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Abstract: The analysis of the microstructure of
supramolecular copolymers is difficult because of their
dynamic character. Here, benzene-1,3,5-tricarboxamide
(BTA) co-assemblies are analysed by ion mobility —
mass spectrometry (IM-MS) to reveal the presence of
various sequences. For example, the IM-MS mobilo-
gram for hexamers composed of 4 units from a first
monomer and 2 units from a second monomer is a broad
distribution due to the presence of 9 possible isomeric
sequences, which can be sorted out based on calculated
collision cross-sections. This approach gives unprece-
dented information on supramolecular copolymer se-

quences.
J

Introduction

Supramolecular polymers, formed by reversible assembly of
monomers, are currently developed for numerous applica-
tions, where reversibility brings desirable features such as
self-healing or stimuli responsiveness."! Supramolecular
copolymers are of particular interest because their composi-
tion can be tuned by simply adding an additional monomer
to a pre-existing system (unlike covalent copolymers where
changing the composition requires starting the synthesis
over again). In particular, some of us have demonstrated
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that supramolecular copolymers can be used as an adaptable
and stimuli-responsive platform for catalysis.*®! For in-
stance, it was possible to synthesize each of the four
stereoisomers of a difunctional substrate in one pot and with
a single catalyst whose stereoselectivity was tuned under
kinetic control during the catalytic reactions.” Although
these achievements are unprecedented, they are limited by a
lack of knowledge of the local arrangement of the mono-
mers. Indeed, the reactivity of the catalytic centre is
expected to be influenced by its direct neighbours along the
supramolecular copolymer, and a control of the monomer
sequences would open a new avenue for a better design of
such catalysts. In fact, probing the sequences in
supramolecular copolymers has consequences far beyond
the field of catalysis. It is, for instance, greatly relevant in
the context of electronic applications, where the copolymer
microstructure directly informs on the contacts between
electron-rich and electron-poor monomers.”! Monitoring the
sequences in supramolecular copolymers is also of prime
importance in the context of biological applications, where
the distribution of functional monomers along the backbone
can adapt and allow multitopic interactions with biomole-
cules such as siRNA."

In the field of covalent copolymers, the importance of
controlling the sequences is well established and various
approaches have been developed." In the case of
supramolecular copolymers, kinetic-control has emerged as
a powerful tool to steer the microstructure,'!! and precise
engineering of the nucleation event(s) allows the prepara-
tion of supramolecular block-copolymers.'>*! However, the
control of the polymerization in these systems comes with
the requirement of their lack of dynamicity, i.e. that
monomer positions in the final supramolecular copolymer
are frozen. Under thermodynamic control, the situation is
more tricky: apart from obvious cases where alternation is
enforced by the complementarity of two comonomers,"*"*
in most cases a random arrangement of the monomers is
assumed, without quantitative evaluation. This is mainly due
to the limitations of analytical tools available to probe the
microstructure of the supramolecular copolymers.'” Elec-
tron microscopy can be used, but it does not reach molecular
resolution and it is limited to highly-emissive monomers or
requires specific sample preparation notably to label the
monomers."" Spectroscopic monitoring during melting of
the co-assembly (by UV/Vis absorption and CD analyses)
can also be used to provide a hint of the initial copolymer
microstructure.” For instance, a multiblock structure has
been proposed by fitting these melting curves with a two-
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component mass balance model™ allowing for a numerical
evaluation of the free energy of the hetero-interaction.**'*
However, as the interpretation of the copolymer micro-
structure is strongly dependent on the value of this (model
dependent) free energy, the development of a more direct
technique is highly desirable.

