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Abstract    

The host-guest 

chemistry of 

cryptophanes is an active 

research area because of 

its applications in sensor 

design, targeting small 

molecules and atoms in 

environmental and 

medical sciences. As such, the computational prediction of binding energies and nuclear 

magnetic resonance (NMR) properties of different cryptophane complexes are of interest to 

both theoreticians and experimentalists working in host-guest based sensor development. 

Herein we present a study of 10 known and some newly proposed cryptophanes using density 

functional theory (DFT) calculations. We benchmark the description of non-bonding 

interactions by different DFT functionals against spin-component-scaled, second-order 

Møller–Plesset theory (SCS-MP2) and predict novel host molecules with enhanced affinity 

towards methane and Xenon - two representative systems of high interest. We demonstrate the 

power and limitations of the different computational methods in describing the binding and 

NMR-properties of these established and novel host systems. The results show the importance 

of including dispersion corrections in the DFT functionals. The overall analysis of the 
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dispersion corrections indicated that results obtained from pure DFT functionals should be used 

cautiously when drawing conclusions for molecular systems with considerable weak 

interactions. Proposed analogues of cryptophane-A, where the alkoxy bridges are replaced by 

alkyl chains, are predicted to display enhanced affinity towards both methane and Xenon.   

 

1. Introduction 
The host-guest chemistry of cryptophanes is an active research area because of increasing 

interest in the complexation of small molecules and atoms for sensor design in environmental 

and medical sciences. Cryptophanes are roughly spherical cage molecules consisting of two 

relatively rigid aromatic bowl-shaped cyclotriveratrylene sub-units connected by three flexible 

aliphatic linkers. Among them is cryptophane-A which is composed of two equivalent 

cyclotriguaiacylene (CTG)  caps connected by three ethylenedioxy linkers where one methoxy 

group is attached to each of the benzene rings.1 Cryptophane-A can exist in two diastereomeric 

forms, of which the anti-diastereomer has been isolated.2 They form host-guest complexes with 

a range of small molecules, of which methane, chloroform and water3-5 as well as xenon are the 

most common guests.2,6-8 The complexes are generally characterized by weak non-covalent 

host-guest interactions. Among the potential applications of cryptophane complexes are drug 

formulation and delivery,9 molecular recognition and storage,10-12 magnetic resonance imaging 

(MRI) contrast agents,13 and sensors.14-16  
129Xe (spin-½) is an attractive MRI contrast agent.13 It is non-toxic, polarizable, inert 

and has millimolar solubility (~5 mM) in water.17 The Xe@cryptophane-A system has been 

shown to be useful as a biosensor15,16 in cancer detection. Xe@cryptophane biosensors can also 

be targeted to protein receptors by appropriate functionalization and identified in vivo by 

changes to the magnetic resonance frequency of the bound 129Xe nucleus.18 Cryptophane-A has 

also recently been used in optical gas sensors that can be used to detect dissolved methane in 

air and sea water based on refractive index modulations.19,20  

 The chemical synthesis of cryptophanes is demanding. The process requires activated 

benzyl alcohol derivatives to react in multistep reactions to give rise to the strained 

cyclotribenzylene (CTB) compounds. However, considerable interest in the numerous 

applications of these molecules has led to continued efforts in functionalization and systematic 

structural variation of cryptophanes.5,7,18-21 For instance, derivatives of cryptophane-A were first 

synthesized and described in the early 1980s by Canceill  et al.22 Diversification of the 
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structures allows for modification and optimization of host-guest characteristics and other 

desired properties towards various applications9-16,19,20,23 (see Scheme 1).  

Scheme 1. Cryptophane-A complexation and applications in sensing (methane and MRI). The 

K values are association constants at 300 K for CH4@Cryptophane-A21 and at 278 K for 

Xe@Cryptophane-A.14 SAR stands for structure activity relationship. 

 

It is well known that xenon can be hyperpolarized and it has been used in biosensing24,25 

and magnetic resonance imaging (MRI).26,27 Since it is inert, delivering xenon to a specific 

biological target is a challenge. However, by using suitable cryptophane-bioactive conjugates, 

one can effectively bind xenon in a variety of biochemical environments. As such, the ability 

to compute accurate binding energies and NMR properties of different cryptophane complexes 

is of importance to both theoreticians and experimentalists working in the areas of methane- 

and 129Xe-based sensors.   

