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ABSTRACT: The role of chiral counterions on the attraction and
self-assembly of chiral Pd12L24 metal organic cages (MOCs) with
NO3

− being the original counterion is studied by laser light
scattering and isothermal titration calorimetry. Nitrates can trigger
the self-assembly of macrocationic Pd12L24 into hollow spherical
blackberry-type supramolecular structures via counterion-mediated
attraction. Although chiral counteranions, such as N-(tert-
butoxycarbonyl)-alanine (Boc-Ala), have weaker interaction with
the MOCs compared to NO3

−, they can induce different assembly
behaviors between two enantiomeric MOCs by inhibiting the
MOC−nitrate binding and weakening the interaction between
them. The D-counterions are capable of selectively suppressing and
slowing down the assembly of L-MOCs and also considerably decreasing their assembly size due to the much weaker MOC−nitrate
interaction. The same scenario is observed for L-counterions when interacting with the D-MOCs. This study unveils the role of
weakly associated chiral counterions on the central chiral macroions, especially their supramolecular structure formation, and
provides additional evidence on the mechanism of the homochirality phenomenon.

■ INTRODUCTION
Chirality is an intriguing topic with many remaining puzzles,
such as the interaction between chiral molecules, especially
during their self-assembly into supramolecular structures.
Pasteur first observed chirality in crystallized sodium
ammonium tartrate.1 The enantiomers of a chiral molecule
might behave differently in the biological system which is the
reason for many inspiring phenomena in nature, including
homochirality, that is, living organisms utilize one enantiomer
of chiral biomolecules, for example, L-amino acids in proteins
and D-sugars in nucleic acids. Several possibilities were
presented for the origin of homochirality.2−6 Although we
are not sure about the exact origin of the phenomena, we know
that formation of homochiral structures certainly involves
recognition and selection of enantiomers and other chiral
molecules during their organization into supramolecular
structures.7−9 Different mechanisms are proposed to explain
chiral recognition and selection such as the “three-point”
interaction model by Easson and Stedman.10 This model is
well accepted, but some other studies showed that the “three-
point” interaction is not a necessity for chiral recognition.11,12

Booth et al. also tried to explain chiral recognition based on a
“conformationally driven” process.13,14 It was also shown that
presence of noncovalent intermolecular interactions (e.g.,
hydrogen bonding or electrostatic interaction) can induce
homochirality to polymeric helical structures when small chiral
molecules are present in their self-assembly environment,15−18

and different chiral selectors were used to selectively separate

the enantiomers of several chiral molecules.12,19 Despite all
these studies and some other theories presented,20,21 the origin
of the homochirality in the early stages of life remains a topic
of exploration.
To avoid the complexity of biological systems, in this work,

we use structurally well-defined chiral macroions as models to
understand the role of chiral counterions on their self-assembly
behavior in dilute solution. Macroions are soluble ions with 1−
6 nm in size, for example, polyoxometalate clusters, metal
organic cages (MOCs) and dendrimers,22−24 so that their
solutions cannot be described by either Debye−Hückel
theory25 for simple ions or Derjaguin, Landau, Vervey,
Overbeek (DLVO)26 theory for colloids. When macroions
carry moderate charges, counterion-mediated attraction can
overcome their repulsions, leading to a delicate balance and
self-assembly behavior. A common assembly structure for
relatively isotropic macroions is the thermodynamically stable,
single-layered, hollow spherical blackberry-type structure, with
the assembly size being determined by the strength of the
intermacroionic interactions.27 In a less polar solvent or higher
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solution ionic strength, the stronger attraction between
macroions results in a smaller curvature, that is, a larger
assembly size.23

MOCs,28−34 a large group of compounds formed by
coordination bonds between transition-metal ions and electron
donor organic ligands, are often macroions in solution. The
tunable functionality of ligands, size of pores, and structures of
MOCs have gained considerable attention in catalysis,35

imaging and drug delivery,36,37 sensing,38,39 and other
applications.40−43 Some MOC macrocations were found to
self-assemble into the blackberry structure.44−47 Similar to
other macroions, the assembly size can be reversibly tuned by
solvent polarity or adding extra electrolytes. Chirality can be
easily induced into the MOCs,48 making them ideal models for
studying the effect of chirality on the intermolecular
interactions. It is needed to clarify that, in this paper, the
term “synthesis” is used for the coordination reaction between
the Pd2+ ions and the ligands forming MOCs, and “self-
assembly” is used for the association of MOCs forming
supramolecular structures such as blackberry structures.
We showed that two enantiomeric macroions tend to self-

assemble individually instead of forming mixed blackberry
structures in their racemic solution.9 Besides, we very recently
indicated that chiral co-ions are able to change the self-
assembly behavior of macroions through a solvent shell
breakage-related process, while chiral counterions induce
these changes by different counterion−macroion association.49