Ion mobility - mass spectrometry (IM-MS) performs a
gas phase separation of ions according to their size and
shape and yields specific collision cross-sections (CCS, A?)
that contain rich structural information.” For two decades,
IM-MS has fuelled a fast increase in structural studies in
both chemical and biological sciences, by allowing the
discrimination of isomers, and providing information on 3D
conformations. IM-MS has mostly been used to separate
small chemical compounds as well as to study protein
conformations, foldamers,? and polymers.™ In the case of
supramolecular assemblies, electrospray, which enables a
high ionization efficiency at relatively low energy input, is
the preferred ionization technique, as it favours the transfer
of intact assemblies from solution to the gas-phase.”**" Most
of the studies deal with discrete host-guest complexes,?
interlocked molecules,” or metal-organic cages;*" with very
few examples of supramolecular homopolymers,”*? and
none of supramolecular copolymers. In the present manu-
script, we describe our attempt to use IM-MS to probe the
sequences in supramolecular copolymers.

Results and Discussion

Selection of the Monomers and Characterization of the
Assemblies in Solution and Solid State

Benzene-1,3,5-tricarboxamide (BTA) monomers 1a (achi-
ral) and 2a (either enantiomers, Figure 1) have been widely
used as co-monomers of a phosphine-functionalized BTA
ligand to develop a versatile platform for enantioselective
catalysis.**** We decided to combine these two monomers
for the following reasons: (i) they possess Cs;-symmetry
which limits the number of potential conformers in the co-
assembled structures; (ii) monomer la forms long stacks in
solution,”**! which should help 2a to co-assemble and form
helical stacks, and (iii) monomer 2a is larger than monomer
1a thus offering the possibility to differentiate isomeric
structures, such as oligomers with different sequences,
thanks to their CCS. While the dodecyl chains in 1a and 2a
are well suited for solution studies in low polarity solvents,
we prepared analogues with shorter isopropyl chains (1b
and 2b) that are better suited for gas phase and computa-
tional studies. The nature of the alkyl chain is not expected
to influence the results as long as the same alkyl chain is
present on both monomers.

In their individual solutions, 1a forms stacks (through
hydrogen bonding of amide groups) and (R)-2a forms
dimers (through hydrogen bonds involving the ester
carbonyl) as represented in Figure 1a.” Characterization of
1a and (R)-2a mixtures in solution (methylcyclohexane)
confirms the aforementioned expectation: 1a and (R)-2a are
able to stack together through hydrogen bonds between
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Figure 1. (a) Chemical structure of the BTA monomers used in this
study and schematic representation of their self-assemblies. (b)
Schematic representation of the co-assemblies formed by mixing 1a
and (R)-2a in solution. (c) Aim of the present study: characterization of
the co-assemblies of 1b and 2b in the gas phase.

their amide functions (Figures S1 and S2) yielding helical
co-assemblies with a preferred left handedness (Figure 1b).

X-ray determination of the structure of 1b and (§5)-2b
(abbreviated as 2b in the following) in the crystalline state is
consistent with the formation of the same type of assemblies
as their dodecyl analogues, i.e. helical stacks and dimers,
respectively (Figures S3 and S4).

Homo-Assemblies in the Gas Phase

ESI-MS spectra resulting from analysis of 1b or 2b BTA
samples show both singly and doubly charged species. In
addition, BTA are detected mainly under sodiated forms,
along with the presence of adducts with proton, ammonium
and potassium to a lesser extent (FiguresS5 to S7).
Examination of the spectrum of BTA 1b reveals the
presence of monomer to decamer from m/z 614.3055 (1+)
to 2979.5663 (2+), whereas BTA 2b is detected almost
exclusively as monomer and dimer at m/z 818.4920 (1+) and
1613.9983 (1+). These results are perfectly consistent with
the fact that BTA 1la was shown to form long stacks in
solution while BTA 2a was shown to form only dimers (see
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above). Switching from MS to IM-MS mode allows a
straightforward confirmation of the previous assignments,
because isobaric species can be differentiated thanks to ion
mobility separation (Figures S8 and S9). However, in this
mode, heptamer (1b), at m/z 2092.5930 is the largest species
that can be detected without truncation of the mobility
signal (Figure 2, top).

