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Abstract An inclusion complex (IC) composed of a hy-
drofluoroether (HFE) guest and a f-cyclodextrin (-CD)
host was newly prepared, and the crystalline structure and
the thermal stability of the IC were examined using several
analytical methods, including wide-angle X-ray diffraction
(WAXD), solid-state NMR, thermogravimetric analysis
(TGA), TG-mass spectrometry (TG-MS), and quantum
chemical calculation. The WAXD patterns and elemental
analysis identified that the IC of an HFE/S-CD form of a
channel-type structure, in which one HFE molecule is
included in a common cavity of two §-CD molecules. TGA
and TG-MS analysis indicated that the HFE molecules
included in f-CD are hardly evaporated or degraded up to
the decomposition temperature of the f-CD host. Solid-
state '*C NMR indicated that the -CD ring structure was
deformed by including an HFE molecule in it, and that the
YF NMR signals of the HFE guest were significantly
shifted to higher frequencies by the inclusion due to the
dielectric media effect in the cavity of f-CD. Moreover, the
"YF NMR signals of HFE included in IC were further
shifted after annealing at 150 °C, which reflected structural
changes in HFE/S-CD IC caused at elevated temperatures.
The WAXD patterns also confirmed that the packing
structure along the crystalline b-direction of HFE/f3-CDs,
which penetrates the cavities of f-CDs, was compressed by
annealing and transformed to a more stable structure.
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Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed
of six, seven, or eight p-glucose units linked by o-(1—4)
glycosidic bonds, forming a doughnut-shaped structure [1].
Because the inner wall of the structure is highly hydro-
phobic, a single CD or two CDs can capture various
compounds into the cavity, which is known as a host—guest
inclusion complex (IC) [2]. On the other hand, it has been
reported [3] that several kinds of fluorine-containing
compounds are harmful to natural environments. For
example, chlorofluorocarbon is considered to destroy the
ozone layer of the earth, is registered as a green-house gas
and is no longer in production, although it had been widely
used as a refrigerant, a solvent, and a detergent. As an
alternative compound, hydrofluoroether (HFE), the risk of
which to the environment is considerably lower than that of
chlorofluorocarbons, has received considerable attention,
and is currently used in a variety of industrial fields,
including the manufacture of semi-conductor materials as
dust and moisture removers, a fire- extinguishing agent and
a dispersal medium for fluorine-containing compounds [4,
5]. However, it is desirable to remove them after use
because decomposed components of HFE are generally
harmful to the environment and the human body. CDs,
crown-ethers [6] and calixarenes [7, 8], are expected to
function as hosts of ICs, which capture and remove such
harmful or toxic components dispersed in solutions. In
particular, CD is an attractive and promising candidate for
industrial purposes because of its low cost, ease of use, and
good captive ability. The objective of this study is to
investigate the structure and thermal stability of ICs con-
sisting of f-CD as the host and HFE as the guest.
Solid-state nuclear magnetic resonance (NMR) is one of
the most versatile tools for investigating the molecular
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structures and dynamics of ICs. Tonelli and co-workers [9,
10] utilized '"H — '>C cross-polarization (CP)/magic-angle
spinning (MAS) NMR to prove the formation of ICs and to
characterize the molecular properties by analyzing '*C
lineshapes and relaxation parameters, such as 7§ and T(fp.
Further, Saalwéchter [11] reported that geometrical corre-
lation was observed between a y-CD host and a poly(-
dimethyl siloxane) guest by using ultra high-speed MAS and
multiple pulse 'H NMR. On the other hand, we have recently
reported that a perfluoroalkane (CoF,0)/$-CD IC can be
easily obtained from a mixture of neat CoF, and a saturated
aqueous solution of f-CD, and '"H — '"F CP/MAS NMR
revealed that CgF,o molecules included in -CD undergo
vigorous molecular motion above 80 °C and partly comes
out of a $-CD channel [12]. However, the guests hardly
degrade or evaporate unless the host is pyrolytically
decomposed above ca. 300 °C. This very high thermal sta-
bility of the ICs is an important factor for industrial appli-
cations, and the structural changes in ICs occurring at
elevated temperatures are worthy of investigation.

In this study, we report the preparation of a -CD IC,
including a HFE molecule for the first time, and clarify the
structural properties using the '°F MAS and "H('°F) —» "*C
CP MAS NMR, and wide-angle X-ray diffraction (WAXD)
techniques. Moreover, the thermal stability and structural
changes of the IC are discussed based on solid-state NMR,
WAXD, thermo gravimetric analyses (TGA) and thermo-
gravimetry—mass spectroscopy (TG-MS).

