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Abstract

Complexes of dibenzo-18-crown-6 (DB18C6, host) with water, ammonia,
methanol, and acetylene (guest), formed in supersonic jets, have been characterized by
using various spectroscopic methods: laser induced fluorescence (LIF), UV-UV
hole-buning (UV-UV HB), and IR-UV double resonance (IR-UV DR) spectroscopy.
Firstly, we reinvestigated the conformations of bare DB18C6 (species m1 and m2) and
the structure of DB18C6-H,O (species a) [R. Kusaka, Y. Inokuchi, T. Ebata, Phys.
Chem. Chem. Phys., 2008, 10, 6238] by measuring the IR-UV DR spectra in the region
of the methylene CH stretching vibrations. From the IR-UV DR spectra, it was found
that the IR spectral feature of the methylene CH stretch of DB18C6-H,0 is clearly
different from those of bare DB18C6 conformers, suggesting that DB18C6 changes its
conformation when it forms the complex with a water molecule. With the aid of Monte
Carlo simulation for extensive conformational search and density functional
calculations (at B3LYP and M05-2X/6-31+G* levels), we reassigned the species ml

and m2 to the conformers belonging to C; and C, symmetry, respectively. On the other



hand, we confirmed the DB18C6 part in the species a to be “boat” conformation, which
is an unstable structure as the bare form. Secondly, we identified nine, one, and two
species for DB18C6-ammonia, -methanol, and -acetylene complexes, respectively, by
the combination of LIF and UV-UV HB spectroscopy. From the IR-UV DR spectra in
the methylene CH stretching region, similar conformational change was identified in the
DB18C6-ammonia complex, but not in the complexes with methanol or acetylene. The
structures of all the complexes were determined by analyzing the electronic transition
energies, exciton splitting, and IR-UV DR spectra in the region of the OH, NH, and CH
stretching vibrations. In the DBI18C6-ammonia complexes, a NH; molecule is
incorporated into the cavity of the boat conformation by forming bifurcated and
bidentate hydrogen-bond (H-bond), similar to the case of the DB18C6-H,O complex.
On the other hand, in the DB18C6-methanol and -acetylene complexes, methanol and
acetylene molecules are simply attached to the C; and C, conformers, respectively, with
their original conformations retained. From the difference of the DB18C6 conformation
depending on the type of the guest molecules, it is concluded that DB18C6
distinguishes water and ammonia from methanol and acetylene when it forms
complexes, depending on whether guest molecules have an ability to form bidentate

H-bonding.

Introduction

Crown ethers (CEs) have been important and fundamental macrocyclic molecules in
the host-guest chemistry. They capture variety of guest species, such as metal cations,
protonated species and neutral molecules, in their cavity via interactions with multiple

oxygen atoms.' Applications of CEs, such as phase transfer catalyst’, photo-switching



devices’, and drug carriers’, have been in progress on the basis of the inclusion ability.
For characteristic of the encapsulation, it is known that 3n-crown-n with n =4, 5, and 6
selectively bind Li’, Na" and K alkali ions, respectively, in an aqueous solution’. On
the other hand, in the gas phase it was reported that 18-crown-6 (18C6) has largest
binding energy with Li" by folding own flexible conformation®.

The inclusion ability of CEs is controlled by the delicate balance of the weak
interactions among the host, guest, and solvent molecules in addition to the flexible
nature of the conformation of CEs. We have been studying structures of CEs and their
complexes by using supersonic beam combined with laser spectroscopy’. By using the
cooling effect of supersonic expansion into vacuum, we can generate weakly bound
gaseous complexes with low temperature. The cooling enables us to measure
well-resolved electronic and vibrational spectra of the complexes. We have discussed
bare conformations of benzo-18-crown-6 (B18C6), dibenzo-18-crown-6 (CB18C6),
dibenzo-24-crown-8 (DB24CS8), and the structures of their complexes with water or
methanol molecules. For B18C6’®, we found that a specific conformer prefers
complexation with a water molecule among coexisting several conformers. Similar
study has been also carried out by the group of Zwier for benzo-15-crown-5 (B15C5)
system, and they found that the B15C5 conformations between bare B15C5 and
B15C5-H,0 are different from each other®.

In the present study, we reinvestigate the conformation of DB18C6 (scheme 1) and

7(b), we identified two bare

the structure of DB18C6-H,O. In our previous study
conformers, species m1 and m2, and assigned that species m1 to “chair I” form and

species m2 to “boat” form, where m2 exhibits 5 cm” exciton splitting. For the

DB18C6-H,0O complex, species a, we assigned that the DB18C6 part is the boat form



since the complex also exhibits 5 cm™ exciton splitting, similar to the species m2.
However, the assignment was carried out without studying the CH stretching vibrations,
which is sensitive to the conformation of the crown ether frame. So, in order to provide
a clear assignment of the conformation of DB18C6, we examine the conformation of
bare DB18C6 and DB18C6-H,O by the IR spectra of the CH stretching vibrations with
an aid of quantum chemical calculation. We also discuss whether DB18C6 remains or
changes its structure when it forms the complex with a H,O molecule. We then extend
the study to the complexes with various guest molecules: ammonia, methanol, and
acetylene. By elucidating the structures of a variety of complexes, we can understand
conformational preference of DB18C6 upon each complexation. The study will provide
us with the mechanism of the molecular recognition in the host-guest chemistry of

crown ethers..

