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ਫૉ݁߹ͱ van der Waals (vdW)݁߹ɼ༷ʑͳஂूࢠͷߏੑΛܾΊΔॏཁͳ
ཁૉͰ͋ΓɼͦΕΒͷ݁߹Λհͯ͠ܗͨ͠ࢠΫϥελʔͷزԿֶతߏܗ ·
աఔʹ͍ͭͯཧղΛਐΊΔ͜ͱɼؒཧେؾՊֶͳͲͷʹ͓͍ͯҙٛਂ͍ɽ

ਫૉ݁߹ʹΑͬͯܗ͢ΔਫΫϥελʔΛɼؾ૬தԹෆੑ׆ݻࢠମʢϚτϦοΫεʣ

தʹੜ͠ɼϑʔϦΤม֎ٵऩޫϨʔβʔΛ༻͍ͨৼಈճసτϯωϧޫɼϚΠ

ΫϩޫͳͲͷख๏Ͱ؍ଌ͢Δߦ͕ڀݚΘΕ͖ͯͨɽ·ͨɼୈҰݪཧࢉܭີ൚ؔ

ཧ (Density Functional Theory: DFT)ࢉܭΛத৺ͱͨ͠ྔࢠԽֶࢉܭʹΑΔཧڀݚ
ฒߦͯ͠ߦΘΕɼޫଌఆͷ݁ՌͱͷൺֱʹΑΓɼΫϥελʔαΠζ҆࠷ఆߏ͕໌Β

͔ʹ͞Ε͖ͯͨɽ͔͠͠ɼ४҆ఆߏͷੜ݅ΫϥελʔαΠζΛܾΊΔཁҼɼ

Ϋϥελʔͷաఔʹ͍ͭͯະղܾͰ͋Δɽ·ͨɼvdWෳ߹ମͷͻͱͭͰ͋Δਫ-ϝ
λϯෳ߹ମͷ҆ఆߏʹؔ͢Δڀݚɼྔ͕ࢉܭࢠઌ͍ͯ͠ߦΔͷͷɼϚΠΫϩԕ

֎ޫʹΑΔ͕ڀݚΘ͔ͣʹ͋Δ͚ͩͰɼத֎ྖҬʹ͓͚Δޫڀݚͷใࠂͳ͍ɽ

ɹຊڀݚͰɼرΨεϚτϦοΫεதʹͨ͠ D2OΫϥελʔٴͼ D2O-CH4 ෳ߹ମ

ͷϑʔϦΤม֎ٵऩޫଌఆΛͨͬߦɽ࣮ݧʹՃ͑ͯɼྔࢠԽֶࢉܭ༻ϓϩάϥϜͰ

͋Δ Gaussian 03 ͼٴ 09 Λ༻͍ͯɼ୯ྔମ͔Β̒ྔମɼਫ-ϝλϯෳ߹ମͷߏ࠷దԽɼ
ͷڧऩٵ֎ͼৼಈɼٴ DFTࢉܭΛͨͬߦɻྔࢠԽֶࢉܭɼޫଌఆͱ૬ิతͳ
ׂΛՌͨ͠ɼࢠΫϥελʔͷڀݚʹɼ࣮ݧͱཧɼํ͔ΒͷΞϓϩʔν͕ඞཁෆ

ՄܽͰ͋ΔɽਫΫϥελʔʹؔͯ͠ɼԹ্ঢʹ͏ΫϥελʔͷաఔɼΫϥε

λʔαΠζͷ D2Oೱٴͼॖڽͷґଘੑɼਫૉ݁߹ͨ͠ OD (Bonded-OD)ͷ
৳ॖৼಈͷϚτϦοΫεछґଘੑΛ໌Β͔ʹͨ͠ɽਫ-ϝλϯෳ߹ମʹ͍ͭͯɼCH4

ೱґଘੑͱԹґଘੑ͔Βɼத֎ྖҬʹ͓͚Δෳ߹ମ༝དྷͷٵऩϐʔΫͷؼଐΛܾఆ

͠ɼϚτϦοΫεதʹͨ͠ෳ߹ମͷزԿֶతߏͱัଊαΠτΛͨ͠ߟɽɹ
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ୈ 1ষ

ࢠΫϥελʔͷزԿֶతߏʹؔ
͢Δޫڀݚͱཧڀݚ

ۚଐ୯݁থද໘্ [1–3]ɼؾ૬த [4–7]ɼHeӷణத [8]ɼԹෆੑ׆ݻࢠମʢϚτϦοΫ
εʣதʹੜͨ͠ਫΫϥελʔɼޫख๏ͱྔࢠԽֶࢉܭΛΈ߹Θͤͯɼਫ਼ྗతʹݚ

Ψεرଟ͘ɼϚτϦοΫεछʹ͕ڀݚ͍ͨ༺Ε͖ͯͨɽಛʹϚτϦοΫε๏Λ͞ڀ

(Ne [9–11], Ar [12–15], Kr [12,14], Xe [12–14,16])ͱɼ֩ೋࢠݪࢠ (para-H2*1 [11,17],
D2 [18], N2 [19])͕Α͘༻͍ΒΕ͖ͯͨɽۙͰɼΞϞϧϑΝεٴͼ݁থ CH4 [20]
H2 ͷೋॖڽݩ࣍ [21]ΛϚτϦοΫεͱͨ͠ڀݚใ͞ࠂΕ͍ͯΔɽ·ͨɼୈҰݪཧܭ
ɼີ൚ؔཧࢉܭϞϯςΧϧϩࢉ (Density Functional Theory: DFT)ࢉܭͳͲͷྔ
ϙςϯγϟϧͷਫ਼ີԽɼϙς༺࡞ޓ૬ؒࢠͷಛఆɼਫߏఆ҆࠷ΑͬͯɼʹࢉܭԽֶࢠ

ϯγϟϧΤωϧΪʔۂ໘ (Potential Energy Surface: PES)ͷܾఆ͕ߦΘΕ͖ͯͨɽ͜ΕΒ
ͷڀݚʹΑͬͯɼ̎ྔମ͔Β̒ྔମͷ҆ఆߏཱ֬͞Ε͓ͯΓɼ2 ྔମঢ় (Chain)
ɼ3ྔମ͔Βߏ 5ྔମฏ໘తͳঢ় (Cyclic)ߏɼ6ྔମҎ্ཱମߏΛͱΔ͜ͱ
͕ΒΕ͍ͯΔɽҎԼͰɼ͜Ε·ͰͷਫΫϥελʔͷزԿֶతߏͱڀݚʹ͍ͭͯ·ͱ

ΊͨޙɼϚτϦοΫε͕ਫΫϥελʔʹ༩͑ΔӨڹʹ͍ͭͯड़Δɽ

*1 ਫૉࢠͷճసঢ়ଶ̎ݸͷཅࢠͷ֩εϐϯͷํͱ͍ؔͯ͠Δɽ2ݸͷཅࢠͷ֩εϐϯ͕ಉํͷ
ح͕ࢠճసͷྔࢠ (ortho-H2)Ͱ͋Γɼ֩εϐϯ͕ରํͷͷճసͷྔࢠ͕ۮ (para-H2)
Ͱ͋Δɽ
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1.1 ਫΫϥελʔͷزԿֶతߏ

1.1.1 2ྔମ͔Β 5ྔମ

ɼPimentelΒʹΑͬͯڀݚॳͷਫΫϥελʔͷޫ࠷ 1957ʹใ͞ࠂΕͨ [22]ɽ൴
Β N2 ϚτϦοΫεதͷਫೱґଘੑ͔Βɼ୯ྔମͱ 2ྔମʹ༝དྷ͢ΔٵऩϐʔΫΛಛ
ఆ͠ɼͦΕΒҎ֎ͷϐʔΫఆతʹଟྔମʹΑΔͷͱͨ͠ɽ͜ͷஈ֊Ͱɼ2ྔମͷ
ɼਤߏఆ҆࠷ 1.1 (a)ͷ IIʹࣔ͢Α͏ͳɼ͍ޓͷਫૉ͕ࢠݪଞํͷࢎૉࢠݪͱਫૉ݁
߹͢ΔΑ͏ͳ CyclicߏΛͱΔͱ͑ߟΒΕ͍ͯͨɽಉظ࣌ʹɼN2 Ҏ֎ʹ༷ʑͳԹϚ

τϦοΫεதͷ̎ྔମͷத֎ · ۙ֎ޫଌఆ͕ߦΘΕ͍ͯΔ [23–27]ɽTursi Β [23]
 FendinΒ [24]ɼ2ྔମͷΑΓߴղͳޫଌఆΛ͍ߦɼਤ 1.1(a)ͷ IͰࣔ͢Α͏
ͳ Chain ઢΛར༻ͨ͠ϚΠΫϩޫࢠߏΛͱΔͱ݁ͨ͠ɽ͜ͷߏ [28]ୈ
Ұݪཧࢉܭ [29] ͷ݁Ռ͔Βཪ͚ΕΕ͍ͯΔɽਤ 1.1(b) ɼ2 ྔମͷߏΛ͍ࣔͯ͠
Δɽ2 ྔମΛߏ͢Δ 2 ͭͷਫࢠͷࢎૉڑؒ֩ࢠݪ 2.952 Å Ͱ͋Γɼਫૉ݁߹ʹ
ؔ༩͢Δਫૉ֩ࢠݪΛఏ͢ڙΔࢠΛڙ༩ମ (Donor)ɼड͚औΔࢠΛड༰ମ (Acceptor)
ͱݺͿɽDonor͕ͭ̎ͭ࣋ͷ OH݁߹ɼਫૉ݁߹Λܗ͍ͯ͠ΔํΛ Bonded-OHɼ͠
͍ͯͳ͍ํΛ Free-OH ͱݺΜͰ۠ผ͞ΕΔɽ2 ྔମதʹ 4 ͭͷਫૉ͕͋֩ࢠݪΓɼͦ
ΕͧΕʹ൪߸Λ;ͬͯ۠ผ͢ΔͱɼՁߏ̔ͭଘ͢ࡏΔɽ2 ྔମτϯωϧӡಈʹ
Αͬͯ͜ͷ̔ͭͷՁߏؒΛ͖ߦདྷ͢Δ͜ͱ͕ɼϚΠΫϩޫ [30–32]ৼಈ-ճస-
τϯωϧ (Vibration-Rotation-Tunnelling: VRT) ޫ [33] ʹΑͬͯ໌Β͔ʹͳ͍ͬͯΔɽ
2 ྔମͷτϯωϧӡಈɼਤ 1.2 ʹࣔ͢Α͏ͳ Acceptor ͷਫૉࢠݪͷҐஔ͕ަ͢Δܦ
࿏ (Acceptor Switching: AS) ɼAcceptor ͱ Donor ͕ೖΕସΘΔܦ࿏ (Interchange: I)ɼ
Donor ͷਫૉ݁߹ͨ͠ਫૉ͕ࢠݪೖΕସΘΓɼಉ࣌ʹ AcceptorͷਫૉࢠݪͷҐஔ͕ަ
͢Δܦ࿏ (Biburcation: B)ͷ̏ͭͷܦ࿏Ͱ͜ىΔ͜ͱ͕Θ͔͍ͬͯΔɽVRT(ASP-W)ϙς
ϯγϟϧΛ༻͍ͨࢉܭʹΑͬͯੵݟΒΕͨ AS, I, BͷτϯωϦϯάোนɼͦΕͧΕɼ
157 cm−1, 207 cm−1, 394 cm−1 Ͱ͋Γɼ͜ΕΒͷτϯωϦϯά 1 ps ͔Β 1 µs ͷλΠ
ϜεέʔϧͰ͜ىΔ͜ͱ͕໌Β͔ʹͳͬͨ [34]ɽ
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(a)

14 A. Mukhopadhyay et al. / Chemical Physics Letters 633 (2015) 13–26

Figure 1. Water dimer-archetype of the aqueous hydrogen bond. The ‘trans-linear’
equilibrium structure of the water dimer from the fitted VRT(ASP-W)-II potential
surface. The hydrogen bond deviates∼2◦ from linearity, the O· · ·O distance is 2.95 Å,
and the bond strength, D0, is 3.40 kcal/mol. The monomer on the right acts as a single
hydrogen bond donor (D), while that on the left is a single acceptor (A). The highly
nonrigid dimer has six floppy intermolecular vibrations, corresponding to the five
angles and single distance required to specify the relative orientation of two rigid
water molecules.
From Ref. [36].

with the nitrogen stretching mode for the proton acceptor, while
the third was assigned as the antisymmetric proton donor stretch-
ing band in combination with the matrix nitrogen stretch.

