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Introduction

The design and synthesis of highly ordered, macromolecular
architectures through self-assembly strategies are of particu-
lar interest from various supramolecular perspectives.[1] One
notable strategy relies on ligand–metal–ligand coordination
to construct predesigned architectures.[2–5] This approach
offers a variety of opportunities for the preparation of inter-
esting metallomacrocyclic architectures, including triangular,
rectangular, pentagonal, and hexagonal shapes.[6] Aromatic
N-heterocycles, especially 2,2’:6’,2’’-terpyridine (tpy), play a
prominent role in this protocol due to their strong binding
to transition-metal ions and wide variety and positioning of
tailored connectors and spacers, which enable the prepara-
tion of multinuclear derivatives.[7] Meanwhile, dendronized
polymers have become an important part of supramolecular
chemistry due to promising applications in, inter alia, unim-

olecular micelles, drug delivery, and catalysis.[8] For example,
dendritic folate rosettes have been used as ion channels in
liquid bilayers, which showed interesting results in the mech-
anism of ion transportation in biological processes.[8c] Very
few examples concerning the integration of dendronized
chromophores into larger metallomacrocyclic complexes
through self-assembly have been reported, owing to difficul-
ties in the synthesis and separation of the desired product
from isomers or similar by-products.[9] The characterization
of such large macrocycles is also a challenge due to the diffi-
culty in obtaining single crystals of complex macrostructures.
A common alternative relies on the combination of NMR
spectroscopy and electrospray ionization (ESI) or matrix-as-
sisted laser desorption ionization (MALDI) mass spectrom-
etry (MS).[10] For example, Lin et al. reported a series of mo-
lecular polygons, as confirmed by NMR spectroscopy and
MALDI MS;[11] however, for some labile species with htpy-
CdII-tpyi or htpy-FeII-tpyi connectivity, ESI and MALDI MS
can easily generate a number of differently charged com-
plexes and/or many fragments, which significantly increases
the challenge of structure verification.[12]

Drift-cell ion-mobility spectrometry/mass spectrometry
(IMS MS)[13] or traveling-wave ion-mobility mass spectrome-
try (TWIM MS)[14] offers a solution to this problem, because
they afford dispersion based on the shape and charge state;
with this capability, fragment and intact-assembly peaks of
the same mass-to-charge ratio (m/z) as well as isomeric ar-
chitectures of the same assembly can be deconvoluted.[15]

The time needed for an ion to travel through the ion-mobili-
ty region is defined as its drift time; from this time, which is
affected by the mass, charge, and ion shape, the collision
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cross section of the traveling ion can be derived.[15d,e] For
comparison, the collision cross sections of individual archi-
tectures or conformations can also be calculated by molecu-
lar modeling simulations.[15d,e] Comparison of experimental
collision cross-sectional data with calculated values affords
information about the conformation and geometry of the
drifting ions.[15d,e]

Herein, we present the one-pot synthesis, isolation, and
structural characterization of a family of metallomacrocycles
ranging from pentamer to heptamer possessing htpy-FeII-
tpyi or htpy-CdII-tpyi connectivity. These metallocycles were
obtained from bis(terpyridine) ligands possessing a prede-
signed 1208 angle between the two terpyridine moieties as

well as either first- or second-generation (G1 or G2, respec-
tively) dendron. Investigation of these macromolecules by
NMR spectroscopy, TWIM MS, UV/Vis absorption spectros-
copy, photoluminescence, molecular modeling, and cyclic
voltammetry provides information about their molecular
size and shape, as well as their photophysical and electro-
chemical properties, while keeping a common metalloma-
crocyclic backbone with similar ligands and metal ion cen-
ters. The cross-sectional data, acquired with TWIM MS and
molecular modeling, reveal detailed snapshots of the confor-
mational space traversed by the dendron-based macrocycles.
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Results and Discussion

Scheme 1 illustrates the synthetic approach, which employs
urea connectivity to 1!3 C branched, G1 and G2 dendrons
carrying the bis(terpyridine) ligand moieties G1tpy or
G2tpy. Treatment of the isocyanate of dendrons 2 and 3

with the free amine of bis(terpyridine) 1 gave G1tpy and
G2tpy in 82[16] and 72 % yields, respectively. The 1H NMR
spectrum of G2 tpy exhibits a singlet at 8.76 ppm for the
3’,5’-tpyH protons and possesses a ratio of aliphatic to aro-
matic protons that agrees with the expected structure (see
Supporting Information). The corresponding MALDI MS
shows a sharp [M+Na]+ molecular ion peak at m/z =

2100.5, corroborating the molecular identity of the ligand
G2tpy. A similar analysis was performed for G1tpy and
confirmed its structure.

Treatment of G1tpy (Scheme 1) with 1.05 equivalents of
FeCl2·4 H2O in MeOH at 25 8C for 12 h gave the pentamer
G1-5 (8 %), hexamer G1-6 (21 %), heptamer G1-7 (5%), as
well as minor components that could not be isolated in pure

form presumably consisting of larger macrocycles and a
linear polymeric fraction. The ferromacrocycles were sepa-
rated by silica-gel column chromatography, using a H2O/
MeCN/sat. KNO3(aq) mixture as the mobile phase and gra-
dient elution [1:12:1 (v/v/v) for G1-5 ; 1:10:1 for G1-6 ; 1:8:1
for G1-7]. Pentamer G2-5 and hexamer G2-6 were obtained
from G2tpy and FeCl2·4 H2O in MeOH under similar condi-
tions in 10 and 23 % yield, respectively, and were also isolat-
ed by silica-gel column chromatography eluting with H2O/
MeCN/sat.KNO3(aq) [from 1:14:1 to 1:12:1 (v/v/v)]. The
heptamer or larger macrocycles were detected as very minor
components.