Methods

Experimental: Details of the experiment were described in our previous papers’. In
brief, we applied laser induced fluorescence (LIF), UV-UV hole-burning (UV-UV HB),
and IR-UV double resonance (IR-UV DR) spectroscopy to bare DB18C6 conformers
and the DBI18C6 complexes with water, ammonia, methanol, and acetylene in
supersonic jets. DB18C6 was heated at 120 °C in the sample housing attached to the
commercially available pulsed nozzle (General valve, series 9), and a gaseous mixture
of sample/ammonia, methanol, or acetylene vapor diluted with helium buffer gas at a
total pressure of 3 atm was expanded into vacuum. The DB18C6-H,O complex was
obtained without adding water vapor because the complex is easily generated with

residual water in the sample and gas line. In order to control the partial pressure of



methanol, the temperature of stainless steel bottle containing the liquid was changed by
a thermo-regulator. The S;—S electronic spectra were obtained by LIF spectroscopy and
a discrimination of different species was performed by UV-UV HB spectroscopy. The
IR spectra of the OH, NH, and CH stretching vibrational region of individual species

were obtained by IR-UV DR spectroscopy.

Computational: For a broad conformational exploration, we first carried out Monte
Carlo simulation by the mixed torsional search with low-mode sampling'® in
MacroModel V.9.1'"" with MMFF94s force field'%, and optimized the geometries by
PRCG algorithm with a convergence threshold of 0.05 kJ/mol. In order to eliminate
redundant conformations from the optimized geometries, the maximum distance
threshold was set to 1.0 A and 200 conformers were obtained within 20 kJ/mol energy.
All the 200 conformers were optimized by density functional theory (DFT) calculations
at B3LYP/6-31+G* level with loose optimization criteria using GAUSSIAN 09
program package'®. The low-lying 10 conformers were re-optimized at the same level
with tight optimization criteria and wultrafine grid, and harmonic IR spectra and
electronic transition energies of the re-optimized conformers were calculated. The
electronic transition energies were obtained by time-dependent density functional theory
(TDDFT) at the same level. In the present study, we also calculated the structure at
MO05-2X/6-31+G* level, and compared the result with that of B3LYP level. The
MO05-2X density functional includes van der Waals (vdW) interaction'*, which is
thought to be important for estimating the reliable energy of DB18C6 conformers
having long oxyethylene chains and two benzene rings. For example, Baek et al.

investigated conformers of L-Phenylalanine at B3LYP and M05-2X levels'*?¥. They



reported that both functionals gave the same number of stable conformers, but the
relative energies of the conformers predicted by the M05-2X calculation showed better
agreement with the observed ones. The M05-2X calculation was also performed for the
200 conformers obtained by the Monte Carlo simulation with the same procedure of the
B3LYP calculation. The energies were corrected by non-scaled zero-point vibrational
energy. The vibrational frequencies were scaled by the factors of 0.9524 and 0.9270 for
B3LYP and MO05-2X calculations, respectively. The electronic transition energies
obtained by TDDFT method were scaled by the factors of 0.89806 and 0.83576 for

B3LYP and M05-2X calculations, respectively.

Results and discussion
1. Bare DB18C6 and DB18C6-H,0
1.1 IR spectra in the CH stretching region

Figs. 1(a) shows the LIF spectrum of the bare DB18C6 (ml1 and m2) and
DB18C6-H,O (species a), and Fig. 1(b) displays the IR-UV DR spectra in the CH
stretching region of these species. In the IR-UV DR spectra, the bands at 2800-3000
cm™ correspond to the CH stretching vibrations of the methylene groups and those at
3000-3100 cm™ to the CH stretching vibrations of benzene rings. In the methylene CH
stretching region, we immediately recognize that the spectral patterns are similar
between m1 and m2, while that of the species a clearly differs from them. For example,
the IR spectra of m1 and m2 show a strong band at 2950 cm™', while the species a does
not. On the other hand, the IR spectrum of the species a shows a strong band at 2830
cm™! and weak one at 2800 cm'l, while such bands are not observed in either m1 or m2.

Since the conformation of crown ethers reflects methylene CH stretching vibrations, the



IR spectra indicate that m1 and m2 have similar conformation while the DB18C6
conformation of the species a is clearly different from them.

To determine the structures of m1, m2 and a, we obtained optimized geometries and
their IR spectra by DFT calculation. Fig. 2(a) shows five DB18C6 conformers stable at
B3LYP or M05-2X levels with the 6-31+G* basis set. The energies (cm™) relative to
the most stable conformer are represented in the parentheses for the two level
calculations. For example, conformer I is the most stable at B3LYP, but it is 500 cm’!
higher energy than the most stable conformer II at M05-2X. Conformer V was not
obtained by B3LYP calculation, so that the relative energy at B3LYP is not shown.
Conformer III corresponds to “boat” conformer described in our previous paper’. In
that paper, we reported that the boat conformer is most stable at B3LYP/6+31G*.
However, it turned out that the boat conformer is not the most stable structure. The
discrepancy between the previous and present studies is caused by that we did not carry
out the initial survey of all the possible conformers by the Monte Carlo simulation in the
previous study. On the other hand, in the present study, we performed full survey of
possible conformers and could obtain more stable conformers than the boat form. The
dihedral angles of each conformer are denoted at the bottom of each column. Other
conformers having higher relative energies are shown in Electronic supplementary
information (ESI) with their IR and electronic spectra.