As previously described for peptides, oligorotaxanes,
and polymers, monitoring experimental CCS as a function
of the number of repeat units is a good way to gain
information on the shape of macromolecules. %3¢

Figure 2 (bottom) shows such a plot up to a degree of
polymerization (DP) of 7: a good fit was obtained using a
linear relationship (CCS =73.2xDP + 240.5) which is charac-
teristic of rod-like objects.”” These results are in perfect
agreement with the fact that BTA 1a was shown to form
long stacks in solution.P”

The experimental CCS were then compared to the data
extracted from Molecular Dynamics (MD) simulations. The
structures of both neutral and disodiated 1b hexamers, (1b),
and (1b)(Na,’"!, respectively, were considered to evaluate
the influence of the sodium ions on the assembly organiza-
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Figure 2. lon mobility analysis of doubly sodiated 1b oligomers. Each
mass-selected [(1b)pp+2Na]*" ion from ESI-MS yields a mobilogram
with a given mobility value (top). Evolution of experimental (blue
square) and theoretical (red circle) average CCS of [(1b)pp+2Na]**
oligomers as a function of the number of monomer units (DP)
(bottom). Samples were measured by quintuplicate, and standard
deviations for CCS determination were below 0.6 %. Mobility values
were converted to CCS values using the Mason-Schamp equation for a
calibrated TIMS instrument and nitrogen as buffer gas (see SI).

Angew. Chem. Int. Ed. 2025, 64, €202421328 (3 of 8)

Research Article

Angewandte

intemationaldition’y) Chemie

tion. The MD trajectories were first analysed in terms of
hydrogen bonds. To evaluate the number of hydrogen-
bonds, a radial distribution function g(r) was used with a
cut-off distance of 2.5 A as a limit for hydrogen bonds (no
angular dependency was thus considered). An ideal assem-
bly constituted of repetitive motifs would have a triple-helix
of hydrogen bonds between amide groups where 15 out of
18 amide hydrogens, (i.e. 83 % of them) would be hydrogen-
bonded with a neighbouring amide oxygen, and the remain-
ing 3 hydrogens would be free due to unfavourable
orientation (they are localized at the stack extremities). For
(1b), it is actually found that 94 % of the amide hydrogens
are involved in hydrogen bonds within a triple-helix net-
work, but when considering the acceptors, the amide
oxygens have a contribution of only 76 %. There is thus a
contribution of ester oxygens as acceptors. This contribution
is 18 % (Figure 3a, bottom), which implies that during the
MD run, the ideal assembly built as a starting structure
reorganized to maximize the hydrogen-bond network (see
Supporting Information for a more detailed analysis of the
hydrogen-bond network within the assembly).

When two sodium ions are added to the assembly
((1b)¢Na,*"), one of the three helices of hydrogen bonds is
no longer maintained, as can be seen in a picture of the
assembly (Figure 3b, top) or in the analysis of hydrogen
bonds between amide groups belonging to a given helix
(Figure 4a). Indeed, two out of three helices have 74 % of
bonded hydrogens, a proportion similar to that in the
neutral assembly; but the third, disrupted helix has only
15% of bonded hydrogens (i.e. only one such bond is still
present), with a g(r) peak strongly displaced to a larger
distance (+0.5A), thus reflecting the weakness of the
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Figure 3. Snapshot of a typical structure obtained during MD (top) and
radial distribution function g(r) and cumulative number n(r) of amide
hydrogens as a function of the distance from the amide/ester oxygens,
as calculated during the equilibrated part of the MD trajectory (bottom)
for a) (1b)g and b) (1b)¢Na,*", respectively. The sodium ions are in
violet and the hydrogen bonds are red dotted lines; hydrogen atoms
were removed for the sake of clarity. The grey dotted line represents the
cut-off distance of 2.5 A as a limit for hydrogen bonds.
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Figure 4. Analysis of the equilibrated part of the MD trajectory of
(1b)¢Na,**. a) Radial distribution function g(r) and cumulative number
n(r) of amide hydrogens as a function of the distance from the amide
oxygens. The amides were divided in three categories according to the
hydrogen-bond helix to which they belong in (1b)s, i.e. prior to the
addition of the sodium ions. Blue and violet curves correspond to
intact helices whereas the green curve represents the amide from the
broken helix. b) Radial distribution function g(r) and cumulative
number n(r) of amide and ester oxygens as a function of the distance
from the sodium ions.

