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1.0 General 

All reagents and starting materials were purchased from Sigma-Aldrich and used without further 

purification. The diamino bipyridine (DAB) ligand and 2,6-diformylpyridine (DFP) were 

synthesized as reported earlier.
1
 Thin-layer chromatography (TLC) was performed on silica gel 

60 F254 (E. Merck), and the developed plates were inspected by UV illumination. Column 

chromatography was performed on silica gel 60F (Merck 9385, 0.040–0.063 mm). Routine 

nuclear magnetic resonance (NMR) spectra were recorded at 25 °C on a Bruker Avance 600 

spectrometer, with working frequencies of 600 MHz for 
1
H, and 151.0 MHz for 

13
C nuclei, 

respectively. All chemical shifts are reported in ppm relative to the signals corresponding to the 

residual non-deuterated solvents (CD3CN: = 1.94 ppm, CD3OD: = 3.31 ppm).
2 

All 
13

C 

spectra were recorded with the simultaneous decoupling of proton nuclei. Coupling constants (J) 

are given in hertz (Hz) with multiplicity abbreviated as follows: s (singlet), d (doublet), dd 

(doublet of doublets), t (triplet), q (quartet), qt (quintet), sx (sextet), m (multiplet). A wide signal 

is preceded by br (broad). High resolution mass spectrometric (HRMS) analyses were performed 

using an Agilent 6540 UHA Accurate Mass Q-TOF / LC - MS-spectrometer in the positive mode 

with an acetonitrile/water eluent gradient on a C-18 column.  

2.0 X-ray Crystallography  

Crystal structures were determined at 100 K by X-ray diffraction on a Bruker APEX 2 DUO with 

microfocus X-ray generator. The structures were solved and refined using the programs 

SHELXS-97 and SHELXL-97
2
 respectively. The program X-Seed

3
 was used as an interface to 

the SHELX programs. The positions of the hydrogen atoms where constrained to the default 

values SHELX for the preparation of the crystallographic information file (.cif) but corrected to 
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the neutron normalized values for the structure analysis. Residual electron density found within 

the solvent accessible volume was removed with PLATON SQUEEZE,
4
 and the crystal 

information file was prepared with PLATON CALCFCF-SQ.
5
 

Crystallographic data: Details of X-ray crystal structure determination are available at 

Cambridge Crystallographic Data Centre (CCDC). The deposition number is CCDC No 

1409618; Formula = C111H81Br2F18N15O22Zn5, M = 2805.57, colourless needle, 0.100  0.010  

0.010 mm
3
, Trigonal, space group P-3 (No. 147), V = 7555(3) Å

3
, Z = 2, Dc = 1.233 g/cm

3
, F000 

= 2820, CuK radiation, = 1.54178 Å,  T = 100(2) K, 2max = 116.6º, 36252 reflections 

collected, 6994 unique (Rint = 0.0935).  Final GoF = 1.067, R1 = 0.0933, wR2 = 0.2711, R indices 

based on 4289 reflections with I > 2 (I) (refinement on F
2
), 520 parameters, 0 restraints.  Lp 

and absorption corrections applied, = 2.206 mm
-1

. 

 



S4 

 

 

 



S5 

 

 



S6 

 

 



S7 

 

 

The single crystals of TKs diffract weakly at high angle as shown by the low data completeness 

(about 98%). This prevents a complete structure refinement and explains the moiety formula, 

which refers to the part of the structure that could be refined. The counter ion(s) that balance the 

charge are likely to be sitting in the voids within the trefoil knots. This explains the A alert in the 

checkCIF. We also note a relatively short interatomic distance between O3 and O6 of about 2.4 

Å. This is not surprising considering the geometry of the interactions with 2 sets of three charged 

carbonyl species.  
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The same crystal used for single crystal XRD characterisation was placed on a polymeric support 

and analysed by EDAX to confirm the presence of bromide anions, EDAX analysis is presented 

in Figure S1b. 

 

Figure S1: a) Crystal packing of TK6+ and the adduct [ZnBr(CF3COO)3]
2–. b) EDAX analysis of a 

single TK6+’s crystal. 