Figs. 1(c) and 1(d) show the calculated IR spectra of the optimized structures shown
in Fig. 2(a). Fig. 1(e) displays the calculated IR spectra of DB18C6-H,0O shown in Fig.
2(b), in which a water molecule is H-bonded to the boat conformer in the bifurcated and
bidentate way. From Figs. 2(c)-(e), we can see that the calculated IR spectra give alost

identical patterns for the same structure between B3LYP and MO05-2X results,



indicating that the IR spectrum is insensitive to the level of the calculations. In Figs.
2(c) and 2(d), the calculated IR spectra of the boat form (III) are quite different from the
other conformers; it has a strong band at 2832 cm™ but no band appears at 2950 cm.
The calculated IR spectra of the boat conformer are essentially the same with those of
boat-H,O in Fig. 1(e): appearance of the band at 2835 cm™ and no band at 2950 cm™.
Thus, this spectral feature is a characteristic of the boat conformation on IR spectra. By
comparing the calculated spectra with the IR-UV DR spectra in Fig. 1(b), we can see
that only the calculated IR spectra of the boat form well reproduce IR-UV DR spectrum
of the species a. In our previous paper, we suggested that the boat-H,O complex also
reproduces the OH stretching vibrations in the IR-UV DR spectrum of the species a’®.
Thus, the structure of the species a is assigned to the boat-H,O complex shown in Fig.
2(b). Although the conformations of the species m1 and m2 cannot be determined by
comparing with calculated IR spectra, their calculated IR spectra strongly suggest that
DB18C6 conformations of the species m1 and m2 are different from that of the species
a, that is, conformational change occurs when DB18C6 forms the complex with a H,O

molecule. For more additional structural assignment for the species m1 and m2, we

obtained structural information from the electronic spectra of the species m1 and m2.

1.2 Electronic spectra

Fig. 3(a) shows again the LIF spectrum of DB18C6 (species m1 and m2) and
DB18C6-H,O (species a). In the LIF spectrum, origin bands of m1 and m2 appear at
35597 cm™ and 35688 cm™, respectively. The position of the electronic transition of
DB18C6 sensitively depends on the substituent conformation in the vicinity of the two

benzene chromophores. In fact, Zwier group explained S-Sy electronic transition energies of



B15C5 conformers according to their substituent conformation®. When four $ and y carbons
(see scheme 1) are in the same plane of the benzene ring, the origin of the conformer is
located in the 35600-35800 cm’ region. For example, two B15C5 conformers satisfying
this condition®® show their origins at 35645 and 35653 cm™, and three conformers of
B18C6" show those at 35628, 35659, and 35666 cm™. On the other hand, when f or y
carbons are out-of-plane, the electronic transition energies emerge outside of this energy
region by several hundred cm™. For example, the band origin of a conformer with its
carbon out-of-plane appears at 36217 cm™ for B15C5*®, and that of a conformer with
its y carbon out-of-plane appears at 35167 cm™ for BI8C6’. In case of DB18C6, the
band origins of m1 and m2 are located at 35600-35800 cm’', indicating that at least
either of the -C-C,-O(1)-C=C-0O(2)-C,-C - or -C-C,-O(4)-C=C-0O(5)-C,-C.- frames forms
the in-plane conformation, where -C=C- represents carbon atoms in a benzene ring.

To find a correlation between the conformation of DB18C6 and the electronic
transition energy, we calculated the electronic transition energies by TDDFT for the
optimized conformers in Fig. 2. Figs. 3(b) and (c) show the S;-Sy and S,-S, transition
energies of the bare DB18C6 conformers (red and black stick diagram) and the
boat-H,O complex (blue). The TDDFT results obtained at the B3LYP and M05-2X
calculations provide similar electronic transition energies for the same structure,
indicating that the TDDFT results are insensitive to the level of the calculations. For the
conformer II, both the S-Sy and S,-S, transition energies are located in the region
higher than 36000 cm™ because f carbons of each benzene ring are out-of-plane [Fig.
2(a)]. The conformer IV shows the S;-S, transition at 35600 cm'l, and S,-S, transition is
located at much higher region because one of four 3 carbons of the conformer IV is

out-of-plane. The conformer V has y carbons being slightly out-of-plane, so its



transition energies are slightly red-shifted. In the conformers I and III (boat), all the four
substituent conformations are in-plane of the corresponding benzene rings nearby,
resulting in the S-Sy and S,-S, electronic transitions are located in 35600-35800 cm’™!
region. Therefore, the DB18C6 conformation reflects the electronic transition energies
of the chromophores, and the conformer II can be excluded from the candidate
assignable to the species m1 and m2 because of its higher electronic transition energies.
Since the IR-UV DR spectra in the methylene CH stretching region, as described above,
suggest that species m1 and m2 are not boat conformer, the candidates assignable to the
species m1 and m2 are restricted to the conformers I, [V, and V.

In the LIF spectrum of DB18C6 and the DB18C6-H,O complex [Fig. 3(a)], it
should be pointed out that m1 shows a single origin while m2 and a exhibit a splitting

with an interval of 5 cm™. In our previous paper’ "

, we concluded that the splitting is
ascribed to the exciton splitting, and the single peak of the species ml is due to
symmetry restriction of this conformer. Since the exciton splitting occurs when the
electronic transitions of the two chromophores are degenerated, two chromophores
should be located in the same or very similar environment, so the species m2 is
assignable to either of conformers I or V [Fig. 2(a)]. The splitting between the S;-Sy and
S,-Sy electronic transitions is 74 and 167 cm™ at M05-2X level for conformers I and V,
respectively [Fig. 3(c)]. The actual splitting is obtained by taking into account the

Franck-Condon part of the electronic transitions’®

. The obtained exciton splitting is 7.4
and 16.7 cm™ for conformer I and V, respectively. Since the value of the conformer I
(7.4 cm™) is in good agreement with the observed one (5 cm™), the species m2 can be

assignable to the conformer 1.