In this work, we have studied 10 different cryptophanes using high-level DFT 

calculations. Some of these are known, and some we propose herein for the first time. We have 

constructed these by changing the cryptophane-A scaffold, either by replacing the methoxy 

groups by methyl, or by modifying the linkers to hydrocarbons or different linker lengths (see 

Scheme 2). The major objectives of this study are: (1) to compare the ability of the different 

DFT functionals to describe the non-bonding interactions in these host-guest complexes 

compared to the spin-component-scaled, second-order Møller–Plesset theory (SCS-MP2), 

proposed by Grimme,28 which exploits the ability to separately scale the singlet and triplet 
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electron pair contributions to the correlation energy; (2) to predict novel host molecules with 

enhanced affinity towards methane and xenon; and (3) to study the relation between the 

structures of the hosts and magnetic resonance frequency (NMR chemical shift) of the bound 

guest molecules.  

 
Scheme 2. The two basic cavitand skeletons studied herein where the CTG linkers are either 

alkyldioxy or an alkyl chains and the side attachments are either methoxy or methyl groups.  

 

2. Computational Details   
       The geometry optimization of cryptophane-A 1 was started from the X-ray structure of 

cryptophane-D29 by replacing the hydrogens with methoxy substituents on the second ring. The 

structure of 2 was built by starting from the optimized geometry of 1 (by replacing the methoxy 

groups with methyl). The initial structure of 3 was generated starting from the X-ray structure 

of cryptophane-11130 and replacing the hydrogens with methoxy substituents, and replacing the 

methoxy groups with methyl for 4. Since we were unable to find similar molecular systems for 

molecules 5 - 10, we built them starting from the optimized geometry of 1. After optimizing 

the structure of the host, the guests were inserted and the complexes were optimized using the 

same computational approach. Conformers of the cages and the corresponding complexes were 

generated using either the MarvinView31 or PCModel32 program packages employing the 

MMFF94 force field with a strict optimization limit. For the molecules with  –O-CH2-CH2-O- 

or –CH2-CH2-CH2-CH2- bridges, a total of 20 conformers (a combination of the different bridge 

dihedral angles as well as orientation of the methoxy groups in the latter bridge types) for each 

O

O
O

O

O

O
R R R

RRR

n nn

R R R

RRR

n n
n

     Cpd      n      R  
        1        2    OMe  (Cryptophane-A)
        2        2       Me
        3        1    OMe  
        4        1       Me

with alkyldioxy linkers with alkyl linkers
     Cpd      n      R  
        5        0    OMe 
        6        0       Me
        7        1    OMe
        8        1       Me
        9        2    OMe
        10      2       Me



5 

 

molecule were selected based on their relative stabilities. These molecular mechanics (MM) 

minimized conformers were used for further subsequent geometry optimizations using 

ɷB97X-D33/6-311G(d,p)34 to identify the most stable conformers. This approach followed by 

DFT calculations has been shown to give stable conformers in good agreement with the 

experimental structural parameters for similar kinds of compounds.35  

The conformational freedom of the methoxy and methyl substituents was thoroughly 

analysed by running calculations using ɷB97X-D/6-31G(d). After this analysis, the most stable 

structures were used for further geometry optimizations and frequency calculations using the 

6-311G(d,p)34 basis set for the light atoms and Def2-TZVP36 together with effective core 

potentials (ECPs) for Xe to account for relativistic effects. It has previously been demonstrated 

that the 6-311G(d,p) basis set is appropriate for DFT studies of such complexes.37,38 We used 

the functionals ɷB97X-D,33 B3LYP,39-41 B3LYP-D3,39-42 B3LYP-D3BJ39-42 and M06-L43 in this 

study. Previous studies of host-guest complexes have indicated that SCS-MP2 better predicts 

the change in energies of complexes with weak non-covalent interactions38,44,45 compared to 

other commonly used DFT functionals.38,44,45 Hence, in addition to the DFT functionals, we also 

used SCS-MP2 together with the cc-pVDZ basis set as a benchmark. The change in free 

energies were all calculated at standard conditions (298.15 K and 1 atm). All DFT geometry 

optimizations were performed using the Gaussian 09 program package46 where the optimized 

geometries were confirmed to be real minima on the potential energy surface with no imaginary 

frequencies by performing a normal-mode vibrational analysis at the same level of theory. To 

take into account bulk solvent effects, all the calculations were performed within a continuum 

solvent model by employing the polarizable continuum model (PCM) in its integral equation 

formalism variant  (IEF-PCM).47-49 Since we primarily focussed on the application of the 

studied complexes in aqueous environments, we used water as a solvent in all the geometry 

optimizations, frequency calculations and energy analyses. The SCS-MP2 geometry 

optimizations were performed starting from the ɷB97X-D optimized geometry using the 

Turbomole50 program package.  