In 2008, normal mode intensities of all intra- and most of the
inter-molecular modes of the dimer were measured by Ceponkus
et al. and the results were compared with DFT calculations
[13]. Ceponkus et al. using their Bruker HR120 FTIR spectrome-
ter (0.1 cm−1 resolution for mid-infrared and 1.0 cm−1 resolution
below 650 cm−1), recorded spectra of the water dimer and its
isotopologues in the frequency range of 20–5000 cm−1 in both
Ne (10 K) and p-H2 (2.8 K) matrices [14,15]. Seven intermolecular
vibrations of the dimer were detected below 600 cm−1 with the
use of a liquid He cooled Si bolometer. The highest frequency inter-
molecular vibration appeared at 522.4 cm−1, which was assigned
to an out of plane shear vibration of the proton donor of (H2O)2. The
hydrogen bond stretching fundamental was observed at 173 cm−1

in a Ne matrix, but was absent in p-H2 matrix. The p-H2 matrix
data, in combination with DFT/B3LYP/6-311++G(3df,3pd) level of
theory, were used to establish the far-infrared band strength for
the water dimer [12]. Later, Ceponkus et al. showed that a fine
structure appearing in the mid-infrared region in different matrices
(Ne, Ar, Kr, p-H2) cooled to 10 K could be attributed to the acceptor
switching motion of the dimer [16]. The observed acceptor switch-
ing splitting in different matrices were between one half and one
third of the value currently obtained in gas phase studies.

In a recent study of water dimers in a solid hydrogen matrix,
Ceponkus et al. found that water rotates freely in solid o-D2 and p-
H2 matrices but exhibits only librational motion in n-H2 and n-D2
matrices [17]. In 2011, Sliter et al. found that nuclear spin conver-
sion is faster for dimeric water than for water monomers confined
in a solid Ar matrix at 4 K [18]. In the same year, Tremblay et al.
rationalized some weak transitions observed in the near-infrared
region for water in inert gas matrices as being due to simultaneous
transitions of both proton donor and acceptor normal modes [19].
Intensities of simultaneous transitions increase due to vibrational
resonance with the combination mode of the proton donor.

In 2013, Ceponkus et al. reviewed previous matrix isolation
studies of water dimers, including their own work performed at
Lund [20,21]. Low frequency intermolecular vibrations of the water
dimer in inert gas matrices (Ne, Ar, Kr and p-H2) showed a typical
10–20 cm−1 blue shift compared to corresponding gas phase fre-
quencies. This behavior was attributed to the repulsive interaction
between water molecules and the matrix. Intensities of hydrogen
vibrational bands were used to determine p-H2 matrix thickness,
which yielded water cluster concentrations and intensities of

cluster vibrations. Intensity enhancement of the hydrogen bonded
O H stretching vibration was in good agreement with the calcu-
lated value obtained by the DFT level of theory. On the other hand,
the band intensity of the intermolecular hydrogen bond stretching
of (H2O)2 was overestimated by the same level of calculation.

Matrix studies continue to be of great interest due to their ability
to approximately locate prominent intermolecular vibrations and
to determine vibrational band intensities. Historically, the struc-
ture of the dimer has also been elucidated via matrix experiments,
however high resolution VRT and microwave studies have now
superseded matrix studies in this regard.

3. Microwave and sub-millimeter spectroscopy of the
water dimer

The first high resolution spectra of the water dimer were
observed in 1974 by Dyke et al. [22] who measured over 50 RT
transitions in the spectral range of 8–50 GHz for both (H2O)2 and
(D2O)2 dimers, employing a molecular beam electric resonance
spectrometer. The (B + C)/2 value for (H2O)2 obtained from analysis
of two K = 2 J = 2→3 and J = 3→4 transitions were 6155 MHz and
6144 MHz, respectively. The rich spectrum indicated large ampli-
tude tunneling motions. A near-linear dimer geometry (relative
angle of 10◦ between two monomers) with an equilibrium ROO
distance of 2.98 ± 0.04 Å was extracted from these experiments.
In a subsequent 1977 letter, Dyke presented a group theoretical
representation of the water dimer RT energy levels to character-
ize the different types of tunneling splittings that were possible
in the microwave spectrum [23]. He classified the symmetries of
all RT levels and concluded that the a-type spectrum (!K = 0) con-
tains both pure rotational and rotational-tunneling transitions. In
the same year, Dyke et al. reported additional radio-frequency and
microwave transitions for several isotopes i.e. (H2

16O)2, (D2
16O)2,

(H2
18O)2, using their molecular beam electric resonance spec-

trometer [24]. The average dimer structure extracted by fitting
pure rotational transitions in the vibrational ground state with a
rigid rotor model was also near-linear with an equilibrium ROO
distance of 2.98 Å. The proton acceptor molecule is essentially tetra-
hedrally oriented, making an angle of 58◦ with respect to O O
axis. The hydrogen bond distance in gas phase dimer was some-
what larger than that found in solid phases, attributed to the
cooperative(i.e. many-body) nature of hydrogen bonding. In 1980,
Odutola and Dyke reported microwave spectra for several par-
tially deuterated dimers in the region of 10.5–12.5 GHz, for J = 1→0
transitions [25]. They used argon as cooling gas and obtained a
rotational temperature of 20 K, colder than in previous studies.
The improved signal-to-noise ratio at this low temperature facil-
itated resolution of proton hyperfine splittings. The ROO distance
obtained by fitting the rotational transitions with a rigid rotor
model was 2.976 Å. In 1987, Coudert et al. presented Fourier trans-
form microwave spectra of (H2O)2 and several deuterated species
in the frequency range of 7–25 GHz [26]. They reported measure-
ments on ten K = 1 lines, of which six were Q-type (!J = 0) and
four were R (!J = + 1) type, observing a decrease in donor-acceptor
interchange tunneling splitting from 19.5 GHz (K = 0) to 16.2 GHz
in the K = 1 level. In the subsequent year, Dyke and co-workers
reported additional rotational-tunneling spectra in the K = 0 states
for both (H2O)2 and (D2O)2 in the radio-frequency and microwave
region [27]. With a 3 kHz spectral linewidth in the RF region,
highly detailed nuclear hyperfine splitting was resolved. In case
of (H2O)2 and (D2O)2 dimers, 19,526.73 MHz and 1172.23 MHz
were the measured donor-acceptor interchange tunneling split-
tings for K = 0 level, respectively. This result is intuitively consistent
with the dependence of the tunneling barrier with particle mass.
Odutola et al. in 1988 reported the observation and assignment

(b)
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et al. and also identified larger clusters in supersonic expansions
carrying increasing concentrations of water. Huang and Miller
(32, 33) reported the first rotationally resolved spectrum of
(H2O)2 and observed the four OH stretch vibrations, and
recently Frochtenicht et al. (34) used a size selection technique
in which a He beam is used to eject clusters from a molecular
beam as a function of their size. They were able to measure the
free and bound OH stretching frequencies for clusters up to the
pentamer.

The wide tuning range of our IR cavity ringdown laser
absorption spectrometer recently permitted the first detailed
studies of both the covalent bending vibrations of H2O clusters
(35), which occur near 1,600 cm!1, and the stretching vibrations
of D2O clusters (36, 37), which fall near 2,700 cm!1 (Fig. 2). All
of the observed clusters except the dimer exhibit strong vibra-
tional predissociation broadening of their OD stretch spectra
that obscures rotation-tunneling features. For the D2O dimer,
however, the acceptor antisymmetric stretch exhibits well-
resolved acceptor switching doublets for each rotational line,
whereas the donor stretch exhibits rotational lines that are
broadened, but by about 30 times less than found for the H2O
isotopomer (36, 37). All bands observed for the cluster HOH
bending vibrations are severely broadened, implying a stronger
coupling with the dissociation coordinate (35). The sharp
rotation-tunneling structure measured for (D2O)2 (Fig. 2b) was
important for the determination of the dimer potential surface
(38, 39), because the acceptor switching splittings cannot be

determined directly in the FIR experiments because of prohib-
itive selection rules. With the use of theoretical integrated band
intensities, these cavity ringdown measurements permitted the
first determination of the absolute water cluster concentrations
in a supersonic beam (40). Interestingly, the trimer dominates
the cluster distribution for both H2O and D2O. This domination
is probably caused by the discontinuous increase in the per-
monomer binding energy (D0), which jumps from 1!2 D0 to D0
from dimer to trimer, while increasing much more slowly for
larger clusters.

The Evolution of Hydrogen Bonding in Small Water Clusters
The archetype of the H-bond in water is the water dimer (Fig.
3). The OOO distance, reflecting the length of the H-bond is

Fig. 1. The 89.5 cm!1 torsional hot band of (D2O)3 (Left) was the first
intermolecular vibrational band observed for a water cluster in the gas phase
(13). The spectrum shows splitting of each vibration-rotation transition into a
characteristic quartet by the bifurcation tunneling motion (see Fig. 6b). (Right)
Shown is this quartet for the 41.1 cm!1 torsional band (103), the most intense
water trimer band observed to date. The intensities of the quartet compo-
nents are determined by nuclear spin weights. S!N, Signal to noise.

Fig. 2. The IR-cavity ringdown laser absorption spectrometer spectrum of
the OD stretch region of D2O is shown (a). The spectrum shows vibrational
bands due to the stretch of the free OD at the highest frequencies. Below 2,700
cm!1 the OD stretch frequencies of the bound OD groups are observed on top
of a weak broad absorption from an amorphous ice-like phase. The bound OD
stretch frequencies decrease with increasing cluster size (40). The IR-cavity
ringdown laser absorption spectrometer spectrum of the (D2O)2 acceptor
antisymmetric OD stretch (b) shows the clearly resolved acceptor switching
splitting. This splitting is most readily observable in the intense Q-branch
transitions (36). This observation has allowed the determination of the accep-
tor switching splitting in the vibrational ground state, which was not possible
with the previously existing data.

Fig. 3. The equilibrium structure of the water dimer as determined by
calculations on the VRT(ASP-W)-II potential surface (R. S. Fellers, M. G. Brown,
L. B. Braly, M. Colvin, C. Leforestier, and R.J.S., unpublished work). The
hydrogen bond deviates 2.3° from linearity, the OOO distance is 2.952 Å, and
the bond strength, D0, is 3.40 kcal!mol. The highly nonrigid dimer has six
floppy intermolecular vibrations.

