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Abstract: We investigate the structural correlation of non-covalent crown ether/H+/L-tryptophan 
(CR/TrpH+) host-guest complexes in the solution phase with those in the gas phase generated 
through electrospray ionization/mass spectrometry (ESI/MS) techniques. We perform quantum 
chemical calculations to determine their structures, relative Gibbs free energies, and infrared 
spectra. We compare the calculated infrared (IR) spectra with the IR multiphoton dissociation 
(IRMPD) spectra observed for the 18-Crown-6/TrpH+ complex by Polfer and co-workers [J. Phys. 

Chem. A 2013, 117, 1181−1188] for assigning the IR bands. We observe that the carboxyl group 
remains ‘naked’, lacking hydrogen bonding with the CR unit in the gas phase, and that this most 
stable conformer originates from the corresponding lowest Gibbs free energy structure in solution. 
Based on these findings, we propose that gas phase host-guest complexes directly correlate with 
those in solution, reinforcing the possibility of obtaining invaluable information about host-guest-
solvent interactions in solution from the structure of the host-guest pair in the gas phase. 

Keywords: host-guest; IRMPD; crown ether; tryptophan  
 

1. Introduction 

Determining the detailed molecular structures of host-guest complexes [1–13] and their 
interactions with solvent molecules in the solution phase can be a daunting task. While experimental 
techniques like NMR [14–16] or X-ray fluorescence [17–19] can provide insight into some aspects of 
host-guest complexes in solution, the unambiguous elucidation of interactions among multiple 
functional groups in the guest and host, as well as those with solvent molecules, remains challenging. 
The challenge is exemplified by the scarcity of experimental studies aimed at understanding the 
structural origins of chiral differentiation in a guest molecule by a chiral host in solution phase. 

In contrast, there exists a powerful technique of electrospray ionization [20–27] (ESI)/mass 
spectrometry (MS)/infrared multiphoton dissociation [28–42] (IRMPD) spectroscopy, which is 
capable of identifying the structures of ionic host-guest complexes in the gas phase produced from 
solution phase. When combined with quantum chemical calculations, the IRMPD method has proven 
to be an efficient and accurate tool for elucidating the structures of gas-phase host-guest complexes. 
Consequently, the structural relationship between gas-phase and solution-phase host-guest 
complexes is a highly intriguing area of investigation. 

The central question revolves around whether the structure of a gas-phase host-guest complex 
correlates with that in the solution phase. Two possibilities arise: If the host-guest complex has the 
opportunity to thermodynamically relax in the gas phase following its generation from the solution 
phase through ESI/MS techniques, then the structure in the gas phase might not be related to that in 
solution. Conversely, if the gas phase is a non-equilibrium environment that prevents thermal 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 September 2023                   doi:10.20944/preprints202309.1879.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202309.1879.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

relaxation, the signature of host-guest interactions could be carried over and retained in the gas 
phase. This latter scenario appears to hold significant importance due to the potential to extract 
invaluable information about host-guest-solvent configurations in solution from the structures of 
host-guest complexes in the gas phase. 

Therefore, if unambiguous evidence can be found to support the existence of structural 
connectivity between host-guest complexes in the two phases, ESI/MS/IRMPD would emerge as an 
exceptionally important and practical tool for examining host-guest interactions in solution based on 
observations in the gas phase. 

In our previous study [43], we investigated permethylated β–cyclodextrin/protonated lysine 
(perm-CD/LysH+) host-guest complexes. This study demonstrated that the gas-phase structures of 
non-covalent complexes were derived from the corresponding conformers in the solution phase. As 
a result, we proposed that structural features (examined through IRMPD and quantum chemical 
calculations) of gas-phase host-guest complexes produced by the ESI/MS procedure could serve as 
highly accurate signatures of those in solution. The structural similarity between host-guest 
structures in the two phases clearly indicated the feasibility and practicality of this approach. 

In this study, we focus on examining the L-TrpH+ guest complexed with the crown ether 18-
Crown-6, both in the gas phase and in solution, to elucidate their structural connectivity. We begin 
by calculating the structure of the gas phase 18-Crown-6/TrpH+ complex, and subsequently compare 
its IR spectrum with the experimental IRMPD spectrum obtained by Polfer and coworkers [44]. We 
then investigate the structures of the CR/TrpH+ host-guest system in solution by ‘adding’ solvent 
(water) molecules to both the high Gibbs energy conformers and the most stable conformers in the 
gas phase. Our findings reveal that the most stable structure of CR/TrpH+ host-guest complex in 
solution closely resembles the lowest Gibbs free energy conformer of the CR/TrpH+ in the gas phase. 
This demonstrates that the host-guest complex in solution serves as the origin of the observed 
complex in the gas phase generated by the by ESI/MS procedure. This strong connection between the 
host–guest complexes in the gas phase and solution raises the possibility of utilizing gas-phase host-
guest interactions to gain insights into those in solution. 