Experimental
Materials

The chemical structure of the HFE compound used in this
study is CF3—CFH-CF,—CH(CH;)-O-CF,—CFH-CF;. This
HFE was provided by Sumitomo-3M Limited (Osaka,
Japan) and used as received. Powdery [(-CD purchased
from Wako Pure Chemical Industries., LTD (Osaka, Japan)
was recrystallized from distilled water. An inclusion
compound (IC) of HFE/S-CD was prepared as follows.
HFE was mixed with a saturated aqueous solution of f-CD
and stirred vigorously for 48 h at room temperature. The
white powder thus precipitated was filtered, washed with
distilled water, and dried in vacuo at 40 °C for 6 h. A
portion of the sample was annealed by heating in air at
150 °C for 1 h and then cooled to room temperature.

Nuclear magnetic resonance
Solid-state '*C and '’F NMR experiments were carried out

on a Chemagnetics CMX-300 spectrometer running at
resonance frequencies of 298.2, 279.9 and 75.0 MHz for
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protons, fluorines and carbons, respectively, with a T3
"H/'F/3C triple-tune probe and 5 mm zirconia pencil
rotors. The spinning speed was regulated at 8,000 Hz.
Hexamethylbenzene was used for the external reference of
13C chemical shifts and the peak of the methyl group was
set at 16.76 ppm from tetramethylsilane (TMS, 0 ppm).
For '"H — '*C CP MAS NMR experiments, the proton /2
pulse width was set at 6.5 ps with 2 ms of contact time and
15 s of recycle time. For '’F — '3C CP/MAS experiments,
the fluorine n/2 pulse width was set at 3.5 ps with 5 ms of
contact time and 15 s of recycle time. Solid-state 'H and
"F NMR experiments were performed on a JEOL EX
spectrometer operating at resonance frequencies of 286.7
and 300.4 MHz for fluorines and protons, respectively,
with a Chemagnetics APEX '""F/'H dual-tune probe and
4 mm zirconia pencil rotors. The spinning speed was
controlled at 15.0 kHz, and the fluorine /2 pulse width
was set at 2.9 ps. '°F chemical shifts were referenced to the
CF, peak of fluorosilicone rubber assigned to —66.30 ppm
from CFCl; (0 ppm). A liquid HFE, which was soaked in
cotton batting, was packed in a zirconia rotor. The tem-
perature was calibrated using ethylene glycol adsorbed on
tetrakis(trimethylsilyl)silane.

X-ray diffraction

The WAXD patterns of -CD and annealed HFE/S-CD
were collected by Rigaku ULTIMA IV, where Cu-Ko
sources (4 = 0.154 nm) were employed with a scanning
speed of 0.5° min~', and the applied voltage and current
were set at 40 kV and 40 mA, respectively. The trans-
mission WAXD experiments of HFE/-CD were carried
out at the Japan Synchrotron Radiation Research Institute
(SPring-8) with a BL40B2 beam line using an image plate
as tlle detector. The wavelength of the X-ray was set at
0.8 A.

Thermal analysis

TGA of -CD and HFE/B-CD were performed with a
Shimadzu DTG-60 in a temperature range from 30 to
700 °C at a heating rate of 10 °C min~—'. TG-MS analysis
was also carried out with a Shimadzu GCMS-QP60
equipped with a Rigaku Thermo plus EVO in a temperature
range of 30-500 °C at a heating rate of 3 °C min~". Dried
nitrogen was purged during the above analysis.

Results and discussion
Figure 1 shows the WAXD patterns of (a) f-CD and

(b) HFE/S-CD IC with assignments of Miller indices. It has
been reported that crystalline S-CD has a cage-type



J Incl Phenom Macrocycl Chem (2013) 76:143-150

145

structure [13] in the cavity of which some water molecules
are incorporated [2, 14, 15]. Moreover, various types of
crystalline structures of ICs have been reported, and they
are categorized into four classes based on their packing
structures; (1) channel, (2) screwed channel, (3) chess
board, and (4) intermediate types [16, 17]. The major dif-
fraction peaks of HFE/fS-CD in Fig. 1b were reasonably
consistent with those of 2,2’-vinylenedipyridine/-CD IC
[18] crystallized as a screwed channel structure, in which
the axis penetrating the -CD torus is slightly tilted from
the b axis. Thus, the crystalline structure of HFE/-CD can
be classified as a screwed channel-type, which is the typ-
ical form for CD ICs, including relatively large guest
molecules [2, 18, 19]. As we will discuss later, the struc-
tural change from the cage-type (f-CD) to the screwed
channel-type (HFE/S-CD) can be attributed to the fact that
two ff-CD molecules capture a single guest molecule into
the cavity.