Fig. 4. The water dimer exhibits three distinct low barrier tunneling path-
ways that rearrange the hydrogen bonding pattern. Acceptor switching (AS),
having the lowest barrier of all tunneling motions estimated at 157 cm!1 by
VRT(ASP-W), is the most facile tunneling motion. This tunneling pathway
exchanges the two protons in the hydrogen bond acceptor monomer and has
been determined to begin with a flip of the acceptor monomer followed by
a rotation of the donor monomer around its donating OOH bond, and
completed by a 180° rotation of the complex about the OOO bond. The
tunneling motion splits each rovibrational energy level into two. Interchange
tunneling (I) exchanges the roles of the hydrogen bond donating and accept-
ing water monomers. Several possible pathways exist for this exchange, the
lowest barrier path being the geared interchange motion. This pathway
begins with a rotation of the donor in the !D angle and rotation of the
acceptor about its C2 axis to form a trans transition state structure. This is
followed by a rotation of the initial donor about its C2 axis and a rotation of
the initial acceptor in the !A angle such that it becomes the donor. The
pathway is completed by a 180° end-over-end rotation of the complex.
Calculations with the VRT(ASP-W) potential determine the barrier to be 207
cm!1. The anti-geared interchange pathway also has been determined to be
important and is similar to the geared pathway except that it has a cis
transition state. The tunneling motion splits each energy level by a much
smaller amount than the acceptor switching resulting into two sets of three
energy levels. The bifurcation tunneling motion B, wherein the hydrogen
bond donor exchanges its protons, consists of the simultaneous in plane
librational motion of the donor with the flip of the acceptor monomer. This
is the highest barrier tunneling pathway [394 cm!1 with VRT(ASP-W)] result-
ing in a small shift of the energy levels.
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ਤ 1.2 ਫ̎ྔମͷτϯωϧܦ࿏ɽ

3, 4 ྔମʹ༝དྷ͢Δ֎ٵऩϐʔΫͷؼଐɼ1976ʹ Ayers ͱ Pullin ʹΑͬͯॳΊ
ͯใ͞ࠂΕͨ [36]ɽ̏ྔମͷߏʹ͍ͭͯɼୈҰݪཧࢉܭϞϯςΧϧϩࢉܭͳͲͷྔ
Αͬͯʹࢉܭࢠ Cyclic ͱܕ Open-Chain ͷೋछྨͷՄੑ͕ٞ͞Ε͖ͯͨܕ [37–42]ɽ
Cyclicٴܕͼ Open-Chainܕͷ̏ྔମΛਤ 1.3ʹࣔ͢ɽCyclic 3ྔମɼͦΕͧΕͷਫ
͕ࢠ Acceptorͱ Donorͷ྆ํ (DA)ͷׂΛ୲͍ͬͯΔ (DA, DA, DA)ߏͰ͋Δɽ͞Β
ʹɼCyclicܕɼΫϥελʔΛߏ͢Δࢎૉ͕ͭ֩͘ࢠݪΔ໘ PO ʹରͯ͠ Free-OH͕Ͳ
ͷํΛ͔͘Ͱྨ͞Ε͍ͯΔɽ3 ྔମ PO ʹରͯ͠ Free-OH ͷ্͕͖̎ͭ (Up:
u)ɼ1 ͕ͭԼ͖ (Down: d) ͱͳΔ uud ͷ͖ɼ্͕ͯ͢ߏ uuu ɼͯ͢ͷߏ
Free-OH͕ɼ΄΅ PO  (Plane: p)ʹ͋Δ pppߏ͕͑ߟΒΕ͍ͯͨɽҰํɼOpen-Chain
Ͱ͋Δɽਤߏঢ়ʹྻ͕ͨ͠ࢠɼਫܕ 1.3(b) ʹࣔͨ͠Α͏ͳɼ྆ͷਫ͕ࢠ
Donor (D)ɼத৺ͷਫ͕ࢠ Double-Acceptor (AA)ͱͳΔ (D, AA, D)ߏɼͦͷٯͰɼ
த৺ͷਫ͕ࢠ Double-Donor (DD) ͱͳΔ (A, DD, A) ΒΕͨɽBegue͑ߟ͕ߏ Βͷ
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DFTࢉܭͷ݁ՌͰɼCyclic (uud)ͱ Open-Chain (A, DD, A)ͷ݁߹ΤωϧΪʔɼͦΕ
ͧΕ 55.5 kJ/molɼ21.4 kJ/molͱٻ·͓ͬͯΓɼͦͷଞͷୈҰݪཧࢉܭͳͲͷཧ͔ࢉܭ
Β Cyclic҆࠷͕ܕఆߏͱ༧ଌ͞Εͨ [38, 43]ɽBentwoodΒɼN2, ArϚτϦοΫε
தͷਫΫϥελʔͷਫೱґଘੑ͔Βɼ3ྔମ Cyclicܕͱ Open-Chianܕͷ྆ํ͕ଘࡏ
͢Δͱใͨ͠ࠂ [26]ɽ͔͠͠ɼEngdahlͱ NelanderΒɼ෦తʹॏਫૉԽͨ͠ 3 ྔମ
ͷ͔ڀݚΒɼ Ar, KrϚτϦοΫεதͰੜͨ͠ͷ CyclicܕͷΈͰ͋Δ͜ͱΛ໌Β͔ʹ
ͨ͠ [44]ɽਤ 1.3(a)ʹࣔ͢Α͏ʹɼ̏ྔମதͷࢎૉڑؒ֩ࢠݪ 2.80 ÅͰ͋Γɼ2ྔମ
ΑΓਫࢠಉ࢜ͷڑ͕ۙ͘ͳ͍ͬͯΔɽ͜Εঢ়Λܗͨ͜͠ͱʹΑΔਫૉ݁߹ͷ

ʹ͕૿ͨ͠Λࣔ͢ɽ·ͨɼ2ྔମͱಉ༷ڧ߹ಉޮՌͰɼ݁ڠ 3ྔମʹՁͳߏؒͷ
τϯωϧܦ࿏͕ଘ͢ࡏΔɽ3ྔମɼਫࢠͷ͕حͰ͋ΔͨΊɼྡΓ߹͏ Free-OHͷ
͕͖ PO ʹରͯ͠ަޓʹ্ԼʹฒͿ͜ͱ͕Ͱ͖ͳ͍ɽͦͷͨΊɼ3ྔମ uud, udu, duu
ఆͱͳΔɽ͜ΕΒ҆࠷͕ߏ 3ͭͷՁߏΫϥελʔશମͷճసͰॏͳΒͳ͍͕ɼ
ਫૉࢠݪͷτϯωϧӡಈʹΑ͖ͬͯߦʹ͍ޓདྷͰ͖ΔɽSaykallyΒͦΕΒͷτϯωϧӡ
ಈΛ VRTޫʹΑͬͯ؍ଌ͍ͯ͠Δ [45]ɽ൴Βͷ࣮ݧʹΑͬͯɼ೧సฒਐΛ͏τϯ
ωϧӡಈ 1-2 nsͰ͜ىΓɼടಈΛ͏τϯωϧӡಈઌͷ̎ͭͷӡಈΑΓΤωϧΪʔ
४Ґؒͷ྾͕େ͖͘ɼ1-6 psͰ͜ىΔ͜ͱ͕໌Β͔ʹͳͬͨɽ

2.952 Å, and the hydrogen bond strength (dissociation energy)
of (H2O)2 is 3.09 kcal!mol, corresponding to the zero-point-
corrected binding energy (De) of 4.85 kcal!mol. The dimer
equilibrium structure was determined in the potential surface fit
described below, wherein a very extensive data set encompassing
five of the six fundamental intermolecular vibrations with com-
plete resolution of rotation and hydrogen bond tunneling effects,
have been fit to Stone’s highly detailed anisotropic site potential
(ASP) potential form (38). Three distinct quantum tunneling
processes (Fig. 4), for which the potential barriers all have been
determined, rearrange the H-bond on time scales ranging from
about 1 !s to 1 ps (38). The tunneling motions connect eight

degenerate minima on the intermolecular potential surface
(IPS), splitting each rovibrational transition into six subbands.
The highest barrier (1.13 kcal!mol, zero point corrected) process
corresponds to the exchange of the bound and free hydrogen
atoms on the donor molecule (bifurcation) and turns out to be
the most facile means of breaking the H-bond, which has
interesting implications with respect to bond-breaking dynamics
in bulk water (5, 41). All six fundamental intermolecular vibra-
tions except for the out-of-plane libration have now been mea-
sured for both (H2O)2 and (D2O)2.

The water trimer is a much more rigid structure than the dimer
(42), bound by three strained H-bonds (Fig. 5). The OOO distance
in the trimer is 2.85 Å, significantly shorter than in the dimer, a
result of the increased hydrogen bond strength caused by the
cooperative effect of three-body forces. The appearance of three-
body forces make inclusion of trimer VRT data into a fit of existing
water pair potentials like VRT(ASP-W) the next logical step toward
developing an accurate liquid water potential. The initial fits of
potentials to the torsional energy levels below 100 cm!1, as recently
explored by Groenenboom et al. (39), will be followed by inclusion
of the higher energy translational and librational vibrations, pend-
ing development of theoretical methods for treating such high-
dimensional dynamics in clusters. The trimer VRT data therefore
will allow explicit quantification of the three-body forces, the
leading many-body term in the liquid force field.

Each monomer in the water trimer acts both as a single donor
and single acceptor of an H-bond, and each has one bound and
one free hydrogen. Because of the alternation of the free
hydrogen atoms above and below the plane of the oxygens, this
structure is chiral, as are those of all the odd-membered rings.
Two distinct tunneling processes operate to rearrange the H-
bond network, here connecting 48 degenerate minima on the IPS
(43, 44). The first is f lipping, which is essentially barrierless (Fig.
6a) (45), and the same bifurcation process described above for
the dimer (Fig. 6b). This latter motion turns out to be a highly
local one, with an uncorrected barrier near 2 kcal!mol(43, 44).
These rearrangement pathways were systematically described in

Fig. 5. The water trimer has a chiral cyclic equilibrium structure with each
water monomer acting as a single hydrogen bond donor and acceptor (75, 98).
It is homodromic in the sense that the donor OH bonds all are directed in a
clockwise or anticlockwise pattern. The free hydrogens lie alternatingly above
and below the plane of the oxygen atoms. This results in two adjacent free
hydrogens being on the same side of the ring, making the trimer a frustrated
structure, which gives rise to very facile torsional motions. These vibrationally
average the structure to that of an oblate symmetric top on the experimental
time scale. The average OOO distance of 2.85 Å [2.80-Å equilibrium ab initio
value (105)] is significantly shorter than that of the water dimer, which can
largely be attributed to the effect of three-body forces.

