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merous seminal contributions to the fields of dendrimers and coordination chemistry.

lon mobility—mass spectrometry (IM-MS) allows the separation of isomeric
and isobaric species on the basis of their size, shape, and charge. The fast
separation timescale (ms) and high sensitivity of these measurements make
IM-MS an ideally suitable method for monitoring changes in macromolecular
structure, such as those occurring in interconverting terpyridine-based metal-
losupramolecular self-assemblies. IM-MS is used to verify the elemental
composition (size) and architecture (shape) of the self-assembled products.
Additionally, this article demonstrates its applicability to the elucidation of
concentration-driven association—dissociation (fusion—fission) equilibria
between isobaric structures. IM-MS enables both quantitative separation and
identification of the interconverting complexes as well as derivation of the
corresponding equilibrium constants (i.e., thermodynamic information) from

extracted IM-MS abundance data.

Macromolecular association is widespread in biology, where
chemical reactions occur mostly within multicomponent com-
plexes.ll For example, many proteins form higher-order assem-
blies in order to carry out enzymatic function,? as is evident
from the large number of multimeric proteins in the Protein
Data Bank.’! Protein (and other biomolecule) multimers are
normally formed by reversible subunit association, triggered by
concentration, pH, or ionic strength changes.[* The latter fac-
tors may also promote abnormal, irreversible aggregation which
is believed to be the cause of several neurodegenerative disor-
ders.!% Mass spectrometry (MS) using electrospray ionization
(ESI) has played a key role in the elucidation of biomolecular
association—dissociation equilibria and the composition and
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structure of the complexes arising in such
reactions.'"12 As a soft ionization method,
ESI ensures that higher-order structures
are gently transferred from solution to the
gas phase in the mass spectrometer, which
then probes the mass-to-charge ratios
(m/z) of the detected components to reveal
the multimer state(s) and/or dissociation
product(s) formed.

ESI-MS analyses of macromolecular
aggregates are substantially facilitated by
interfacing mass analysis (i.e., m/z meas-
urement) with ion mobility (IM) separa-
tion.""7] In an ion mobility-mass spec-
trometry (IM-MS) experiment, ions drift
through a bath gas under the influence of
an electric field and are dispersed in this
event according to their collision cross-
section (CCS) and charge.*18-291 CCS is
the rotationally averaged forward-moving area of the ion and
depends both on its size and shape. Ions in low charge states
travel more slowly through the IM region than more highly
charged ions. Similarly, ions with larger CCS undergo more
collisions with the bath gas in the IM region and, hence, move
more slowly through it than ions with smaller CCS. These fea-
tures allow separation of coexisting isomers and conformers
(which have the same m/z) as well as coexisting isobars (which
have very similar m/z values and overlapping isotope patterns),
provided there are differences in charge state or CCS. Separa-
tion through the IM dimension followed by mass analysis of
the separated species yields a drift time distribution or “mobilo-
gram” which, in analogy to a chromatogram, reveals whether
isomerizations, conformational changes, or oligomerizations
have taken place based on the number of peaks observed.[1-2¢]
For each species observed in the mobilogram, an experimental
CCS can be deduced from the corresponding drift time.['1]
Comparison of this CCS with modeled CCS values for specific
structures and geometries permits precise identification of the
connectivities and 3D structures of the isolated species.l?2

Macromolecular association or aggregation can also occur in
solutions of abiotic systems that are able to rearrange between
monomeric and multimeric forms. Supramolecular polymers
are prone to undergo such interconversions, as they are held
together through noncovalent or metal-ligand interactions
that are easier to break and reform than the o or 7 bonds in
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covalently bonded polymers.?’-3% These polymers can dis-
sociate or associate when exposed to external stimuli, like a
change in temperature, concentration, pH, or solvent, which
makes them ideally suitable for the generation of “smart” func-
tional materials that can be tuned for drug delivery, molecular
recognition, catalysis, and other biomedical or engineering
applications.*-3% A promising and widely investigated class of
supramolecular polymers with such properties are terpyridine-
based coordination complexes.*%-31]