Figure 2 shows the 'H — '*C CP MAS NMR spectra of
p-CD and HFE/B-CD with signal assignments. Schematic
structures of f-CD and HFE are inserted in the figure with
atom labels, and the three chiral carbons of HFE are
marked with asterisks. The '3C signals of -CD were
assigned by Zejli [20] and Li et al. [21]. For detecting a
well-resolved '*C spectrum of HFE/f-CD, dual-frequency
high-power decoupling was applied to "H and '°F nuclei
during signal acquisition for reducing dipolar interactions
among 'H, '°F, and '*C spins. In Fig. 2b, two weak peaks
were newly observed in the ranges of 10-20 and
110-125 ppm, which are assignable to C5' and Ca’ (CI’,
C3’, C6' and C8') carbons of the HFE guest included in
f-CD. Note that these new signals were not observed
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Fig. 1 WAXD patterns of a f-CD, b HFE/f-CD and ¢ 22VD/-CD
[18] with assignments of Miller indices

without '°F decoupling due to the strong '°F-'*C interac-
tions in the solid-state. Comparing the NMR spectra of
both samples, the C1 signal of S-CD showed a broad
shoulder at a lower frequency (ca. 95 ppm), whereas the
Cl1 signal of HFE/S-CD showed a slightly smaller disper-
sion. This suggests that the structural distortion around the
torus of crystalline $-CD was partially relaxed by the
inclusion of the guest molecule, leading to a more ordered
structure of f-CD IC [22]. It should be noted that the C1,
C4 and C6 peaks (104.5, 82.4, 61.5 ppm, respectively) of
HFE/f-CD IC resonate at higher frequencies than those of
p-CD (103.6, 82.8, 62.3 ppm). In particular, it is note-
worthy that the anomeric C1 carbon of IC was shifted by
ca. 1.0 ppm. Horii and co-workers [23] demonstrated that
the '3C chemical shifts of C1 and C4 in f-(1 — 4)glucans
are correlated with the torsion angles @ and W (the defi-
nitions of ® and W are shown in Scheme 1). Gidley et al.
[24] also reported that the parameter can be used to eval-
uate the '°C chemical shifts of anomeric carbon (C1) [24—
26]. Thereby, the high frequency shifts of C1 carbon
observed for HFE/S-CD in this study suggest that the
conformation of the f-CD ring was changed by inclusion
of the HFE guest [24].

The magnetization dynamics of '°F — '3C CP is useful
to investigate the structure and mobility of fluoropolymers
[25], in particular to infer the apparent distances between
the '°F and '°C nuclei. Figure 3 shows the 'F — '°C CP
MAS spectra of HFE/-CD observed with different contact
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Fig. 2 'H — '*C CP/MAS NMR spectra of f-CD and HFE/S-CD.;
Experimental: MAS rate, 8 kHz: data points, 1024: recycle delay,
15 s: 10,000 transients
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Scheme 1 Structural image of conformation associated with the
glycosidic linkage in a-(1 — 4)-glucans. Torsion angle ¢ is described
by (H1)—~(C1)-(01)-(C4’), and angle ¥ is described by (H4")—(C4’)-
(OD~ACD)

C3,C2,C5

2ms

250 200 150 100 50 0
3(ppm)

Fig. 3 '"F — '3C CP/MAS NMR spectra of HFE/S-CD with various
contact times: 2 and 5 ms.; Experimental: MAS rate, 8 kHz: data
points, 1024: recycle delay, 15 s: 10,000 transients

times (t.,) for (a) 2 ms and (b) 5 ms. The broad signal at
125 ppm (marked by an asterisk) arises from a Teflon
spacer of a MAS rotor. In both spectra, the C2, C3 and C5
peaks of -CD are observed in the range of 70-80 ppm,
though the signal intensities are much larger for 7., = 5 ms
than 7., = 2 ms, and the C4 and C6 signals were clearly
detected in the former. This indicates that effective hetero-
nuclear polarization transfer occurred between the '°F
nuclei in HFE and the '>C nuclei of f-CD, suggesting that
HFE guest molecules are spatially located very close to f3-
CD hosts, which also strongly support the inclusion of HFE
in the cavity of -CD.
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Fig. 4 Liquid-state '°F NMR spectra and Solid-state '°F MAS NMR
of HFE/f-CD.; Experimental: data points, 2048: recycle delay, 5 s