Fig. 6. Two distinct tunneling pathways rearrange the hydrogen bond
pattern in the cyclic water trimer. The torsional (flipping) motion (a) of the
free hydrogens atoms from one side of the plane determined by the oxygen
atoms to the opposing side connects two degenerate minima on the IPS. The
barrier for this tunneling motion is lower than the vibrational zero-point
energy for (H2O)3 and close to the vibrational zero-point energy for (D2O)3 (43,
44, 104). Inclusion of flipping of all free hydrogens splits each torsional energy
level into a manifold of six states. This flipping motion is symmetrically
equivalent to rotation around the axis and hence is a pseudorotational motion
coupling strongly to the overall rotation of the cluster, which results in severe
Coriolis perturbations that can be readily observed in all torsional bands.
Development of a detailed Hamiltonian accounting for this coupling was
necessary for a complete understanding of the torsional states and analysis of
the torsional bands (42). The bifurcation tunneling motion (b) in the water
trimer consists of the exchange of a free and a bound hydrogen together with
the flipping motion of the free hydrogens on the two neighboring water
monomers. The bifurcation tunneling pathway is the lowest energy hydrogen
bond breaking motion observed in water clusters, and, in the trimer, connects
eight degenerate minima on the IPS, splitting each rovibrational transition
into a quartet with relative intensities determined by the nuclear spin statis-
tics. The barrier for this tunneling motion is about 2 kcal!mol and thus results
in much smaller splittings than does the torsional tunneling motion (43, 45).

Fig. 7. The FIR spectrum of liquid D2O and H2O are shown together with the
D2O and H2O cluster data in the translational (100–200 cm!1) and librational
(300–1,000 cm!1) band region. (Center Left) A stick spectrum of the 142.8
cm!1 degenerate antisymmetric stretch band of (D2O)3. (Top Left) A scan of
the RR2(2) transition, representative of the strongest observed rovibrational
transitions. The 142.8 cm!1 band lies well within the translational band of the
liquid. No bifurcation tunneling splittings are observed, indicating that they
are unchanged with respect to the ground state. (Center Right) The out-of-
plane librational band of (H2O)3. Three parallel bands of (H2O)3 centered at
517.2, 523.9, and 525.3 cm!1 were assigned. Theory predicts only one parallel
trimer band for the whole librational band region. The subbands were ex-
plained by a dramatic ("1,000) increase of tunneling splitting through the
bifurcation pathway. (Top Right) A scan of the Q-branch of the 523.9 cm!1

subband is shown and from the observed relative intensities the rotational
temperature can be estimated at 5 K.
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ਤ 1.3 ਫ 3ྔମͷزԿֶతߏɽ(a) Cyclicܕɼuudߏ [33]ɽ(b) Open-Chainܕ (D,
AA, D)ߏɽ

SaykallyΒ͞Βʹԕ֎ྖҬͷޫڀݚʹΑͬͯɼؾ૬தͷ 4ྔମ [46]ͱ 5ྔମ [47]
ͲͪΒ Cyclic Ͱ͋Δ͜ͱΛ໌Β͔ʹͨ͠ɽ4ܕ ྔମٴͼ 5 ྔମͷزԿֶతߏΛਤ
1.4 ʹࣔ͢ɽ3 ྔମͱಉ༷ʹɼͯ͢ͷਫ͕ࢠ DA ͱͳΓɼঢ়Λͳ͍ͯ͠Δɽ4 ྔମ
ࢎૉ͕ࢠݪ΄΅ಉҰฏ໘্ʹ͋ΓɼPO ʹରͯ͠ Free-OH͕ަޓʹ্ԼΛ͘ ududͱ
dudu Ͱ͋ΔɽτϯωϧӡಈʹΑΔ྾ߏͷ͕̎ͭՁߏ 0.1cm−1 ҎԼͱඇৗʹ

খ͍͞ɽҰํɼ5ྔମͷ߹ɼ̏ྔମͱಉ༷ʹਫࢠͷ͕حͰ͋ΔͨΊɼྡΓ߹͏
Free-OH ͷ͕͖ PO ʹରͯ͠ަޓʹฒͿ͜ͱ͕Ͱ͖ͳ͍ͷͰɼ uudud, ududu, duduu,
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uduud, duuduͷ 5ͭͷՁߏ͕҆࠷ఆͱͳΔɽ5ྔମɼՁߏؒͷτϯωϦϯά͕
͍ͨΊɼ࣮ݧతͳλΠϜεέʔϧͰɼରশ͜·ࢠͱͯ͠هड़͞ΕΔɽ·ͨ 5ྔମͷ
߹ɼPO ͕ΜͩߏΛ͓ͯ͠Γɼ̑ͭͷࢎૉ֩ࢠݪͷ͏ͪͷ͕̍ͭɼͦͷଞ̐

ͭͷࢎૉ͕ͭ֩͘ࢠݪΔ໘͔Β 15.5◦ ંΕ͕ͨͬۂ໘্ʹҐஔ͍ͯ͠Δɽ

elegant work by Walsh and Wales (44). The water trimer VRT
data set is the most extensive existing for any water cluster, with
seven, four, and six complete intermolecular vibrational bands
observed for (D2O)3, (H2O)3, and mixed isotopomers, respec-
tively. We have now achieved a very complete description of the
low-frequency (!100 cm"1) torsional modes in the trimer (42,
46, 47), and have measured extensive VRT spectra in the
translational (26) (about 150 cm"1, Fig. 7) and librational (27)
(about 520 cm"1, Fig. 7) band regions as well. Thus, all of the
features of liquid water that appear in the intermolecular
vibrational region (! # 10 "m) also exist for the trimer and have
been quite well characterized.

The H-bonding motif of the water tetramer is similar to that
of the trimer, with each monomer acting as a single donor and
acceptor, and having one free and one bound H (Fig. 8). The
average OOO distance is further shortened to 2.79 Å. Interest-
ingly, the water tetramer turns out to be more difficult to
characterize than the trimer, as a result of its higher (S4)
symmetry (19, 24, 48, 49). Whereas the torsional motion of the
free hydrogens in the trimer is very facile and results in a large
number of low-frequency vibrational bands (!100 cm"1), the
only intermolecular vibration of the tetramer observed below
100 cm"1 both in (D2O)4 and (H2O)4 corresponds to the in-plane
ring deformation. The lowest frequency vibrational band involv-
ing torsional states was observed at 137.8 cm"1 in (D2O)4
compared with the lowest torsional state of (D2O)3 at 8.5 cm"1.
The high symmetry also enforces much more cooperative tun-
neling motions, and the bifurcation rearrangement has not been

observed. Rather, each vibration-rotation line is split into a
doublet in a complicated tunneling process connecting only two
degenerate minima on the tetramer IPS (49, 50), probably
involving a second-order saddle point (Fig. 9).

The pentamer continues this structural evolution, being very
similar to the trimer in both structure and dynamics (Fig. 10) (20,
22, 51, 52). Both torsional (f lipping) and bifurcation tunneling
are observed, connecting 320 degenerate minima on the IPS, but
the time scale of both tunneling motions is slower than in the
trimer. In contrast to the trimer, splittings due to bifurcation
tunneling have been observed only for (H2O)5 and not (D2O)5,
due to both the stronger H-bond and stronger coupling of
flipping and ring puckering motion in the latter (52, 53). This
coupling also requires heavy atom motion for the torsional
motions and results in a much denser torsional manifold and a
large number of dipole-allowed transitions at low frequencies
(54). Many such transitions have been measured for the pen-
tamer (Fig. 11), and the characterization of this torsional man-
ifold is nearing completion (20, 22, 51, 55, 56).

The H-bond in the pentamer is nearly linear and the OOO
distance of 2.76 Å is close to the value found for liquid water and
especially ice, as the desired tetrahedral hydrogen bonding geom-
etry of the monomers is very nearly realized. Moreover, molecular
dynamics simulations have shown that five-membered rings are a
dominant topology in liquid water, and pentamer-like patterns have

Fig. 8. The water tetramer has a highly symmetric homodromic S4 equilib-
rium structure resulting in oblate symmetric top spectra with no vibrational
averaging required. The symmetric structure requires highly concerted tun-
neling motions and results in a significantly more rigid structure than for the
water trimer. The effect of many-body forces reduces the vibrationally aver-
aged OOO distance from that of the trimer to 2.79 Å (2.74-Å ab initio
equilibrium value) (105). The hydrogen bond is only 12° from linearity and the
structure is very nearly planar.

Fig. 9. The high symmetry of the tetramer requires highly concerted tun-
neling motions and limits the number of degenerate minima that can be
connected on the IPS via feasible tunneling motions to two. The tunneling
pathway connects the udud (up-down-up-down) structure with the dudu
(down-up-down-up) one. Despite the small number of minima involved (tri-
mer and pentamer 48 and 320 minima, respectively), the details of the
tunneling pathway have been unclear. The observation of the large increase
in tunneling splitting on exciting the 137.8 cm"1 eg torsional vibration to-
gether with the analysis of the nuclear displacements derived by theory from
this vibration suggests a complicated pathway involving sequential torsional
motions of the free hydrogen!deuterium atoms and tunneling via second-
order saddlepoints (49).

Fig. 10. The chiral homodromic equilibrium structure of the water pentamer
is analogous to that of the water trimer. The vibrationally averaged OOO
distance is 2.76 Å [2.72-Å equilibrium value from ab initio (54)], and the ring
is puckered by 15.5°. The OOOOO angles are about 108°, very near the
tetrahedral angle preferred in aqueous hydrogen bonding, and yielding
nearly linear hydrogen bonds. As in the trimer, this structure also allows for
very facile torsional motion and tunneling, connecting ten degenerate min-
ima on the IPS. However, the torsional manifold resulting from this tunneling
motion is more closely spaced, as coupling to the ring puckering motions is
required. The hydrogen bond strength is larger than in the trimer and, thus,
the bifurcation tunneling splitting, which connects 32 degenerate minima on
the IPS, is reduced, and is only observable in (H2O)5 (Fig. 11).

Fig. 11. The 89.1 cm"1 band of (H2O)5 is typical for a parallel band of an
oblate symmetric top with first-order Coriolis perturbations into two sub-
bands (A, B). Bifurcation tunneling splits each transition by 4.6 MHz into an
equally spaced multiplet with a characteristic intensity pattern, determined by
nuclear spin statistics. In contrast, the rovibrational transitions of the 81.1
cm"1 band of (D2O)5, show no sign of splittings due to bifurcation tunneling
because of the larger mass involved.
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(a)

elegant work by Walsh and Wales (44). The water trimer VRT
data set is the most extensive existing for any water cluster, with
seven, four, and six complete intermolecular vibrational bands
observed for (D2O)3, (H2O)3, and mixed isotopomers, respec-
tively. We have now achieved a very complete description of the
low-frequency (!100 cm"1) torsional modes in the trimer (42,
46, 47), and have measured extensive VRT spectra in the
translational (26) (about 150 cm"1, Fig. 7) and librational (27)
(about 520 cm"1, Fig. 7) band regions as well. Thus, all of the
features of liquid water that appear in the intermolecular
vibrational region (! # 10 "m) also exist for the trimer and have
been quite well characterized.

The H-bonding motif of the water tetramer is similar to that
of the trimer, with each monomer acting as a single donor and
acceptor, and having one free and one bound H (Fig. 8). The
average OOO distance is further shortened to 2.79 Å. Interest-
ingly, the water tetramer turns out to be more difficult to
characterize than the trimer, as a result of its higher (S4)
symmetry (19, 24, 48, 49). Whereas the torsional motion of the
free hydrogens in the trimer is very facile and results in a large
number of low-frequency vibrational bands (!100 cm"1), the
only intermolecular vibration of the tetramer observed below
100 cm"1 both in (D2O)4 and (H2O)4 corresponds to the in-plane
ring deformation. The lowest frequency vibrational band involv-
ing torsional states was observed at 137.8 cm"1 in (D2O)4
compared with the lowest torsional state of (D2O)3 at 8.5 cm"1.
The high symmetry also enforces much more cooperative tun-
neling motions, and the bifurcation rearrangement has not been

observed. Rather, each vibration-rotation line is split into a
doublet in a complicated tunneling process connecting only two
degenerate minima on the tetramer IPS (49, 50), probably
involving a second-order saddle point (Fig. 9).