interaction (Figure 4a). The addition of sodium ions thus
leads to a drop of hydrogen bonds with amide oxygens from
76% to 54%. But the contribution of ester oxygens
increases from 18 % to 27 % (Figure 3b). As a result, the
perturbation induced by the sodium ions has a limited effect
on the total number of hydrogen bonds, which drops only
from 94 % to 81 %.

Radial distribution functions between amide and ester
oxygens on one hand, and sodium ions on the other hand,
show a peak corresponding to complexation at 2.6 A (Fig-
ure 4b). For ester, the peak is sharp, with an intensity
dropping to almost zero at 3 A and corresponding to three
ester groups. For amide, the peak is broader, probably
because the amides being directly grafted to the core have
less freedom to organize than the esters (one torsional
degree of freedom vs three). At 3.7 A, the cumulated
number of amide oxygens is close to 2. Hence, each sodium
is surrounded by three ester oxygens and two amide oxygens
(see a picture highlighting the complexing ester/amide oxy-
gens in Figure S20). It is the involvement of amide oxygens
in sodium complexation that is partly detrimental to hydro-
gen-bonding via these atoms. The disodiated assembly is
also more compact than that without sodium (compare the
two structures in Figure 3). A stack compaction of 3% is
observed at the level of the BTA cores, probably because
each sodium clips together one half of the assembly (three
neighbouring molecules) by interacting strongly with 5
amide/ester oxygens. The immobilization of mobile ester
moieties by the sodium ions also participates to the
compaction at the extremities of the assembly. One can
conclude from these MD studies that the impact of charge
solvation on the one-dimensional stacking in the gas phase is
minimal as sodium-oxygen interactions replace part of the
hydrogen bonds to glue the molecules.

Based on such optimized structures, the various 1b
homo-assemblies have been processed using the Collido-
scope softwarel*! to compute average theoretical CCS (Fig-
ure 2). Interestingly, both experimental and theoretical
series show a linear trend, having the same ordinate at the
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origin (240.5 A?) and similar slopes (83.3 A? vs 73.2 A? for
theoretical and experimental data, respectively). This con-
firms the previous interpretation that 1b oligomers form
one-dimensional stacks in the gas phase.

Due to the absence of ambiguity about their organiza-
tion, the homo-assemblies (1b)ppNa,”" can be used as a
reference system to correct theoretical CCS, and then be
applied to (1b+2b) copolymer systems. To obtain the best
agreement with experimental CCS, a corrected theoretical
CCS can be accessed with the following equation:

73.2

CCScorr = m(

CCS,, — 240.5) + 240.5 (1)

For oligomers of DP6, which will be studied in more
details, this correction is similar to applying a scaling factor
of 0.92 to the theoretical CCS.

Sequence of Copolymers in the Gas Phase

A pre-mixed equimolar mixture of 1b and 2b (see exper-
imental section) was investigated by ESI-MS. The resulting
spectrum exhibited different series of peaks with m/z values
corresponding to DP 2 to 8 with varying composition that
are characteristic of the resulting hetero co-assemblies. A
careful examination of the spectrum reveals that all possible
dimers, trimers, and tetramers were successfully detected
(Figure 5). It is worth noting that (2b); and (2b),, which are
not detected in the analysis of pure 2b, are only minor in
1b/2b mixture within their DP set (14 and 3% of all
detected DP3 and DP4, respectively) and represent only
~1% of all assemblies. We assume that they most probably
result from slight aggregation during the ESI process
because the total BTA concentration is higher in this
experiment.