To better understand the photophysical properties of the
FeII macrocycles, the related CdII construct with the
dendronized bis(terpyridine) G1 tpy was synthesized. Be-
cause of the enhanced lability of htpy-Cd-tpyi connectivi-
ty,[15a] reaction of the G1tpy ligand with one equivalent of
CdACHTUNGTRENNUNG(NO3)2·4 H2O in MeOH afforded the hexameric macrocy-
cle CdG1-6 in nearly quantitative yield, eliminating the ne-
cessity for chromatographic separation. The CdG1-612+ACHTUNGTRENNUNG(NO3

�)12 salt was converted to the corresponding PF6
� salt

by dissolution in MeOH and precipitation with excess
NH4PF6.

These metallomacrocycles are readily soluble in common
organic solvents, such as CHCl3, MeOH, and DMSO (with
Cl� or NO3

�, as counterion) or MeCN and acetone (with
PF6

�, as counterion). The structure and purity of these met-
allomacrocycles were ascertained by 1H, 13C, and COSY
NMR spectroscopy, as well as ESI MS. The 1H NMR spectra
of G1-5, G1-6, and G1-7 with NO3

� (Figure 1) exhibit sharp,
simple patterns, as expected for such symmetric structures.
Compared with the free ligand, the 1H NMR spectra of the
complexes show an approximate 1.3 ppm upfield shift for
the 6,6’’-tpyHs and a 0.8 ppm downfield shift for the 3’,5’-
tpyHs. Although all FeII macrocycles exhibit a similar peak
pattern for terpyridine, there are slight variations, especially
for 3’,5’-tpyH at about 9.7 ppm, which experiences downfield
shifts when the ring size is increased from pentamer to hep-
tamer (with G1 tpy ligands) or to hexamer (with G2 tpy li-
gands). This shift indicates that the 3’,5’-tpyH proton is par-
ticularly sensitive to the ring size and, hence, is a key feature

Scheme 1. Synthetic route to ligands G1 tpy and G2 tpy along with the self-assembled FeII or CdII metallomacrocycles.

Figure 1. Aromatic regions of the 500 MHz
1H NMR spectra for ligand

G1 tpy (in CDCl3) and pentamer G1-5 to heptamer G1-7 with NO3
� as

the counterion (in CD3OD).
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for their structural identification. The two singlets at 8.7 and
8.2 ppm (in the spectrum of G1-5) are assigned to the two
types of phenyl protons, namely, 4-ArH and 2,6-ArH, re-
spectively. Both types show successive downfield shifts with
increasing ring size; this is most noticeable for 4-ArH, which
shifts from 8.75 ppm in G1-5 to 8.94 ppm in G1-6, and essen-
tially merges with the 3,3’’-tpyH peak in G1-7, presumably
due to the enhanced crowding caused by the constricted
macrocycle.[17] Further, subtle downfield shifts are observed
for G2-5 and G2-6 in comparison with G1-5 and G1-6, re-
spectively (see Supporting Information).

The CdII hexameric complex CdG1-6 also exhibits a
sharp, symmetric pattern (1H NMR spectrum; Figure S1 in
the Supporting Information). The 3,3’’-tpyH, 4,4’’-tpyH,
5,5’’-tpyH, and 6,6’’-tpyH show distinct downfield shifts rela-
tive to the same protons in the FeII macrocycles G1-6 due to
the enhanced electron deficiency of the CdII metal ion
center, whereas the protons belonging to 3’,5’-tpyH, 4-ArH,
and 2,6-ArH exhibit upfield shifts relative to these proton in
G1-6 (PF6

� in both complexes). The 1H NMR spectrum of
CdG1-6, which was acquired without chromatographic pu-
rification of the raw product (vide supra), affirms that the
hexameric CdII macrocycle was constructed in high yield
due to the lability of htpy-CdII-tpyi connectivity.[7c] All
13C NMR spectra of the investigated macrocycles are in full
agreement with the symmetric structures (see Supporting In-
formation).

The ESI of the FeII macrocycles with NO3
� counterion

generated a few intact macrocyclic ions along with frag-
ments. To obtain more informative mass spectra, all NO3

�

salts were converted to the corresponding PF6
� salts, which

produce a continuous distribution of intact charge states and
substantially fewer fragments upon ESI conditions,[12] as at-
tested in Figure 2 for G1-5 and the Supporting Information
(Figures S2–S6) for the other FeII assemblies. Intact supra-
molecular ions carry all self-assembled metal and ligand
moieties and are formed by removal of one or more of their
counterions. The intact supramolecular ions observed from
the synthesized complexes corroborate the expected macro-
cyclic structures. For example, the ESI mass spectrum of FeII

macrocycle G1-5 displays peak clusters centering at m/z=

1606.7, 1256.4, 1022.8, 856.9, 730.8, 633.5, and 555.7, which
have isotope spacings that cor-
respond to charge states +4 to
+10, respectively, and show iso-
tope distributions that are in
accord with those calculated for
G1-5 (Figure 2). Due to the
lower stability of the htpy-CdII-
tpyi connectivity, relative to
htpy-FeII-tpyi, ESI MS of the
CdG1-6 hexameric assembly
leads not only to intact supra-
molecular peaks, centering at
m/z= 2771.2, 2042.2, 1604.6,
1312.8, and 1104.7 and having
the isotope patterns expected

for charge states +3 to +7, respectively, but also to a signifi-
cant number of fragments (see Supporting Information, Fig-
ure S7).