The pentamer continues this structural evolution, being very
similar to the trimer in both structure and dynamics (Fig. 10) (20,
22, 51, 52). Both torsional (f lipping) and bifurcation tunneling
are observed, connecting 320 degenerate minima on the IPS, but
the time scale of both tunneling motions is slower than in the
trimer. In contrast to the trimer, splittings due to bifurcation
tunneling have been observed only for (H2O)5 and not (D2O)5,
due to both the stronger H-bond and stronger coupling of
flipping and ring puckering motion in the latter (52, 53). This
coupling also requires heavy atom motion for the torsional
motions and results in a much denser torsional manifold and a
large number of dipole-allowed transitions at low frequencies
(54). Many such transitions have been measured for the pen-
tamer (Fig. 11), and the characterization of this torsional man-
ifold is nearing completion (20, 22, 51, 55, 56).

The H-bond in the pentamer is nearly linear and the OOO
distance of 2.76 Å is close to the value found for liquid water and
especially ice, as the desired tetrahedral hydrogen bonding geom-
etry of the monomers is very nearly realized. Moreover, molecular
dynamics simulations have shown that five-membered rings are a
dominant topology in liquid water, and pentamer-like patterns have

Fig. 8. The water tetramer has a highly symmetric homodromic S4 equilib-
rium structure resulting in oblate symmetric top spectra with no vibrational
averaging required. The symmetric structure requires highly concerted tun-
neling motions and results in a significantly more rigid structure than for the
water trimer. The effect of many-body forces reduces the vibrationally aver-
aged OOO distance from that of the trimer to 2.79 Å (2.74-Å ab initio
equilibrium value) (105). The hydrogen bond is only 12° from linearity and the
structure is very nearly planar.

Fig. 9. The high symmetry of the tetramer requires highly concerted tun-
neling motions and limits the number of degenerate minima that can be
connected on the IPS via feasible tunneling motions to two. The tunneling
pathway connects the udud (up-down-up-down) structure with the dudu
(down-up-down-up) one. Despite the small number of minima involved (tri-
mer and pentamer 48 and 320 minima, respectively), the details of the
tunneling pathway have been unclear. The observation of the large increase
in tunneling splitting on exciting the 137.8 cm"1 eg torsional vibration to-
gether with the analysis of the nuclear displacements derived by theory from
this vibration suggests a complicated pathway involving sequential torsional
motions of the free hydrogen!deuterium atoms and tunneling via second-
order saddlepoints (49).

Fig. 10. The chiral homodromic equilibrium structure of the water pentamer
is analogous to that of the water trimer. The vibrationally averaged OOO
distance is 2.76 Å [2.72-Å equilibrium value from ab initio (54)], and the ring
is puckered by 15.5°. The OOOOO angles are about 108°, very near the
tetrahedral angle preferred in aqueous hydrogen bonding, and yielding
nearly linear hydrogen bonds. As in the trimer, this structure also allows for
very facile torsional motion and tunneling, connecting ten degenerate min-
ima on the IPS. However, the torsional manifold resulting from this tunneling
motion is more closely spaced, as coupling to the ring puckering motions is
required. The hydrogen bond strength is larger than in the trimer and, thus,
the bifurcation tunneling splitting, which connects 32 degenerate minima on
the IPS, is reduced, and is only observable in (H2O)5 (Fig. 11).

Fig. 11. The 89.1 cm"1 band of (H2O)5 is typical for a parallel band of an
oblate symmetric top with first-order Coriolis perturbations into two sub-
bands (A, B). Bifurcation tunneling splits each transition by 4.6 MHz into an
equally spaced multiplet with a characteristic intensity pattern, determined by
nuclear spin statistics. In contrast, the rovibrational transitions of the 81.1
cm"1 band of (D2O)5, show no sign of splittings due to bifurcation tunneling
because of the larger mass involved.
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(b)

ਤ 1.4 ਫ 4, 5ྔମͷزԿֶతߏ [33]ɽ(a) Cyclic 4ྔମ, ududߏɽ(b) Cyclic 5ྔ
ମ, ududuߏɽ

1.1.2 6ྔମ

ɹ 3 ྔମ͔Β 5 ྔମ͕ೋݩ࣍తͳฏ໘ߏΛͱΔҰํͰɼ6 ྔମʹฏ໘ͱཱମͷ྆
ํͷ҆ఆߏ͕ଘ͢ࡏΔɽୈҰݪཧࢉܭΑΓɼগͳ͘ͱ CageܕɼBookܕɼPrismܕɼ
Cyclic Δ͜ͱ͕͢ࡏΤωϧΪʔྖҬʹଘ͍ڱͱͯ͠ߏҟੑମ͕҆ఆߏͷ̐छྨͷܕ
Θ͔ͬͨ [48–51]ɽ6ྔମͷߏҟੑମΛਤ 1.5ʹࣔ͢ɽߏ࠷దԽɼMP2/aVDZϨϕ
ϧͰߦΘΕͨɽCage ܕ (DA, DAA, DDA, DA, DDA, DA)ɼBook ܕ (DA, DA, DAA,
DDA, DA, DA)ɼPrismܕ (DA, DDA, DDA, DDA, DA, DA)ͷߏΛͱ͍ͬͯΔɽDDA
 DAA͕͋Δͱ૬࡞ޓ༻ΤωϧΪʔͷ 2ମ߲͕େ͖͘ͳΔ͜ͱ͕ୈҰݪཧࢉܭʹΑͬͯ
ࣔ͞Ε͍ͯΔ [48]ɽChairܕͱ BoatܕɼͲͪΒ CyclicͰ͋ΔͨΊɼ6ͭͷ DAͰߏ
͞ΕΔɽChairܕ S6 ରশੑΛͪ࣋ɼBoatܕྡͨ̏ͭ͠ͷਫࢠͷάϧʔϓ͕ C2 ର

শੑΛߏͭ࣋Ͱ͋ΔɽθϩৼಈΛྀͨ͠ߟཧࢉܭͰɼ Cageۃ͕ܕখΤωϧΪʔ
ͱ༧͞Εͨߏ [52]ɽਫؒࢠͷਫૉ݁߹ɼڠಉޮՌͱଟମ߲͕େ͖͍ͷ͕ಛͰ͋
ΔɽXantheasɼ6ྔମ·Ͱʹ͍ͭͯஸೡʹଟମ߲Λղੳ͍ͯ͠Δ [52]ɽਤ 1.6ɼ3ྔ
ମ͔Β 6ྔମͷओཁͳҟੑମͷ૬ରΤωϧΪʔΛ͍ࣔͯ͠Δɽ൴ΒͷཧڀݚࢉܭʹΑͬ
ͯɼ3, 4, 5ྔମͰɼ3ମྗ͕ҟੑମؒͷΤωϧΪʔࠩΛܾΊ͓ͯΓɼ6ྔମͰ 2ମྗ
͕ Cage PrismͷΑ͏ͳ ΛɼΑΓ҆ఆʹ͍ͯ͠Δ͜ͱ͕ࣔ͞ΕߏωοτϫʔΫݩ࣍3
ͨɽ·ͨɼLasadaΒ͕ͨͬߦୈҰݪཧࢉܭʹΑͬͯɼ6ྔମͷߏԹʹґଘ͠ɼ8 K
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ਤ 1.5 ਫ̒ྔମͷߏҟੑମ [48]ɽ(a) Cage ,ܕ (b) Book ,ܕ (c) Prism ,ܕ (d) Cyclic
(Chair)ܕ, (e) Cyclic (Boat)ܕɽಉ͡ Dͱ AͷׂΛͭ࣋ਫࢠɼׅހͰ൪߸Λ;ͬ
ͯ۠ผ͍ͯ͠Δɽͨͩ͠ɼChairܕ S6 ରশੑΛͪ࣋ɼBoatܕྡͨ̏ͭ͠ͷਫ
ͷάϧʔϓ͕ࢠ C2 ରশੑΛͨͭ࣋Ίɼ൪߸;͍ͬͯͳ͍ɽ

ҎԼͰ Chairܕɼ8-26 KͰ Cageܕɼ26 KҎ্Ͱ Book͕ܕ༏ઌతʹܗ͢Δͱ༧
͞Εͨ [48]ɽ

LiuΒ͕ͨͬߦԻࢠઢ࣮ݧʹΑͬͯɼؾ૬தͷ 6ྔମɼԹͰ̏ߏݩ࣍ͷ
Cage ΛͱΔ͜ͱ͕ࣔ͞Εͨܕ [53]ɽPaulΒ [4, 6]ͱ NesbittΒ [54]ɼԻࢠઢΛ
૬தͷਫΫϥελʔͷ֎εϖΫτϧΛଌఆ͠ɼ2ྔମ͔Βؾ͍ͯ༺ 5ྔମͷϐʔΫʹՃ
͑ͯɼ6ྔମʹ༝དྷ͢ΔϐʔΫΛใͨ͠ࠂɽ൴ΒɼH2Oͱ D2OͷͦΕͧΕͷ߹Ͱ࣮
Δ͜ͱΛࣔͨ͠ɽNautaͱ͍ͯࣅΓɼ྆ํͷεϖΫτϧͷಛ͕͓ͯͬߦΛݧ Millerɼ
Heӷణதʹͨ͠ H2OΫϥελʔͷ֎ٵऩεϖΫτϧΛଌఆ͠ɼؾ૬தͰଌఆͨ͠
ΫϥελʔͷεϖΫτϧͱͨࣅಛͷεϖΫτϧ͕ಘΒΕͨ͜ͱ͔ΒɼHeӷణதͰ 6
ྔମ CageܕΛܗ͢Δͱ݁ͨ͠ɽ͔͠͠ HeӷణதͰɼؾ૬தͰݟΒΕͳ͔ͬ
ͨӶ͍ϐʔΫ͕ 5 ྔମͷϐʔΫۙʹݱΕ͓ͯΓɼ͜ͷϐʔΫ Cyclic 6 ྔମʹΑΔ
ͷͱͨ͠ɽ͞Βʹ Heӷణதʹ͓͚Δ Cyclic 6ྔମͷੜɼୈҰݪཧࢉܭͱɼ͞ΒͳΔ
Heӷణ࣮ݧʹΑͬͯཪ͚ΒΕͨ [8]ɽCyclic 6ྔମɼpara-H2 ϚτϦοΫεதͰ؍