Regarding pentamers and hexamers, all possible compo-
sitions were also detected, except (2b)s and (2b),, as
expected from previous results (see above). The number of
peaks ascribed to heptamers and octamers is lower than
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Ss000 1% (2b), (1b),(2b),
g 100 21:;1(21;)1
[ 1
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Figure 5. Size and composition distributions of the oligomers detected
under disodium adducts for the 1b/2b 1/1 mixture extracted from IM—
MS analysis. For a given oligomer size (DP), the composition is
illustrated using different colours according to the inset (0<x<38).
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expected and is due to the quadrupole-MS transfer settings-
based mass range. While this mass spectrum informs us on
the composition variations of the oligomers within a given
sample, it contains no details on the exact position of the co-
monomers within each oligomer. In contrast, IM-MS may
reveal such information. To test this approach, firstly the
robustness of the data was probed, by repeating five times
the analysis of the 1b/2b 1/1 mixture. All IM peaks
corresponding to oligomers were summarized in Table 1.
The results show that as expected, a single peak is
detected for each dimer, while up to 3 peaks can be
unambiguously distinguished for some longer oligomers
(Table 1 and Figures S13 to S18). Interestingly, changing the
initial 1b/2b ratio yielded the same m/z values and CCS for
mass spectrum and mobilogram, respectively (Table S2). For
example, with the m/z 2001.1237 corresponding to the
[(1b),(2b),+2Na]*" ion, IM experiments unambiguously
highlighted the presence of at least three distinct peaks
among the nine that can potentially be encountered (Fig-
ure 6). These three structures may correspond to different
positions of the co-monomers within the hexamer assembly.
To verify such assumption, and provide sequence
information about the various detected mobility peaks, the
CCS of all 9 possible sequences were calculated using MD
theoretical approach. The theoretical CCS distribution of
the nine (1b),(2b),Na,”* co-assemblies (corrected according
to Eq. 1) show a strong effect of the nature of the monomers
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present at the extremities of the co-assemblies (Figure 6,
bottom). The CCS is largest when one molecule of 2b is
present at each extremity (sequence 5). Then, there is a
group of four more compact co-assemblies having only one
extremity occupied by one molecule of 2b (sequences 1, 2,
3, and 4). Finally, there is a group of four even more
compact co-assemblies having no molecule of 2b at extrem-
ities (sequences 6, 7, 8 and 9). These results are linked to the
different size of the monomers, 1b and 2b. The largest one,
2b, has flexible methylcyclohexyl groups that can orient
along the axis direction of the co-assemblies when these
monomers are present at extremities of the stacks, thus
elongating them, which gives rise to larger CCS (Fig-
ure S21).

A smaller effect on CCS can also be observed when 2b
is present in penultimate location. In that position, it can
also elongate the stack via its methylcyclohexyl groups,
though less than when the molecule is directly present at an
extremity (see Figure S21, right). In addition, such an effect
is manifested only when there is no other molecule of 2b
adjacent at the extremity. When it is the case, the effect is
masked by the pre-eminence of the effect produced by the
extremal molecule. These reasons explain why structure 4
(one isolated penultimate molecule of 2b) has a larger CCS
than structures 1, 2, and 3 (no isolated penultimate molecule
of 2b), and why structures 6, 7, and 8 (one or two isolated

Table 1: Main average mobility and experimental "™°CCSy, values of the doubly sodiated supramolecular oligomers obtained from the 1b/2b 1/1

mixture. See also Figures S13-S18.