The coordinatively driven self-assembly of terpyridine ligands
with transition metal ions proceeds via kinetic control, leading
to one or more stable constructs, or via thermodynamically con-
trolled reversible equilibria, creating labile and interconvertible
complexes;B3%31 in either case, overlapping isobars, isomers, and/
or conformers are possible. Since liquid chromatography (LC) is
often inapplicable to organometallic complexes, using IM-MS
is instrumental for the separation of the overlapping species
by the IM dimension, so that their molecular compositions can
be ascertained with confidence in the orthogonal MS dimen-
sion.13233 Moreover, the IM step also reveals the CCS values of
the examined complexes which are an important physical para-
meter diagnostic of their size and architecture (vide supra).3233

Several new terpyridine-based assemblies with the connec-
tivity <tpy-M2*-tpy> (tpy, terpyridine; M, transition metal ion)
have been discovered and conclusively characterized by ESI-IM-
MS, including a highly symmetric nanosphere,?3*°l 3D molec-
ular wheels,3®37] cuboctahedra,*®3% and isomeric nanocages.!

In addition, reversible association—dissociation (fusion—fission)
equilibria in supramolecules with weak Cd**tpy and Zn?**-tpy

bonds could be observed by ESI-IM-MS upon changing concen-
35,3741

tration or the counterion.|
(1)
Zn2+

(2)
NH,PF,

Lx12ZN24
cuboctahedron (1)
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In spite of this progress, it has remained challenging to
measure the equilibrium constants of the aforementioned pro-
cesses. Select association constants between tpy and M?* have
been assessed qualitatively and quantitatively by single-stage
mass spectrometry*?l and isothermal titration calorimetry,*?!
respectively. Architectural changes and the effect of counterions
were not considered in these studies.

This article illustrates how ESI-IM-MS can be utilized to
elucidate architectural changes and fission—fusion interconver-
sions during the self-assembly of Zn?" cations with tetrakis-
terpyridinyl ligands substituted by 18-crown-6,3% and Cd**
cations with tris-terpyridinyl spiral ligands.*!] IM-MS is
employed to separate the isobaric macromolecules produced
from solutions in equilibrium over a range of metal/ligand
concentrations. Quantitative analysis of the isobaric architec-
tures generated in fission—fusion equilibria based on extracted
mobilogram peak areas is demonstrated for the first time. Addi-
tionally, a protocol for calculating equilibrium constants from
the extracted mobilograms is detailed.

The angles between the metal binding sites in ligands Lx and
Ly were designed to promote self-assembly to the large com-
plexes 1 and 4, respectively (Scheme 1). Indeed, analysis of the
isolated solid products (by X-ray diffraction) and their concen-
trated solutions (by ESI-MS or NMR spectroscopy) confirms
that these large complexes have been formed (cf. Figure S1,
Supporting Information). As the analyzed solutions are increas-
ingly diluted, the large complexes 1 and 4 gradually rearrange
to the smaller constructs 2 and 5, respectively, and further dilu-
tion gives rise to the even smaller complexes 3 and 6, respec-
tively, which dominate at the smallest possible detectable
concentrations (cf. Figure S2, Supporting Information). Such

LxgZn45 LX3Zng
octahedron (2) bistriangle (3)
I Decrease concentration = }

{ Increase concentration |

LygCd,,
cube (4)

LysCdg
triangular prism (5)

Ly,Cds
tetrahedron (6)

Scheme 1. Self-assembly of a) ligand Lx with Zn?" ions mixed in the exact stoichiometric ratio 1:2 and b) ligand Ly with Cd?" ions mixed in the exact
stoichiometric ratio 2:3. The complexes formed were isolated as PF¢™ salts, dried, and re-dissolved at different concentrations, which is equivalent to
using different initial concentrations of the ligands and metal ions.
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supramolecular interconversions attest the occurrence of con-
centration-dependent, dynamic fission—fusion equilibria, made
possible by the flexible geometry of ligands Lx and Ly and the
lability of <tpy-M?*-tpy> (M = Zn or Cd) coordinative bonds.
These interconversions are detectable and characterizable by
NMR or UV-vis spectroscopy, if each species in the mixture
exhibits unique resonances; unfortunately, this condition is
rarely fulfilled with hierarchical multicomponent mixtures con-
taining the same ligand and metal.