For the species m1, we assigned it to “chair I’ conformer which has C; symmetry in

10



our previous paper’ " due to its inversion symmetry. However, the chair I conformer is
found to be a high energy conformer: 831 and 1230 cm™ at B3LYP and M05-2X levels,
respectively. So, the appearance of the single band peak will be attributed to another
reason. Another possibility is that the conformations near benzene chromophores are
different between two benzene rings. This is the case of conformer IV which has C,
symmetry [Fig. 2(a)], and it shows largely separated S;-Sy and S,-S transitions [Fig.
3(a) and 3(c)], resulting in a single peak of the S;-Sy band origin. Therefore, the species

m1 can be assigned to conformer IV.

1.3 Comparison between B3LYP and M05-2X results

As described above, both the B3LYP and M05-2X results reproduce the observed
IR spectra and electronic energies very well. However, the relative energies of the
conformers are different between the two levels. Especially, boat conformer (III) has
very high energy in M05-2X calculation; it is 1902 cm™ higher than the most stable
conformer II [Fig. 2(a)]. The reason of the high energy of the boat conformer at
MO05-2X calculation may be attributed that the M05-2X calculation properly takes into
accounts of the CH---O and vdW interactions for the stabilization energies. In the
structures of the conformers in Fig. 2, the crown frame of the conformers I, II, IV, and
V is fixed by the CH---O or &t:- -7 interactions, while such interactions seem very weak
in the boat conformer. This difference may lead the boat conformer to higher energy
than others at M05-2X calculation. On the other hand, B3LYP seems not to properly
take into account the CH---O and vdW interactions, and all the conformers have similar
energies.

The M05-2X calculation explains why the boat conformer is not experimentally

11



observed in the jet; the energy of the boat conformer is too high to exist as a bare
conformer. It is very interesting that the boat conformer becomes most stable in both
calculations when it incorporates a water molecule in its cavity [Fig. 2(b)]. The reason
why the boat conformer emerges upon the complexation with a HO molecule is that the
stabilization by the H-bonding is remarkably larger than the weak CH---O and vdW
interactions. In the next sections, we discuss structures of complexes based on only
results of the M05-2X calculation since it reproduces well the relative energies of bare

conformers.

2. DB18C6 complexes with ammonia, methanol, and acetylene
2-1. Electronic spectra

Fig. 4 shows the LIF spectra of (a) bare DB18C6 and DBI18C6-H,O, (b)
DB18C6-ammonia, (¢) DB18C6-methanol, and (d) DB18C6-acetylene complexes. In
the LIF spectrum of the complex with ammonia [Fig. 4(b)], many sharp bands appear in
the wide energy region. On the other hand, only a few bands appear in the LIF spectra
of the complexes with methanol and acetylene [Fig. 4(c), (d)]. A further increase of the
partial pressure of methanol or acetylene resulted in only an increase of broad
background fluorescence signal.. Fig. 4 also shows the UV-UV HB spectra obtained by
monitoring the labeled bands in the LIF spectra. From the UV-UV HB spectroscopy,
nine (A-I), one (J), and two (K, L) species can be identified for each complex.

Fig. 5 shows IR-UV DR spectra in the methylene CH stretching region of the
complexes identified in the LIF spectra (Fig. 4). For comparison, the IR spectra of m1,
m2, and a are also shown. We found that the species can be classified into two groups

according to the IR spectral patterns; (a) the species showing IR spectra similar to those
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of the species m1 and m2, (b) the ones similar to that of the species a. The bands
labeled by an asterisk in the spectrum of species J (DB18C6-methanol complex) are due
to the CH stretching vibrations of the methyl group of CH;OH". The classification in
Fig. 5 makes it clear that in the species A, C, D, J, K, and L [Fig. 5(a)], the DB18C6
conformations are very similar to either of m1 or m2 (bare conformers), while the
species B, E, F, G, H, and I [Fig. 5(b)] have DB18C6 conformation similar to that of
the species a (boat-H,O). Therefore, the boat DB18C6 conformation may be also
formed in the complexes B, E, F, G, H, and 1. Very interestingly, the conformational
change into the boat conformation occurs only for the complexation with ammonia, but
not with methanol or acetylene. This implies that DB18C6 recognize the difference of
the guest species upon the complexation.

From the analysis of the IR-UV DR spectra in the methylene CH stretching region,
we find that the species B, E, F, G, H, and I have the boat conformation similar to the
species a [Fig. 5(b)]. However, for the species A, C, D, J, K, and L [Fig. 5(a)], the
DB18C6 conformation cannot be determined to which of m1 or m2, simply for the IR
spectra. To solve this problem, we compared UV-UV HB spectra of the species A, C, D,
J, K, and L with those of the species m1 and m2. Fig. 6 shows the UV-UV HB spectra
of the species m1, m2, A, C, D, J, K and L. The energy of the horizontal axis is taken
relative to each origin band. The UV-UV HB spectrum of m1 [Fig. 6(a)] shows three
prominent peaks in the 80-120 cm™ region, while that of m2 [Fig. 6(b)] shows rich
vibrational structures in the lower frequency region, 10-80 cm™. By comparing the
UV-UV HB spectra of the complexes with the two spectra, we can find the spectra of
species A and J are similar to m1 [Fig. 6(a)], and those of the species C, D, K, and L

are similar to m2 [Fig. 6(b)]. Therefore, it is concluded the DB18C6 conformations of
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the species A and J to be the m1 (conformer I'V) type and those of species C, D, K, and
L to the m2 (conformer I) type. In Table 1, the positions of origin bands, type of
complex, DBI18C6 conformation, equivalency of environment between two

chromophores, symmetry, and assignment are listed for all the species.