ଌ͞Ε͍ͯΔ [17]ɽHirabayashiΒɼNe, Ar, Kr, XeϚτϦοΫεதͷਫΫϥελʔͷ
֎εϖΫτϧΛଌఆ͠ɼNe ϚτϦοΫεதͰͷΈɼCyclic 6 ྔମΛ؍ଌͨ͠ [9, 14, 55]ɽ
ͭ·ΓɼCyclic 6ྔମɼۃ͕খ͘͞Ϋϥελʔͱͷ૬࡞ޓ༻͕ऑ͍ഔ࣭ͰͷΈੜ
ଌ͞Ε͍ͯΔɽCyclic؍͕ 6ྔମ͕ܗ͢Δཧ༝ͱͯ͠ɼHeӷణ para-H2, NeϚτϦο
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!"#$%& '( ' )"#*+, )"-"$ '-) ' (.-/+, '00,1%"$
2))'3 +.,( 456 70'+8"+!9 &./&,$5 :;,- &./&,$ .-
,-,$/< 29=5> 70'+8"+!93 +.,( ' 2))?''?))?''3 $.-/
8.-.8#8 "! @A& (<88,%$<5 B&, ,-,$/< (,1'$'%."-
*,%C,,- %&,(, (%$#0%#$,( 0'- *, 8'.-+< '%%$.*#%,)
%" %&, ).D,$,-0,( .- %&, %&$,,E*")< %,$8( C&.0&
0"-%$.*#%, %C.0, '( 8#0& '( %&, ).D,$,-0,( .- %&,
0"$$,(1"-).-/ %C"E*")< %,$8(5 F"$ ,G'81+,?
%&, 0"-%$.*#%."- .- %&, ,-,$/< (,1'$'%."- *,%C,,-
%&, /+"*'+ '-) 0'/, 8.-.8' .( H5= 70'+8"+!9 !"$

%&, %&$,,E*")< %,$8( '-) 95I 70'+8"+!9 !"$ %&,
%C"E*")< %,$8( '( 0'- *, (,,- !$"8 B'*+, 95
B&, ('8, .( %$#, !"$ %&, ,-,$/< ).D,$,-0, *,%C,,-
%&, /+"*'+ '-) %&, @A& 8.-.8'J '+8"(% A!H 0"8,(
!$"8 ).D,$,-0,( .- %&, %&$,,E*")< %,$8( C.%& %&,
$,8'.-.-/ 9!H )#, %" ).D,$,-0,( .- %&, 0"$$,E
(1"-).-/ %C"E*")< %,$8(5 B&, !"#$E*")< %,$8 .(
-,/+./.*+, 2!=5>? "=59 '-) !=59 70'+8"+!93 !"$ '++
%&$,, -,%C"$7( !"#-) .- %&, %,%$'8,$ 8.-.8'
0"-(.),$,) &,$,5

F./5 A5 K.-).-/ ,-,$/.,( 2LMAN'#/E00E1O@PNKQQ: 0"$$,0%,)3 !"$ %&, ;'$."#( %$.8,$? %,%$'8,$? 1,-%'8,$ '-) &,G'8,$ 8.-.8'5
R#8*,$( .- 1'$,-%&,(,( .-).0'%, %&, 8'/-.%#), "! %&, %&$,,E*")< %,$8 .- 70'+8"+!95

AA6 !"!" #$%&'($) * +'(,-.$/ 0'1)-.) 234 526667 223829:

ਤ 1.6 3ྔମ͔Β̒ྔମͷओཁͳҟੑମͷ҆ఆԽΤωϧΪʔ [52]ɽׅހͷࣈɼ3
ମ߲ͷد༩ (kcal/mol)Λࣔ͢ɽ

Ϋε͕ͦͷଞͷϚτϦοΫεͱൺͯΑΓԹͰ͋Δ͜ͱͱɼHeӷణதͰΫϥελʔ͕
ʹత࣍ΉͨΊʹɼΫϥελʔ͕ஞࠐΛͻͱͭͣͭऔΓࢠɼӷణ͕ਫʹࡍ͢Δܗ

ΒΕ͍ͯΔɽ͢ͳΘͪɼHeӷణதͷ͛ڍΔ͜ͱ͕͖ى Cyclic 6ྔମɼCyclic (H2O)5 +
(H2O) → Cyclic (H2O)6 ͱ͍͏աఔͰܗ͢Δͱ͑ߟΒΕ͍ͯͨɽBunhamΒɼCyclic
(H2O)n−1 + (H2O) → (H2O)n ͱ͍͏աఔ͕ɼۃԹͰਐ͢ߦΔͷ͔ɼγϛϡϨʔγϣϯ
Λۛͯͬߦຯͨ͠ [56]ɽϙςϯγϟϧΤωϧΪʔؔͱͯ͠ɼ൴Β͕ܾΊͨ TTM2-F ͱ
͍͏߲ۃΛؚΉͷΛ༻͍ɼCyclic (H2O)n−1 ͔Β 20 ÅΕͨͱ͜Ζʹ H2OΛஔ͖ɼ
ऴతʹ౸ୡ࠷ɼ͠ࢼΛߏظͷॳݸΛܾఆͨ͠ɽ1000ߏɼऩଋ͢Δ͠ߦదԽΛ࣮࠷ߏ
Λਤߏͨ͠ 1.7ʹࣔ͢ɽׅހͷ %౸ୡͨ֬͠Λҙຯ͠ɼ͕͍֬ߴॱʹ L1, L2,
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as a function of the maximum surmountable barrier, Emax .
The above distributions of landing sites would only be the
final products if Emax were set to zero. The upper panel in
Fig. 9 shows the observation probability for various hexamer

structures as a function of Emax . Note that only one member
of each structural class has been tracked in the figure; for
example, there are several cage structures, but only the one
of lowest energy !which also happens to be the global mini-
mum" is shown. The structures are illustrated in Fig. 8!c".
The probabilities change in a stepwise fashion as Emax is
increased because successively higher barriers come into
play one by one. It is seen that the cyclic hexamer is not
produced until Emax!0.36 kcal/mol and that significant
quantities of the cage global minimum are also produced at
this point. For comparison, this barrier height corresponds to
the thermal energy, kT , at T!181 K, a value that is orders of
magnitude higher than the experimental temperature of 0.4
K. So far, these results suggest that no cyclic hexamers
would be observed in the helium droplets, in contradiction to
their observed spectral signature.

The product distributions change dramatically when the
zero-point energy is added to each of the stationary points on
the PES. We have estimated the ZPE using the harmonic
approximation, adding #$/2 for each of the vibrational nor-
mal modes with positive real frequency $. At a transition
state there is one less contribution to the ZPE than at a mini-
mum, due to the transition vector, whose frequency is imagi-
nary. The lower panel in Fig. 9 shows the distribution of the

FIG. 8. Structures discussed in the text. !a" Tetramer structures: L1, L2, and
L3 are the three most probable landing sites for monomer addition to the
ring trimer. The percentage of trimer-plus-monomer relaxations that results
in each landing structure is indicated in parentheses. L1 is also the global
minimum. !b" Pentamer structures: L1, L2, and L3 are the most probable
landing sites for monomer addition to the ring tetramer. L3 is also the global
minimum. !c" Hexamer structures: L1, L2, and L3 are the most probable
landing sites for monomer addition to the ring pentamer. The lowest-energy
cage, prism, book, and cyclic structures are also shown. Although the cage is
the global minimum on the potential energy surface, the book lies lower
when harmonic zero-point energy corrections are added.

FIG. 9. Formation probability of various hexamer structures as a function of
the maximum barrier, Emax , that can be overcome by thermal energy during
a surface walk. In the top panel, zero-point energy effects have been ig-
nored. In the bottom panel they have been estimated using the harmonic
approximation !see the text". The structures tracked in both panels are illus-
trated in Fig. 8!c". Note that only the lowest-energy cage, prism, and cyclic
structures, and the most probable landing site are plotted for clarity.
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the global minimum on the potential energy surface, the book lies lower
when harmonic zero-point energy corrections are added.

FIG. 9. Formation probability of various hexamer structures as a function of
the maximum barrier, Emax , that can be overcome by thermal energy during
a surface walk. In the top panel, zero-point energy effects have been ig-
nored. In the bottom panel they have been estimated using the harmonic
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magnitude higher than the experimental temperature of 0.4
K. So far, these results suggest that no cyclic hexamers
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landing sites for monomer addition to the ring tetramer. L3 is also the global
minimum. !c" Hexamer structures: L1, L2, and L3 are the most probable
landing sites for monomer addition to the ring pentamer. The lowest-energy
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the global minimum on the potential energy surface, the book lies lower
when harmonic zero-point energy corrections are added.

FIG. 9. Formation probability of various hexamer structures as a function of
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a surface walk. In the top panel, zero-point energy effects have been ig-
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as a function of the maximum surmountable barrier, Emax .
The above distributions of landing sites would only be the
final products if Emax were set to zero. The upper panel in
Fig. 9 shows the observation probability for various hexamer

structures as a function of Emax . Note that only one member
of each structural class has been tracked in the figure; for
example, there are several cage structures, but only the one
of lowest energy !which also happens to be the global mini-
mum" is shown. The structures are illustrated in Fig. 8!c".
The probabilities change in a stepwise fashion as Emax is
increased because successively higher barriers come into
play one by one. It is seen that the cyclic hexamer is not
produced until Emax!0.36 kcal/mol and that significant
quantities of the cage global minimum are also produced at
this point. For comparison, this barrier height corresponds to
the thermal energy, kT , at T!181 K, a value that is orders of
magnitude higher than the experimental temperature of 0.4
K. So far, these results suggest that no cyclic hexamers
would be observed in the helium droplets, in contradiction to
their observed spectral signature.

The product distributions change dramatically when the
zero-point energy is added to each of the stationary points on
the PES. We have estimated the ZPE using the harmonic
approximation, adding #$/2 for each of the vibrational nor-
mal modes with positive real frequency $. At a transition
state there is one less contribution to the ZPE than at a mini-
mum, due to the transition vector, whose frequency is imagi-
nary. The lower panel in Fig. 9 shows the distribution of the

FIG. 8. Structures discussed in the text. !a" Tetramer structures: L1, L2, and
L3 are the three most probable landing sites for monomer addition to the
ring trimer. The percentage of trimer-plus-monomer relaxations that results
in each landing structure is indicated in parentheses. L1 is also the global
minimum. !b" Pentamer structures: L1, L2, and L3 are the most probable
landing sites for monomer addition to the ring tetramer. L3 is also the global
minimum. !c" Hexamer structures: L1, L2, and L3 are the most probable
landing sites for monomer addition to the ring pentamer. The lowest-energy
cage, prism, book, and cyclic structures are also shown. Although the cage is
the global minimum on the potential energy surface, the book lies lower
when harmonic zero-point energy corrections are added.