It is worth noting that the monodisperse products present
at the highest and at lower concentrations produce a series of
peaks upon ESI-MS, depending on the number of PF4~ coun-
terions lost (Figures S1 and S2, Supporting Information).
Intermediate concentrations expectedly lead to mixtures with
complex spectral characteristics, as illustrated in Figure 1,
where some of the peaks observed are unique to a certain
complex, while other peaks may contain superimposed ions of
two or three complexes. For example, the peak at m/z 1235.21
(Figure 1a) includes contributions from cuboctahedron 1 (loss
of 20 PF4~ counterions), octahedron 2 (loss of 10 PF¢~ counte-
rions), and bistriangle 3 (loss of 5 PFg~ counterions); these spe-
cies have 20+, 10+, and 5+ charges, respectively, and all overlap
at m/z 1235.21. Their different sizes and charges permit, how-
ever, separation by the corresponding ion mobilities.

Overlapping species within the same m/z ratio can be
resolved if they are sent through the IM region. This is illus-
trated in Figure 1b for complexes with ligand Lx superimposed
at m/z 2155.55 and in Figure 1d for complexes with ligand
Ly superimposed at m/z 1406.65. In both cases, the IM-MS

www.mrc-journal.de

mobilograms indicate the presence of three species. The three
self-assembly products of Lx and Zn?', viz. cuboctahedron 1,
octahedron 2, and bistriangle 3, are observed at drift times of
7.13, 9.39, and 14.17 ms, respectively (Figure 1b). Conversely,
the three self-assembly products of Ly and Cd?', viz. cube 4,
triangular prism 5, and tetrahedron 6, are observed at 4.06,
5.85, and 6.50 ms, respectively. These assignments were made
based on the drift times of m/z 2155.55 and 1406.65 at high
(Figure S1, Supporting Information) or low (Figure S2, Sup-
porting Information) concentration, at which monodisperse
complexes with a single drift time are observed, and based
on the isotope pattern of the mass spectra extracted from the
mobilograms (cf. Figure S3, Supporting Information).

Table S1 and Figure S4, Supporting Information summarize
the CCS of the equilibrating assemblies 1-3 and 46, derived
from the drift times observed in ESI-IM-MS mobilograms.
CCS generally increases with mass, but also depends on the
geometry of the ligands and the final self-assemblies. It is note-
worthy that a significantly larger conformational space is sam-
pled by 1 — 2 — 3 than by 4 — 5 — 6 (786-2432 vs 778-1249
A2, respectively), due to the flexibility of crown-ether containing
ligand Lx. For the largest complex examined, viz. cuboctahedron
1, three different conformers are observed depending on the
number of counterions remaining after ESL.?! As the number
of PFs counterions increases, charge repulsions between the
Zn?* centers are mitigated, causing contraction of the cubocta-
hedron self-assembly (cf. Figure S4, Supporting Information).
Such structural changes can potentially be exploited for encapsu-
lation and release of proper guests and for sensing applications.