2.2 Structures of the complexes formed without conformational change
2.2.1 DB18Cé6-ammonia complexes

Here we discuss the structures of the DB18C6-ammonia complexes in which
DB18C6 conformation is the same with that of the species m1 or m2, that is, the species
A, C, and D. Fig. 7(a) shows IR-UV DR spectra of these complexes in the region of the
NH stretching vibrations. In the IR-UV DR spectra, the bands at 3316-3317 cm™ are v,
and those at 3402-3422 cm™ are v3 of ammonia. The v; mode is a degenerated vibration
in the gas phase NHs, but split into two by H-bonding. The number of the bands
indicates that the species A, C, and D are the DB18C6-NH;3; complex. The frequencies
of these vibrations are red-shifted by ~20 cm™ with respect to those of gas phase NH;
(vi=3337, v3;=3444 cm'1)16. This situation is similar to the oxindole-NHj3; complex
(vi=3313, v3=3406, 3436 cm'l) where NHj; acts as a H-donor to an O atom of C=0 as
well as a H-acceptor of the amide NH group'’. When NHj acts as only H-acceptor, v,
and v; modes are not so red-shifted; phenol-NH; (v; = 3333 cm™)'® and 2-naphthol-
NH; (v;= 3333, v3= 3434 cm™)", suggesting that the NH; molecule in the species A, C,
and D is H-bonded to DB18C6 as H-donor. The v; frequency of species A (3402 cm™)
is lower than those of the species C and D, implying that the NH; molecule in the
species A is more strongly H-bonded to DB18C6 than in the species C and D.

Figs. 8(a) and (b) show the five most stable optimized structures of DB18C6-NHj3

14



complexes obtained at M05-2X/6-31+G* level. The lower panel of Fig. 7(a) shows the
calculated IR spectra of the DB18C6-NH;3; complexes. In the calculated IR spectra [Fig.
7(a)], the frequencies of the IR bands of IV-NH3-1 complex are located in the lowest
region among the five isomers of DB18C6-NHj3. In the observed IR spectra, the species
A shows the lowest vibrational frequencies. So, the species A probably corresponds to
the IV-NHj3-1 complex. In the IV-NH;3-1 structure [Fig. 8(a)], a NH; molecule fits into
the cavity of the IV conformation and is H-bonded to the Os and O, atoms, forming
bidentate H-bond. In addition, the methylene CH of the crown frame is H-bond to the N
atom of NHj;. Such a good fit to the crown cavity causes the stronger H-bonds and
results in the IV-NH3-1 complex to be the most stable structure. For other isomers of
DB18C6-NH3, they do not show remarkable difference in the IR spectra, and the
determination of the structures for the species C and D is difficult based on the
comparison with calculated IR spectra.

So, for the additional information of the complex assignments, we calculated the
electronic transition energies of the complexes by TDDFT. Fig. 9(a) shows the
calculated transition energies of I-NHs-n (n = 1, 2, 3) (black sticks), and those of
IV-NH3-n (n =1, 2) (yellow sticks), which are compared with the LIF spectrum and the
calculated transition energies of bare IV and I conformers (green sticks). We see the
calculated band position of IV-NH3-1 coincides with that of A, which is in good
agreement with the assignment based on the IR spectra. As was described above, the
complexes C and D have the conformation I (Table 1). Since the positions of calculated
electronic transition energies of [-NHs-1 and I-NH3-3 (black sticks) correspond to bands
D and C, respectively, the species D and C are assignable to the I-NH3-1 and I-NH3-3

complexes. The geometries, IR spectra, and S;-Sy transition energies of the other
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1somers with the higher relative energies are shown in ESI.

2.2.2 DB18C6-methanol complexes

The IR-UV DR spectrum of the DB18C6-methanol complex (species J) in the OH
stretching vibrational region is shown in the upper panel of Fig. 7(b). Since the
spectrum shows only one band at 3518 cm™', species J is DB18C6-CH30H. The band at
3518 cm™ is red-shifted by 164 cm™ from the gas phase CH;OH (3682 cm™)'®. This
large red-shift indicates that the OH group of CH3OH is H-bonded to ether oxygen
because the OH band with O---xt H-bonding appears at higher frequency: 3639 cm™ in
benzene-CH;0H'" and 3584 cm™ in [dibenzo-24-crown-8(DB24C8)]-CH;OH .

Fig. 8(c) shows the three most stable optimized structures built on the IV
conformation. The DB18C6 part of the species J was already determined to be the IV
conformation (Table 1), so that the three isomers are probable structures for the species
J. In IV-CH3;0H-1 complex, a CH30H molecule is fit into the cavity of the IV
conformation: OH---Og, CH---O,, and methylene CH---OH, resulting in the lowest
energy. So, [V-CH30H-1 isomer is assignable to the species J. The lower panel in Fig.
7(b) shows the calculated IR spectra of the optimized structures, and Fig. 9(b) shows the
calculated S;-S, transition energies of IV-CH3;OH-n (n = 1-3, yellow sticks). Though it
is difficult to determine the structure of the species J from the position of the OH
stretching band alone, the S;-Sy transition energy of the IV-CH30H-1 reproduce well

that of the species J.

2.2.3 DB18Cé6-acetylene complex

Fig. 7(c) shows IR-UV DR spectra of DB18C6-acetylene complex in the region of
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the CH stretching vibration of acetylene. A sharp band due to anti-symmetric CH
stretching vibration (v3) of CoH, appears at 3252 and 3242 cm™ in the spectra of species
K and L, respectively, so the species K and L are DB18C6-C,H,. The band positions
are largely red-shifted from v; of bare C,H, (3289 cm™, which is the depertubed
frequency from the Fermi resonance)zo. In the C,H,-H,O complexm, the v; mode of
C,H; which acts as H-donor to H,O appears at 3240 cm'l, while the v; modes of C,H,
molecules which are H-bonded to the mt-electrons appear in the 3256-3267 cm™ region””.
Thus, in the species K, C,H; is probably H-bonded to the m-electrons, and in the species
L, C,H; is H-bonded to ether oxygen.