FIG. 9. Formation probability of various hexamer structures as a function of
the maximum barrier, Emax , that can be overcome by thermal energy during
a surface walk. In the top panel, zero-point energy effects have been ig-
nored. In the bottom panel they have been estimated using the harmonic
approximation !see the text". The structures tracked in both panels are illus-
trated in Fig. 8!c". Note that only the lowest-energy cage, prism, and cyclic
structures, and the most probable landing site are plotted for clarity.
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ਤ 1.7 cyclic (H2O)n−1 + (H2O) → (H2O)n աఔͰੜͨ͠ਫΫϥελʔͷߏ [56]ɽ
(a) n = 4ɼ(b) n = 5ɼ(c) n = 6ɽ

L3 ...ͱ͍ͯ͠هΔɽn = 3 → n = 4ͱ n = 4 → n = 5ͰɼΤωϧΪʔোนͳ͠ʹ Cyclic
͞ΕΔɽ൴Βͷ༧ʹͯ͠ɼnߏ͕ = 5 → n = 6ͰɼCyclic 6ྔମʹୡ͢Δ͜ͱͰ
͖ͳ͔ͬͨɽͲͷΑ͏ͳߏػͰ Cyclic 6 ྔମ͕ͨ͠ͷ͔ɼ͜ͷจͰ໌Β͔ʹ
ͳ͓ͬͯΒͣɼະͩ֬ఆతͳ݁ग़͍ͯͳ͍ɽSteinbachΒ͕ 40-60 KͷԹྖҬͰଌ
ఆͨ͠ؾ૬தͷεϖΫτϧɼPaulΒ NesbittΒ͕ใؾͨ͠ࠂ૬தͷεϖΫτϧͷಛ
ͱେ͖͘ҟͳ͓ͬͯΓɼࢉܭͰٻΊͨ Bookܕͷ֎εϖΫτϧ [48]ͷಛͱ͍ͨͯࣅ
͜ͱ͔ΒɼBookܕͷܗ͕ओு͞Εͨ [57]ɽ্ʹड़ͨΑ͏ʹɼୈҰݪཧࢉܭͷ݁Ռ͔
Β Bookܕ 26 KҎ্Ͱ༏ઌతʹܗ͢Δͱ༧͞Ε͓ͯΓ [48]ɼDikenΒɼαΠζ
બతʹܗͨ͠ 6 ྔମͷεϖΫτϧͷ݁Ռ [58]͔Β Book Δ͍ͯ͜͠ࠂΛใܗͷܕ
ͱ͔Βɼ6ྔମͷߏԹʹґଘ͢Δ͜ͱ͕ࣔ͞Εͨɽ
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1.1.3 7-10ྔମ

αΠζΛબͯ͠ੜͨ͠ 7ྔମ͔Β 10ྔମɼࢠઢσΟϓϨογϣϯޫʹΑͬ
ϙςϯۃͱࢉܭཧݪͰಘΒΕͨεϖΫτϧͱɼୈҰݧଌ͞Εͨɽ[59–61]ɽ͜ͷ࣮؍ͯ
γϟϧʹ͍ͨͮجγϛϡϨʔγϣϯͷ݁Ռͱͷൺֱ͔Βɼ7-10ྔମ CageܕͰ͋Δ͜ͱ
͕໌Β͔ʹͳͬͨ [62]ɽ7-10 ྔମͷزԿֶతߏͱσϓϨογϣϯεϖΫτϧͷ OH ৳
ॖྖҬΛਤ 1.8ʹࣔ͢ [61]ɽਤதʹࣔͨ͠നͱࠇͷਫࢠɼͦ ΕͧΕDDAɼDAAΛɼփ
৭ DAΛҙຯ͍ͯ͠Δɽ7ྔମʹ̎ͭͷߏҟੑମ͕ଘ͢ࡏΔ͕ɼͲͪΒਫ̏ࢠ
ͭͰߏ͞ΕΔྠ (3-memberded-ring) ͱਫͭ̐ࢠͰߏ͞ΕΔྠ (4-memberded-ring)
͕݁߹ͯ͠Ͱ͖ͨߏΛ͓ͯ͠ΓɼͦΕͧΕͷҟੑମͷੜΤωϧΪʔͷࠩ 2.1 kJ/mol
ҎԼͰ͋Δ [59]ɽ8ྔମɼ4-memberded-ring͕ɼ̎ͭॏͳཱͬͨํߏΛ͓ͯ͠Γɼશ
ͯ̏ҐͷਫࢠͰߏ͞ΕΔɽͯ͢ͷDDAඞͣDAAͱ݁߹͓ͯ͠Γɼ·ͨͦͷٯ
ಉ༷Ͱ͋Δɽ8ྔମɼᘳͳཱํମΛͱ͍ͬͯΔΘ͚Ͱͳ͍ɽͦΕ DDA͕ཅࢠ
Λఏ͍ͯ͠ڙΔ߹ͷ DDA-DAAؒͷࢎૉڑؒ֩ࢠݪ (2.8 Å)͕ɼͦͷٯͷ DAA-DDA
ؒͷڑ (2.6 Å)ΑΓ͍ͨΊͰ͋Δɽ͜ΕɼDAAยํͷཅ͔͠ࢠఏ͍ͯ͠ڙ
ͳ͍ͷʹରͯ͠ɼ DDA྆ํͷཅࢠΛఏ͍ͯ͠ڙΔͨΊʹɼਫૉ݁߹͕ऑ͘ͳΔͷ͕ݪ
ҼͰ͋Δɽ8ྔମɼ΄ͱΜͲಉ҆͡ఆԽΤωϧΪʔΛͭ̎ͭͷߏҟੑମ͕ଘ͠ࡏɼ8
ྔମதʹ͋Δ̎ͭͷ 4-memberded-ringͷਫૉ݁߹ͷ͖Ͱ۠ผ͞ΕΔɽ̍ͭɼਫૉ
݁߹ͷ͕͖ҟͳΓ (opp)ɼD2d ରশੑΛߏͭ࣋ɼ͏̍ͭɼਫૉ݁߹ͷ͕͖ಉ͡

Ͱ (same)ɼS4 ରশੑΛߏͭ࣋Ͱ͋Δɽ9ྔମͱ 10ྔମɼ8ྔମʹ DA͕̍ͭ·ͨ
̎ͭՃΘͬͨߏΛͱΓɼ8ྔମΑΓ 4-memberded-ring͕ɼ֦ு͞ΕΔɽ10ྔମ
 (Butterfly) ߏΕ͓ͯΓɼ͜ͷݺͱܕ Cyclic 5 ྔମΛೋʹΈ߹Θͤͨߏ
ΑΓ 10.9 kJ/mol҆ఆͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ [60]ɽਤ 1.8Ͱࣔ͢Α͏ʹɼ8-10ྔମ
ͷεϖΫτϧͰɼFree-OHɼDDAɼDAAͷৼಈʹ༝དྷ͢Δ̏ͭͷٵऩϐʔΫͷάϧʔ
ϓ͕؍ଌ͞ΕΔ͕ɼ7ྔମͷεϖΫτϧͰͦΕΒͷৼಈʹ IRR*2ΛՃ͑ͨͭ̓ܭͷٵऩ

ϐʔΫ͕ൣғʹݱΕΔͷ͕ಛͰ͋Δɽ

ɹ 10ྔମҎ্ͷਫΫϥελʔɼओʹؾ૬தʹ͓͍ͯαΠζબతʹੜͨ͠େαΠζ
Ϋϥελʔͷ֎ޫɼMøller-Plesset ಈઁ࣍2 (MP2)๏ɼ3ిىྭࢠ·Ͱྀ͢ߟΔ݁߹
Ϋϥελʔల։ (Coupled-Cluster Singles-and-Doubles and Perturbative Triple: CCSD(T))
๏Λ༻͍ͨྔࢉܭࢠʹΑͬͯ͞ڀݚΕ͓ͯΓɼਫࢠे͔ݸΒͳΔਫૉ݁߹ωοτϫʔ

Ϋͷߏͦͷ݁߹ΤωϧΪʔ͕ใ͞ࠂΕ͍ͯΔ [63–68]ɽ

*2 7ྔମͷεϖΫτϧʹݱΕͨ Free-OHɼDDAɼDAAҎ֎ͷΠϨΪϡϥʔͳٵऩϐʔΫΛ IRRͱͨ͠ [61]ɽ
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differen t line posit ion ranging from 3710 to 2935
cm-1. This is the la rgest line sh ift ever measured for
water clusters and the bulk condensed phase. For the
la rger clusters, the spect ra are aga in simplified and
consist essent ia lly of three groups, now an indica t ion
of collect ive vibra t ions of the OH groups in simila r
environments. We note the remarkable fact tha t the
spect ra of the nonamer and decamer are, aside from
some in tensity around 3130 cm-1, not very differen t
from tha t of the octamer .

In a very deta iled effor t , the exper imenta l spect ra
could be completely explained by combined high-level
ab in it io ca lcu la t ions and simula t ions based on a
polar izable model potent ia l using permanent charges
and induced dipoles.115 In the la t ter case, the fre-
quencies were ca lcu la ted in a Morse oscilla tor basis
with the help of a paramet r ized funct ion of the
elect r ic field component para llel to the OH bond. The
zero-poin t mot ion was explicit ly taken in to account .
F ir st , the cont r ibu t ion to the binding energies was
calcula ted using the r igid body diffusion Monte Car lo
method. La ter , the force constan t was averaged over
the in termolecula r mot ion a lso.
The st ructures which reproduce the measured

spect ra and which cor respond with one except ion to
the minimum energy configura t ions are shown in
Figure 8. They can be considered as members of a
ser ies, der ived from the octamer cube by either
inser t ion or removal of water molecules. The st ruc-
tura l un it s of the octamer are 3-fold-coordina ted
molecules act ing as double donor and single acceptor
(DDA) (black) or as single donor and double acceptor
(DAA) (white). All DDA molecules are connected only

Figure 7. Measured deplet ion spect ra of size-selected
water clusters in the OH st retch region from n ) 7 to
10.113,114 The upper panel shows a spect rum of a cluster
dist r ibu t ion in the size range from n ) 10 to 20.123 The
gray block on the wavenumber axis indica tes the gap of
the OPO.

Table 2. In tramolecu lar OH Stre tch ing Frequencie s a
of Water Cluste rs in the Gas Phase (in cm-1)113,114

vibra t ion n ) 7 n ) 8 n ) 9 n ) 10
free 3720 3727 3719 3723
IRR 3657
DDA 3614-3543 3557 3568 3568
DDA 3528 3541 3542
IRR 3430-3413
IRR 3312
DA 3140 3129
DAA 3108-3055 3087b 3101 3100
DAA 3065b 3066 3063
IRR 2965b
IRR 2935b

a IRR, ir regular , indica tes posit ions which are not expla ined
by the regula r pa t tern of the octamer cube, the double donor
DDA, and the single donor DAA. DA are 2-fold-coordina ted
molecules. b Two isomers.

Figure 8. Calcula ted minimum energy configura t ions of
water clusters from heptamer to decamer . For the hep-
tamer and octamer , the second lowest energy isomers are
presented a lso.115 The DDA molecules are black, the DAA
molecules white, and the DA molecules gray. Note tha t the
two heptamers are genera ted by removing a DDA molecule
from the upper front corner or a DAA molecule from the
lower front corner of the S4 octamer . The or ienta t ion of the
hydrogen bonds in the two tet ramer cycles of the octamer
occur in the opposite (D2d) or the same (S 4) direct ion .