Given the importance of the counterions in this phenomenon,
it would be more interesting to explore how the chiral
macroions behave in the presence of chiral counterions. Do the
chiral macroions behave similarly when different enantiomeric
counterions are present? If not, how different is their behavior
and why does this difference exist? Such questions are
fundamentally important as they mimic some scenarios of
natural processes, such as the protein formation/assembly and
the origin of the homochirality.
Herein, we use two enantiomers of Pd12L24 MOC (D-Pd12L24

and L-Pd12L24) with cuboctahedral symmetry and bearing Boc-
D(L)-Ala in their ligands to study the chiral counterion−chiral
macroion interaction. The MOCs are originally balanced by
simple nitrate counterions to self-assemble into blackberry
structures driven by the electrostatic interaction as the major
driving force.50

■ METHODS
Materials. D-Pd12L24 and L-Pd12L24 MOCs with nitrate

counterions were synthesized in dimethyl sulfoxide (DMSO),
according to the literature.51 The concentration of each stock
solution was 11.27 mg/mL. Solvents, potassium nitrate
(KNO3), and palladium nitrate (Pd(NO3)2) were purchased
from Sigma-Aldrich. Water was purified by the Milli-Q Direct-
Q3 water purification system.
Sample Preparation. Concentrated stock solutions were

used to prepare dilute solutions. The conditions used for the
self-assembly of cages were a 0.5 mg/mL concentration and
Pd(NO3)2/Pd12L24 ratio of 36, and the desired amount of
chiral counterions was added to samples. In order to self-
assemble, all of the prepared samples were stored at 50 °C.
The solvents and solutions used were dust-freed by Millipore
MILLEX-LG 0.20 μm PTFE filters.
Static Light Scattering and Dynamic Light Scattering.

A commercial Brookhaven Instrument light scattering
spectrometer, equipped with a solid-state laser (model

Compass 215M) operating at 532 nm and a BI 9000AT
digital correlator, was used for both the static light scattering
(SLS) and dynamic light scattering (DLS) measurements. The
instrument can detect over an angular range of 15−155°. The
temperature of the sample chamber was maintained at 50 ±
0.1 °C during the measurements. The particle average
hydrodynamic radius (Rh) could be obtained by DLS
measurements, analyzed by the CONTIN method52 (gamma
range: from 100 to 106), and the scattered intensity and radius
of gyration (Rg) can be determined by SLS measurements. In
SLS measurements, data were collected either automatically by
instrument or manually every 2° between 30 and 120° and
analyzed based on Rayleigh−Gans−Debye equation, giving Rg
values of the assembly structures in solutions.

Nuclear Magnetic Resonance Spectroscopy. All 1H
and 13C NMR measurements in the liquid state were measured
on a Varian NMRS 500 spectrometer, equipped with a 5 mm
dual broad-band probe. Baseline correction and noise
reduction were performed when appropriate. All spectra were
taken at 25.0 °C. For 1H and 13C NMR relaxation time was 1 s
and 2 s, and number of scans was 64 and 2000, respectively.
For DOSY NMR experiments, the acquisition time was 3 s,

the spectral window was 16 ppm (−2 to 14 ppm), the
relaxation delay was 6 s, the number of scans was 16, and the
number of steady-state (or preacquisition) scans was 16.

