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ABSTRACT: A terpyridine-based, concentration-dependent,
facile self-assembly process is reported, resulting in two three-
dimensional metallosupramolecular architectures, a bis-rhom-
bus and a tetrahedron, which are formed using a two-
dimensional, planar, tris-terpyridine ligand. The interconver-
sion between these two structures is concentration-dependent:
at a concentration higher than 12 mg mL™', only a bis-
rthombus, composed of eight ligands and 12 Cd** ions, is
formed; whereas a self-assembled tetrahedron, composed of
four ligands and six Cd*" ions, appears upon sufficient dilution

_Lo;T

- ‘ |
X 240
) Reigns °
2y & ° |

of the tris-terpyridine-metal solution. At concentrations less than 0.5 mg mL™", only the tetrahedron possessing an S, symmetry
axis is detected; upon attempted isolation, it quantitatively reverts to the bis-rhombus. This observation opens an unexpected
door to unusual chemical pathways under high dilution conditions.

B INTRODUCTION

Probing the precise control over the interconversion between
different supramolecular assemblies is a great challenge and has
recently received notable attention.! Critical aspects in the
design and construction of supramolecular assemblies include
geometric, kinetic, and thermodynamic control.> For practical
consideration, appropriate external stimuli, such as pH,
temperature, and radiation, are efficient to control the
supramolecular equilibria.®> As well, concentration can also
play a critical role in some specific self-assembly systems, such
as supramolecular aggregation,4 biological clusters,’ gelation,6
and interface assemblies.” Such concentration-directed self-
assembly is critical to an in-depth understanding of the
fundamental aspects in dynamic interactions and may also
reveal unobserved chemical pathways under highly dilute
conditions.

Three-dimensional, abiological, metallosupramolecular as-
semblies,® such as cages and prisms,” have been widely reported
and utilized in catalysis,10 biomedicine,"* molecular elec-
tronics,"> chemical sensing,13 and functional materials.'"* In
general, there are two major structural considerations in the
construction of metallosupramolecular architectures: (a) the
metal ions are located at the vertices, and the requisite ligands
comprise the edges;'> and (b) multitopic ligands form the
vertices, and metal—ligand connectivity are used for the sides.
For the latter, only a few 3D metallosupramolecular
architectures,'® based on (tpy—M"—tpy) (tpy = terpyridine,
M = metal) connectivity, have been reported. Concentration is
another practical consideration involved in the construction of
supramolecular assemblies through coordination connectivity;
however, only a few such examples have yet been reported.'”
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Herein, two 3D supramolecular species, a bis-rhombus and a
tetrahedron, are reported, in which formation is predicated on a
concentration-dependent equilibrium (Figure 1) using a highly
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Figure 1. Self-assembly of tris-terpyridine building block 1 gives either
a bis-rhombus 2 or a tetrahedral structure 3 depending on
concentration.

rigid, tripod-like, deformation of a planar, two-dimensional tris-
terpyridine ligand, as vertices. The tetrahedral structure, to the
best of our knowledge, is the first example of a coordination-
directed, 3D, supramolecular assembly that exists only under
dilute conditions.

B RESULTS AND DISCUSSION

A terpyridine-based, supramolecular bis-thombus has recently
been formed by combining ligand 1 and Zn>' ions in the
stoichiometric ratio of 2:3.'* In the present case, substitution of
Cd* for Zn** also formed the architecturally identical bis-
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Figure 2. ESI-MS of (A) bis-thombus 2 (12 mg mL™"
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in MeCN), (B) mixture of 2 and 3 (2 mg mL™"
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in MeCN), and (C) tetrahedron 3 (0.5 mg

mL™" in MeCN); 2D ESI-TWIM-MS plot (m/z vs drift time) for (D) bis-thombus 2 (12 mg mL™" in MeCN), (E) mixture of 2 and 3 (2 mg mL ™" in

MeCN), and (F) tetrahedron 3 (0.5 mg mL™" in MeCN). Charge states of

intact assemblies are marked.

thombus structure 2 (Figure 1). Preparation was achieved by
mixing ligand 1'* with Cd(NO;),-4H,0 in a precise 2:3 molar
ratio in MeOH and stirring at 65 °C for 3 h, followed by
cooling to 25 °C, and then addition of excess NH,PF to give 2
(>90%); thorough washing with water removed excess
inorganic salts. The resultant light-yellow powder was dried
in vacuo at 50 °C for 12 h, and characterized directly by ESI-MS
and NMR experiments (12 mg mL™}; MeCN or CD;CN,
respectively).