Fig. 8(d) shows the three most stable optimized structures of the DB18C6-C,H,;
complexes constructed on the conformation I. Since the conformations of the DB18C6
part in the species K and L are the conformation I (Table 1), the optimized complexes
are probable structures for the species K and L. The IV-C,H,-1 and IV-C,H;-2 isomers
form the CH- -t H-bonding, and IV-C;H,-3 forms the bifurcated CH---O H-bonding.
Since IV-C,H;-2 is the transition state, species K can be assigned to IV-C,H,-1, and
species L to IV-C,H,-3. The lower panel of Fig. 7(c) shows the calculated IR spectra of
the optimized structures, and Fig. 9(c) shows the calculated S;-S, transition energies of
I-C,Hy-n (n = 1-3, black sticks). The calculated IR spectra reproduce well the vs
positions of C,H, H-bonded to m-electrons and the ether oxygen atom, and the S;-Sy
transition energies of IV-C,H;-1 and IV-C,H,-3 also reproduce well those of the species

K and L, respectively.

2.3 Structure of the DB18C6 complexes accompanied by conformational change

2.3.1 DB18C6-(NHz), (n=1-3)
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Here we discuss the structures of the DBI18C6-ammonia complexes in which
DB18C6 has the boat conformation: the species B, E, F, G, H, and I (see Table 1). Fig.
10 shows IR-UV DR spectra of (a) the species E, F, (b) B, G, H, and (c¢) I in the region
of NH stretching vibrations. The species E and F show similar spectral patterns with
each other, where v; (3314 cm™) and v; (~3400 and 3418 cm™) of NH; are observed.
The v; frequencies (~3400, 3418 cm™) are close to those of the species A [3402, 3422
cm™, Fig. 7(a)], implying that in the species E and F, NH; is H-bonded in the bidentate
manner similar to the species A [IV-NHs-1, Fig. 8(a)]. For the species B, G, and H, they
show similar spectral patterns with each other [Fig. 10(b)]. Comparing with IR-UV DR
spectra of the species E and F, prominent peaks are seen at ~3200, ~3240, and ~3575
cm” in those of the species B, G, and H. The appearance of the bands at ~3200, ~3240
cm” indicates the presence of the NH---N hydrogen-bonding, suggesting the presence
of (NHj3); structure in the complexes. The reason why there are two bands in the region
of the H-bonded NH stretching vibrations can be explained by Fermi resonance between
H-bonded NH stretching vibration (v|) and bending overtone (2x1627.5 cm™)'*"" 22,
For example, the H-bonded NH stretching vibration of the ring-form 2-phenol-(NHj3),

2@ appears at 3219 and 3239 cm™. In the Fig. 10(c), the species I shows IR

complex
bands of not only NH stretching vibrations (3316, 3407, and 3414 cm™) of NH; but also
the OH stretching vibrations (3577 and 3650 cm™) of H,O, indicating that the species I
is boat-H,O-NHj; complex, so that the species I is discussed in the next section.

Fig. 10 also shows the most probable optimized structures assignable to the species
E, F, B, G, and H. Their calculated IR spectra are shown at lower panel of each IR-UV

spectrum. In the boat-NH;3-1 complex, the NH; molecule forms bifurcated and bidentate

H-bond at the bottom of the boat conformation, similar to the boat-H,O complex [Fig.
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2(b)]. The IR spectra of boat-NH3-1 shows a v, band at 3260 cm'l, and two v; bands at
3362 and 3385 cm™. In boat-(NHj3),-1 complex, second NHj3 molecule forms another
bidentate H-bonding at the top of the boat conformation. The IR spectra of boat-NH;-1
and boat-(NH3),-1 are very similar with each other except that the latter spectrum is
slightly broadened due to the overlap of two bands. Both the calculated IR spectra of
boat-NH3-1 and boat-(NHj3),-1 well reproduce the observed IR bands of E and F,
respectively. In the boat-(NH3),-2, boat-(NH3),-3, and boat-(NH3);-1 complexes, (NH3),
is located at the top or bottom of the boat DB18C6 and forms H-bond to ether oxygen
atoms. In the boat-(NHj3)3-1 complexes, third NHs is independently H-bonded to the
boat conformation. All the complexes show bands at ~3180 cm’! attributed to the Vi
band of the H-donor in (NHs),. In addition, vs; band is further red-shifted or split as
shown in the calculated spectra of boat-(NHj3),-2, boat-(NH3),-3 and boat-(NHj3)3-1. The
calculated spectra well reproduce the observed spectra, except the doublet structure at
3200-3240 cm™ due to Fermi resonance. It should be noted that in the UV-UV HB
spectra of the species E and G [Fig. 4(b)], their origins show ~5 cm™ exciton splitting,
similar to the species m2 and a, suggesting that in the species E and G, the
conformations of crown frame near the two chromophores is similar. Since the
structures corresponding to the species E and G (boat-NH3-1 and boat-(NHj3),-3,
respectively) have equivalent chromophores, these assignments are reasonable.
Furthermore, the calculated S;-Sy transition energies of all the optimized structures

shown in Fig. 10 reproduce well the position of the observed ones [Fig. 9(a)].

