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Laser Spectroscopic Study of Encapsulation Complexes
in the Gas Phase

—— Molecular Level Understanding of the Encapsulation
Mechanism of Host-Guest Complexes —

Lk =2, sk
Takayuki Ebata and Yoshiya Inokuchi

Laser spectroscopic study has been carried out for host-guest encapsulation complexes formed in supersonic jets
and electrospray ionization cold 22 ion trap. The examined hosts include benzene-substituted 18-crown-6-ethers and
calix[4]arene, and for the guest species rare gas atoms, neutral molecules and alkali metal cations have been chosen.
Various laser spectroscopic methods are applied: for the neutral complexes the electronic spectra are observed by laser-
induced fluorescence (LIF), mass-selected resonance enhanced multiphoton ionization (REMPI) and ultraviolet-
ultraviolet hole-burning (UV-UV HB) spectroscopy. The vibrational spectra are observed by infrared-ultraviolet double
resonance (IR-UV DR) and fragment detected infrared photodissociation (IRPD) spectroscopy. For the ionic
complexes, ultraviolet photodissociation (UVPD) and IR-UV DR spectroscopy has been applied. The obtained results
are analyzed by density functional theory and first principles electronic structure calculations. We discuss how the host
molecule changes its conformation or which conformer is preferred for forming stable encapsulation complex as well
as the key interactions, leading to the molecular recognition.
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Figure 1. (a) Experimental setup of the supersonic beam and IR-UV DR spectroscopy. (b) High temperature pulse nozzle.
(c) Laser spectroscopic methods used in this study: (upper trace) UV spectroscopy and (lower trace) IR spectroscopy. (d) Ex-
perimental setup of electrospray ionization/cold 22-pole ion trap. Figure taken from Ref. 25.
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Figure 2. (Left) Dibenzo-18-Crown-6 (DB18C6) and (Right) Benzo-
18-Crown-6 (B18C6).
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Figure 3.

(a) LIF spectrum of jet-cooled DB18C6 and its hydrated complexes. (b—h)

UV-UV HB spectra measured by monitoring bands m1, m2, a, and c¢—f in the LIF spec-
trum, respectively. The numbers in (c) and (d) show the energy interval (cm™) in the cor-
responding regions. Figure reproduced by permission of the PCCP Owner Societies (Ref.

12).
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Figure 5. (Left) Optimized structures of bare DB18C6 and DB18C6-H,O0. (a) four most stable structures of bare DB18C6, (b) bare DB18C6 (chair
I and boat), and (c) DB18C6-H,0 (boat-H,0). Relative energies with respect to the most stable structure are displayed in cm™' unit. The distances of
CH:--O, CH--7 and 7 -7 are also indicated. (Right) (a) LIF spectrum of bare DB18C6 and DB18C6-H,0. (b) S|—S, and S,-S, electronic transition en-
ergies (bar graph) obtained by TDDFT calculations at the M05-2X/6-31+G™ level. Figure reproduced by permission of the PCCP Owner Societies (Ref.

15).
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Figure 6. (Upper) (a—f) IR-UV DR spectra of DB18C6-(H,0), measured by monitoring bands a—f in the LIF spec-

trum, respectively. Sticks under the IR-UV DR spectra denote the calculated IR spectra at the optimized structures.
(Lower) Geometric features deduced from the analysis of the IR-UV DR spectra in the OH stretching region of species
a—f of the DB18C6-(H,0),, complexes. Figure reproduced by permission of the PCCP Owner Societies (Ref. 13).
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Figure 7. (Upper) (a) LIF spectra of jet-cooled B18C6 and its hydrated complexes obtained without and with adding

water vapor. (b—j) TDDFT calculated S-S transition energies of the structures given in Figure 8. The red, blue, and
green bars correspond to bare B18C6, B18C6—(H,0);, and B18C6—(H,0),_4, respectively. (Lower) IR-UV DR spectra

(red) obtained by monitoring each band in the LIF spectrum.

Also shown are the calculated IR spectra (blue) of the struc-

tures shown in Figure 8. Figure reproduced by permission of the PCCP Owner Societies (Ref. 14).
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Figure 8. (Upper) Most probable structures of B18C6 and B18C6- (H,0),. All the

calculations are done at the B3LYP/6-31+G™ level. (Lower) Probable structures of (a—c)
B18C6-(H,0),, (d) BI8C6-(H,0)3, and (e) B18C6~(H,0), at the B3LYP/6-31+G™
level. The numbers shown in cm™! represent the electronic energies of the isomers rela-
tive to that of VI-2W-3. Solid and dotted lines show H-bonding from the front and back
sides of B18C6, respectively. Figure reproduced by permission of the PCCP Owner

Societies (Ref. 14).
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Figure 9. UVPD spectra of K*@DB18C6 (a) at room temperature and
(b) cooled in the 22-pole ion trap. The temperature of the cooled com-
plex is estimated to be ~10 K. Figure adapted from Ref. 19.
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(Right) UVPD spectra of the DB18C6 complexes with K¥, Rb*, and Cs™ around the origin bands. The horizontal axis is the UV wavenumber relative
to the band origin. The doublet structure connected by solid lines is attributed to the exciton splitting. The low-frequency vibrations appearing in these

spectra are labeled by a and 3. Figure adapted from Ref. 19.
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Figure 11. IR-UV double-resonance spectra of the M*@DB18C6
(M =Li, Na, K, Rb, and Cs) complexes in the CH stretching region. Fig-
ure adapted from Ref. 19.
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Figure 12. (Left) Structure of (a, b) Lif@DB18C6 and (c, d) Na*@DB18C6 complexes optimized at the M05-2X/6-314+G (d) level of
theory. (Right) Structure of (a) Kf@DB18C6, (b) Rb*@DB18C6, and (c) Cs*@DB18C6 complexes optimized at the M05-2X/6-31+G (d)

level of theory. Figure adapted from Ref. 19.

Table 1. Distance between the center of the benzene rings and their
difference between in the Sy and S; states determined with geometry
optimization at the M05-2X/6-31+G (d) level and Stuttgart RLC po-
tential. Table adapted from Ref. 19.

conformers So (A) Sy A) Difference (A)
Li-a 7.87 7.94 0.07
Li-b 6.39 6.80 0.41
Na-a 7.48 7.98 0.50
Na-b 7.72 8.18 0.46
K-a 9.09 9.11 0.01
Rb-a 9.24 9.36 0.12
Cs-b 9.25 9.37 0.12
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Figure 13. Calix[4]arene (C4A)
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Figure 14. R2PI spectra of (a) bare C4A and (b—g) its complexes. Inset shows the plot
of red-shifts of the complexes as a function of the polarizability of guest species. Figure

adapted from Ref. 20.
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(a) C4A-Ar endo-complex (b) C4A-Ar exo-complex

(c) C4A-Ar, {2:0}complex (d) C4A-Ar, {1:1}complex

Figure 15. (Left) Red-shifts of the S;—S, band origins of C4A-Ar, complexes as a function of n. (Right) Structures of C4A-Ar and C4A-
Ar, complexes calculated at CCSD/aug-cc-PVTZ level of theory. Figure adapted from Ref. 17.
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Figure 17. Structures of (a) endo- and exo-complexes of C4A-NHj3, (b) endo-C4A-N, complex, (¢) endo-C4A-CH, complex,

and(d) endo-C4A-C,H, complex. Figure adapted from Ref. 20.
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