The ESI-MS spectrum of complex 2 (Figure 2A) exhibited a
series of peaks with charge states from 6+ to 15+ derived by the
successive loss of PF,~ counterions; on the basis of the mass-to-
charge (m/z) ratios of these ions, the molecular weight for 2 is
13550.4 Da, confirming that this complex is composed of
precisely eight tristerpyridine ligands (i.e., 1), 12 Cd** ions, and
24 PF,
agreed well with the corresponding simulated isotope patterns,
further supporting the complex’s constitution. The ESI-TWIM-
MS?>® plot further corroborated the mentioned structural
assignment (Figure 2D) by exhibiting a single band with
narrow drift time distribution for each charge state, indicating
that no other structural conformers, isomers, or other
components were present.

The wheel-like complex 2 was also characterized by 'H NMR
spectroscopy (Figure 3A), which showed seven different tpy
units with the expected integration ratio, albeit with noticeable
yet resolvable peak overlap, which is consistent with the
assigned bis-thomboidal structure (Figure 3A; each tpy unit is
represented by a different color and assigned with letters from
A to G; full assignment was included in Supporting Information
Figures S6 and S19). While the aromatic region of the "H NMR

counterions. Isotope patterns for each charge state
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Figure 3. '"H NMR spectra (CD;CN, 750 MHz) of (A) bis-thombus 2
(12 mg mL™"), (B) mixture of 2 and 3 (2 mg-mL™"), (C) tetrahedron
3 (0.5 mg'mL™); (D) "H NMR spectra (CDCl;, 750 MHz) of tris-
terpyridine ligand 1, and (E) '*Cd NMR spectra (CD;CN, 110 MHz)
for bis-thombus 2 (20 mg mL™"). For the bis-thombus 2 and the
tetrahedron 3, different tpy units are denoted by the corresponding
letter assignments A—G or A—C, respectively (Supporting Information
Figure S6).
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spectrum was complicated due to substantial overlap of peaks
arising from the different tpy moieties, assignment of the peaks
was readily achieved on the basis of the analysis of high
resolution (750 MHz) 2D COSY and 2D NOESY NMR
spectra (see Supporting Information). Pertinent aspects of
these spectra include the observation that all of the 6,6”
protons from the tpy units were significantly shifted upfield due
to electron shielding effects, as is typical for the inherent
pseudo-octahedral connectivity of the (tpy—Cd"—tpy) compo-
nents. Further, in the nonaromatic region, the critical OMe
markers of 2 exhibited two singlets at 3.99 and 3.86 ppm that
were assigned to HOM*P and HOM®E, respectively, with a 2:1
integration ratio, along with two multiplets attributed to the
overlapping peaks of the remaining OMe groups. The '*Cd
NMR of 2 (Figure 3E) exhibited four peaks at 401.61, 401.02,
400.60, and 400.15 ppm with a 1:2:1:2 integration ratio that is
also consistent with the assigned structure in which 12 Cd**
ions reside in four different structural environments.