The absorption and emission spectra of the metallomacro-
cycles and corresponding bis-ligand G1 tpy in dilute MeOH
are shown in Figure 3 and summarized in Table 1. Ligand

Figure 3. Absorption and emission spectra of ligand G1 tpy and the metallomacrocycles, acquired in dilute
MeOH (2.5 � 10�6

m) at 25 8C. The excitation wavelength in the emission experiments was 278 nm for G1 tpy
and 285 or 325 nm for CdG1-6 (see insert).

Figure 2. a) ESI mass spectrum of G1-5. b) Two-dimensional ESI-TWIM
MS plot (m/z vs. drift time) of G1-5, acquired using a traveling-wave ve-
locity of 350 ms�1 and a traveling-wave height of 8.5 V.
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G1tpy exhibits ligand centered, p!p* transitions (LC) at
about 278 and 307 nm. The FeII macrocycles in dilute
MeOH were purple, while the CdII analogue was colorless.
Compared with the ligand, the FeII macrocycles also exhibit
distinct absorption bands centered at about 570 nm, which
are attributed to the metal-to-ligand charge transfer
(MLCT) transition.[18] The LC absorption bands of G1 tpy
are red-shifted for the FeII macrocycles, which show distinct
peaks at approximately 287 and 324 nm. Molar extinction
coefficients progressively in-
crease from pentamer G1-5 to
hexamer G1-6 to heptamer G1-
7, as expected from the increas-
ing number of ligand chromo-
phores. Increasing the dendron
generation on the periphery of
the complexes from G1-6 to
G2-6 leads to nearly identical
absorption bands, because the
bis(terpyridine) ligand back-
bones remain the same and the
dendron functionality would
not be expected to enhance ab-
sorption. However, a slight blue
shift is observed for the CdII

hexamer CdG1-6, which gives
rise to absorption peaks at about 283 and 322 nm, which are
assigned to intra ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand charge transfer (ILCT); no MLCT
peak was detected for this complex.[19] Both the ligand as
well as the CdII hexamer are fluorescent in dilute solution.
The emission maximum in MeOH peaks at 371 nm for the

G1tpy ligand, but is red-shifted to 460 nm for CdG1-6 ; the
latter emission is attributed to an excited state from ILCT.
Notably, excitation of CdG1-6 at either 285 or 325 nm exclu-
sively gives a charge-transfer band, suggesting a highly effi-
cient intramolecular energy-transfer process.[20] Meanwhile,
all FeII complexes are non-emissive, as a result of the fast re-
laxation of the FeII–terpyridine complex to the ground
state.[21]

The electrochemical properties of these macrocycles and
their corresponding ligands were investigated by cyclic vol-
tammetry in DMF and Ag/AgNO3, as reference electrode.
The ligand G1tpy only shows irreversible reduction process-
es at about �1.75 V, whereas the corresponding complexes
show two quasi-reversible or irreversible one-electron re-
duction processes that can be assigned to two one-electron
reduction processes of the terpyridine units.[22] All com-
plexes exhibit one irreversible oxidation due to the FeII or
CdII centers. Relevant electrochemical data are listed in
Table 2 and a representative cyclic voltammetry response,
obtained from G1-5, is displayed in Figure 4. The potentials

observed for metal-centered oxidation or terpyridine reduc-
tion are quite similar for the different macrocycles. Com-
pared to G1-5, both the oxidation and reduction processes
of G2-5 or G1-7 become more irreversible upon increasing
the dendron generation and structural bulk, which may

Table 1. Photophysical properties of the metallomacrocycles and ligand
G1 tpy in dilute MeOH (2.5 � 10�6

m) at 25 8C.

lmax absorption [nm] (e � 10�5) lmax emission [nm]

G1 tpy 278 (0.70), 307 (0.33) 371
G1-5 287 (2.20), 324 (1.76), 570 (0.92)
G1-6 287 (3.08), 324 (2.55), 572 (1.44)
G1-7 287 (3.64), 324 (3.01), 572 (1.68)
G2-5 287 (2.18), 324 (1.73), 570 (0.92)
G2-6 287 (3.23), 324 (2.62), 572 (1.46)
CdG1-6 285 (3.54), 322 (1.68) 460

Table 2. Electrochemical peaks, onset potentials and energy levels of metallodendrimers and ligand.[a]

Eox(peak) [V] Eox(onset) [V] Ered(peak) [V] Ered(onset) [V] EHOMO [eV] ELUMO [eV] Eg(cv) [eV] Eg(opt) [eV]

G1-5 0.72�0.005 0.55�0.01 �1.60�0.005
�1.74�0.005

�1.35�0.01 �5.26�0.01 �3.36�0.01 1.90�0.02 1.93�0.01

G1-6 0.70�0.005 0.50�0.01 �1.62�0.005
�1.75�0.005

�1.40�0.01 �5.21�0.01 �3.31�0.01 1.90�0.02 1.91�0.01

G1-7 – 0.51�0.01 �1.59�0.005
�1.70�0.005

�1.42�0.01 �5.22�0.01 �3.29�0.01 1.93�0.02 1.90�0.01

G2-5 - 0.55�0.01 �1.60�0.005
�1.73�0.005

�1.40�0.01 �5.26�0.01 �3.31�0.01 1.95�0.02 1.93�0.01

G2-6 – 0.51�0.01 �1.64�0.005
�1.76�0.005

�1.46�0.01 �5.22�0.01 �3.25�0.01 1.97�0.02 1.91�0.01

CdG1-6 1.45�0.005 1.31�0.01 �1.90�0.005 �1.75�0.01 �6.02�0.01 �2.96�0.01 3.06�0.02 3.30�0.01

[a] Scan rate: 100 mV s�1; working electrode: Pt disc; auxiliary electrode: Pt wire; reference electrode: Ag/AgNO3 in DMF; supporting electrolyte:
Bu4NPF6 (0.1 m, DMF).