 

Chart 1. Components of 18-Crown-6/TrpH+ complex. 

2. Results and Discussions 

2.1. Structures and Thermodynamic Stability of 18-Crown-6/TrpH+ Non-Covalent Complexes in the Gas 

Phase 

Figure 1 presents the IRMPD spectrum obtained for the 18-Crown-6/TrpH+ complex by Polfer 
and co-workers [44]. Notably, two prominent high-frequency bands at 3510 and 3565 cm-1 were 
assigned [45] as the indole –NH- and –OH stretching modes, respectively. Intriguingly, these high 
frequency bands in the IRMPD spectrum for the 18-Crown-6/TrpH+ complex closely resemble the 
corresponding bands [44] (3500 and 3555 cm-1, respectively) observed for the isolated TrpH+ species 
(Figure S1, Supplementary Information). This congruence suggests that, in the gas phase, the indole 
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–NH and –CO2H groups within the 18-Crown-6/TrpH+ complex remain ‘naked’ [46], devoid of any 
hydrogen bonding (H-bonding) interactions with the CR unit. This parallel can be drawn to our 
earlier investigations of permethylated cyclodextrin (perm-CD) complexes with amino acids (AAH+), 
namely Ala, Ile, and Lys, i.e., perm-CD/AAH+, where the carboxyl groups of protonated amino acids 
were similarly found to be free from interactions with the perm-CD. 

Another noteworthy feature of the IRMPD spectrum for 18-Crown-6/TrpH+ is the significant 
redshift of the strong bands observed in the IRMPD spectrum of TrpH+ (at 3195 and 3340 cm-1), 
attributed to the –NH3+ stretching mode of the isolated TrpH+ [44]. Upon complexation with 18-
Crown-6, these bands experience a redshift to the range of 3080–3140 cm-1. This shift unequivocally 
indicates the complexation of TrpH+ with the 18-Crown-6 unit through –NH3+. 

Figure 2 displays the calculated structures of gas-phase 18-Crown-6/TrpH+ complexes. In all 
conformers, the ammonium side-chain is accommodated either completely or partially within the 
crown ether ring. Among these conformers, the lowest Gibbs free energy configurations, 18-Crown-
6/TrpH+-G1 and 18-Crown-6/TrpH+-G2, exhibit ‘naked’ indole –NH- and –CO2H groups; other 
conformers of this type with higher relative Gibbs free energies >3 kcal/mol are given in Figure S1, 
Supplementary Information. Their structural disparities mainly involve the position and orientation 
of the indole moiety with respect to the rest of the complex. In contrast, conformers 18-Crown-
6/TrpH+-G3 and 18-Crown-6/TrpH+-G4 reveal interactions between both the –NH3+ and –CO2H 
groups with the CR ring. These conformers, however, appear to suffer from increased strain due to 
the crowding of these functional groups, resulting in higher thermodynamic instability (relative 
Gibbs free energy >5.5 kcal/mol). 

 

Figure 1. Experimental IRMPD spectra of CR/TrpH+ in the gas phase. Ref. pol_13. 

 
Figure 2. Calculated structures of the gas phase CR/TrpH+ complexes. Relative Gibbs free energy in 
kcal/mol. 
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The calculated IR spectra for these conformers are presented in Figure 3. In the two conformers 
with the lowest Gibbs free energy (CR/TrpH+-G1 and CR/TrpH+-G2), the IR spectra clearly depict 
strong bands at 3486 and 3588 cm-1, confirming the presence of ‘naked’ indole –NH and –CO2H, 
consistent with the experimental IRMPD spectrum in Figure 1. These conformers also exhibit 
asymmetric and symmetric –NH3+ stretching frequencies at ~3070 and ~3105, 3175 cm-1, respectively. 
Notably, the IR spectra of CR/TrpH+-G1 and CR/TrpH+-G2 are nearly indistinguishable. Conversely, 
the IR spectra of the less stable conformers, CR/TrpH+-G3 and CR/TrpH+-G4, display significantly 
redshifted –OH stretching bands at ~3400 and ~3480 cm-1, in clear contradiction to the experimental 
observations for the gas phase CR/TrpH+ complex. These results strongly support the notion that the 
carboxyl group in the gas phase CR/TrpH+ complex remains isolated, devoid of interactions with the 
CR unit. Consequently, either CR/TrpH+-G1 or CR/TrpH+-G2 may reasonably account for the 
experimentally observed IRMPD spectrum in Figure 1. However, definitively assigning the observed 
IRMPD bands to either CR/TrpH+-G1 or CR/TrpH+-G2 based solely on calculated IR frequencies poses 
challenges.  