2.3.2 DB18C6-H,0O-NH; complex

The IR-UV DR spectra of the species I [Fig. 10(c)] exhibits OH stretching
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vibrations (3577 and 3650 cm™) as well as NH ones (3316, 3407 and 3414 cm™), so that
the species I is boat-H,O-NHj. Since the bands of OH stretching vibrations in the
species a (boat-H,0)'® appear at 3580 and 3648 cm™, it is clear that the bands at 3577
and 3650 cm™ are due to the bidentately H-bonded H,O. The most probable optimized
structure of the species I is shown at the right side of Fig. 10(c) (boat-H,O-NHj3-1), and
the calculated IR spectrum is shown at the lower panel of Fig. 10(c). In the
boat-H,O-NHj3-1 complex, both HO and NH3 molecules are H-bonded in the bidentate
way, and the calculated spectrum reproduces well the observed one. As shown in Fig.
9(a), the calculated S;-Sy transition energy of the boat-H,O-NHj3-1 complex also agrees

with the position of species I.

Conclusion

The conformation of dibenzo-18-crown-6 (DB18C6) and the structures of the
DB18C6 (host) complexes with water, ammonia, methanol, and acetylene (guest) were
investigated by laser induced fluorescence (LIF), UV-UV hole-burning (UV-UV HB),
and IR-UV double-resonance (IR-UV DR) spectroscopy with the aid of density
functional theory (DFT) calculations. The conformation of bare DBI18C6 was
reinvestigated by analyzing the IR-UV DR spectra of the methylene CH stretching
vibrations. It is concluded that the “boat” conformation, which was previously assigned
to the lowest energy conformer, does not exist as bare form under tthe jet-cooled
condition. The boat conformer is found to be much unstable as bare conformer at the
MO05-2X/6-31+G* calculation. With the aid of Monte Carlo simulation for broad
conformational search, the observed two conformers, m1 and m2, are assigned to low

energy conformers having C; and C, symmetry, respectively.
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For the DB18C6-H,0 complex, its IR-UV DR spectrum of methylene CH stretching
vibrations is considerably different from those of the bare conformers. From the
analysis by DFT calculations, and we concluded that the DB18C6 conformation in the
DB18C6-H,O complex is the boat conformation. The structure of the DB18C6-H,0O
complex is the same with one assigned in our previous paper based on the IR-UV DR
spectrum in the region of OH stretching vibrations. The difference of the DB18C6
conformation between bare conformers and DB18C6-H,O implies that DB18C6
changes its own conformation upon the complexation with H,O.

For the DB18C6 complexes with ammonia, methanol, and acetylene, we identified
nine, one, and two species, respectively, in each LIF spectrum. Among them, similar
conformational change was observed in the DB18C6-ammonia complexes. On the other
hand, in the complexes with methanol and acetylene, DB18C6 does not change its
conformation and retains the same conformation with the bare form. By analyzing
IR-UV DR spectra in the region of CH, NH, and OH stretching vibrations, all the
complexes’ structures were assigned. In the complexes with ammonia, a NH3; molecule
is incorporated into the cavity of the boat conformation through bidentate and bifurcated
H-bonding, similar to DB18C6-H,0. So, a key point for the conformational change is
the incorporation in the boat conformation via bidentate H-bonding between DB18C6
and guest molecules. On the contrary, in the DB18C6-methanol and -acetylene
complexes, CH3;OH and C,H, molecules are simply bound to the oxygen atom or
n-electrons of benzene rings. Therefore, we can say that DB18C6 recognizes the
difference of the shape of guest species, and changes the conformation if guest species

has an ability of bidentate H-bonding.
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Scheme 1 DB18C6
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Fig. 1 (a): LIF spectrum of bare DB18C6 conformers (m1 and m2) and DB18C6-H,0
(species a). (b): IR-UV DR spectra of m1, m2, and a. (c¢), (d): Calculated IR spectra of
optimized conformers at B3LYP and MO05-2X levels, respectively. (e): Calculated IR
spectra of boat-H,O obtained by B3LYP and MO05-2X calculations. The optimized
geometries are shown in Fig. 2. The intervals between the tips of the right axis represent

200 km/mol calculated IR intensity
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I (C2)
[0, 500 cm-1]
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[0, a, allg-, g+, al[a, a, a]
[0, a, a]lg-, g+, a][a, a, a]

Il (Co)
[18, 0 cm-1]

A:234R  B:259A

C:2.78A
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A:2.49A
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[0, a, allg-, a, a]lg+, a, al[[0, a, a]lg-, g+, al[a, a, &]
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D:2.55A
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[0, a, allg-, g+, g-][a, a, 4]
[0, a, a]lg-, g+, g-][a, a, a]

boat-H,0 (Cpy)
[0, 0 cm-1]

Fig. 2 Optimized geometries of (a) bare conformers and (b) DB18C6-H,O. Except for

conformer V, all the geometries are obtained by geometrical optimizations at B3LYP and

MO05-2X levels with 6-31+G* basis set. Relative energies with respect to the most stable

conformer in the corresponding calculated levels are represented in cm™ unit ([B3LYP,

MO05-2X]). The distances of CH:--O, CH--'m, and 7 -7 in optimized geometries at the