 

3.0 Theoretical calculations 

Full geometry optimizations of TK
6+

, [TK(X)2]
4+

 (X = Br

, SCN


, NO3


 or BF4


), SL

8+
 and 

[SL(Otf)]
7+

 systems were carried out at the PM6 semi-empirical level with the Gaussian 09 

program package.
6
 No symmetry constraints were imposed. Stationary points found on the 

potential energy surfaces were tested via frequency analysis (no imaginary frequencies) to assure 

F
Zn

C

O

Br

N

1.0 2.0 3.0

b)

a)

c)
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that they represented energy minima rather than saddle points. The electrostatic potential of 

TK
6+

 was computed at the B3LYP/6-31G(d) level
7,8

 (the smaller 3-21G basis set was selected 

for Zn) using the PM6 optimized geometry. 

The Cartesian coordinates of the optimized geometries can be provided upon request. 

 

Figure S2: PM6-optimized structures of [TK(Br)2]
4+ complexes. 

4.0 Anion recognition studies of TK(TFA)6 

All titrations were carried out in D2O at 298 K. Changes in the 
1
H NMR spectral shifts of TK

6+
 

and the binding isotherms of titration with different anions are presented in figures S3 – S6. The 

model used to fit the NMR data is based on anion/TK 1:1 and 2:1 ratio. Attempts to fit according 

to a single 1:1 species failed. The data were fitted according to the method of Taylor and 

Anderson,
9-11

 using the equation ((a*b*x+c*d*x^2)/(1+b*x+d*x^2)) to fit the data. The constants obtained 

were found to be in good agreement with those derived from the fitting with the WinEqNMR 

software.
15
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4.1 Iodide 

 

Figure S3: Change in 1H NMR (600 MHz, 298 K) chemical shift (black squares) of Hj protons 
and calculated binding isotherm (red curve) obtained by titrating a solution of TK(TFA)6 in D2O 
(1.87 mM) with an aqueous solution of tetramethylammonium iodide (0.054 M) (data for Hj 
protons). 
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4.2 Azide 

 

Figure S4: Change in 1H NMR (600 MHz, 298 K) chemical shift (black squares) of Hj protons 
and calculated binding isotherm (red curve) obtained by titrating a solution of TK(TFA)6  in D2O 
(1.87 mM) with an aqueous solution of sodium azide (0.054 M) (data for Hj protons). 
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4.3 Thiocycanate 

 

Figure S5: Change in 1H NMR (600 MHz, 298 K) chemical shift (black squares) of Hj protons 
and calculated binding isotherm (red curve) obtained by titrating a solution of TK(TFA)6  in D2O 
(1.87 mM) with an aqueous solution of ammonium thiocyanate (0.054 M) (data for Hj protons). 
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4.4 Nitrate 

 

Figure S6: Change in 1H NMR (600 MHz, 298 K) chemical shift (black squares) of Hj protons 
and calculated binding isotherm (red curve) obtained by titrating a solution of TK(TFA)6  in D2O 
(1.87 mM) with an aqueous solution of tetrabutylammonium nitrate (0.056 M) (data for Hj 
protons). 
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4.5 Tetrafluoroborate 

 

Figure S7: Change in 1H NMR (600 MHz, 298 K) chemical shift (black squares) of Hh protons 
and calculated binding isotherm obtained by titrating a solution of TK(TFA)6  in D2O (1.87 mM) 
with an aqueous solution of tetramethylammonium tetrafluoroborate (0.093 M) (data for Hh 
protons). 
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Figure S8: HOESY spectrum at 500 MHz and 298 K of D2O solution of tetramethylammonium 
tetrafluoroborate and TK(TFA)6. 

4.6 Trifluoromethanesulfonate 

 
Figure S9: 1H NMR (600 MHz, 298 K) spectra associated with the titration of a solution of 
TK(TFA)6  in D2O (1.87 mM) with an aqueous solution of ammonium trifluoromethanesulfonate 
(0.0938 M). No significant changes in the chemical shifts of the TK(TFA)6  resonances were 
observed. 
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4.7 HRMS-ESI of a 1 : 2 mixture of TK : Anion in water 

(A)  
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(B) 

Figure S10: Zoom into the +2 charged clusters of the 1: 2 mixture of TK : TBABr. The clusters 

correspond to ([TK2Br](TFA)2)
+2, ([TK1Br](TFA)3)

+2 and ([TK](TFA)4)
+2 obtained by HRMS-ESI. 