Figure 4. Cyclic voltammogram of metallomacrocycle G1-5 in a 0.1m solution of Bu4NPF6 in DMF, acquired at
a scan rate of 100 mV s�1.
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result from steric hindrance effects.[23] From the measured
Eox(onset) values, the energies (in eV) of the corresponding
highest occupied molecular orbital (HOMO) can be calcu-
lated according to Equation (1).

EHOMO ¼ �eðEoxðonsetÞ þ 4:71Þ ð1Þ

Eox(onset) is the onset of oxidation potential versus Ag/
AgNO3.

[24] Similarly, the energy (in eV) of the lowest unoc-
cupied molecular orbital can be estimated from the value of
Ered(onset) by means of Equation (2).

ELUMO ¼ �eðEredðonsetÞ þ 4:71Þ ð2Þ

The electrochemical band gap Eg(cv), calculated by sub-
tracting the HOMO from LUMO energy, is somewhat dif-
ferent from the corresponding optical band gap, Eg(opt), be-
cause the states probed in the electrochemical experiments
(free ions) and the optical measurements (neutral excited
states) are different.[25]

As mentioned above, coordinatively bound self-assem-
blies carrying neutral ligands are ionized to intact supra-
molecular ions by removal of one or more of their counter-
ions.[12] ESI MS of these FeII complexes led to supramolec-
ular ions missing 4–10 PF6

� counterions, hence having 4–10
positive charges, all of which were subjected to ion-mobility
separation (Figure 2 and Figures S2–S6 in the Supporting In-
formation). Because of the higher thermodynamic stability
of htpy-FeII-tpyi, as compared to htpy-CdII-tpyi bonds, ESI
MS could be optimized to observe only the cyclic architec-
tures after ion-mobility separation (vide infra and Figure 2
and Figure S2 in the Supporting Information). Note that
both cyclic and ring-opened isomers were previously detect-
ed in less stable complexes[15a,c,e] as well as by Bowers
et al.[15d] (see also Figure S7 in the Supporting Information).

The drift times of charge states formed by the FeII macro-
cycles can be obtained from the two-dimensional ESI-
TWIM MS plots shown in Figure 2 and Figures S2–S6 (see
Supporting Information). Calibration of the drift timescale
with standards of known collision cross section makes it pos-
sible to convert these times into experimental cross-sectional
areas.[14] Our calibration curve, established by the procedure
of Scrivens et al.[14e] using protein standards, is depicted in
Figure S8 in the Supporting Information; this curve could be
used for all drift times >1.5 ms to derive the corresponding
collision cross sections, which are listed in Table 3. For ex-
ample, the ESI-TWIM MS plot in Figure S3 (Supporting In-
formation) reveals that the [M�4PF6]

4+ , [M�5PF6]
5+ ,

[M�6PF6]
6+ , and [M�7PF6]

7+ ions from G1-6 have drift
times of 4.06, 2.98, 2.53, and 1.71 ms, respectively. The colli-
sion cross sections deduced from these drift times using the
calibration curve of Figure S8 (Supporting Information) are
1016.5, 1152.2, 1303.6, and 1246.5 �2 for [M�4PF6]

4+ to
[M�7PF6]

7+ , respectively. The cross sections are found to
depend on the charge state of the macrocycle, that is, the
number of PF6

� counterions. A similar trend is observed for
all other FeII macrocycles (Table 3). This result is different

from a recent study by Bowers et al. on small, rigid, triangu-
lar and rectangular self-assemblies, for which no dependency
of the collision cross section on the overall supramolecular
ion charge was detected.[15d] Our finding is ascribed to the
dendrons attached to the macrocycles; their branches can in-
teract with each other, the PF6

� counterions, and the aro-
matic moieties of the macrocycles, giving rise to many differ-
ent conformers. Since the number of PF6

� units influences
the noncovalent interactions developed in the complexes, it
also influences the number of conformers possible and the
average collision cross section of these conformers, which is
probed in the TWIM MS experiments.

The existence of a large number of conformers for each
macrocyclic assembly is also indicated by the molecular me-
chanics/dynamics calculations. Geometry optimization of the
FeII macrocycles by annealing simulations leads to structures
falling within a wide range of collision cross sections, as at-
tested by Figure S9–S13 (see Supporting Information),
which depict the cross section versus relative energy span
for 100 candidate structures from each FeII macrocycle. The
average calculated cross sections of these complexes are in-
cluded in Table 3 and agree very well with the correspond-
ing average experimental cross sections (within 1–5 %).
Note that the counterions were not considered in the calcu-
lations; however, this does not cause any significant discrep-
ancy between average calculated and experimental cross
sections, pointing out that the contribution of the PF6

� units
to the overall collision cross-sectional area is negligibly
small. The number of PF6

� counterions appears to promote
the formation of certain conformations, but the conforma-
tional space covered by all different charge states is quite
similar to the family of conformers possible for the self-as-
sembly without any counterions.

