption
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properties of OG, which is curious as it is not involved in
hydrogen bonding.

Overall, the results demonstrate that the appearance of a
detergent’s IR spectrum is highly dependent on its three-
dimensional conformation, which is mainly determined by
intramolecular interactions between heteroatoms. As a conse-
quence, we expect the absorption properties of the same
detergents in a micelle to be different from those of the
isolated ions studied herein. Transferring our data on isolated
molecules to detergent micelles is thus not directly possible. In
addition to intramolecular hydrogen bonds, detergent mole-
cules in micelles are expected to form intermolecular inter-
actions with other detergent molecules and the protein. We
suspect that these interactions are of similar nature as those
observed for isolated detergents, i. e., intermolecular hydrogen
bonding between oxygen atoms of neighbouring detergent
molecules and between detergents and protein residues.
Because of the heterogeneity of protein-detergent complexes,
the interactions will be promiscuous and lead to broadening of
absorption bands, which potentially increases overlap with the
IR laser.®

Implications on Future Detergent Design

To answer the question that motivated this study - How do
gas-phase IR spectra of detergents change when their head-
groups are covalently fused into hybrid detergents? - we can
say that detergents must contain certain functional groups to
absorb in a specific region of the IR spectrum. However, the
exact absorption patterns of hybrid detergents are not ration-
ally predictable based on the IR spectra of their parent
detergents. Even though the intramolecular interactions are
similar in the constituent and fused hybrid detergents, the
detergent’s three-dimensional conformation changes signifi-
cantly when hydrogen bond-forming groups are arranged in
new combinations. Gas-phase IR spectroscopy is known to be
extremely sensitive towards changes in the three-dimensional
structure of molecules and can be used to identify optimal
IRMPD wavelengths for each detergent.?"!

Regardless of the mass spectrometry application, detergents
are optimized empirically, which involves the resource-consum-
ing synthesis of detergent libraries and empirical tests.***¥ We
suggest that the need for synthesis of detergents with tailored
gas-phase IR absorption properties can be guided by computa-
tional chemistry. Candidate structures could be generated and
filtered for desired absorption properties in silico before their
actual synthesis. Because different absorption properties are
expected for isolated detergent molecules versus micellar
detergent assemblies, we suggest as a next step that detergent
assemblies should be taken into account in simulations, which
increases computational cost but can yield results that are
closer to reality.

ChemPlusChem 2024, 89, €202400340 (6 of 8)

Conclusion

Here we studied the absorption properties of five detergents
that are commonly used for nMS of membrane proteins and
investigated how absorption properties change when detergent
headgroups are fused into hybrid detergents. Even though
detergents assemble into micelles in nMS, we can derive several
important conclusions from studying isolated detergent ions by
gas-phase IR spectroscopy: First, for most detergents, the
appearance of the IR spectrum is mainly determined by
hydrogen bonds between heteroatoms, while the aliphatic tail
has only a minor influence. Second, the hydrogen bonding
network determines the three-dimensional conformation of the
molecule, which can change significantly when hydrogen bond-
forming functional groups are added or removed. Third, we
conclude that rational design of detergents with desired
absorption properties is challenging because IR absorption
depends not only on the chemical groups present, but also on
the interactions in the context of the detergent’s environment,
which are difficult to predict. The rational synthetic approach of
combining chemical groups of detergents therefore does not
automatically lead to a sum of their IR absorption properties.
We propose that computational chemistry could help to
identify candidate structures with desired absorption properties
in detergent aggregates that mimic the micellar arrangement of
detergents around membrane proteins.

Experimental Section

Detergent Synthesis

The detergents C8E4 and OG were purchased from Anatrace. [G1]
OGD as well as the hybrid detergents 1 and 2 were synthesized
following previously established procedures.®'”

Gas-Phase Infrared lon Spectroscopy

The detergents were dissolved in a 1:1 (v:iv) water/methanol
solution and diluted to a final concentration of 200 uM for
measurements. The instrument used for gas-phase IR ion spectro-
scopy has been described in detail in previous publications."
Detergent solutions are ionized by nano electrospray ionization
using needles pulled from borosilicate capillaries by a P-1000
micropipette puller (Sutter Instrument, USA) and coated with Pd/Pt
by a sputter coater 108auto (Cressington, Germany). The ionized
detergents are guided through a quadrupole into a time-of-flight
mass spectrometer to record mass spectra. For measurement of IR
spectra, protonated ions are selected in the quadrupole and
transferred to a hexapole ion trap filled with pre-cooled helium
buffer gas (90 K). After thermalization of the ions, helium is pumped
out of the trap. Superfluid helium droplets are generated by the
expansion of pressurized helium (60 bar) through the cold nozzle of
an Even-Lavie valve (21 K) operating at a frequency of 10 Hz. The
droplets traverse the ion trap coaxially at a speed of 400-500 ms™"
and pick up trapped ions. Due to their high kinetic energy of a few
hundred eV, the doped droplets easily overcome the trapping
potential of 3-5V and leave the trap towards the interaction
region. Here, the beam of doped droplets overlaps in space and
time with the pulsed IR beam (10 Hz) of the Fritz Haber Institute
free-electron laser."”? If the wavelength of the laser corresponds to

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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a vibrational transition of the ion, multiple photons are sequentially
absorbed, the vibrational energy is dissipated into the helium bath,
and helium evaporates from the droplet until the ion is released or
the droplet is completely evaporated. The droplet size distribution
is a log-normal distribution with a mean size of 7x10* atoms per
droplet under the employed experimental conditions.?? Assuming
that the energy required to remove one helium atom from the
droplet is 5 cm™",” about 230 photons are required for complete
evaporation of an average-sized droplet at 1500 cm™' photon
energy, whereas the smallest 10% of droplets require only 110
photons.? After ion release or complete droplet evaporation,
helium-free ions are detected by a time-of-flight mass spectrom-
eter. IR spectra are generated by measuring the ion yield as a
function of the laser wavelength (here 800-1700 cm™', 2cm™
steps). Each spectrum is averaged from two individual scans.

Computational Details

IR spectra of protonated detergents were generated in four steps
involving the generation of protomers, conformational sampling of
the lowest-energy protomer, structure optimization of generated
conformers, and harmonic frequency analysis of the optimized
structures. Protomers were generated with CREST? (version 2.9)
and the semiempirical method GFN2-xTB™® (xTB version 6.3.0) using
the ‘-protonate’ tool. All generated protomers were subjected to
DFT optimization at the PBE0+D3/6-31G(d)® level of theory in
Gaussian 16 (rev. A.03).?” In all cases the lowest-energy protomer
was more stable in electronic energy than the second lowest by
more than 30 kJmol™". The lowest-energy protomer was subjected
to a conformational analysis in CREST with the GFN2-xTB method,
and the 60 most stable obtained conformers were optimized by
DFT at the PBEO+D3/6-31 G(d) level of theory in Gaussian 16.
From this subset of DFT-optimized structures, the most stable 13-
16 (24 for OG) conformers were selected for reoptimization at the
PBEO+D3/6-311+G(d,p)"* level of theory in Gaussian 16 using
tight optimization settings.””” Harmonic frequency analyses were
performed for all selected conformers at the same level of theory.
The resulting harmonic frequency spectra were scaled by an
empirical factor of 0.965. Harmonic free energies (AF) were
determined at a temperature of 90 K, according to the temperature
in the ion trap.

Supporting Information Summary

Mass spectra of detergents, computed structures, and harmonic
IR spectra are provided in the Supporting Information.
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