o Y Lx;5Zny,  LxgZny, Lx3Zng
1005.87* : m/z
g v
S e 2160
o
5123521 ¥ (a) @ —> 2155
v 7138817 o
v 1580.33¢ ° 7 < 2150
v 182674 o0 oo
et 7.13 14.17
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v
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Figure 1. a) ESI-MS spectrum of a mixture of cuboctahedron 1 (Lx;,Zn,4) (blue triangles), octahedron 2 (Lx¢Zn;;) (green circles), and bistriangle 3
(LxsZng) (red # labeled peaks), acquired from a 0.20 mg mL™" solution of isolated solid Lx;;Zny4(PFg)4s. b) ESI-IM-MS mobilogram of m/z 2155.55
shown as 2D plot (top) and drift time distribution (bottom); the IM dimension separates Lx;,Zn,4'?* (1 with 36 PF¢~ counterions), LxgZn1,%* (2 with 18
PF¢~ counterions), and Lx;Zng>* (3 with 9 PF¢~ counterions), all of which overlap at m/z 2155.55. c) ESI-MS spectrum of a mixture of cube 4 (LysCd,,)
(blue triangles), triangular prism 5 (Ly¢Cds) (green circles), and tetrahedron 6 (Ly,Cdg) (red # labeled peaks), acquired from a 0.40 mg mL™" solution
of isolated solid LygCds;(PFg) 4. d) ESI-IM-MS mobilogram of m/z 1406.65 shown as 2D plot (top) and drift time distribution (bottom); the IM dimen-
sion separates LygCd;,®* (4 with 16 PF;~ counterions), LygCdo® (5 with 12 PF¢~ counterions), and Ly,Cdg*" (6 with 8 PFs~ counterions), all of which
overlap at m/z 1406.65.
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The cuboctahedron species detected at 7.13 ms in Figure 1b cor-
responds to the most compact conformer (36 PF¢~ counterions).
This structure should predominate in the polar solvents used to
dissolve the isolated self-assembly (ACN and DMSO), in which
like-charge repulsions can be stabilized by solvation. Hence, this
compact conformer was considered in the evaluation of supra-
molecular equilibria and equilibrium constants (vide infra).

The interconversions 1 = 2 = 3 and 4 = 5 = 6 were moni-
tored by ESI-IM-MS analysis of solutions made from the iso-
lated solids over the concentration ranges 1.00-0.02 mg mL™!
and 10.0-0.05 mg mL, respectively (see Experimental Section).
At each concentration, the intensities (peak areas) of the three
components of m/z 2155.55 from the Lx/Zn?" complexes and the
three components of m/z 1406.65 from the Ly/Cd?*" complexes
were measured and the relative proportion (%) of each structure
was plotted as a function of concentration, cf. Figure 2.

The peaks at m/z 2155.55 and 1406.65 were selected for
probing the dependence of solution composition on concentra-
tion because all three isobaric structures of the Lx/Zn?" and Ly/
Cd?* complexes produce ions of these m/z ratios, respectively.
Moreover, these peaks were reasonably abundant over the sam-
pled concentration range and their isobaric components were
satisfactorily resolved in the IM dimension. More importantly,
monitoring a single m/z for all three interconverting spe-
cies eliminated discrepancies in ionization, transmission, and
detection efficiency, since signal intensity is dependent on ion
velocity which is practically constant for isobaric ions.[*44]

The actual intensity data extracted from the ESI-IM-MS
mobilograms in order to plot Figure 2 are listed in Tables S2,
S3, Supporting Information, together with the corresponding
standard deviations from triplicate measurements, which are
indicated by error bars in Figure 2. It is evident that reproduc-
ibility is poorer at lower concentrations as a result of the lower
total ion counts (TICs) detected at high dilution. Nonetheless,
the relative amount of each structure is traced properly despite
the lower sensitivity at the low concentrations.