To be consistent with the supramolecular approach,51,52 we define the interaction energy 

of the host and the guest molecules as:  

  ΔEint(A@B) = E(A@B) - E(A) - E(B)                                                                  (1) 

where the geometries of A and B were the same as they are in the complex. For all 

supermolecular calculations, the Boys-Bernardi counterpoise scheme53 was applied in order to 
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reduce the basis-set superposition errors (BSSE). In this approach both molecules A and B 

were calculated in the A@B orbital basis set. The binding energy, an energy parameter that 

describes the stability of the complexes, is calculated as the difference between the energies at 

the optimized geometries of the A@B complex and the sum of the energies of the isolated A 

and B molecules:  

ΔEbind = ΔEint(A@B) + ΔEdefom(A) + ΔEdeform(B)                                                       (2)   

where ΔEint(A@B) is the interaction energy for the A@B complex (Eq. 1), and ΔEdeform(A) and 

ΔEdeform(B) are the deformation energies for molecules A and B, respectively. The latter 

energies were calculated as the difference between the energy of molecule A in the complex 

A@B orbital basis set and A in its isolated state (the same also applies to B).  

         In order to approximately take into account the total (electronic and nuclear) stabilization 

of the complexes, the difference between the zero-point vibrational energies (ZPVE) of the 

complex and the sum of the contributions for the constituent molecules (∆ZPVE) was added to 

the binding energy obtained from Eq. (2). This formulation (Eq. (3)) is adopted to see the 

overall effect of the encapsulation stabilization energies because we study both larger cages 

where the guest can enter without any modification and smaller cages where the guest may 

need some driving force to enter.  

 ΔEstab = ΔEbind + ∆ZPVE                                                                                          (3) 

 Xenon is a heavy atom where relativistic effects play a major role in its NMR properties. 

Hence, we used B3LYP-D3 together with the spin-orbit-zeroth-order-regular approximation 

(SO-ZORA)54,55 and the slater type relativistically optimized all-electron triple-zeta double 

polarized (TZ2P)56 basis set as implemented in ADF57 program package to calculate the 

absolute shielding constants. This approach has been shown to provide results in good 

agreement with experimental results for related xenon complexed cryptophanes.58 We used the 

Gauge-Including Atomic Obitals (GIAO)59 to ensure fast basis-set convergence and origin-

independent results. The reported carbon and proton chemical shifts are referenced to 

tetramethylsilane (TMS). Since we primarily focussed on the analysis of the NMR properties 

in aqueous environment, we used water as solvent for both the methane and xenon complexes. 

As an additional study, we also report xenon chemical shifts calculated in gas phase and 

referenced to the free 129Xe atom absolute shielding constant calculated in gas-phase. This 

approach has been shown to provide accurate chemical shifts in related studies.18,38,60 In order 
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to further improve the accuracy of the xenon chemical shifts, we scaled the results according 

to literature data18,61 using the equation: 

 δscale(129Xe) = (δcalc + 30.97)/1.198                                                                            (4) 

where δscale and δcalc are the scaled and calculated chemical shifts, respectively. This scaling 

approach has been shown to provide a good correlation between the calculated and 

experimental 129Xe chemical shifts for related cryptophane complexes.18 

 

3. Results and Discussion 

3.1. Conformational Analysis  
The conformational analysis for the ethylene oxide and butylene bridge linkers are 

presented in Table S1 of the Electronic Supporting Information (ESI). Due to the flexibility of 

the bridges connecting the CTG units, there are different possible conformations for all 

molecules. For the cryptophane derivatives as well as their complexes listed in Table S1 of the 

ESI, there are at least 20 possible conformers (G+G+G+, G−G−G−, G+G+G−, G−G−G+, T+T+T+, 

T−T−T−, T+T+T−, T−T−T+, G−G+T+, G−G−T+, G−G−T−, G−T+T+, G−T−T−, G−T−T+, G+G+T−, G+T+T+, 

G+T−T−, G+T−T+, G+G+T+, and G−G+T−; where G refers to gauche type conformation and T refers 

to trans type conformation (with ± signs) for the –O-CH2–CH2–O– and –CH2–CH2–CH2–CH2– 

bridges) making the computational procedures demanding on top of the molecular size. We 

performed molecular mechanics minimizations followed by DFT calculations using ɷB97X-

D/6-31G(d) and were able to reduce the possible conformers to a total of eight conformers for 

each of the molecules studied (G+G+G+, G−G−G−, G+G+G−, G−G−G+, T+T+T+, T−T−T−, T+T+T−, 

T−T−T+) by screening out those with an energy of more than 8 kcal/mol compared to the most 

stable conformer in each set of molecules. For example, among the possible conformations of 

the empty cryptophane-A cage analysed using ɷB97X-D/6-31G(d,p), the conformer with 