Experimental data (top), simulated data (bottom). 
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Figure S11: Zoom into the +2 charged clusters of the 1:  2 mixture of TK : TMABF4
–. The 

clusters correspond to ([TK2BF4](TFA)2)
+2, ([TK1BF4](TFA)3)

+2 and [TK(TFA)4]
+2 obtained by 

HRMS-ESI. Experimental data (top) and simulated data (bottom). 
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4.8 Speciation diagrams of the host-guest complexes of TK with various anions 
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Figure S12: Speciation diagrams of the host-guest complexes of TK with NBu4Br. Solvent: 
water; T = 25°C; [TK] = 2 mM. 
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Figure S13: Speciation diagrams of the host-guest complexes of TK with NBu4I. Solvent: water; 
T = 25°C; [TK] = 2 mM. 
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Figure S14: Speciation diagrams of the host-guest complexes of TK with NBu4(SCN). Solvent: 
water; T = 25°C; [TK] = 2 mM. 

4.9 Variable temperature 
1
H NMR of TK(TFA)6 in presence of Br


 and BF4


 and 

19
F – 

1
H 

HOESY NMR of TK(TFA)6 

 

Figure S15: Variable temperature of 1H NMR spectra host-guest complexes of TK(TFA)6  with 

2.5 equivalent of tetrabutylammonium bromide in D2O  
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Figure S16: Variable temperature of 1H NMR spectra host-guest complexes of TK with 9.0 
equivalent of tetramethylammonium tetrafluoroborate in D2O  

 

 

Figure S17: 19F – 1H HOESY NMR of TK(TFA)6 in D2O at room temperature.  
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5.0 Synthesis of neutral DAB 

Trifluoroacetate salt of DAB was prepared according to our previously published procedure.
1
 

The trifluoroacetate salt of DAB was dissolved in water and neutralized through a drop wise 

addition of a 1 M NaOH solution till the ligand completely precipitate out of solution. After 

neutralization, the precipitate was filtered and dried under vacuum for 4h. Yield: 98 %; 
1
H NMR 

(600 MHz, CD3OD-d4, 25 °C):  3.72 (s, 4H,Ar-CH2), 5.24 (s, 4H,Ar-CH2), 7.01 (d, 4H, J = 7.9 

Hz, Ar-H), 7.27 (d, 4H, J = 7.9 Hz, Ar-H), 7.52 (d, 2H, J = 4.3 Hz, Ar-H), 8.41 (s, 2H, Ar-H), 

8.64 (d, 2H, J = 4.7 Hz, Ar-H); 
13

C NMR (600 MHz, CD3OD-d4, 25 °C):  44.7, 67.8, 114.6, 

119.1, 121.8, 128.4, 135.2, 148.7, 149.0, 155.8, 157.3; MS (ESI-HRMS): m/z Calculated for 

C26H27N4O2: 427.2129 [M+H]
+
, found: 427.2125 [M+H]

+
. 

6.0 Controlling the population of [2]C
4+

, TK
6+

, and SL
8+

 in solution 

6.1 [2]Catenane 

Four reactions having the same the contents were heated to different temperatures. In each, the 

neutral DAB (6 mg, 0.014 mmol) was stirred with zinc acetate Zn(OAc)2 (3.84 mg, 0.02 mmol) 

and diformyl pyridine (DFP) (2 mg, 0.014 mmol) in a mixture of 0.3 mL D2O and 0.3 mL 

CD3OD. The reactions were heated to 323, 338, 348 or 363 K, and the 
1
H NMR spectrum of 

each mixture was recorded 24 h after preparation. The relative amounts of the components of the 

reaction mixtures were determined by signal integration. The reactions maintained at 323, 338 or 

348 K resulted in the formation of mixtures of [2]C and TK, whereas the reaction maintained at 

363 K resulted in the exclusive formation of [2]C, though some minor peaks corresponding to 

starting materials were present in the corresponding spectrum. 
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Figure S18: 1H NMR spectra (500 MHz and 298 K) of reaction mixtures involving the templation 
of TK6+ in solution, with tetrabutylammonium bromide used as the source of bromide. 

. 