The plots in Figure 2 demonstrate that ligand complexation
with either divalent Zn or Cd metal ions is a dynamic process
occurring over a concentration range that is ligand dependent.
Significant and very similar interconversions are observed when
concentration is varied within ca. 1-200 pum for the Lx/Zn?* self-
assemblies and within ca. 5-2000 um for the Ly/Cd?* self-assem-
blies. Equilibrium between the largest structure (cuboctahedron 1

100 ) (a)

80
60 |
% o

40

20

0
0.00 0.20 0.40 060 0.80 1.00

Conc. of Ly,Zny,(PFg)ag (Mg mL2)
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or cube 4) and the middle structure (octahedron 2 or triangular
prism 5, respectively) is observed over a wide concentration
range for both equilibria in Scheme 1. These structures are
readily monitored because they exist in the typical concentration
range infused into the ESI source (0.10-1.00 mg mL™). More
concentrated solutions of such structures (>1.00 mg mL™}) tend
to contaminate the ESI source; therefore, solutions were ana-
lyzed in order of increasing concentration and the ion source was
thoroughly cleaned between infusions in order to avoid memory
effects from residual sample not cleaned out.

For a more quantitative assessment of the supramolecular
interconversions taking place in the analyzed solutions, equilib-
rium constants were derived for the isomerization of each com-
plex to a mixture of the other two complexes, as shown in Equa-
tions (1)—(6). Since ligand and metal were mixed in precise stoi-
chiometric ratios (see Experimental Section), both were assumed
to have reacted completely in the initial self-assembly reaction.
Therefore, the equilibria examined include solely the three inter-
converting constructs (cf. Equations (1a)—(6a)). Counterions and
charge states have been omitted from these equations for brevity.

Lx,Zn 5 (1) =2 Lx,Zn,(3) + [xeZny, (2) (1a)
2
K, = D620 [X6Z00] ) o 100 (oK, =10.21) (1b)
[Lx122n24]
3LX6Zn1(2) =2 Lx,Z1(3) + Lx,Zn (1) (2a)
2
K, = 20 XuZ0a] 3 4, 104 (oK, =3.66) (2b)
[LXsZn, ]
6Lx,Zn4(3) = Lx1,Z15 (1) + [x,Z11,(2) (3a)
= EZnalIXeZnn] ) ¢ (pi, = —25.40) (3b)
[Lx;Zng]
2 LyCd,,(4) =Ly,Cd,(6)+2 Ly,Cds(5) (4a)
2
K, = eChlYCh] 50005 (pK, =5.03) (4b)
[LysCdy,]
100 (b)
80
60
%
40
20
0 e ——— |
000 200 400 600 800 10.00

Conc. of LgCd,,(PFg),4 (Mg mL2)

Figure 2. Plots displaying the relative abundances of a) bistriangle Lx;Zng*" (red squares), octahedron Lx¢Zn;,%* (green circles), and cuboctahedron
Lx12Zn,4'%" (blue triangles) over a range of Lx;,Zn,4(PF¢)4s concentrations and b) tetrahedron Ly,Cdg** (red squares), triangular prism LygCdo® (green
circles), and cube LygCd;,®* (blue triangles) over a range of LygCd,,(PFg),4 concentrations.
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2 LysCdy(5) =LysCd,,(4) + Ly,Cd,(6) (5a)

[LysCdy,][Ly.Cds] 0
Ky=——"———"—"7—=24x%10 Ks=-0.2 5b
5 [LY()Cdg]z X (p 5 7) ( )

5 Ly,Cd(6) =LysCd,,(4)+2 Ly,Cdy(5) (6a)

[LysCdy,][LyeCds ]’

=7.8x10" (pK,=-9.25 6b
T Caf x10° (pK, =-9.25) (6b)

6 =

Reactions la and 4a involve dissociation of cuboctahedron
1 or cube 4 to smaller complexes, whereas the other reac-
tions correspond to association processes that generate one
of these largest possible products. These equilibria sample
all three architectures of the Lx/Zn?* and Ly/Cd?" complexes
which coexist in the low to medium concentration range (cf.
Figure 2). The largest Lx/Zn?" self-assembly (i.e., cuboctahe-
dron 1) is not observed at very low concentration; conversely,
the smallest 1x/Zn?" and Ly/Cd?" complexes (3 and 6, respec-
tively) are not observed at higher concentrations (cf. Figure 2
and Tables S2, S3, Supporting Information). Therefore, equi-
libria involving only two constructs were also investigated; spe-
cifically, the dissociation of medium-sized octahedron 2 to the
smaller bistriangle 3 which dominates at very low concentration
(Equation (7)), as well as the dissociation of cuboctahedron 1
and cube 2 to medium-sized octahedron 2 and triangular prism
5, respectively, which are exclusively sampled in the higher con-
centration regime (Equations (8), (9)).