DPE Oligomer content Mobility 1/K, (V.s/cm?)®! TMSCCSy, (A%
2 (1b), 0.942 384.6
(1b):(2b), 1.047 426.4
(2b), 1.159 470.9
3 (1b), 1.122 456.1
(1b)2(2b), 1.201 487.4
(1b)1(2b), 1.313 532.2
(2b), 1.409 570.3
4 (1b), 1.322 535.7
(1b)s(2b), 1.404 568.4
(1b),(2b), 1.464 592.0
(1b),(2b)s 1.541 622.7
(2b), 1.605 648.4
5 (1b)s 1.496 604.7
(1b)4(2b), 1.570 634.5
(1b);(2b), 1.627; 1.636; 1.657 656.9; 660.4; 669.6
(1b),(2b), 1.690; 1.695; 1.705 682.1; 683.9; 687.9
(1b), (2b), 1.772 714.7
6 (1b)g 1.681 678.3
(1b)s(2b), 1.741 702.51
(1b),(2b), 1.781; 1.796; 1.820 718.3; 724.3; 733.7
(1b);(2b), 1.824; 1.839; 1.863 735.3; 741.4; 751.0
(1b)2(2b), 1.862 750.51
(1b),(2b)s 1.934; 1.940 779.0; 781.4
7 (1b), 1.856 748.1
(1b)6(2b), 1.912 770.2
(1b)s(2b), 1.937; 1.940 780.2; 781.6

[a] DP is the degree of polymerization. [b] Mobility was accessed using elution voltage which is connected to the K, value (see SI). Samples were
measured by quintuplicate, and standard deviations for CCS determination were below 0.6 %. [c] "M*CCSy, refers to the determined CCS values
using the Mason-Schamp equation for a calibrated TIMS instrument and nitrogen as buffer gas (see Sl). [d] This signal is broad.
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Figure 6. Top) Schematic representation of the nine possible sequence
isomers from (1b),(2b), with 1b as blue disc and 2b as green disc.
Middle) Mobilogram of the m/z 2001.1237 corresponding to the
(1b)4(2b), hexamers detected under disodium adducts for the 1b/2b
1/1 mixture. Grey arrows show the proposed assignment, where grey
disks remain undefined. Bottom) Population distribution of corrected
theoretical CCS for the different sequence isomers of (1b),(2b),Na,*".

penultimate molecule(s) of 2b) have a larger CCS than
structure 9 (no isolated penultimate molecule of 2b).

Although we have not performed the same detailed
calculations for the other oligomers, the conclusions derived
for (1b),(2b), hexamers can possibly also apply to oligomers
of DP 3 to 6. Indeed, according to our interpretation of the
major effect of the presence of 2b at 0, 1 or 2 extremities,
heterotrimers could show 2 peaks, tetramers (1b),(2b); and
(1b);(2b); could show two peaks and tetramer (1b),(2b),
could show 3 peaks. The fact that we detect only one main
peak for all of them either means that some sequences are
not populated or that trimers and tetramers are too short to
allow discrimination of their CCS in our experimental
conditions. In the same line, pentamers (1b);(2b), and
(1b)4(2b); and hexamers (1b),(2b); and (1b)s(2b), are
expected to show at most 2 well resolved peaks, and they
indeed show either one or two peaks (Table 1). Finally,
pentamers (1b),(2b); and (1b);(2b), and hexamers (1b),-
(2b), and (1b);(2b); are expected to show at most 3 well
resolved peaks, which they do (Tables 1 and S2).
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Conclusions

We have demonstrated for the first time that BTA
supramolecular polymers can be analysed by IM-MS up to a
degree of polymerisation of 7 and that their rigid rod-like
conformation is maintained in the gas phase, as indicated by
the linear evolution of their CCS. Moreover, in the case of
copolymers IM-MS allows to discriminate up to three CCS
for a given copolymer composition, indicating the presence
of several isomers. Based on theoretical calculations, we
propose an assignment for these isomeric structures, where
the main effect is the presence of the bulkiest monomer at 0,
1 or 2 extremities. Considering the on-going improvements
of instrumental resolution, it can be anticipated that the
other isomers will also be resolved in the future. Moreover,
although not achievable on our instrument, MS/MS experi-
ments after the ion mobility step should shed more light on
the herein investigated copolymers,®*f by probing the
stability of the oligomers as well as by unveiling the identity
of the terminal units, where fewer hydrogen bonds are
involved. Our study therefore opens the door to the
identification and relative quantification of supramolecular
copolymer sequences. Moreover, the herein approach could
be used to monitor the conformational state and topology of
the assemblies.
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