Figure 4 shows the solid-state direct polarization (DP)
'"“F MAS NMR spectrum of HFE/S-CD and the liquid-state
YF NMR spectrum of neat HFE at 40 °C. Although con-
tinuous wave (CW) 'H decoupling was applied to the
liquid '"F spectrum, multi-splitting of signals was not
eliminated. This indicates that the splitting was caused by
the existence of plural stereo-isomers of HFE. HFE could
be a mixture of eight kinds of isomers generated by three
chiral centers. Thereby, all peaks were assigned on the
basis of quantum chemical density functional theory (DFT)
calculations [26]. In the '°F MAS spectrum of HFE/f-CD,
such multi-splitting peaks from HFE turn into broad sig-
nals, reflecting the restricted mobility of HFE in the ICs.
Note that all the '°F signals of HFE/S-CD resonate at
higher frequencies than those of neat HFE liquid by 1.1,
1.2, and 2.6 ppm for F1, F2 and F5 signals, respectively.
This agrees with the fact that all the R signals for CoF,q/
B-CD resonate at higher frequencies than those for neat
CoF,g, as we previously reported [12]. A presumable factor
that causes the chemical shift change is the ‘dielectric
media effect” which is similar to the ‘solvent effect’ fre-
quently observed in solution NMR. Since the inside envi-
ronment of a CD cavity is less polar and more hydrophobic
than the outside, the fluorine nuclei of HFE in the IC host
were significantly deshielded. As stated below, this is
supported by the DFT calculation of '°F nuclear shieldings
of the HFE molecule entering into a cavity of 5-CD.

Elemental analysis was carried out to determine the
precise atomic ratio of fluorine to carbon of HFE/-CD IC,
which was estimated to be 4.91. This value confirms that
the ratio of the HFE guest to the -CD host is almost equal
to 1: 2 because the F/C ratio of the ideal 1:2 complex is
4.84. Based on these results, we can conclude that one HFE
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molecule is included in two S-CD rings, which forms a
channel-type IC in the solid-state.

As stated in the Introduction, the thermal stability of
HFE/f-CD IC is an important property for practical
applications. The TGA curves for -CD and HFE/S-CD IC
are shown in Fig. 5a. A weight loss of 9.0 % was observed
up to 120 °C for -CD, followed by a plateau ranging from
120 to 280 °C, and significant thermal degradation occur-
red above 280 °C. This behavior is consistent with that
reported in the previous works [27, 28]. In the case of HFE/
p-CD IC, the sample weight was gradually decreased from
room temperature to 280 °C, and the weight losses at 100
and 280 °C were only 5.5 and 10.8 %, respectively. At
almost the same temperature range as f-CD, significant
thermal degradation occurred above 300 °C [29]. Further-
more, TG-MS was performed to identify decomposed
species or fragments of the IC at elevated temperatures.
Figure 5b indicates the multiple ion detection (MID)
curves of five representative fragments for HFE/-CD IC.
For reference, several fragment ions related to HFE and f-
CD are summarized in Table 1. The fragments of m/e = 18
and 44 correspond to water and a glucopyranose unit of -
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Fig. 5 a TGA curves for f-CD and HFE/S-CD and b MID curves of
HFE/f-CD
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Table 1 Fragments related the .
decomposition of HFE/-CD Fragmentations m/.e
unit
OH,™" 18
HOCH,CH* 44
CF;* 69
CF;CFHCF, " 151

CF;CFHCF,CH(CH;)O" 195

CD, respectively [30]. The fragments of m/e = 69, 151 and
195, which are attributable to HFE molecules, were not
detected until HFE/S-CD IC was thermally degraded at
around 300 °C. This clearly indicates that the weight loss
of HFE/S-CD IC below 300 °C is mainly caused by
desorption of water molecules captured inside the -CD
rings or the crystalline water of ordered -CD structures.
These results clearly demonstrate that HFE/f-CD IC has
high thermal stability, and HFE molecules included inside
the cavity of S-CD are preserved even at higher tempera-
tures than the boiling point of HFE (131 °C).