G−G−G− is the most stable conformer followed by G−T−T− 1.4 kcal/mol higher in energy, 

G+G+G+ by 2.2 kcal/mol, G−G−G+ by 3.1 kcal/mol, T−T−T− by 7.3 kcal/mol and T−T−T+ by 7.6 

kcal/mol, whereas the rest are unstable by more than 8.0 kcal/mol compared to the most stable 

conformer (G−G−G−). Similar analysis for the CH4@cryptophane-A complex (shown in Figure 

1) shows that the conformer with the G−G−G+ conformation is the most stable followed by 

G+G+G+ by 0.6 kcal/mol, G−G−G− by 3.0 kcal/mol, and T−T−T+ by 6.9 kcal/mol. The other 

possible conformers are less stable by more than 7.0 kcal/mol.  
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The situation simplifies as the bridge lengths decrease. For example, the molecule with 

only –O–CH2–O– has fewer possible conformers compared to cryptophane-A which has a –O-

CH2–CH2–O– bridge, and  the bridges become less flexible when their lengths decrease (see 

CH4@1 and CH4@3 in Figure 1). Replacing the oxygen atoms by CH2 groups also affects the 

conformations in such a way that the gauche conformation of the bridges become less 

favourable and those with nearly trans orientations of the butylene linkers become dominant. 

Unlike those with –O–CH2–CH2–O– which have both gauche and anti-conformation of the 

bridges, the molecules with –CH2–CH2–CH2–CH2– bridges only have an anti-conformation for 

the bridges after geometry optimization, irrespective of the input geometry.  

A previous study by Brotin et al.3 on the derivative of cryptophane-A where one methoxy 

substituent is replaced by hydrogen atoms (cryptophane-H), showed that the molecule prefers 

the gauche-conformation for the ethylene oxide linkers, in agreement with our conformational 

analysis for the molecules with ethylene oxide linkers. Replacing the oxygen atoms of the 

bridges changes the conformation of both the cages and the complexes. For instance, in both 

the empty and complexed cryptophane-A, all the bridges prefer the gauche-conformations 

unlike the molecules with all CH2 linkers. The effect of replacing the methoxy substituent by 

methyl has a minimal effect on the conformation of both the empty cage and the CH4 

encapsulated molecules.     

In addition to the conformational complexity arising from the bridges, there are two other 

possible conformations based on the orientation of the methoxy substituents on the rings. The 

first one is when the methoxy group points out of the plane of the aromatic rings, and the other 

is when the methoxy groups are in the plane of the aromatic rings. Calculations show that the 

latter is more stable by an average of 2 kcal/mol irrespective of the conformation of the bridge 

linkers. The calculations using ɷB97X-D/6-31G(d,p) show that the anti-conformers are 

dominant. As most of the experimental host-guest complexes are based on the anti-conformer 

of cryptophane-A,3-5,62 we also considered only this conformation for all the molecules studied. 

Overall, the calculations performed using ɷB97X-D for the molecules involving 

diastereomers, which refers to the orientation of the methoxy substituents with respect to the 

ethylene oxide bridges, indicated that the syn-conformers are less stable than the anti-

conformers. This is mainly due to steric effects, which are minimized in the anti-conformation. 

For instance, the syn form of cryptophane-A is less stable than the anti-conformer by 2.1 

kcal/mol in the free energy, or by 3.7 kcal/mol for Δ(E+ZPE), in agreement with experimental 

studies.3-5,62 Hence, the anti-conformers identified using ɷB97X-D/6-311G(d,p) for all 
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molecules with diastereomers were considered for further geometry optimizations and 

frequency calculations using the other six functionals. A more detailed conformational analysis 

is presented in the ESI.  

 

3.2. Methane Complexation Energies 
The change in free energy of stabilization (ΔGstab), Eq. 1, for the methane complexes 

calculated using different functionals are presented in Table 1 and Figure 2. The results show 

that the B3LYP functional without dispersion correction overestimates the stabilization free 

energies compared to the other functionals, and gives very different results than all the other 

functionals. In most of the methane complexes, the inclusion of the Becke and Johnson (BJ-

damping) damping function (which has the advantage of avoiding repulsive interatomic forces 

at shorter distances between the host and guest molecules) causes minimal effects. Of all the 

functionals, ɷB97X-D predicted negative stabilization free energies for CH4@1, CH4@2, 