ITC Measurements. The isothermal titration calorimetry
(ITC) measurements were conducted on a commercial TA
Instruments Nano ITC system. The instrument was equipped
with a 1.0 mL sample cell and an identical reference cell with
an adiabatic shield in a vacuum-tight chamber. For a typical
experiment, 1.0 mL of Pd12L24 solution was loaded into the
sample cell, and the reference cell was filled with 1.0 mL of
DMSO. The salt solution was loaded into a 250 μL titration
syringe and was titrated into the sample cell with 10 μL at each
interval. The background heat was subtracted by titrating the
same concentration of the salt solution into DMSO. By
knowing the concentration of species (Pd12L24, Pd(NO3)2, and
Boc-Ala in our study) in the cell, their volume for the
consecutive titrations, and measuring the released heat of the
injection, thermodynamic and binding parameters can be
calculated by nonlinear fitting to the independent model.
Fitting was performed using NanoAnalyze software provided
by TA Instruments. The details about model can be found
elsewhere.53

Chirality Confirmation by Circular Dichroism. Far-UV
spectra were collected on a circular dichroism (CD)
spectrometer (J-1500, Jasco, Easton, MD, USA) in a 1 mm
cuvette (J/0556, Jasco). The measurement range was 225−400
nm for the ligand prepared in acetonitrile and 255−400 nm for
the cages prepared in DMSO. The measurement was
conducted using a data pitch of 0.2, 2 nm bandwidth, a
response time of 4 s, and a scan speed of 50 nm/min. The
measurement was performed at 25 °C, and six accumulations
were averaged for each measurement. Background subtraction
and smoothing were performed using Spectra Manager
software (Jasco). Data were smoothed using the Means-
Movement method with a convolution width of 5.

Transmission Electron Microscopy. Regular transmis-
sion electron microscopy (TEM) images were taken on a
JEOL JEM-1230 electron microscope operated at 120 kV.
Samples for regular TEM analysis were prepared by dropping a
small volume of solution on a copper grid and fast drying
under an oil pump. To improve the visibility of hollow
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spherical blackberry structures, the contrast and brightness of
TEM images were enhanced.
Matrix-Assisted Laser Desorption/Ionization Time-of-

Flight Mass Spectroscopy. Matrix-assisted laser desorption/
ionization time-of-flight (TOF) mass spectra (MS) were
measured on a Bruker Ultraflex III TOF/TOF mass
spectrometer (Bruker Daltonics). trans-2-[3-(4-tert-Butylphen-
yl)-2-methyl-2-propenylidene]malononitrile was used as the
matrix compound. Preparation of the sample was carried out
by depositing 0.5 μL of matrix solution on the wells of a 384-
well ground-steel plate and depositing 0.5 μL of sample
solution on a spot of the dried matrix, then adding another 0.5
μL of matrix solution on top of the dried sample. MS were
measured in the reflection mode, and the mass scale was
calibrated externally with PS standards with similar molecular
weights to those of the samples under consideration. Data
analyses were conducted with Bruker’s Flex Analysis software.
Fourier Transform Infrared. PerkinElmer Spectrum 3

Fourier transform infrared (FT-IR) instrument was used to
take the FT-IR spectra of the powdered samples in a 600−
4000 cm−1wavelength range.
Thermogravimetric Analysis. A TGA 550 by TA

instruments was used to generate thermogravimetric analysis
(TGA) curves of the powdered samples in a ramp test from
room temperature to 500 °C with a heating rate of 15 °C/min.

■ RESULTS AND DISCUSSION
Synthesis and Self-Assembly of Pd12L24 MOCs. Two

enantiomers of chiral Pd12L24 MOCs, bearing chiral ligands of
Boc-L-Ala and Boc-D-Ala, were synthesized separately in
DMSO following the reported method in the literature48,51

(more details in the Supporting Information). Pd12L24 is a
spherical, cage-like coordination complex with 12 Pd2+ centers,
24 D- or L-ligand, and 24 nitrate counterions45,51(Figure 1).
Formation of the cages was confirmed using 1H NMR and 1H
DOSY NMR54−56 (Figures S4 and S5). From the diffusion
constants shown in Figure S5 and by using Stokes−Einstein
equation,57 the corresponding hydrodynamic radius of D- and
L-Pd12L24 cages is 2 and 1.9 nm, respectively (details of the
calculations can be found in the Supporting Information). The
size of the cages is slightly larger than similar cages without
alanine in their ligands reported by Fujita previously.29 The
chirality of ligands and cages was confirmed by CD spectra
(Figure S7).
Pd12L24 MOCs are not stable in aqueous solutions for a long

time;28,58 hence, the self-assembly study was conducted in
DMSO. The Pd12L24 solutions with their original nitrate
counterions were incubated at 50 °C, and a Pd(NO3)2/Pd12L24
ratio of 36 was added to trigger the self-assembly. Figure 1b
shows that the scattered intensity from the SLS measurement
continuously increases with time, suggesting the continuous
supramolecular structure formation. The analysis is based on
the simplified Rayleigh−Gans−Debye equation for hollow
spheres59,60