Exploring the CR/TrpH+ host-guest pair in a solution-phase context may provide insights into 
the structure of the gas-phase CR/TrpH+ complex, as discussed further below. Specifically, it would 
be intriguing to investigate whether the more stable conformer, 18-Crown-6/TrpH+-G1, retains its 
stability in the solution phase or undergoes a thermodynamic ‘inversion’. This can be elucidated by 
calculating the structures of the 18-Crown-6/TrpH+ complex in solution and comparing their Gibbs 
free energies to ascertain the potential influence of solvent molecules. 

In our previous work involving the perm-CD/AAH+ (AA = Ala, Ile, Lys) system, we determined 
(by IRMPD/DFT technique) that the experimentally identified gas-phase host-guest complexes with 
higher Gibbs free energies ( >17 kcal/mol) became the global minimum Gibbs free energy structures 
in the solution phase due to improved solvation [47–50]. These findings led us to propose that 
valuable insights into host-guest solvent interactions can be gleaned from gas-phase studies 
produced by the ESI/MS technique. 

Consequently, a pertinent question arises regarding the present 18-Crown-6/TrpH+ system: Are 
the experimentally observed 18-Crown-6/TrpH+ complexes (18-Crown-6/TrpH+-G1, 18-Crown-
6/TrpH+-G2) distinct from the most stable host-guest structure in the solution phase? Specifically, 
could the higher Gibbs free energy 18-Crown-6/TrpH+ complexes (18-Crown-6/TrpH+-3 or 18-Crown-
6/TrpH+-4), where both the carboxyl and ammonium groups interact with the CR unit, become the 
most stable structures in the solution phase, influenced by solvent molecules? These intriguing 
questions warrant further exploration. 
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Figure 3. Calculated infrared spectra and assignment of the stretch modes of gas phase CR/TrpH+ 
complexes. 
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2.2. Structures of 18-Crown-6/TrpH+ Non-Covalent Complexes in Solution 

To address the question concerning the structural connectivity of the thermodynamically most 
stable CR/TrpH+ complex in both the gas phase and in solution, it is essential to closely examine the 
influence of solvation. Since quantum chemical or simulation methods cannot feasibly account for an 
infinite number of solvent molecules, we have opted for the supramolecular/continuum approach in 
this study. 

Herein, we consider solvent molecules (specifically, 5 H2O molecules) that directly interact with 
the functional groups (carboxyl and ammonium) in the first solvation shell as explicit molecules, 
while those in the second shell and beyond are treated as a dielectric continuum. The resulting 
CR/TrpH+ complexes in solution, denoted as CR/TrpH+-S1, CR/TrpH+-S2. and CR/TrpH+-S3, 
correspond to CR/TrpH+-G1, CR/TrpH+-S2, and CR/TrpH+-S3, in the gas-phase, respectively, as 
illustrated in Figure 4. 

Interestingly, we find that the lowest Gibbs free energy gas-phase complexes, CR/TrpH+-G1, also 
represents the most stable configuration in an aqueous solution. Its Gibbs free energy is lower by 3.4 
kcal/mol compared to CR/TrpH+-G2, aligning with the gas phase CR/TrpH+-G1. This difference in 
Gibbs free energies between CR/TrpH+-S1 and CR/TrpH+-S2 translates to a population ratio of 
approximately ~75:1 at 25 C, strongly indicating that the CR/TrpH+-S1 structure predominates in the 
solution phase. In contrast, the thermodynamically less favourable structure CR/TrpH+-G1, where 
both the ammonium and carboxyl groups bind to the CR ring, maintains its higher Gibbs free energy 
(4.7 kcal/mol higher than CR/TrpH+-S1) in the solution phase. These findings unequivocally suggest 
that in both the gas phase and solution, the carboxyl group prefers to establish stronger hydrogen 
bonding interactions with water molecules rather than with the CR unit. 