CH4@8, and CH4@10 (negative stabilization energy implies the presence of attractive forces 

between the host and guest molecules). There is experimental evidence20 for the stable complex 

formation of CH4@1. The experimental free energy of association (ΔGo) has been estimated 

from NMR measurements by Chaffee et al.4 to be -2.70 kcal/mol for CH4@cryptophane-A and 

to be -2.9 kcal/mol by Garel et al.21 at 298 K. Our calculations predict a highly stable complex 

for CH4@8 compared to the experimentally known CH4@1 (see Table 1). The M06-L 

functional includes dispersion correction, however, it predicts a stabilization free energy of 

only -0.04 kcal/mol for the CH4@1, indicating that it is unable to sufficiently account for the 

weak interactions of these complexes. The overall results show the influence of dispersion 

corrections in these complexes, keeping in mind that the SCS-MP2 results are taken as 

benchmarks.63,64     

The summary of the interaction and binding energies (calculated using Eq. 2 and 3) of the 

complexes are presented in Figures 3 and 4. From Figure 3 we see that B3LYP significantly 

underestimates the host-guest interactions as it predicts all positive values. The inclusion of 

dispersion corrections changes the sign and dramatically changes the predicted change in the 

interaction and binding energies. These comparisons indicate that the use of B3LYP for 

theoretical studies of such molecules and complexes could give strongly misleading results, 

and that this functional is not suitable for such calculations. There are also previous studies 

demonstrating that B3LYP is unable to predict complex formation energies compared to the 

results obtained when dispersion corrections are included.42,65-67 Compared to SCS-MP2, the 
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ɷB97X-D functional predicts slightly overestimated interaction energies, whereas M06-L 

predicts strong binding energies (see Figure 4). The inclusion of the damping function has 

negligible effect when compared to B3LYP-D3. This is in agreement with previous benchmark 

calculations.42 

The M06-L and SCS-MP2 calculated interaction-, binding- and stabilization energies 

for the corresponding methane complexes are presented in Table 2 (the results using the other 

functionals are presented in the ESI). The results show that CH4@8 is a more stable complex 

compared to the other complexes, followed by CH4@1. Our calculations predict that the novel, 

proposed cavitand 8, could be a promising host for improved methane binding. This is achieved 

by modifying the cryptophane cage with hydrocarbon linkers (only -CH2-), and by substituting 

the methoxy groups with methyl groups. The SCS-MP2 calculated cage deformation energy of 

CH4@8 (-2.38 kcal/mol, where the deformed cages have smaller total energy than the 

uncomplexed cages) demonstrates the strong interaction between the host 8 and its guest 

molecule (Table 2). This is followed by CH4@1 and CH4@3, and thus represents a potential 

improvement in binding properties compared to the established cavitand 1. Comparing 

complexes CH4@5 – CH4@10, the cage deformation energy decreases as the length of the 

linkers increases, showing decreased interaction between the host and the guest. For instance, 

the cage deformation energy calculated using M06-L for CH4@5 (only two carbon linkers) is 

-2.38 kcal/mol, whereas it is -0.35 kcal/mol for CH4@9 (four carbon linkers). In most cases, 

the SCS-MP2 calculated interaction and binding energies are smaller than those obtained using 

M06-L. The results presented in Table 2 also show the presence of relatively strong interactions 

between the host and guest for CH4@1, CH4@2, CH4@4 and CH4@8. The stabilization energy 

calculated using Eq. 3 predicts that CH4@6 is the least stable complex, whereas CH4@8 is the 

most stable of all the ten complexes (see Figure 5 for the summarized overall results).   

 

3.3. Xenon Complexation Energies 
The stabilization free energies for the Xe@cryptophane complexes calculated using 

different functionals are presented in Table 3. As is the case for the methane complexes, 

B3LYP predicts all complexes to be unstable. However, the results change with the inclusion 

of dispersion corrections. For instance, B3LYP predicts a stabilization free energy of 12.34 

kcal/mol for Xe@1, whereas B3LYP-D3 predicts -3.75 kcal/mol. The addition of the BJ-

damping correction further strengthens the predicted stabilization free energies. B3LYP-D3 

and B3LYP-D3BJ predicts Xe@8 to be the most stable complex followed by Xe@1. The 
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wB97X-D functional predicts Xe@1 to be the most stable complex followed by Xe@8. 

Similarly, M06-L predicts Xe@1 to be the most stable complex followed by Xe@2 and Xe@3. 

On the other hand, all the functionals predict that Xe@5 and Xe@6 are unstable complexes 

(note that 5 and 6 only have two carbon linkers), indicating that the volume of the cage is not 

sufficiently large to host the guest without imposing structural strain. For Xe@1 – Xe@4, 

replacing the methoxy side groups by methyl decreases the stability of the complexes (see 

Table 3), whereas the reverse trend is observed in most cases for the complexes of Xe@7 – 

Xe@10.    