IxsZne(2) =2 Lx;Zn,(3) (7a)
[Ix3Zn6 ] »

Ky =—"—>=19%10 K, =5.76 7b

a2 [xeZnp] X (PKaz ) (7b)

Ix1,Zn,54(1) =2 Lx¢Zn;,(2) (8a)
[L)((,anz]2 s

Ky =———=-=5.4x%10 Ky =447 8b

a3 (XZn] X (pKas ) (8b)

3 LysCd;,(4) =4 Ly,Cdy(5) (9a)
[LysCd,]* =5

=———-=1.1x10 K, 5=5.20 9b

ds [LYstle X (pKis ) (9b)

The equilibrium constants for the dissociation of octahe-
dron 2 to bistriangle 3 (Equation (7a)), cuboctahedron 1 to
octahedron 2 (Equation (8a)), and cube 4 to triangular prism
5 (Equation (9a)), which interconvert two different com-
plexes, have been termed Ky, Ky, and Ky respectively, to
distinguish them from those involving three different com-
plexes, viz., 1 = 2 + 3 (Equation (la); K;; = K;) and 4 > 5+ 6
(Equation (4a); K4 = Ky).

The normalized areas of the mobility-separated peaks
(cf. Figure 1) represent the mol% of 1-3 (Lx/Zn?" complexes)
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or 4-6 (Ly/Cd** complexes) in the corresponding equilibrating
mixtures. These were converted to weight%, then to mg mL™,
and finally to molar concentrations (mol L), as described in
Tables S4-S8, Supporting Information). The molarities (mol L)
obtained this way were used to derive equilibrium constants for
the supramolecular interconversions la-9a at ambient tem-
perature (20 °C), which are provided in Equations (1b)—(9b),
respectively. The values given are the average constants over the
concentration range probed for each equilibrium (cf. Tables S9,
S10, Supporting Information). Concentration changes can shift
the equilibrium position, but do not affect equilibrium con-
stants. The slight variability in the constants calculated at dif-
ferent concentrations is attributed to solution temperature and
ion intensity fluctuations during the IM-MS measurements. It
is noteworthy that these fluctuations are very small compared
to the differences observed between the equilibrium constants
of reactions 1a—9a, which is also clearly evident from the cor-
responding pK values included in Equations (1b)—(9b) and
Tables S9, S10, Supporting Information.

It is worth noting at this point that the derivation of equilib-
rium concentrations from relative IM-MS abundances presup-
poses that a change in relative IM-MS abundance of a species
participating in an equilibrium is caused by a change in its rela-
tive amount due to interconversion. This prerequisite was con-
firmed by the analysis of a supramolecular standard comprising
three isobaric complexes that are kinetically stable and do not
equilibrate (cf. Scheme S1 and Figures S5-S7, Supporting
Information). Unlike the trends observed for complexes 1-3
and 4-6 (Figure 2), the relative amounts of the three complexes
in the standard were independent of solution concentration
and remained constant over the probed concentration range (cf.
Figure S7, Supporting Information).