Following the unequivocal MS and NMR structural
confirmation of the Cd**-based, bis-thombus 2, a concen-
tration-dependent phenomenon afforded insight into its
possible formation. Upon dilution, 2 was transformed into a
smaller novel structure, as recorded in both ESI-MS and NMR
studies. Thus, when the concentration was reduced from 12 to
2 mg mL™!, the ESI-MS spectrum revealed that the relative
intensity of odd charge states (7+, 9+, 11+, and 13+) was
reduced, while the even charge states (6+, 8+, 10+, 12+, and
14+) increased in relative intensity, as a new pattern of charge
distribution appeared (Figure 2B). A further reduction in
concentration to 0.5 mg mL™" led to a complete disappearance
of the original charge states from 2 and the appearance of a
completely new series of peaks with charge states from 3+ to
10+ (Figure 2C). The molecular weight deduced from these
peaks for the newly formed structure 3 was 6775.2 Da, which is
exactly half of the molecular weight of 2, indicating that 3 is
composed of precisely four ligands (1), six Cd** ions, and 12
PF4 anions. Each charge state is due to the loss of a different
number of PF  counterions. The isotope patterns further
confirmed the molecular weight difference (see Supporting
Information). For the same m/z, the charge states of 3 were
always half of those recorded for 2, supporting the observation
that 3 possessed a molecular weight of 6775.2 Da. ESI-TWIM-
MS (Figure 2E) clearly confirmed that there were two series of
charge states arising from the coexistence of two different
structures at 2 mg mL™' and similar intermediate concen-
trations. The ESI-TWIM-MS plot for 3 (Figure 2F) contained
single bands with narrow drift time distributions for all charge
states observed, confirming that 3 was composed of a single
architectural isomer.

The 'H NMR also showed the structural changes upon
dilution of 2 (Figure 3). When the concentration was reduced
from 12 to 2 mg mL™', a new distinct series of peaks (Figure
3B, red lines) appeared. Upon further dilution, the peaks from
2 (Figure 3A, blue lines) completely disappeared, leaving only
the pristine spectrum for the newly formed structure 3 (Figure
3C). The new pattern in the aromatic region showed three
different tpy units with equal integration. All of the 6,6”
protons from tpy units were shifted upfield supporting the
(tpy—Cd"—tpy) connectivity with no evidence of any
uncomplexed tpy moieties. The three singlets at 4.16, 3.91,
and 3.87 ppm with equivalent integration were assigned to one
set of three different OCH; markers. As in the case of complex
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2, all assignments were based on detailed 2D COSY and
NOESY analyses (see Supporting Information).

These NMR data provide insight into the connectivity of the
newly formed tetrahedral structure 3; all of the terpyridinyl 6,6”
proton pairs are shifted upfield indicative of 12 coordinated tpy
units (four ligands, each with three tpy) via (tpy—Cd"—tpy)
linkages. As well, sharp peaks and a simple NMR pattern
indicated a high degree-of-molecular-symmetry, suggesting that
the pattern of connectivity is unique and not random.
Considering that there are three tpy units (tpy”*, tpy®, tpyS,
Figure 4A) in 1, tpy* = tpy© due to the C, symmetry; this was

(8)

(A) Tpy* = Tpy® Tpy* # Tpy®

=) Tpy* -Tpy*
=) TpyE -Tpy®©

P e
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Connectivity

" Ru-Dimera "7 = Tetrahedron 5

Figure 4. (A) Connectivity pattern of complex 3; (B) symmetry
operations of S, symmetry axis in 3; (C) Ru'-dimer 4 with
predetermined connectivity and its corresponding tetrahedron S.

confirmed by the distinct 2:1 integration ratio ("H NMR;
Figure 3D) of the two sets of protons from tpy units. However,
3 showed three distinct sets of tpy protons with an 1:1:1
integration ratio; thus, tpy* and tpy® are connected, through
Cd?*, in different ways. In complex 3, the tpy“ from one ligand
must always be connected with tpy® from another ligand, while
tpy* from different ligands are always connected with each
other (Figure 4A). Alternatively, tpy® must always be
connected with tpy®, while tpy” is only connected to another
tpy”. This type of connectivity clearly explains the NMR of the
tetrahedron 3 with three different types of tpy units and
equivalent integration. The interpretation of the OCH; markers
also permits insight into the inherent molecular symmetry or
asymmetry of the products. Therefore, this newly formed
structure 3 is a quasitetrahedron containing only the S,
symmetry element only”' (Figure 4B) and possesses three
sets of tpy units giving rise to three different singlets from three
different juxtaposed methoxy groups per each hexasubstituted
apical phenyl moiety.