 The complexation energies for the xenon complexes calculated using Eqs. 1 and 2 are 

presented in Table 4. From the cage deformation energies we see that the cryptophanes with 

shorter bridges are deformed considerably compared to the other complexes. For instance, 

Edeform for Xe@5 and Xe@6 (with only two carbon linkers) are -2.07 kcal/mol and -3.06 

kcal/mol, respectively, whereas they are  -0.73 kcal/mol and -0.24 kcal/mol, respectively, for 

Xe@9 and Xe@10. The interaction energies are also in agreement with the cage deformation 

energies, those with short bridges having smaller interaction energies. The M06-L calculated 

binding energies predicted that xenon can bind strongly to 7 and 8. However, SCS-MP2 

predicted that the binding of xenon to 4 is stronger, followed by 7. The stabilization energies 

calculated using M06-L also predicted that complexes Xe@7 and Xe@8 are the most stable, 

followed by Xe@1 and Xe@3. SCS-MP2 predicted Xe@4 to be the most stable complex 

followed by Xe@7. The overall analysis of the results shows that cages 7 and 8 are the best in 

forming stable complexes with xenon.  

 

3.4. 13C and 129Xe NMR Chemical Shifts  
NMR chemical shifts give insight on how the guest molecules interact with the host. In 

addition, since the hyperpolarized guest xenon is used in biosensing24,25 and magnetic resonance 

imaging (MRI),26,27 the chemical shifts are also important in order to study the sensitivity of 

xenon when complexed with the hosts. The measurement of chemical shifts of 129Xe is used to 

monitor its binding to cryptophane cages, and also to determine molecular affinities.13,68,69 

Considering this, and to assist peak assignment of bound guests, we calculated the 13C and 129Xe 

chemical shifts for the complexes, listed in Table 5. The gas phase and solvent (water) 

calculated 129Xe chemical shifts show considerable solvent effects. With the exception of 

Xe@1 and Xe@9, the chemical shifts are downfield relative to the signal of free xenon. The 

strongest solvent effect is observed for Xe@1, with a change of 37%.  
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It is commonly assumed that all known Xe@cryptophane complexes resonate in the 
129Xe frequency range of 30 – 80 ppm near room temperature.7 However, the results listed in 

Table 5 show that complexes 5 and 6, where the bridges are replaced by all-carbon atoms, 

resonate at much higher frequencies of 189 ppm and 177 ppm, respectively, when calculated 

in gas phase. The shifts calculated in water are also higher than the other complexes. 

Complexes 7 and 8 are found to be the best candidates for the formation of stable complexes 

with improved binding with both methane and xenon. The calculated 129Xe chemical shifts for 

these complexes are higher than that of the known complex Xe@1. For instance, the calculated 

(in gas phase) chemical shift for Xe@8 is 102.8 ppm, whereas that of Xe@1 is 55.5 ppm. Since 

most of the hosts have not yet been synthesized, we were unable to compare the calculated 

chemical shifts with the corresponding experimental values. However, Xe@1 is a known 

complex with 129Xe chemical shift of 63 ppm7 measured in 1,1,2,2-C2H2Cl4 and referenced to 

gaseous xenon, to be compared with our calculated values of 55.5 ppm in gas phase and 87.7 

ppm in water. Even though it is not the focus of our study, we considered Xe@cryptophane-

111 (where all the methoxy side attachments of Xe@3 are replaced by hydrogens) to validate 

our calculations. For this complex we found a 129Xe chemical shift of 38 ppm in gas phase, 

which is in fair agreement with the experimental value of 31 ppm measured in 1,1,2,2-C2H2Cl4 

and referenced to gaseous xenon.7     

The 13C and 1H chemical shifts are also sensitive to the change in the structures of the 

cages. As the length of the linkers increases (see CH4@5 – CH4@10), the carbon chemical 

shifts move upfield whereas the proton chemical shifts are shifted downfield (see Table 5). 

These changes are important for specific detection of methane by varying the length of the 

linkers. The chemical shifts are also sensitive with respect to replacing the methoxy side groups 

with methyl. For instance, the 13C chemical shift of CH4@1 (with methoxy side groups) is -

5.81 ppm, whereas that of CH4@2 (with methyl side groups) is -7.47 ppm. For the purpose of 

validation of the method, we calculated the 1H chemical shift for CH4@cryptophane-111 

(where all the methoxy side groups of CH4@3 are replaced by hydrogen atoms) and obtained 

-5.2 ppm which is to be compared with the corresponding experimental value of -5.3 ppm,4 

confirming that our calculated results represent well the chemical shifts of the complexes we 

studied.    
 