Figure 6 shows the '’F DP MAS NMR spectra of HFE/
p-CD, as prepared (a) and annealed at 150 °C (b). After
annealing, the signals of F1, F2 and F5 were shifted to
higher frequencies by 0.9, 1.1, and 1.5 ppm, respectively
(see Fig. 6b). In addition, the spectral widths of these
signals became slightly broader than those in the initial
state, suggesting that annealing caused slight disordering in
the conformation of HFE in the IC. To infer the reasons for
the '°F signal displacements, calculation of nuclear shiel-
dings based on DFT may give useful information. In a

Lk

<70 75 B0 85 200 -208 -0 21! 420

5.(ppm) 5(ppm)
J\ (b) after annealing state h

F-2
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F-5

fa (a) initial state R
R ran

L 1 i 1 1 i J

-50 -100 -150 -200 -250
5, (pPM)

Fig. 6 '°F NMR spectra of HFE/f-CD at initial and post annealing
state.; Experimental: MAS rate, 15 kHz: data points, 1024: recycle
delay 5 s
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model system, one HFE molecule was initially placed in
the cavity of one f-CD, and it was linearly moved and
inserted into the cavity, as shown in Fig. 7a. The stick
spectra of the calculated '°F nuclear shielding of the HFE
molecule are displayed in Fig. 7b. As the HFE molecule
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Fig. 7 a Structural image of HFE/S-CD IC with different included
state between HFE and f-CD molecules. Models included from the
side of CF3(F-1) (I): (i), (ii), (iii) and from the side of CF3(F-2) (II):
(iv), (v), (vi) and b Stick spectra for each model demonstrating the
calculated '°F magnetic shielding of (I) F-1, F-5 and (II) F-2, F-5'
corresponding to (a)

@ Springer

enters deeper into the cavity of f-CD, all the '°F positions
are shifted to lower shielding, which corresponds to higher
frequency shifts. Thereby, the higher frequency shifts
observed in Fig. 6 indicate that the distance between the
guest (HFE) and host (f-CD) molecules was further
reduced by annealing.

Figure 8 shows the WAXD patterns of HFE/B-CD
(a) and annealed HFE/S-CD (b). After annealing at 150 °C,
broadening of each peak was observed, which could be
caused by disordering of the crystal structure of HFE/f-
CD. It was also observed that the diffraction peaks indexed
as (020) and (040), which reflect ordering along the b axis,
were shifted to higher angles after annealing. According to
the crystal structure simulation using Mercury 2.4 software
[31] based on the crystalline parameters estimated from
HFE/B-CD (Fig. 1b) and 22VD/B-CD [18], the periodic
structure along the direction penetrating the S-CD torus
(b axis) was shortened, and the (020) peak was shifted from
5.75° to 6.08° after annealing. In other words, the d-spac-
ing of (020) (dyyo) was changed from 15.36 to 14.32 A.
The crystalline model structure based on the WAXD pat-
tern agrees well with the shortening of the crystal packing
of HFE/B-CD ICs only along the b axis, not the a- or c-
axes. These findings from solid-state '°F MAS NMR and
X-ray diffraction clearly demonstrate that the packing
structure of the crystalline HFE/B-CD IC was tighter along
the b axis around 150 °C, and the HFE molecules included
in the ICs were kept within the ICs up to 280 °C without
molecular degradation. As a consequence, the structural
changes occurring at relatively lower temperatures
(<150 °C) generated tightly packed and energetically sta-
ble structures of HFE/S-CD IC, which were endowed with
high thermal stability.

(b) after annealing state

intensity

(@) initial state

L I 1 !

5 10 15 20 25 30
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Fig. 8 WAXD patterns of HFE/S-CD at initial and post annealing
state
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Conclusions

An IC composed of one HFE guest molecule included in two
f-CD host molecules was prepared, and the structure at
room temperature and the structural changes generated at
elevated temperatures were characterized by WAXD, solid-
state °C and '°F MAS NMR, TGA, TG-MS, and elemental
analysis. The formation of HFE/S-CD IC was confirmed by
a WAXD pattern indicating a channel-type structure,
appearance of HFE signals in the '°F — '*C CP MAS NMR
spectrum, and a high frequency shift of HFE signals in the
"YF MAS NMR caused by formation of IC. According to TG
analysis, HFE molecules included in f-CD were hardly
evaporated or degraded below the decomposition tempera-
ture of the host at around 300 °C. In contrast, the '°F NMR
signals of HFE included IC were resonated at higher fre-
quencies after annealing at 150 °C. With the aid of DFT
calculations, these results evidenced that HFE molecules
were more deeply included into a f-CD cavity by annealing.
WAXD pattern also showed that diffraction peaks along
b axis, such as (020) and (040), were shifted to higher angles
after annealing, indicating that the crystal packing of ICs
became tighter along the direction penetrating the torus of -
CD, which agrees with the result of '’F MAS NMR analysis.
Accordingly, HFE molecules are more likely to remain in
ICs with tight packing after annealing without removing
from the ICs. Theses knowledge is valuable for application
of f-CD IC as a removal agent of fluorine-containing
compounds based on its capacity of trapping molecules up to
high temperatures.
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