Both experimental and calculated collision cross sections
gradually increase from pentamer G1-5 to hexamer G1-6 to

Table 3. Experimental collision cross sections and modeled results of
metallomacrocycles.

Charge
state

Drift
times
[ms]

Cross sectionACHTUNGTRENNUNG(exptl) [�2]
Cross sectionACHTUNGTRENNUNG(exptl av)
[�2]

Cross section
(calcd. av)
[�2]

G1-5 +4 3.43 966.6 1026.6 985.1
+5 2.53 1086.7
+6 1.62 1026.6

G1-6 +4 4.06 1016.5 1179.7 1147.1
+5 2.98 1152.2
+6 2.53 1303.6
+7 1.71 1246.5

G1-7 +5 4.24 1287.3 1391.9 1317.8
+6 2.89 1368.1
+7 2.53 1520.4

G2-5 +5 4.15 1277.1 1410.2 1402.7
+6 2.98 1379.7
+7 2.35 1469.8
+8 1.90 1514.2

G2-6 +6 3.97 1512.0 1716.9 1692.3
+7 3.07 1625.0
+8 2.89 1820.9
+9 2.26 1857.9

+10 1.71 1768.8
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heptamer G1-7, which is consistent with the concomitant in-
crease in the corresponding ring sizes. Cross sections also in-
crease from G1-5/6 to G2-5/6 due to the higher generation
of appended dendrons. Such results indicate that cross-sec-
tional data can provide valuable information about molecu-
lar size and structure, benefitting this way the structural
identification of similar compounds having different molecu-
lar sizes.

Conclusion

A family of well-defined macrocycles possessing htpy-FeII-
tpyi connectivity, ranging from pentamer to heptamer, and a
htpy-CdII-tpyi-connected hexameric analogue, has been pre-
pared using first- and second-generation, dendron-function-
alized bis(terpyridine) ligands in a one-pot, self-assembly
procedure. The resulting products were purified by column
chromatography and their molecular structures as well as
sizes were elucidated by NMR spectroscopy and ESI-TWIM
MS. The high-resolution 1H NMR spectra contained signals
diagnostic for the respective ring size. The TWIM MS ex-
periments provided evidence for the existence of several
conformations for each macrocycle. The average collision
cross sections of these conformers consistently increased
with ring size and generation of dendrons attached to the
macrocycles. Counterions did not significantly contribute to
the molecular size of the assemblies, but promoted the gen-
eration of specific conformers. The photochemical and elec-
trochemical properties of the complexes were significantly
modulated by ring size, dendron generation of functional-
ized ligands, and metal ion center. Finally, it should be
noted that the synthetic strategy presented here allows fur-
ther functionalization at the periphery of the dendrons. For
example, conversion of the tert-butyl ester to carboxylic acid
groups would improve the water solubility of the macrocy-
cles and remove the need for external counter-anions. Relat-
ed work and further modification of these structures are on-
going.

Experimental Section

General procedures : Chemicals were commercially purchased and used
without further purification. Thin-layer chromatography (TLC) was con-
ducted on flexible sheets (Baker-flex) precoated with Al2O3 (IB-F) or
SiO2 (IB2-F) and the separated products were visualized by UV light.
Column chromatography was conducted using basic Al2O3, Brockman
Activity I (60–325 mesh) or SiO2 (60–200 mesh) from Fisher Scientific.
1H and 13C NMR spectra were recorded on a Varian NMRS 500 spec-
trometer using CDCl3, except where noted. UV/Vis spectra were record-
ed on a Perkin–Elmer Lambda 35 UV/Vis spectrometer. PL spectra were
carried out on Perkin–Elmer LS55 luminescence spectrometer. Cyclic
voltammetry was performed using a BASi EC epsilon workstation; scan
rate: 100 mV s�1; working electrode: Pt disc; auxiliary electrode: Pt wire;
reference electrode: Ag/AgNO3; supporting electrolyte: Bu4NPF6 (0.1 m,
DMF). ESI mass spectra were obtained on a Bruker Esquire quadrupole
ion trap mass spectrometer (ESI MS) or Waters Synapt HDMS quadru-
pole/time-of-flight (Q/ToF) tandem mass spectrometer (MS). MALDI-
ToF MS measurements were performed with a Bruker UltraFlex III ToF/

ToF MS, equipped with a Nd:YAG laser emitting at a wavelength of
355 nm. The proteins used to calibrate the drift time scale in traveling-
wave ion-mobility mass spectrometry (TWIM MS) experiments, in order
to obtain absolute collision cross sections, were acquired from Sigma–Al-
drich. The TWIM MS experiments were performed using the following
parameters: ESI capillary voltage: 1.0 kV; sample cone voltage: 7 V; ex-
traction cone voltage: 3.2 V; desolvation gas flow: 800 L h�1 (N2); trap
collision energy (CE): 1 eV; transfer CE: 1 eV; trap gas flow:
1.5 mL min�1 (Ar); ion-mobility cell gas flow: 22.7 mL min�1 (N2); sample
flow rate: 5 mLmin�1; source temperature: 30 8C; desolvation tempera-
ture: 40 8C; IM traveling-wave height: 12 V or 8.5 V; and IM traveling-
wave velocity: 350 ms�1. The sprayed solution was prepared by dissolving
the sample (�0.3 mg) in a mixture of MeCN/MeOH (1 mL; 1:1, v/v).
Data analyses were conducted using the MassLynx 4.1 and DriftScope
2.1 programs provided by Waters. Theoretical collision cross sections
were calculated with the DriftScope 2.1 software.