4. Conclusions  
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In this work, we have conducted conformational analyses of several known and newly 

proposed cryptophane-like host molecules and their corresponding CH4 and Xe complexes to 

the identify the most stable structures using DFT and SCS-MP2 methods.  For the most stable 

conformers, we have analysed the stabilization, interaction, and binding energies of the 

complexes, as well as NMR chemical shifts. We have sought to demonstrate the power and 

limitations of the computational methods in exploring binding and NMR-properties of both 

established and novel host systems. The ultimate goal has been to establish computational tools 

that enable the accurate prediction of new host molecules with enhanced methane and xenon 

complexation properties. Both guests are highly relevant in the development of sensors for 

medical and environmental applications. The calculations performed using B3LYP and 

B3LYP-D3BJ show the importance of the inclusion of dispersion corrections to the DFT 

functional. The overall analysis of the dispersion corrections indicated that results obtained 

from pure B3LYP should be used cautiously when drawing conclusions, and it is not advisable 

to use this functional without the appropriate corrections when the system under study has 

considerable weak interactions. Based on this study, we recommend the M06-L and wB97X-

D functionals for the computational study of such inclusion complexes. However, we note that 

other dispersion corrected functionals may outperform these two DFT functionals based on the 

nature of the molecular systems studied.44,70 Proposed derivatives of cryptophane-A, where the 

alkoxy bridges are replaced by alkyl chains (7 and 8), are predicted to display enhanced affinity 

towards both methane and xenon.    
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Figure 1. Optimized structures of the most stable conformers of CH4@1 – CH4@6.  
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 Table 1. Comparison of the stabilization energies (ΔGstab) (all in kcal/mol) of the 

CH4@cryptophane complexes calculated using different functionals.     

CH4@ B3LYP B3LYP-D3 B3LYP-D3BJ wB97X-D M06-L 

1 10.44 0.65 -0.47 -1.25 -0.04 

2 10.15 0.96 2.05 -0.67 0.54 

3 10.50 1.51 1.24 0.26 2.05 

4 12.90 1.76 0.88 1.51 3.64 

5 18.59 5.75 4.03 2.27 3.75 

6 18.86 5.26 5.42 3.50 4.04 

7 13.54 3.74 3.42 0.45 2.71 

8 16.20 0.90 3.21 -4.66 2.82 

9 8.60 1.18 1.15 1.25 2.19 

10 8.37 1.65 1.04 -0.10 1.98 

 

 
Figure 2. The free energies (calculated analogously to Eq. 1) of stabilization for the 

CH4@cryptophane complexes calculated using different functionals.  
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Figure 3. Interaction energies of the CH4@cryptophane complexes calculated using different 

functionals.   

 

 

 
Figure 4. Binding energies of the CH4@cryptophane complexes calculated using different 

functionals.   
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Table 2. The cage deformation (Edeform), interaction (Eint), binding (ΔEbind), zero-point 

vibrational (ΔEZPVE), and stabilization energies (ΔEstab) (all in kcal/mol) of the 

CH4@cryptophane complexes calculated using M06-L/6-311G(d,p) (without parenthesis) and 

SCS-MP2/cc-pVDZ (in parenthesis).  

CH4@ ΔEdeform ΔEbind ΔEint ΔE(ZPVE)
a ΔEstab 

1 -0.21 (-2.27) -13.50 (-9.49) -13.27 (-7.20) -11.01 (-3.13) -11.47 (-7.71) 

2 -0.32 (-2.02) -12.20 (-9.24) -11.85 (-7.22) -9.82 (-7.81) -10.51 (-7.82) 

3 -0.30 (-2.29) -13.33 (-8.93) -13.01 (-6.64) -9.99 (-2.77) -10.63 (-7.36) 

4 -1.06 (-1.68) -12.94 (-9.13) -11.87 (-7.44) -7.50 (-3.63) -9.64 (-7.00) 

5 -2.38 (-1.53) -12.39 (-6.71) -10.00 (-5.17) -6.54 (-1.96) -11.32 (-5.05) 

6 -0.77 (-0.94) -11.37 (-5.91) -10.59 (-4.95) -7.53 (-1.53) -9.09 (-3.44) 

7 -1.57 (-1.17) -13.80 (-6.91) -12.21 (-5.74) -8.22 (-3.17) -11.40 (-5.53) 

8 -2.66 (-2.38) -16.16 (-9.54) -13.47 (-7.16) -8.97 (-11.45) -14.35 (-9.47) 

9 -0.35 (0.52) -11.29 (-5.87) -10.92 (-6.37) -8.40 (-5.89) -9.16 (-4.89) 

10 -0.17 (0.04) -11.04 (-6.29) -10.85 (-6.31) -8.68 (-4.86) -9.06 (-4.81) 
a Since there are internal rotations due to the guest molecule, the zero-point corrections were added to the electronic 

energies to account for errors caused by these motions.  
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.  