∝I CRh,0
2

(1)

with I, C, and Rh,0 being the scattered intensity, the
concentration of the assemblies, and hydrodynamic radius of
the supramolecular structures at zero scattering angle,
respectively. The equation shows that this increment could
be due to either the growing concentration of the assemblies or

Figure 1. (a) Schematic representation of the synthesis of Pd12L24 MOCs and their self-assembly into hollow spherical blackberry-type structures.
(b) Time-resolved scattered intensity measurements for 0.5 mg/mL of pure enantiomeric solutions, their racemic mixture, and intensity summation
of 0.25 mg/mL of pure enantiomers. CONTIN analysis results at different scattering angles for the 0.5 mg/mL of (c) L-Pd12L24 and (d) D-Pd12L24
solutions.
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the increase in their size (or both). The latter possibility is
excluded by DLS measurements61 which shows a mode
corresponding to an average hydrodynamic radius (Rh) of ∼50
± 3 nm with narrow size distribution and the Rh value does not
change with time (Figure S10). In addition, the Rh distribution
is angular independent (Figure 1c,d), suggesting that the
assemblies are likely isotropic, that is, spherical. Measurement
of the radius of gyration (Rg) from the SLS gave Rg/Rh ∼ 1,
revealing that the chiral Pd12L24 cages form hollow spherical
blackberry-type structures,22,23 and TEM images further
confirmed the size and spherical shape of the blackberry
structures (Figure S11). As shown in Figure 1b, the self-
assembly rates for D-Pd12L24 and L-Pd12L24 (black and red
curves) in their individual solutions are very similar, and Figure
1c,d indicates that the assembly sizes for the two enantiomers
are almost identical, confirming that both enantiomers of
Pd12L24 MOCs possess similar self-assembly behaviors,
including kinetics in the presence of nitrate counterions.
Chiral Recognition. Lower scattered intensity of a racemic

mixture of D,L-Pd12L24 0.25 + 0.25 mg/m (blue symbols shown
in Figure 1b, also Figure S12 includes CONTIN analysis),
compared to 0.5 mg/mL solutions of pure enantiomeric cages
and intensity summation of 0.25 mg/mL of the pure
enantiomeric cages, reveals that the collisions between two
different enantiomers do not lead to dimer formation thus
slowing down the overall self-assembly rate. This is an indirect
evidence that chiral recognition occurs during the self-assembly
of a racemic mixture solution of the macroions, that is, D-
Pd12L24 cages form homochiral blackberry structures together,
and L-Pd12L24 cages behave in a similar way. The detailed study
of chiral recognition phenomena observed during the self-
assembly of chiral macroions can be found in our previous
study.9

Effect of Boc-Ala Chiral Counterions on the Counter-
ion-Mediated Attraction during the Self-Assembly of
Pd12L24 MOCs. The enantiomers of Boc-Ala (the same chiral
molecules existing in the ligands of the cages) were introduced
into chiral Pd12L24 solutions to investigate their impact on the
intermolecular interactions of the cages, and consequently their
self-assembly behavior. To 0.5 mg/mL D- or L-Pd12L24
solutions, three different sets of chiral counterions, (1) 40
equiv of Boc-D-Ala, (2) 40 equiv of Boc-L-Ala, and (3) 20 equiv
of both Boc-L-Ala and Boc-D-Ala (overall 40 equiv) were
added, respectively, and their self-assembly processes were
monitored by time-resolved SLS measurements (Figure 2). D-
Pd12L24 cages self-assemble quickly in the presence of Boc-D-
Ala with a shorter lag phase period (<1 day); however, the self-
assembly was slower with a longer lag phase period (∼4 days)
with Boc-L-Ala as chiral counterions, clearly showing that the
enantiomers of the chiral counterion interact differently with
the chiral cages. The scattered intensity from D-Pd12L24
solution with the racemic mixture of Boc-Ala stayed between
the above two solutions, and the lag phase is <1 day indicating
that Boc-D-Ala and Boc-L-Ala still interact differently with the
cages. A similar trend was observed for L-Pd12L24, the presence
of Boc-L-Ala led to a fast assembly of the cages; however, Boc-
D-Ala drastically decreased the assembly rate with an extended
lag phase of almost 4 days. Again, for the racemic mixture of
Boc-Ala self-assembly rate stayed between two previous cases
(Figure 2b). A longer lag phase period suggests that individual
D(L)-Pd12L24 cages are more stable in the solution and have
higher tendency to stay as discrete cages when Boc-L(D)-Ala is
present.62 Overall, it can be concluded that Boc-Ala chiral