MO05-2X calculation are indicated in the figure. In the bottom of each column, conformations

of dihedral angles of -O-C-C-O-, -C-C-O-C-, and -C-O-C-C- units in the crown ring are

indicated in each parenthesis. For example, the first parenthesis: [-O;-C=C-O,-, -C-C-0,-C-,
-C-0,-C-C-], the second parenthesis: [-O,-C-C-O;-, -C-C-0O3-C-, -C-0;-C-C-], etc., where
-C=C- means carbon atoms in benzene ring. The labels “0”, “a”, “g+”, and “g—" represent

dihedral angles of -O-C=C-O- (~0°), anti (~180°), gauche+ (~ +60°), and gauche- (~ —60°),

respectively.
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Fig. 3 (a): LIF spectrum of bare DB18C6 conformers and DB18C6-H,0. (b), (c): S;-So and
S,-Sy electronic transition energies obtained by TDDFT calculations at B3LYP and M05-2X
levels, respectively, which are represented by red and black stick bars for bare conformers
and by blue bars for boat-H,O. The red and black colors correspond to the colors of calculated
IR spectra in Fig. 1. The intervals between the tips of the right axis represent 0.1 oscillator

strength.
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Fig. 4 (a): LIF spectrum of bare DB18C6 and DB18C6-H,0. (b)-(c): LIF and UV-UV HB

spectra of the complexes with ammonia, methanol, and acetylene, respectively.
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Fig. 5 IR-UV DR spectra in the region of CH stretching vibrations of the complexes with
ammonia (species A-I), methanol (species J), and acetylene (species K and L). These IR
spectra are classified into two groups: (a) IR spectral patterns similar to those of species m1
and m2, (b) ones similar to that of species a. The IR-UV DR spectra of bare conformers

(species m1 and m2) and DB18C6-H,0 (species a) are also shown for comparison.
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(b)
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Fig. 6 UV-UV HB spectra of species ml, m2 (bare), A, C, D (DB18C6-NH;), J
(DB18C6-CH;0H), K, and L (DB18C6-C,H,), plotted as a function of relative electronic
transition energy with respect to each origin transition. These UV-UV HB spectra are
classified into two groups: (a) vibronic spectral patterns similar to that of species ml, (b)
those similar to that of species m2. All the species in this figure show methylene CH

stretching vibrations similar to each other (Fig. 5).
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Table 1 Position of origin bands, type of complex, DB18C6 conformation, equivalency

between two chromophores, symmetry, and assignment.

species  origin / cm’ type of complex DB18C6 equivalency of symmetry  assignment”
conformation environment
between two
chromophores®
ml 35597 DB18C6 v inequivalent C
m2 35688 DB18C6 I equivalent C
a 35777 DB18C6-H,0O IIT (boat) equivalent Cyy
A 35628 DB18C6-NH; v inequivalent C, 1
B 35673 DB18C6-(NH3), IIT (boat) inequivalent C 2
C 35677 DB18C6-NH; I inequivalent C, 3
D 35700 DB18C6-NH; I inequivalent C, 1
E 35745 DB18C6-NH; IIT (boat) equivalent Cs 1
F 35752 DB18C6-(NH3), IIT (boat) inequivalent Cs 1
G 35757 DB18C6-(NH3), IIT (boat) equivalent Cs 3
H 35768 DB18C6-(NHj3); IIT (boat) inequivalent C 1
I 35797 DB18C6-H,0- NH; IIT (boat) inequivalent Cs 1
J 35631 DB18C6-CH;0H v inequivalent C, 1
K 35540 DB18C6-C,H, I inequivalent C, 1
L 35695 DB18C6-C,H, I inequivalent C, 3

species C represents the [-NH;3-3 isomer.
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" The end of digits in the labels of isomers (Fig. 8 and Fig. 10). For example, “3” of the
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Fig. 7 IR-UV DR spectra of the complexes with (a) ammonia (species A, C, and D), (b)
CH;0H (species J), and (¢) C,H, (species K and L) in the region of NH, OH, and acetylene
CH stretching vibrations, respectively. The lowers of each IR-UV DR spectrum are the
calculated (M05-2X/6-31+G*) IR spectra of the optimized geometries in Fig. 8. The
intervals between the tips in each right axis represent (a) 100, (b) 200, and (¢) 200 kJ/mol
calculated IR intensities. The calculated IR spectra are reproduced by providing the

Lorentzian components with 5 cm™ FWHM for each band.
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Fig. 8 Optimized geometries of (a) IV-NH;, (b) I-NHj, (¢) IV-CH;0H, and (d) I-C,H,
complexes obtained at the M05-2X/6-31+G* level. The geometries in (a) and (b) are the most
five stable isomers in the obtained DB18C6-NH; complexes. The geometries in (c¢) and (d)

are the most three stable isomers in [V-CH30H and I-C,H, complexes, respectively.
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Fig. 9 S;-S; electronic transition energies predicted by TDDFT (M05-2X/6-31+G*)
calculations for DB18C6 complexes with (a) ammonia, (b) methanol, and (c) acetylene are
shown as stick bars with each LIF spectrum. TDDFT results of bare conformers (conformers I
and IV, green) and boat-H,O (blue) are also shown for comparison. Black, yellow, and red
colors indicate that DB18C6 conformations in the complexes are I, IV, and III (boat)
conformations, respectively. Arabic numbers at the tops of the bars are used to identify a
specific isomer among the isomers having the same DB18C6 conformation and the same
number of the guest molecules in the same row. The intervals between the tips of the right

axis represent 0.2 oscillator strength for the TDDFT results.
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Fig. 10 IR-UV DR spectra of (a) species E, F (b) B, G, H, and (c) I in the region of NH and
OH stretching vibrations. The calculated IR spectra (M05-2X/6-31+G*) of the most probable

structures are shown under each IR-UV DR spectrum. The optimized geometries are also

shown in this figure. Relative energies with respect to the most stable isomer are represented

in cm™ unit. The intervals between the tips in each right axis represent (a) 200, (b) 200, (c)

100 kJ/mol calculated IR intensities. The calculated IR spectra are reproduced by providing

the Lorentzian components with 5 cm™ FWHM for each band.
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