Figure 5. The stabilization energies (calculated using Eq. 3) of the CH4@cryptophane 

complexes calculated using different functionals.  

 

Table 3. Comparison of the stabilization energies (ΔGstab) (all in kcal/mol) of the 

Xe@cryptophane complexes calculated using different functionals.     

Xe@ B3LYP B3LYP-D3 B3LYP-D3BJ wB97X-D M06-L 

1 12.34 -3.75 -4.45 -5.51 -6.93 

2 12.06 -2.93 -2.52 -3.15 -6.54 

3 14.54 -3.67 -3.87 -3.50 -5.10 

4 14.56 -1.96 -2.56 -3.01 -3.41 

5 23.46 2.71 2.10 5.33 0.10 

6 23.46 3.84 2.66 7.18 2.22 

7 16.62 -0.05 -1.12 -1.49 -2.56 

8 11.34 -4.47 -4.87 -5.21 -3.63 

9 10.11 -2.28 -2.75 -4.88 -4.51 

10 9.70 -2.40 -2.97 -3.94 -4.22 
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Table 4. The cage deformation (Edeform), interaction (Eint), binding (ΔEbind), zero-point 

vibrational (ΔEZPVE), and stabilization energies (ΔEstab) (all in kcal/mol) of the 

Xe@cryptophane complexes calculated using M06-L/6-311G(d,p) (without parenthesis) and 

SCS-MP2/cc-pVDZ (in parenthesis).   

Xe@ ΔEdeform ΔEint ΔEbind ΔE(ZPVE)
a ΔEstab 

1 -0.41 (-1.04) -16.56 (-7.90) -16.97 (-8.94) -15.38 (-6.87) -16.20 (-8.17) 

2 -0.99 (1.02) -14.90 (-10.09) -15.89 (-9.08) -13.65 (-10.66) -15.63 (-8.81) 

3 -1.12 (-2.22) -16.66 (-9.91) -17.78 (-12.13) -14.39 (-7.34) -16.62 (-10.97) 

4 -2.06 (-2.53) -14.06 (-13.33) -16.13 (-15.86) -11.21 (-11.29) -15.34 (-15.07) 

5 -2.07 (-1.45) -10.23 (-9.42) -12.30 (-10.88) -8.53 (-7.80) -11.94 (-11.24) 

6 -3.06 (-1.25) -10.41 (-8.90) -13.47 (-10.16) -7.35 (-6.87) -13.46 (-10.15) 

7 -3.00 (-1.17) -15.08 (-11.74) -18.08 (-12.92) -11.45 (-10.65) -17.44 (-12.28) 

8 -2.84 (1.02) -16.03 (-11.02) -18.86 (-10.00) -12.40 (-12.06) -18.07 (-9.20) 

9 -0.73 (0.69) -14.00 (-12.48) -14.73 (-11.79) -12.92 (-13.10) -14.39 (-11.44) 

10 -0.24 (2.96) -13.95 (-10.15) -14.20 (-7.19) -12.71 (-12.66) -13.20 (-6.19) 
a Since there are internal rotations due to the guest molecule, the zero-point corrections were added to the electronic 

energies to account for errors caused by these motions.  

 

Table 5. NMR chemical shifts of the Xe@cryptophane complexes calculated using SO-

ZORA/B3LYP/TZ2P. The absolute shielding constant of free Xe is used as reference. The 13C 

and 1H chemical shifts refer to the CH4@cryptophane complexes.  
 

Xe@cryptophane CH4@cryptophane 
δ(129Xe) (gas) δ(129Xe) (H2O) δ(13C) (H2O) δ(1H) (H2O)  

1 55.54  87.71  -5.81 -3.54 
2 59.43 49.31 -7.47 -4.37 
3 75.25  64.40 -4.77 -4.40 
4 83.70 70.23 -5.67 -4.89 
5 188.56 161.99 -2.58 -5.18 
6 177.21 148.07 -2.58 -5.36 
7 94.48 81.54 -4.06 -3.95 
8 102.80 92.45 -5.67 -4.11 
9 103.27 125.09 -4.45 -3.03 

10 110.87 103.13 -5.53 -3.38 
The 129Xe chemical shifts are scaled using δscaled = (δcalc + 30.97)/1.198; which is shown to provide good 

correlations between the calculated and experimental 129Xe chemical shifts.18  