counterions impact the cage−cage intermolecular interactions
and their assembly behavior differently. The Boc-L-Ala can
weaken the intercage attraction of D-Pd12L24, resulting in
smaller and fewer assemblies, but does not impact the
interactions between L-Pd12L24 cages, vice versa for Boc-D-
Ala. In the following paragraphs, we will use “liked-pairs” for D-
Pd12L24/Boc-D-Ala and L-Pd12L24/Boc-L-Ala since the inter-
actions between such pairs do not change the self-assembly
behavior of cages, while D-Pd12L24/Boc-L-Ala and L-Pd12L24/
Boc-D-Ala will be called “disliked-pairs” which would weaken
the cage−cage interactions.
In another set of experiments, D-Pd12L24 solutions were

prepared with varying molar ratios of Boc-Ala/D-Pd12L24 from
40 to 120 to investigate the reason of lower scattered intensity
during the self-assembly of the disliked-pairs. Figure 3a,b
shows the scattered intensity increment from time-resolved
SLS measurements and their corresponding assembly sizes. It
can be seen that the self-assembly speed and the assembly size
are very similar for the liked-pairs regardless of the Boc-Ala/
Pd12L24 ratio and are also similar to those for the assemblies
with only NO3

− counterions (no Boc-Ala). On the other hand,
disliked-pairs possess a slower assembly process and smaller
assembly size compared with the liked-pairs at the same Boc-
Ala/Pd12L24 ratio, as shown in Figure 3c, and this disparity
becomes more significant as this ratio increases (e.g., assembly
size decreases from 46 to 31 nm).

Figure 2. Self-assembly processes of (a) D-Pd12L24 and (b) L-Pd12L24
solutions with or without the addition of chiral Boc-Ala, revealed by
time-resolved SLS measurements.
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Based on the assembly size and rate, it can be concluded that
the presence of Boc-Ala in a liked-pair does not affect the
electrostatic interactions between Pd12L24 cages, and the
assembly process is energetically as favorable as that with
only NO3

− counterions. Meanwhile, in a disliked-pair, the Boc-
Ala significantly weakens the attraction between Pd12L24 cages,
leading to a longer inter-Pd12L24 distance, consequently a
smaller blackberry structure size with a larger curvature.23

Moreover, a longer lag phase period for the disliked-pairs
indicates that the dimer/oligomer formation and whole self-
assembly process is energetically less favored.62,63

According to eq 1, concentration of the blackberry structures
in the case of disliked-pairs is 33 ± 2% of the concentration for
the liked-pairs at the same Boc-Ala/Pd12L24 molar ratio (40,

80, or 120). The ∼67% decrease in the assembly concentration
in disliked-pairs is almost constant at different Boc-Ala/Pd12L24

molar ratios, suggesting that the lower scattered intensities for
disliked-pairs, when increasing the Boc-Ala/Pd12L24 ratio, is
merely due to the smaller size of the assemblies but not fewer
assemblies. This means that the presence of more Boc-Ala in a
disliked-pair does not lead to more self-assembly suppression
but further weakens the attraction between Pd12L24 cages.
Enantiomers of malic acid and tartaric acid showed similar

effects on the self-assembly behavior of Pd12L24 cages. Presence
of malic acid and tartaric acid in disliked-pairs suppressed the
self-assembly process by ∼22 and 35%, respectively, when
compared to the case of liked-pairs (Figure S20).