The order K; < K, < Kj for complexes 1-3 indicates that
the formation of larger constructs with the tetrakis-terpyridinyl
ligand Lx is thermodynamically favored. The order K, < K5 < Kj
for complexes 4-6 further corroborates that the tris-terpyridinyl
ligand Ly follows the same trend. Based on the absolute values
of constants K; versus Ky, K, versus Ks, and Kj; versus Kg, which
describe equilibria that sample all three Lx or Ly complexes,
there is lower proclivity to form larger self-assemblies with Ly
and Cd?" ions than with Lx and Zn?* ions. This result reflects
the lower stability of Cd**-tpy compared to Zn**-tpy coordina-
tive bonds as well as the lower strain associated with smaller
complexes with the Ly vis a vis the Lx ligand. The large value of
Kj justifies the difficulty of observing the bistriangle architec-
ture 3 in solutions with an initial concentration >0.25 mg mL™!
(cf. Table S2, Supporting Information); considerable dilution is
needed to drive the position of equilibrium 3a toward the side
with more molecules and form measurable quantities of this
strained structure.

The dissociation constants of the binary equilibria studied,
viz. Ky (2 = 3), Kz (1 = 2), and Ky5 (4 — 5), are fairly sim-
ilar, all lying within the um range (cf. Equations (7)—(9), respec-
tively, and Tables S9, S10, Supporting Information). The order
Kyj < Ky3 reaffirms the low tendency of forming the strained
bistriangle (3) architecture. This finding is further under-
scored by the significantly smaller constant for the dissocia-
tion of cuboctahedron 1 to a mixture of octahedron 2 plus bis-
triangle 3 (Equation (1); Ky = Kj) than its dissociation to just
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2 (Equation (8); Ky). In contrast, the dissociation constants of
cube 4 to either a mixture of triangular prism 5 plus tetrahe-
dron 6 (Equation (1); Ky = Kj) or to just 5 (Equation (9); Kjs)
are comparable.

In summary, this study has shown that ESI-IM-
MS affords an appropriate analytical tool for the
comprehensive characterization of coordinatively bound supra-
molecules and their fusion—fission equilibria: ESI ensures the
gentle transfer of the sample from solution to the gas phase, the
IM dimension separates the complexes by architecture and charge,
and the MS dimension establishes stoichiometry and elemental
composition of the separated components. Additionally, this article
introduced a new ESI-IM-MS protocol for the quantitative analysis
of interconverting, superimposed complexes which permits to
monitor fusion—fission equilibria and derive the corresponding
equilibrium constants from extracted IM-MS mobilograms.

Fission—fusion structural changes, analogous to those taking
place with proteins and other biological macromolecules, were
detected and thoroughly investigated as a function of concen-
tration for the thermodynamically controlled self-assembly of
tris-pyridinyl spiral ligands (Ly) with Cd?* cations and tetrakis-
terpyridinyl ligands containing an 18-crown-6 moiety (Lx) with
Zn?* cations. Cd?" or Zn?" ions form relatively labile coordi-
nation bonds during self-assembly, thus generating complexes
that are able to reversibly interconvert. The protocol described
enabled the determination of equilibrium constants for the
interconversions of coordinatively bound terpyridine-based
macromolecules, thus unveiling important thermodynamic
information about the stabilities of the equilibrating struc-
tures. For the specific self-assemblies examined, the measured
equilibrium constants indicate increasing thermodynamic
stability with increasing size of the complex, viz. in the order
bistriangle << octahedron < cuboctahedron. A similar trend
is found for the tris-pyridinyl-based fusion—fission equilibria
where again thermodynamic stability increases with the size,
viz. in the order tetrahedron < triangular prism < cube.

Experimental Section

Materials: The chemicals and solvents used for the preparation of
the self-assembled complexes and the mass spectrometry experiments
were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific
(Pittsburgh, PA) and used without further purification.