Collision cross-section calibration : The drift timescale of the TWIM MS
experiments was converted to a collision cross-section scale, following
the calibration procedure of Scrivens et al.[14e] Briefly, the corrected colli-
sion cross sections of the molecular ions of insulin (bovine pancreas),
ubiquitin (bovine red blood cells), and cytochrome C (horse heart), ob-
tained from published work,[26, 27] were plotted against the corrected drift
times (arrival times) of the corresponding molecular ions measured in
TWIM MS experiments at the same traveling-wave velocity, traveling-
wave height, and ion-mobility gas flow setting used for the metallomacro-
cycles, namely, 350 ms�1, 12 V, and 22.7 mL min�1, respectively. All
charge states observed for the calibrants were used in the construction of
the curve.

Molecular modeling : Energy minimization of the macrocycles was con-
ducted with the Materials Studio version 4.2 program, using the Anneal
and Geometry Optimization tasks in the Forcite module (Accelrys Soft-
ware, Inc.). The counterions were omitted. An initially energy-minimized
structure was subjected to 100 anneal cycles with initial and mid-cycle
temperatures of 300 and 1400 K, respectively, twenty heating ramps per
cycle, one thousand dynamics steps per ramp, and one dynamics step per
femtosecond. A constant volume/constant energy (NVE) ensemble was
used; the geometry was optimized after each cycle. All geometry optimi-
zations used a universal force field with atom-based summation and
cubic spline truncation for both the electrostatic and van der Waals pa-
rameters. For each macrocycle, 100 candidate structures were generated
for the calculation of collision cross sections (see Supporting Informa-
tion).

Synthesis of G1 tpy: G1 tpy was prepared (82 %) according to literature[16]

from the free amine of bis(terpyridine) 1 and the Newkome-type, first-
generation dendron 2.

Synthesis of G2 tpy: A stirred mixture of the isocyanate of dendron 3
(270 mg, 184 mmol) and free amine of bis(terpyridine)[16] 1 (100 mg,
163 mmol) in CHCl3 (30 mL) was maintained at 25 8C for 10 h; after re-
moval of the solvent in vacuo the residue was purified by column chro-
matography (Al2O3, CHCl3/MeOH, 95:5) to afford G2 tpy, as a white
solid (242 mg, 72%). M.p. 88–90 8C; 1H NMR (CDCl3, 500 MHz): d=

8.76 (s, 4H; PyH3’, 5’), 8.70–8.71 (d, J =4.5 Hz, 4H; PyH6,6’’), 8.64–8.66 (d,
J =8.0 Hz, 4 H; PyH3,3’’), 7.84–7.88 (m, 5H; Ph-H, PyH4,4’’), 7.46 (d, J=

1.5 Hz, 2 H; PhH), 7.32–7.34 (m, 4 H; PyH5,5’’), 6.15 (s, 1H; NH), 6.11 (s,
3H; NH), 4.99–5.01 (t, J= 5.5 Hz, 1 H; NH), 4.25–4.28 (m, J =5.5 Hz,
2H; OCH2), 3.40–3.44 (m, 2H; NCH2), 2.09–2.23 (m, 26H; CH2), 1.94–
2.00 (m, 24H; CH2), 1.42 ppm (s, 81H; CH3); 13C NMR (CDCl3,
125 MHz): d=173.3, 172.9, 160.2, 158.2, 156.4, 156.2, 150.4, 149.3, 141.1,
136.9, 123.9, 121.5, 119.5, 119.0, 114.4, 80.7, 66.4, 57.5, 56.9, 37.7, 32.9,
32.1, 30.6, 30.0, 28.2; MALDI-ToF MS: m/z calcd for C116H163N11O23:
2078.2; found: 2100.5 [M+Na]+ .

Synthesis of G1-5, G1-6, and G1-7: A solution of FeCl2·4H2O (21 mg,
0.11 mmol) in MeOH (200 mL) was added to a stirred solution of G1 tpy
(105 mg, 100 mmol) in MeOH (200 mL). After stirring the mixture at
25 8C for 10 h, the purple solution was concentrated in vacuo to give a
residue, which was purified by flash column chromatography (SiO2) using
H2O/MeCN/sat.KNO3(aq), as the mobile phase to successively elute G1-
5 (solvent composition, 1:12:1 v/v/v), G1-6 (1:10:1), and G1-7 (1:8:1),
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which were isolated as purple solids. Multiple column chromatograph
separations were necessary to obtain the pure compounds, resulting in
relatively low overall yields.

Data for G1-5 : Yield: 11.3 mg, 8%; 1H NMR (CD3OD, 500 MHz): d=

9.64 (s, 20H; PyH3’, 5’), 8.95–8.96 (d, J =7.5 Hz, 20 H; PyH3,3’’), 8.75 (s, 5 H;
PhH), 8.22 (s, 10H; PhH), 7.96–7.99 (m, 20H; PyH4,4’’), 7.38–7.39 (d, J=

5.0 Hz, 20H; PyH6, 6’’), 7.20–7.22 (m, 20H; PyH5,5’’), 4.57–4.60 (m, 10 H;
OCH2), 3.53–3.55 (t, J=6.3 Hz, 10H; NCH2), 2.25–2.28 (m, 40H; CH2),
1.94–1.98 (m, 30H; CH2), 1.42 ppm (s, 135 H; CH3); 13C NMR (CD3OD,
125 MHz): d=174.8, 162.8, 162.2, 160.1, 159.9, 154.3, 153.4, 141.6, 140.3,
128.9, 125.7, 123.9, 123.2, 117.0, 81.8, 68.4, 57.6, 37.9, 31.8, 31.5, 30.9,
28.5 ppm; ESI MS: m/z : 1606.7 [M�4PF6

�]4+ (calcd m/z : 1606.3), 1256.4
[M�5PF6

�]5+ (calcd m/z : 1256.0), 1022.8 [M�6PF6
�]6+ (calcd m/z :

1022.5), 855.9 [M�7PF6
�]7+ (calcd m/z : 855.7), 730.8 [M�8PF6

�]8+ (calcd
m/z : 730.7), 633.5 [M�9PF6

�]9+ (calcd m/z : 633.4), 555.7 [M�10PF6
�]10 +

(calcd m/z : 555.5).