Figure 3. (a) Time-resolved SLS measurements during the self-assembly of D-Pd12L24 MOCs in the presence of different amounts of enantiomers
of Boc-Ala. A higher Boc-Ala/Pd12L24 molar ratio leads to a slower scattered intensity rise in the disliked-pairs. (b) Size of the blackberry structures
vs Boc-Ala/Pd12L24 molar ratio. Higher ratio results in more significant size reduction. (c) Schematic representation of the effect of Boc-Ala on the
self-assembly behavior of Pd12L24 when liked-pairs are compared with disliked-pairs.
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To further investigate the interactions between Boc-Ala,
Pd(NO3)2, and chiral Pd12L24 cages, ITC experiments were
conducted. The solutions of Pd(NO3)2, Boc-Ala, and their
mixture were slowly titrated into the D- and L-Pd12L24
solutions, where the ion-pair formation between macrocations
and small counter-anions (nitrate and Boc-Ala) dominates the
process and its thermodynamic parameters can be determined.
For this, an independent model was fitted to heat area data
after subtracting dilution heat area (generated from titrating
Pd(NO3)2, Boc-Ala, and their mixture into the solvent).
Applicability of this model, to calculate thermodynamic and
binding parameters of a binding process in which counterions
bind to macroions with a single binding site, has been shown in
our previous studies.60,64,65 Here, symmetry of the cage’s
structure and fitting of the independent model to the data
confirms that Pd12L24 cages have only one type of binding site.
Within the time scale of ITC experiments, no self-assembly of
MOCs occurred. When titrating Boc-Ala [no Pd(NO3)2] into
the Pd12L24 solution, only small heat areas in ITC curve was
observed, indicating a weak binding between Boc-Ala and
Pd12L24 (Figure S15a). This confirms that Boc-Ala themselves
are not capable of triggering the assembly process of Pd12L24
cages, as shown in Figure S14. Negligible heat obtained from
titrating Boc-Ala into Pd(NO3)2 ruled out any significant
binding between them, for example, complexation (Figure
S15b).
Analysis of ITC curves for titrating Pd(NO3)2 into the D- or

L-Pd12L24 cages resulted in a binding number (n) of 20 ± 3,
that is, 20 ± 3 nitrate anions bound to Pd12L24 cages during the
process. The high value for binding affinity, Ka, (∼50,000 M−1)
reveals a strong binding between nitrate and Pd12L24, and the
Gibbs free energy is highly negative (∼−29 kJ/mol), indicating
that it is a spontaneous binding process65 (Figure S16 and
Table 1). As expected, binding parameters of nitrate to D-
Pd12L24 and L-Pd12L24 are similar since both showed a similar
self-assembly behavior (Figure 1).

When titrating the mixtures of Pd(NO3)2 and Boc-D(L)-Ala
into D-Pd12L24 solutions, the binding parameters obtained for
the liked-pairs (titrating the mixture of Pd(NO3)2 and Boc-D-
Ala into D-Pd12L24) are comparable with those for Pd(NO3)2/
Pd12L24; however, for the disliked-pairs, it was observed that
the n value decreased from 24.9 to 11.4, Ka showed a drastic
decline from 55,100 to 18,900 M−1 and free energy became
less negative, changing from −29.3 to −26.4 kJ/mol (Figure
4). Figure S17 and Table 1 show that a similar trend exists for
titrating mixtures of Pd(NO3)2 and enantiomers of Boc-Ala
into L-Pd12L24 solutions when the liked-pair was compared to
the disliked-pair. It is obvious that the presence of Boc-Ala in
the disliked-pairs strongly affects the binding process between
nitrate counterions and Pd12L24. Fewer counterions (specifi-

cally nitrates) are capable of binding to the Pd12L24 cages with
less affinity, and the binding process becomes less spontaneous,
that is, thermodynamically less favored.
ITC results confirm that different self-assembly behavior of

the liked-pairs and disliked-pairs observed in laser light
scattering (LLS) measurements is due to the different
counterion−Pd12L24 binding processes. Based on these results,
there are two types of interactions during the self-assembly
process of chiral Pd12L24 cages when chiral counterions, in
addition to the nitrates, are present: (1) NO3

−−Pd12L24
interaction to trigger the self-assembly process of the cages
and (2) chiral counterion−Pd12L24 interaction, leading to the
formation of weakly associated diastereoisomeric pairs (the
association of chiral macroion−chiral counterion was shown in
our previous study as well49). Although the latter interaction is
weaker than the former one, it determines the difference
between the liked-pairs and disliked-pairs during the self-
assembly process.
In order to determine whether the interaction between Boc-