To further confirm the connectivity pattern within 3, Ru'-
dimer 4 (Figure 4C) was synthesized in 6 steps from
commercially available trimethoxybenzene (synthetic route
was shown in Supporting Information Figure S9 and
experimental details were also included in the Supporting
Information), which resulted in two tpy* units from two tris-
terpyridine ligands 1 being connected via stable (tpy—Ru"—
tpy) connectivity. When 4 self-assembled with Cd** ions in
MeOH under identical conditions, the connectivity pattern of
tpy” is uniquely predetermined. Thus, if the ligand connectivity
pattern based on NMR and MS data (shown in Figure 4A) is
correct for 3, use of dimer 4 would give rise to a similar
tetrahedron cage 5 with a nearly identical spectral-derived
connectivity pattern. Accordingly, the ESI-MS spectrum of cage
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Figure 5. (A) ESI-MS spectrum of 5. (B) 2D ESI-TWIM-MS plot (m/z vs drift time) for 5. The charge states of intact assemblies are marked. 'H
NMR spectra (CD;CN, $00 MHz) of (C) Ru'-dimer 4 and its (D) corresponding tetrahedron 5. DOSY NMR spectra (CD;CN, 500 MHz) of bis-
thombus 2 (E, left), tetrahedron 3 (E, middle), and tetrahedron § (E, right).

5 (Figure SA) exhibited a series of peaks with charge states
from 4+ to 8+ derived by the loss of an increasing number of
PF,™ units. From these ions, the molecular weight of § was
determined to be 6752.7 Da, supporting its composition of
precisely two building blocks of dimer 4 (each containing one
Ru*"), four Cd** ions, and 12 PF~ anions. Isotope patterns of
each charge state agreed well with the corresponding simulated
isotope patterns. The ESI-TWIM-MS plot (Figure SB) further
confirmed the structural composition exhibiting charge states
with narrow drift time distributions indicating that no other
structural conformers or isomers were present. Notably, 'H
NMR analysis of tetrahedron § (Figure SD) also revealed three
sets of tpy units with equal integration and upfield shifted 6,6”
protons for all tpy units, thereby supporting the presence of
(tpy—M"—tpy) (M = Cd or Ru) and no uncomplexed tpy
moieties. Assignments were based on detailed analyses of the
2D COSY and NOESY spectra (see Supporting Information).

In diffusion-ordered NMR spectroscopy (DOSY, Figure SE),
all of the signals exhibit a narrow band near diffusion
coefficients of 2.6 X 1071, 5.5 X 107, and 5.6 X 1071° m?
s7! for bis-rhombus 2, tetrahedron 3, and tetrahedron 5,
respectively, affirming that the size of the tetrahedron is
appreciably smaller compared to bis-thombus 2. The sizes of
tetrahedra 3 and $ are very similar, consistent with the common
connectivity type in both structures.

Collision cross sections (CCSs) were also derived for several
of the ions observed in the TWIM-MS experiments (Table 1).
The CCS of an ion is a physical property and represents a
measure of the corresponding ion size and architecture. The
CCSs for all charge states of tetrahedron 3 (864.3 + 38.8 A?)
were found to be significantly lower than the CCSs for the
charge states of bis-thombus 2 (1578.4 + 22.5 A?), which is
fully consistent with the respective structures. The CCSs for
tetrahedrons 3 and § are very similar (864.3 + 38.8 and 859.5
+ 39.5 A% respectively), indicating that these constructs

Table 1. Experimental and Theoretical Collision Cross
Sections (CCSs) of 2, 3, and 5

collision cross sections (A?)