Data for G1-6 : Yield: 29.1 mg, 21%; 1H NMR (CD3OD, 500 MHz): d=

9.70 (s, 24H; PyH3’, 5’), 8.98–8.99 (d, J =8.0 Hz, 24 H; PyH3,3’’), 8.94 (s, 6 H;
PhH), 8.26 (s, 12H; PhH), 7.98–8.01 (m, 24H; PyH4,4’’), 7.42–7.43 (d, J=

5.5 Hz, 24 H; PyH6,6’’), 7.22–7.24 (m, 24H; PyH5, 5’’), 4.58–4.59 (s, J=

6.0 Hz, 12 H; OCH2), 3.52–3.55 (t, J= 6.5 Hz,12 H; NCH2), 2.24–2.27 (m,
48H; CH2), 1.93–1.96 (m, 36 H; CH2), 1.42 ppm (s, 162 H; CH3);
13C NMR (CD3OD, 125 MHz): d=174.8, 162.8, 162.2, 160.1, 159.9, 154.3,
152.0, 141.3, 140.3, 129.0, 125.8, 123.6, 122.1, 117.4, 81.8, 68.5, 57.6, 37.9,
31.8, 31.5, 30.9, 28.5 ppm; ESI MS: m/z : 1957.2 [M�4PF6

�]4+ (calcd m/
z :1956.6), 1536.8 [M�5PF6

�]5+ (calcd m/z : 1536.3), 1256.4 [M�6PF6
�]6+

(calcd m/z : 1256.1), 1056.1 [M�7PF6
�]7+ (calcd m/z : 1056.0), 905.9

[M�8PF6
�]8+ (calcd m/z : 905.8), 789.2 [M�9PF6

�]9+ (calcd m/z : 789.1),
695.8 [M�10PF6

�]10 + (calcd m/z : 695.7), 619.4 [M�11PF6
�]11+ (calcd m/z :

619.3), 555.7 [M�12PF6
�]12+ (calcd m/z : 555.6).

Data for G1-7: Yield: 7.1 mg, 5%; 1H NMR (CD3OD, 500 MHz): d=

9.73 (s, 28 H; PyH3’, 5’), 9.00–9.02 (d, J=7.5 Hz, 35 H; PyH3,3’’), 8.28 (s,
14H; PhH), 7.99–8.02 (m, 28H; PyH4,4’’), 7.43–7.44 (d, J =5.0 Hz, 28 H;
PyH6,6’’), 7.23–7.25 (m, 24H; PyH5,5’’), 4.57–4.61 (m, 14H; OCH2), 3.52–
3.55 (t, J =6.0 Hz, 14H; NCH2), 2.23–2.26 (m, 56 H; CH2), 1.92–1.95 (m,
42H; CH2), 1.41 ppm (s, 189 H; CH3); 13C NMR (CD3OD, 125 MHz): d=

174.8, 162.9, 162.2, 160.1, 159.9, 154.2, 151.9, 141.2, 140.4, 129.0, 125.9,
123.5, 121.7, 117.6, 81.8, 68.5, 57.6, 37.9, 31.9, 31.5, 30.9, 28.5 ppm; ESI
MS: m/z : 1489.9 [M�6PF6

�]6+ (calcd m/z : 1489.7), 1256.5 [M�7PF6
�]7+

(calcd m/z : 1256.2), 1081.1 [M�8PF6
�]8+ (calcd m/z : 1081.0), 944.9

[M�9PF6
�]9+ (calcd m/z : 944.8), 835.9 [M�10PF6

�]10+ (calcd m/z : 835.8),
746.7 [M�11PF6

�]11 + (calcd m/z : 746.7), 672.4 [M�12PF6
�]12+ (calcd m/z :

672.4), 609.6 [M�13PF6
�]13+ (calcd m/z : 609.5).

Synthesis of G2-5 and G2-6 : A solution of FeCl2·4H2O (11.5 mg,
58 mmol) in MeOH (200 mL) was added to a stirred solution of G2 tpy
(114 mg, 55 mmol) in MeOH (200 mL). After the mixture was stirred at
25 8C for 10 h, the resultant purple solution was concentrated in vacuo to
give a residue, which was purified by flash column chromatography
(SiO2) using H2O/MeCN/sat. KNO3(aq), as the mobile phase to succes-
sively elute G2-5 with a 1:14:1 (v/v/v) mixture and G2-6 with a 1:12:1
mixture. A column chromatography separation was repeated several
times to obtain the pure compounds, which led to relatively low overall
yields.