Thus, in contrast to the perm-CD/LysH+ system previously investigated [43], there is no evidence 
of thermodynamic inversion in the present study. However, it is reasonable to infer that the lowest 
Gibbs free energy gas-phase CR/TrpH+ complex, CR/TrpH+-G1, generated through the ESI/MS 
procedure, directly corresponds to the most stable solution-phase CR/TrpH+ complex, CR/TrpH+-S1. 
During the course of the ESI/MS experiments, the structural characteristics (with –CO2H positioned 
away from the CR unit) of the host-guest pair CR/TrpH+-S1 in solution are promptly transferred to 
the CR/TrpH+-G1 configuration, subsequently detected by the IRMPD technique. Consequently, the 
carboxyl group becomes “naked” without interacting with the host CR unit in the gas phase. If this 
proposition holds true, then the structure of the CR/TrpH+ complex, which yields the IRMPD 
spectrum shown in Figure 1 in the gas phase, can confidently be assigned to CR/TrpH+-G1. A detailed 
comparison of the structures of CR/TrpH+-G1 and CR/TrpH+-S1 is presented in Figure 5. The structure 
of the gas-phase conformer (CR/TrpH+- G1) remains nearly unchanged in comparison to that in the 
solution phase (CR/TrpH+- S1), with only minor adjustments of >0.11 Å in the distances between the 
ammonium hydrogen atoms and the CR oxygen atoms. This correlation between the gas-phase 
CR/TrpH+-G1 and the solution-phase structure CR/TrpH+-S1 underscores the potential for obtaining 
precise and invaluable insights into CR – TrpH - solvent interactions in solution on a molecular level 
through the identification of gas-phase host-guest pair structures using the IRMPD/DFT procedure, 
as previously demonstrated in our study of the perm-CD/LysH+ system [43]. 
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Figure 4. Calculated structures of the 18-Crown-6/TrpH+ non-covalent complexes in solution 
corresponding to the gas phase conformers in Figure 2. Distance is in Å and relative Gibbs free energy 
in kcal/mol. Blue background represents solvent continuum. 

 

Figure 5. Comparison of the structures of CR/TrpH+ complex in solution (18-Crown-6/TrpH+-S1) and 
in the gas phase (18-Crown-6/TrpH+-G1). Blue background represents solvent continuum. 

3. Computational Details 

All calculations were performed using the wB97X-D functional [51], which may treat weak 
interactions (hydrogen bonding included) very well, with 6-311G** and 6-31G* basis set implemented 
in Gaussian16 suite of programs [52]. For structures in solution, single point calculations were also 
conducted using the wB97X-D/6-311G* method at the wB97X-D/6-31G* optimized geometry. A least-
square procedure with a scale factor of 0.9382 was used to optimize the fit of the calculated IR 
frequencies to experimental IRMPD spectrum. All structures were verified by checking all real 
vibrational frequencies. For the CR/TrpH+ complex in solution, the supramolecule/continuum 
approach was used, treating the solvent molecules directly interacting with –CO2H, ammonium 
groups in the first shell around the complex as explicit molecules and other numerous H2O molecules 
in the second shell and beyond as a water continuum by the SMD method [53]. 
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In actual experiments, a mixture of water, methanol, and acetic acid (49:49:2 v/v/v) was used as 
solvent, but for simplicity, the system was modeled as the CR/TrpH+ complex in water. This 
assumption was based on two presumptions: first, methanol would preferentially evaporate as the 
ESI droplets become smaller due to its higher volatility, and second, H2O molecules would mostly 
constitute the first shell around the CR/TrpH+ complex because they would form stronger hydrogen 
bonding through two –OH groups per H2O molecule with the functional groups (ammonium, amino 
and carboxyl) than CH3OH would. Water molecules were added to the functional groups in the 
CR/H+/L-Trp complex, and the lowest Gibbs free energy configurations were searched at each step. 
These configurations were compared to those optimized from initial configurations by adding water 
molecules randomly, using the VMD (visual molecular dynamics) program. 

4. Conclusions 

In this study, we have provided insights into the structures of 18-Crown-6/H+/L-Trp complexes 
in both the gas phase and in solution, employing quantum chemical methods. Our primary objective 
centered on unraveling the structural connectivity between these complexes in these two distinct 
phases. Our findings unequivocally demonstrate that the most stable conformer in the solution phase 
precisely corresponds to the lowest Gibbs free energy gas-phase conformer observed in ESI/IRMPD 
experiments. This compelling alignment strongly supports the notion that the latter gas-phase 
conformer originates from the solution-phase complex.  

We firmly believe that these results bolster the credibility of our proposed methodology for 
characterizing host-guest-solvent interactions in solution by leveraging gas-phase structures of host-
guest complexes. This innovative approach holds great promise for advancing our understanding of 
host-guest systems. As such, we encourage further experimental investigations of these captivating 
host-guest systems, which we believe are a promising avenue for future research endeavors. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Structures of higher Gibbs free energy gas phase CR/TrpH+ complexes with naked 
–CO2H. Relative Gibbs free energy in kcal/mol. Cartesian Coordinates 
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