drift
charge time
state (ms) expt expt av caled av
Bis-Rhombus 2
9+ 569 15520 15784 + 225 17114 + 41.9 (EHSS?)
10+ 478 1567.9 1667.7 = 480 (T]°)
11+ 4.15 1592.5
12+ 3.61 1601.2
Tetrahedron 3
o 605 8926 8643 £388 8266 + 107 (EHSSY)
6+ 4.33 891.7 808.5 + 144 (TJ )
7+ 3.16 862.8
8+ 2.36 809.9
Tetrahedron §
5+ 614 8997 8595 £395 8266 + 107 (EHSS")
6+ 424 8810 8078 % 15.3 (1J")
7+ 3.07 847.3
8+ 2.35 810.0

“EHSS (exact hard sphere scattering) method. bT_] (trajectory)
method (both available in the MOBCAL program).

possess similar structures with the same connectivity.
Theoretical CCSs were also calculated on the basis of 300
candidate structures for each complex (from molecular
dynamics simulations), using trajectory (TJ) and exact hard
sphere scattering (EHSS) methods.** The TJ model provides a
more realistic CCS prediction, especially for larger ions, as it
considers both long-range interactions and momentum transfer
between the ions and the gas in the ion mobility region.”> The
time required to perform TJ calculations is, however, long; in
such cases, the EHSS method, which ignores long-range
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interactions, has been frequently employed. Here, both
methods were utilized.

For the larger bis-rhombus 2, the average CCS of the 300
simulated structures obtained by the T] method (1667.7 + 48.0
A?) agrees reasonably well with the experimentally deduced
average CCS. Conversely, for the smaller tetrahedral complexes
3 and §, both the EHSS as well as the T] method predict CCSs
that lie within the range of the measured values. It is
noteworthy that the CCS calculated for bis-rhombus 2 is
approximately twice as large as the CCSs of either tetrahedral
complex (3 or §), in agreement with the presence of twice as
many ligands and metal ions in the former.

Finally, gradient tandem MS (gMS?) experiment was
performed on charge state 7+ of the assemblies 2 and 3 to
examine the intrinsic stability of these complexes (see
Supporting Information). The maximum kinetic energies at
which 2 and 3 with 7+ charges survived intact after collisional
activation with Ar targets were 57 and 27 eV, respectively. The
corresponding center-of-mass collision energies, which repre-
sent approximate measures of the intrinsic stabilities of the
complexes, are 1.27 and 1.30 eV, respectively. Thus, there is no
significant stability difference between these complexes,
strongly suggesting that there is no enthalpically driven
preference to form a certain complex and that entropic reasons
dictate why 2 and 3 coexist within a specific or limited
concentration range.

Bl CONCLUSIONS

A 3D supramolecular quasitetrahedron 3 was successfully
synthesized in near quantitative yield, and its structure was
shown to be an elongated quasitetrahedron with a single S,
symmetry axis, on the basis of the NMR and MS analysis.
Interestingly, the formation of 3 was concentration-dependent,
and this complex could only be detected at solution
concentrations below 12 mg mL™' and became the only
observed assembly below 0.5 mg mL™". Concentrating a dilute
solution, in order to isolate product 3, shifted the structural
equilibrium to the bis-rhombus 2, suggesting that the S,
quasitetrahedron exists under these conditions only at low
concentration (experimental details concerning this experiment
along with an initial speciation analysis are reported in
Supporting Information). Alternatively, 3 may become an
unstable intermediate that fragments to generate a species with
one or more broken (tpy—Cd—tpy) connections, which then
dimerize to regenerate the more stable, isolated bis-rhombus 2
at higher concentrations. It would thus appear that in the world
of 3D supramolecular assembly different unobserved chemical
pathways are possible under high dilution conditions. It is
worth noting that concentration-dependent aggregation is
observed for proteins. Our study documented that such a
phenomenon is also possible with abiotic macromolecules.

B ASSOCIATED CONTENT

© Supporting Information

Complete experimental procedures and characterization of
Cd**-based complexes 2, 3, and 5, including 'H NMR, "*C
NMR, COSY, NOESY, ESI-MS, and TWIM-MS. Detailed
synthetic route and procedures of Ru'-dimer 4 and the
corresponding characterization. Isotope patterns for all
complexes and MALDI-ToF result of 4. This material is
available free of charge via the Internet at http://pubs.acs.org.
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