Synthesis and Dilutions of Cuboctahedron (1), Octahedron (2),
Bistriangle (3): The tetrakis-terpyridinyl ligand containing a central
18-crown-6 moiety, Lx (cf. Scheme 1), was synthesized as reported
previously.?! Its self-assembly with Zn?* ions was promoted by adding
a solution of Zn(NO3),-6H,0 (16 umol) in MeOH (1 mL) to a stirred
solution of Lx (8 umol) in CHCl; and MeOH (1:1, 16 mL). After the
reaction mixture was stirred for 2 h at 25 °C, a tenfold excess NH4PFg
was added. The residue was filtered, washed with water and MeOH,
and dried under vacuum to give cuboctahedron 1. Solid 1 was initially
dissolved in DMSO (11.11 mg mL™") and then diluted with ACN
(1 mg mL™" in ACN:DMSO (10.1:1 v/v). This solution was diluted further
with ACN:DMSO (10.1:1 v/v) to reach concentrations below 1 mg mL™!
in this solvent.

Synthesis and Dilutions of Cube (4), Triangular Prism (5), Tetrahedron (6):
The tris-pyridinyl spiral ligand Ly (cf. Scheme 1) was synthesized according
to a previously reported procedure.*] The one-step self-assembly of
ligand Ly with Cd(NO;),, which were combined in precise 2:3 molar ratio
in stirred CHCl; and MeOH (1:1, v/v) solvent at 25 °C for 1 h, led to a
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colorless solution. Counterion exchange by subsequent treatment with
excess aqueous NH,PFg solution (to exchange NO;~ for PFg7), followed
by filtration of the precipitated solid, washing with methanol, and solvent
evaporation under vacuum gave the desired complex 4. Cube 4 was
dissolved in ACN, and then diluted with ACN (10 mg mL™"). This solution
was diluted further with ACN to reach concentrations below 10 mg mL™".

lon Mobility-Mass Spectrometry: The ESI-IM-MS experiments were
performed on a Waters Synapt G1 quadrupole/time-of-flight (Q/ToF)
mass spectrometer equipped with ESI and a triwave device between
the Q and ToF analyzers, which comprises three collision cells in the
order of trap cell, ion mobility cell, and transfer cell and is the location
of IM separations.’2#1 Trap and transfer cells were pressurized with Ar,
and the ion mobility cell was pressurized with N, flowing in a direction
opposite to that of the entering ions. All samples were analyzed in
triplicate using the following parameters: ESI capillary voltage, 2 kV;
sample cone voltage, 35 V; extraction cone voltage, 3.2 V; desolvation gas
flow, 500 L h™" (N,); trap cell collision energy (CE), 6 eV; transfer cell CE,
4 eV; trap/transfer gas flow, 1.5 mL min™' (Ar); ion mobility cell gas flow,
22.7 mL min~! (N,); sample flow rate, 5 puL min~'; source temperature,
80 °C; desolvation temperature, 150 °C; traveling-wave height, 7.5 V; and
traveling-wave velocity, 350 m s™'. Data analyses were conducted using
the MassLynx 4.1 and DriftScope 2.8 programs provided by Waters.

IM separation resolves overlapping isobaric ions which were mass
analyzed by the ToF analyzer after exiting the IM cell. A mobilogram
was obtained by plotting the components superimposed at a specific
m/z ratio versus their drift times through the IM cell; it can be displayed
as a 2D map with ion intensities represented by color brightness or as
a line plot (like an LC chromatogram) of ion intensity versus drift time
(vide supra). Absolute ion intensities of the mobility-separated ions were
extracted from the mobilograms by the MassLynx V4.1 software; from
these, normalized relative abundances for the complexes participating
in a fission—fusion equilibrium were calculated and plotted versus
concentration to monitor the macromolecular interconversions taking
place over the sampled concentration ranges. The MasslLynx software
used a peak picking and area calculation algorithm, with which the
actual peaks present in the IM-MS mobilogram can be identified, and
if needed deconvoluted, for the determination of relative proportions.

Experimental CCS values were derived from the drift times of the
mobility-separated ions and theoretical CCSs of specific architectures
were obtained by molecular modeling. The procedures for determining
the experimental CCSs and calculating the theoretical CCSs of the
assemblies studied here have been previously reported.[3%41]
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