Data for G2-5 : Yield: 13.4 mg, 10%; 1H NMR (CD3OD, 500 MHz): d=

9.72 (s, 20H; PyH3’, 5’), 8.96–8.98 (d, J =8.0 Hz, 20 H; PyH3,3’’), 8.70 (s, 5 H;
Ph-H), 8.22 (s, 10H; PhH), 7.96–7.99 (m, 20 H; PyH4,4’’), 7.39–7.40 (d, J =

5.1 Hz, 20H; PyH6, 6’’), 7.21–7.23 (m, 20H; PyH5,5’’), 4.60 (m, 10 H;
OCH2), 3.55 (m,10 H; NCH2), 2.18–2.25 (m, 130 H; CH2), 1.91–2.02 (m,
120 H; CH2), 1.42 ppm (s, 405 H; CH3); 13C NMR (CD3OD, 125 MHz):
d=175.6, 174.6, 162.8, 162.2, 160.4, 159.9, 154.3, 152.4, 141.6, 140.3, 129.0,
125.8, 124.0, 123.1, 122.2, 117.1, 81.8, 68.5, 58.8, 57.9, 37.9, 33.3, 32.4, 32.1,
30.9, 30.7, 28.6 ppm; ESI MS: m/z : 2887.5 [M�4PF6

�]4+ (calcd m/z :
2286.4), 2280.8 [M�5PF6

�]5+ (calcd m/z : 2280.1), 1876.7 [M�6PF6
�]6+

(calcd m/z : 1875.9), 1587.7 [M�7PF6
�]7+ (calcd m/z : 1587.2), 1371.2

[M�8PF6
�]8+ (calcd m/z : 1370.7), 1202.7 [M�9PF6

�]9+ (calcd m/z :
1202.3).

Data for G2-6 : Yield: 31 mg, 23%; 1H NMR (CD3OD, 500 MHz): d=

9.77 (s, 24H; PyH3’, 5’), 9.00–9.02 (d, J =7.5 Hz, 24 H; PyH3,3’’), 8.91 (s, 6 H;

PhH), 8.26 (s, 12H; PhH), 7.99–8.02 (m, 24H; PyH4,4’’), 7.42–7.43 (d, J=

5.0 Hz, 24H; PyH6, 6’’), 7.23–7.25 (m, 24H; PyH5,5’’), 4.60 (m, 12 H;
OCH2), 3.54 (m,12 H; NCH2), 2.18–2.21 (m, 156 H; CH2), 1.92–2.04 (m,
144 H; CH2), 1.41 ppm (s, 486 H; CH3); 13C NMR (CD3OD, 125 MHz):
d=175.6, 174.6, 162.8, 162.2, 160.4, 159.9, 154.3, 152.1, 141.3, 140.4, 129.1,
125.9, 123.7, 121.9, 117.5, 81.8, 68.5, 58.8, 57.9, 38.0, 33.3, 32.7, 32.4, 30.9,
30.7, 28.6 ppm; ESI MS: m/z : 2766.1 [M�5PF6

�]5+ (calcd m/z : 2764.9),
2280.8 [M�6PF6

�]6+ (calcd m/z : 2279.9), 1934.1 [M�7PF6
�]7+ (calcd m/z :

1933.5), 1674.3 [M�8PF6
�]8+ (calcd m/z : 1673.7), 1472.2 [M�9PF6

�]9+

(calcd m/z : 1471.6), 1310.5 [M�10PF6
�]10+ (calcd m/z : 1310.0), 1178.2

[M�11PF6
�]11 + (calcd m/z : 1177.7).

Synthesis of CdG1-6 : A solution of CdACHTUNGTRENNUNG(NO3)2·4H2O (12 mg, 38 mmol) in
MeOH (5 mL) was added to a solution of ligand G1 tpy (40 mg, 38 mmol)
in MeOH (10 mL). The mixture was stirred at 25 8C for 1 h. After remov-
al of solvent in vacuo, white solid was generated. And then dissolved in
MeOH, and excess NH4PF6 was added to generate a white precipitate,
which was washed with MeOH and water to give the desire CdG1-6 pos-
sessing PF6

�, as the counterions (52 mg, 94%). 1H NMR (CD3CN,
500 MHz): d=9.15 (s, 24 H; PyH3’, 5’), 8.90–8.92 (d, J=6.9 Hz, 24 H;
PyH3,3’’), 8.44 (s, 6 H; PhH), 8.18–8.28 (m, 48 H; PyH4,4’’, PyH6,6’’), 7.99 (s,
12H; PhH), 7.57 (m, 24H; PyH5,5’’), 4.99–5.03 (t, J=5.7 Hz, 6H; CONH),
4.65 (s, 6 H; CONH), 4.47 (m, 12H; OCH2), 3.40–3.42 (m, 12H; NCH2),
2.18 (m, 48H; CH2), 1.82–1.88 (m, 36 H; CH2), 1.38 ppm (s, 162 H; CH3);
13C NMR (CD3CN, 125 MHz): d= 174.1, 162.3, 158.5, 155.9, 151.9, 151.2,
150.2, 142.8, 140.6, 128.9, 125.3, 123.8,121.2, 117.9, 81.2, 68.5, 57.5, 38.1,
31.7, 31.4, 30.9, 28.7; ESI MS: m/z : 2771.2 [M�3PF6

�]3+ (calcd m/z :
2770.1), 2042.2 [M�4PF6

�]4+ (calcd m/z : 2041.3), 1604.6 [M�5PF6
�]5+

(calcd m/z :1604.1), 1312.8 [M�6PF6
�]6+ (calcd m/z : 1312.6), 1104.7

[M�7PF6
�]7+ (calcd m/z :1104.4).
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