6.2 Trefoil knot 

To investigate the templation effect of bromide on the formation of TK in solution, three 

reactions (a-c) with same content or the starting material but different amounts of bromide were 

prepared.  In all three reactions, neutral DAB (6 mg, 0.014 mmol) was stirred with zinc acetate 

Zn(OAc)2 (3.84 mg, 0.02 mmol) and diformyl pyridine (DFP) (2 mg, 0.014 mmol) in 0.3 : 0.3 

mL D2O : CD3OD. Before leaving the reactions at 323 K overnight, one equivalent (4.5 mg, 

0.014 mmol) and two equivalents (9 mg, 0.028 mmol) of tetrabutylammonium bromide were 

added to reaction b and c respectively. 

363 K

348 K

338 K

323 K

~ 0% ~100%

36% 74%

38% 62%

63% 37%



S23 

 

 

Figure S19: 1H NMR spectra (500 MHz and 298 K) of the templation of the TK6+ in solution 
using tetrabutylammonium bromide. 

6.3 Solomon link 

Solomon link was detected in solution when a larger counter ion was used in the preparation of 

the Zn(II) non-trivial complexes. Neutral DAB (6 mg, 0.014 mmol) was stirred with zinc triflate 

Zn(OTf)2 (6.10 mg, 0.02 mmol) and diformyl pyridine (DFP) (2 mg, 0.014 mmol) in solvent 

mixture of D2O: CD3OD : CD3CN (0.2: 0.2: 0.2 mL) at 323 K overnight. A mixture of all three 

complexes ([2]C, TK and SL) was obtained and characterized by NMR spectroscopy and 

HRMS. 
1
H NMR (600 MHz, D2O: CD3OD: CD3CN (0.2: 0.2: 0.2), 25 °C) : 4.97,5.00, 5.05, 

5.07, 5.21, 5.23,5.27, 6.23, 6.25, 6.31, 6.40,7.54, 7.55, 7.58, 7.61,7.62, 7.74, 7.96, 8.02, 8.23, 

8.25, 8.28, 8.31, 8.53, 8.55, 8.57, 8.59, 8.60, 8.61, 8.63, 8.78, 8.81, 8.12;  ESI-HRMS: (m/z): 

calculated for [SL(OTf)6]
2+ 

is 1629.16, found is 1629.13, calculated for  ([SL(OTf)5]
3+

 is 

1036.45  found is 1036.44, calculated for [SL(OTf)4]
4+

 is 740.10 and found is 740.09, calculated 

for [SL(OTf)3]
5+

 is 562.29 and found is
 
562.28. 

2 eq Br−

1 eq Br−

No Br−

85% 15%

77% 23%

63% 37%

46810

a 

b 

c 
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Figure S20: Experimental (Exp, black and gray traces) and simulated (Sim, blue bars) HRMS 
signals corresponding to the SL(OTf)6

2+ (top) and SL(OTf)5
3+ (bottom) ions. 
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Figure S21: PM6-optimized structures of SL8+ (left) and [SL(Otf)]7+ complex (right). 

6.4 Hydrodynamic volume calculations  

The diffusion coefficient D is related to the hydrodynamic radius, r, of a molecule
12

 by the 

equation: 

  
   

    
    (1) 

where kB is Boltzmann constant (1.3806488 × 10
-23

 m
2
 kg s

-2
 K

-1
), T is the absolute temperature 

and ƞ the viscosity of the fluid. The solvent mixture used for the samples measured by DOSY 

NMR was composed of equal volumes of D2O, CD3CN and CD3OD. The viscosity of this 

mixture, assuming ideal behavior, is given by the following equation:   

  (   )  ∑        (2) 

where xi are the molar fractions of the different solvents.
13

 Using densities of 1.11; 0.888 and 

0.844 g.cm
3
 respectively for D2O, CD3OD and CD3CN,

14
 the calculated molar fractions are 

respectively 0.55, 0.25 and 0.20 and the calculated viscosity is 0.818 cP (8.18×10
-4

 Pa.s). 
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Using equation (1), hydrodynamic radii of 1.35, 1.65 and 1.83 nm were calculated for [2]C, TK 

and SL, respectively and corresponding to hydrodynamic volumes of 10.4, 18.8 and 25.5 nm
3
. 

The relatively small volume of [2]C is consistent with X-ray analysis and theoretical modeling 

which reveal a compact structure that lacks internal cavities.
1
 The larger volume of is consistent 

with X-ray analysis and theoretical modeling which indicate the presence of an internal cavity. 

The hydrodynamic volume of SL is the largest of the three and is consistent with theoretical 

modeling which suggests that this link has the largest internal cavity. 

Figure 3 from the main text 
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