Ala and Pd12L24 is stronger in a liked-pair or in a disliked-pair,
1H DOSY NMR of D-Pd12L24 was used as a sufficient tool to
compare the strength of intermolecular interactions.66−68 In
addition to D-Pd12L24, a molar ratio of 40 of Boc-D-Ala and
Boc-L-Ala and their mixture (20 times of each enantiomer) was
added to the solution (Figure S19). Diffusion constant
belonging to the closest proton to the chiral center in the
ligands (labeled with “f” in Figures S5 and S19) was chosen as
a basis for comparison. Lower diffusion constant in the
disliked-pair (0.4930 × 10−10 m2·s−1) and the solution
containing mixture of the enantiomers of Boc-Ala (0.5236 ×
10−10 m2·s−1), compared to the liked-pair (0.5766 × 10−10 m2·
s−1) indicates that Boc-L-Ala decreases the mobility of D-
Pd12L24 due to the stronger interaction between Boc-Ala and
Pd12L24 cage in the disliked-pairs. Similar conclusion was
obtained by Ma and co-workers69 for phenylalanine-based
metal−organic frameworks. The stronger interaction of D-
Pd12L24 toward Boc-L-Ala (compared to Boc-D-Ala) certainly
involves the hydrogen binding between the free amino acid
(chiral counterion) and the amino acid in the ligands. This
chiral recognition can occur through a three-point inter-
action,10 a conformationally driven process,14 or any other
mechanism.12 This reveals that higher binding affinity and
binding number in a liked-pair is due to the weak interaction
between Boc-Ala and Pd12L24, which cannot be a barrier
against the nitrate−Pd12L24-binding process. On the other
hand, this interaction is stronger in a disliked-pair (although,
still weaker than the nitrate−Pd12L24 interaction), which can
partially inhibit nitrate−Pd12L24 binding, probably by steric
hindrance, and weaken their interaction. The inhibited and
weakened nitrate−Pd12L24-binding process leads to a lower
binding affinity and binding number (Table 1), which is the
reason of the slower self-assembly process, lower concentration
of the assemblies at equilibrium, and their smaller size
observed in LLS measurements.

■ CONCLUSIONS
The self-assembly process of chiral cationic Pd12L24 MOCs
into hollow spherical blackberry-type structures, triggered by
the counterion-mediated attraction through the addition of
nitrate anions, was used to understand the interaction between
chiral macroions and chiral counterions. Enantiomers of Boc-
Ala, malic acid, and tartaric acid were introduced into the self-
assembly environment as weakly associated chiral counterions.

Table 1. Summary of the Binding and Thermodynamic
Parameters during Titration of Small Anions into Pd12L24
Macrocations Obtained by ITC Experiments

n Ka (M
−1) ΔG (kJ/mol)

Pd(NO3)2/D-Pd12L24 17.5 5.13 × 104 −29.1
Pd(NO3)2 + Boc-D-Ala/D-Pd12L24 24.9 5.51 × 104 −29.3
Pd(NO3)2 + Boc-L-Ala/D-Pd12L24 11.4 1.89 × 104 −24.4
Pd(NO3)2/L-Pd12L24 23.2 4.27 × 104 −28.7
Pd(NO3)2 + Boc-L-Ala/L-Pd12L24 21.2 5.71 × 104 −29.4
Pd(NO3)2 + Boc-D-Ala/L-Pd12L24 12.9 1.55 × 104 −25.33

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c07424
J. Phys. Chem. B 2020, 124, 9958−9966

9963

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c07424/suppl_file/jp0c07424_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c07424?ref=pdf


LLS, ITC, and 1H DOSY NMR results indicated that chiral
counterion-chiral Pd12L24 association is stronger in disliked-
pairs, compared to liked-pairs, leading to weaker counterion-
mediated attraction between the nitrates and Pd12L24, and
inhibits nitrate−Pd12L24 binding. As a result of this, different
self-assembly behavior, including smaller assembly size, slower
self-assembly process, and lower concentration of the
assemblies, is observed in disliked-pairs.
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Figure 4. Thermograms and fitting curves by independent model from ITC measurements for titrating (a,b) Boc-D-Ala and Pd(NO3)2 (liked-pair)
and (c,d) Boc-L-Ala and Pd(NO3)2 (disliked-pair) to D-Pd12L24. (e) Schematic demonstration of ITC instrument setup representing different
binding parameters of the counterions to chiral Pd12L24 in liked-pairs and disliked-pairs (for clarification Pd2+ ions are omitted and both
counterions, nitrate and Boc-Ala, are shown in green).
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