Infrared Spectroscopy of Size-Selected Water and Methanol Clusters Chemical Reviews, 2000, Vol. 100, No. 11 3873
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(b)

ਤ 1.8 7-10ྔମͷ (a)زԿֶతߏͱ (b)σϓϨογϣϯεϖΫτϧͷ OH৳ॖྖҬ [61]ɽ

1.2 ϚτϦοΫεͨ͠ਫ୯ྔମٴͼΫϥελʔ

ด֪ిߏࢠʹΑΓ͍ߴԽֶత҆ఆੑΛͪ࣋ɼిؾଟࢠۃΛͨ࣋ͳ͍رΨεɼϚτ

ϦοΫεछͱͯ͠࠷Α͘༻͍ΒΕ͖ͯͨɽ·ͨرΨεҎ֎ʹɼԽֶతʹෆੑ׆ͳ֩

ೋࢠݪࢠిؾࢠۃ ͳ͍ϝλϯϚτϦοΫεʹ༻͍ΒΕ͍ͯΔɽҎͨ࣋Λࢠۃ࢛·
ԼͰɼرΨεॖڽͷߏͱɼ͜Ε·ͰͷϚτϦοΫε๏Λ༻͍ͨڀݚͰใ͞ࠂΕ

ͨΫϥελʔͷৼಈγϑτͷϚτϦοΫεछґଘੑͱัଊαΠτґଘੑɼرΨεҎ֎Λ

ϚτϦοΫεछʹ༻͍ͨڀݚʹ͍ͭͯ·ͱΊΔɽ
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1.2.1 ߏͷॖڽΨεر

Ψεͷ݁থɼ໘৺ཱํر (Face-Centered Cubic: fcc) ΛͱΔߏ [69]ɽͦͷ֨ࢠఆ
*3Թʹґଘͯ͠େ͖͘ͳΔɽਅۭৠணʹΑͬͯ࡞ͨ͠رΨεॖڽͷ݁থੑɼ

ΨεرԹͷɼບްʹґଘ͢ΔɽAbeΒɼͦΕΒͷ݅Λม͑ͯॖڽ (Ar,
Kr, Xe)ͷॖڽΛ࡞͠ɼॖڽͷਫૉٵண༰ྔΛଌఆͨ͠ [70]ɽٵண༰ྔɼॖڽ
ͷଟੑͷࢦඪͰ͋Γɼٵண༰ྔ͕େ͖͍΄Ͳॖڽͷ݁থੑ͕͘ଟ࣭Ͱ͋Δ͜ͱΛ

ࣔ͢ɽଌఆͷ݁Ռɼॖڽͷਫૉͷٵண༰ྔɼॖڽԹɼͷɼບްͷॱʹڧ

͘ґଘͨ͠ɽਤ 1.9ʹ Ar, Kr, Xeॖڽͷਫૉͷ୯ٵணྔͷॖڽԹґଘੑΛࣔ͢ɽ
͜ͷ݁Ռ͔ΒɼͦΕͧΕͷॖڽ Ar 6 KɼKr 10 KɼXe 13 KͰ࠷ଟ࣭ʹ
ͳΔ͜ͱ͕໌Β͔ʹͳͬͨɽ

ਤ 1.9 ணྔͷؔٵࢠͷਫૉͷ୯ॖڽΨεرԹͱॖڽ [70]ɽ

1.2.2 ΨεϚτϦοΫεر

SimonΒɼArϚτϦοΫε͕ (H2O)n (n = 1-6)ͷߏΤωϧΪʔɼ֎εϖΫτ
ϧʹ༩͑ΔӨڹΛཧࢉܭʹΑͬͯௐͨ [71]ɽHybrid Self-Consistent Charge Density
Functional-Based Tight Binding/Force-Field Approach (SCC-DFTB/FF) ߏΑͬͯʹࢉܭ
దԽͨ͠࠷ Ar ϚτϦοΫεதͷ (H2O)n (n = 2-4, 6) Λਤ 1.10 ʹࣔ͢ɽਤ 1.10 (a) 
(H2O)2−4 ͷزԿֶஔΛ͓ࣔͯ͠Γɼࠨͷྻ ArϚτϦοΫεதΛɼӈͷྻܥཱݽΛ
͍ࣔͯ͠Δɽ(H2O)n (n = 2-4)ɼArࢠݪΛ nݸஔ͢ΔαΠτʹัଊ͞ΕΔɽϚτϦο

*3 ۩ମతͳ A.3Λࢀরͷ͜ͱɽ
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flatness of the PES. The isomer with a geometry similar to that
of Min2 was found to be a transition state (quoted S*) with
correlated wave function approaches (see Table 1).53−55 The
energy difference between S* and the most stable isomer Min1
was found to be 21.3 cm−1 at the CCSD(T) level of theory,55

which is larger than the SCC-DFTB/FF value (12 cm−1).
Therefore, our model, although not able to describe

quantitatively such tiny energy differences, reproduces the
energetic order and the small energy difference between the
H2OAr isomers, suggesting a flat PES, as first shown by
Chalasinski and co-workers52 and further confirmed by higher-
level wave function calculations.54−56

Further benchmark was performed for H2OAr2,3 clusters.
When the SCC-DFTB/FF, DFT, and MP2 geometries of
H2OAr2,3 clusters (Figure 2) are compared, the discrepancies in
the relative orientation of H2O with respect to the Ar2 and Ar3
clusters are similar to that found for the model H2OAr system.
Regarding the distance d between the center of mass of H2O
and that of Ar2,3 (Table 2), the SCC-DFTB/FF value remains
smaller than the DFT and MP2 values, but the agreement
seems to improve as the size of the system increases (−0.08/−
0.11 Å to −0.06/−0.07 Å). The Ar−Ar distance obtained with

Table 3. H2OArn Clusters
a

Ecohes/n

n isomer DFTB CCSD(T)/DFTB DFT CCSD(T)/DFT MP2 CCSD(T)/MP2 lit.

1 111 172 124 178 225 252 131b/143c

130.2d/137.7e

2 156 176 134 180 229 241 176b/186c

3 200 217 159 219 250 256 214b/229c

4 227 240b/254c

5 251 254b/269c

9 308 321b/334c

11 min. 334 368b/365c

solvated 333 345c

12 min. 356 387c

solvated 351 347b/363c

13 min. 354
solvated 347 347b/383c

aCohesion energy per Ar atom Ecohes/n (cm−1) obtained with the SCC-DFTB/FF, DFT, MP2 optimized geometries, and single point CCSD(T)
calculations (present work). Results from the literature: bRef 59. cRef 58 (FF calculations). dRef 56 (MP4). eRef 55 (CCSD(T)).

Figure 4. Close-up of the water molecule and clusters (H2O)n (n = 2−
4) inside the matrix (left-hand column) and isolated (right-hand
column). The intermolecular bond lengths (in angstroms) refer to the
smallest intermolecular O−H and O−Ar distances.

Figure 5. Close-up of the isomers of the water hexamer inside the
matrix → inside the matrix without the surrounding Ar atoms, and
isolated (right-hand side structures).
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flatness of the PES. The isomer with a geometry similar to that
of Min2 was found to be a transition state (quoted S*) with
correlated wave function approaches (see Table 1).53−55 The
energy difference between S* and the most stable isomer Min1
was found to be 21.3 cm−1 at the CCSD(T) level of theory,55

which is larger than the SCC-DFTB/FF value (12 cm−1).
Therefore, our model, although not able to describe

quantitatively such tiny energy differences, reproduces the
energetic order and the small energy difference between the
H2OAr isomers, suggesting a flat PES, as first shown by
Chalasinski and co-workers52 and further confirmed by higher-
level wave function calculations.54−56

Further benchmark was performed for H2OAr2,3 clusters.
When the SCC-DFTB/FF, DFT, and MP2 geometries of
H2OAr2,3 clusters (Figure 2) are compared, the discrepancies in
the relative orientation of H2O with respect to the Ar2 and Ar3
clusters are similar to that found for the model H2OAr system.
Regarding the distance d between the center of mass of H2O
and that of Ar2,3 (Table 2), the SCC-DFTB/FF value remains
smaller than the DFT and MP2 values, but the agreement
seems to improve as the size of the system increases (−0.08/−
0.11 Å to −0.06/−0.07 Å). The Ar−Ar distance obtained with

Table 3. H2OArn Clusters
a

Ecohes/n

n isomer DFTB CCSD(T)/DFTB DFT CCSD(T)/DFT MP2 CCSD(T)/MP2 lit.

1 111 172 124 178 225 252 131b/143c

130.2d/137.7e

2 156 176 134 180 229 241 176b/186c

3 200 217 159 219 250 256 214b/229c

4 227 240b/254c

5 251 254b/269c

9 308 321b/334c

11 min. 334 368b/365c

solvated 333 345c

12 min. 356 387c

solvated 351 347b/363c

13 min. 354
solvated 347 347b/383c

aCohesion energy per Ar atom Ecohes/n (cm−1) obtained with the SCC-DFTB/FF, DFT, MP2 optimized geometries, and single point CCSD(T)
calculations (present work). Results from the literature: bRef 59. cRef 58 (FF calculations). dRef 56 (MP4). eRef 55 (CCSD(T)).

Figure 4. Close-up of the water molecule and clusters (H2O)n (n = 2−
4) inside the matrix (left-hand column) and isolated (right-hand
column). The intermolecular bond lengths (in angstroms) refer to the
smallest intermolecular O−H and O−Ar distances.

Figure 5. Close-up of the isomers of the water hexamer inside the
matrix → inside the matrix without the surrounding Ar atoms, and
isolated (right-hand side structures).
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(b)

ਤ 1.10 ArϚτϦοΫεதͷ (H2O)n ͷزԿֶஔ [71]ɽ(a) n = 1-4ɽਤதͷࣈɼ
O-H ͼٴ O-Ar Λҙຯ͢Δɽ(b)ڑ n = 6 ͷߏҟੑମɽ্͔Β Prism, Bag, Cage,
Chair (Cyclic)ɽ

Ϋεதʹัଊ͞Εͨ͜ͱʹΑΔਫڑؒࢠͷมԽɼCyclic (H2O)3,4 ͷͲͪΒ 0.05
ÅҎԼͰ͋ΓɼAr ϚτϦοΫεͷߏ͕ (H2O)2−4 ༩͑ΔӨڹখ͍͜͞ͱ͕໌Β͔

ʹͳͬͨɽਤ 1.10 (b) (H2O)6 ͷߏҟੑମͷزԿֶஔΛ͓ࣔͯ͠Γɼઢͷࠨଆ
Ar ϚτϦοΫεதΛɼӈଆܥཱݽΛ͍ࣔͯ͠Δɽߏ࠷దԽͷ݁ՌɼཱମߏΛͭ࣋
6ྔମ*4 (Prism, Bag, Cage)ɼArΛ ΔΑΓ͢ஔݸ6 ΔαΠτͷํ͕҆ఆ͢ஔݸ7
Ͱ͋Δ͜ͱ͕Θ͔ͬͨɽ·ͨɼBagܕͷߏߏ࠷దԽͷલޙͰେ͖͘Μͩͷʹର͠
ͯɼPrismܕɼCageܕͷߏมԽ΄ͱΜͲݟΒΕͳ͔ͬͨɽฏ໘ߏͰ͋Δ Cyclicܕ
ɼArͷ fccߏͷ (111)໘ͷαΠτʹัଊ͞ΕΔɽAr Λݸ6 Cyclic (H2O)6 Ͱஔ͠
ͷαΠτͰ݁ஔݸͷடং͕ཚΕͨͷʹର͠ɼ7ߏదԽͨ͠߹ɼ݁থ࠷Λߏͨ
থߏ͕΄ͱΜͲ·ͳ͔ͬͨ͜ͱ͔ΒɼCyclicܕͰ ArΛ ΔαΠτͷํ͕͢ஔݸ7
҆ఆͰ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɽ

*4 ͜ͷࢉܭͰ Bookܕ҆ఆߏͱͯ͠ऩଋ͠ͳ͔ͬͨɽ
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ɹਫΫϥελʔɼϚτϦοΫεதʹัଊ͞ΕΔͱɼҰ෦ͷྫ֎Λআ͖ɼOH৳ॖͷৼ
ಈํภҠ͢Δɽͦͯ͠ɼৼಈγϑτɼϚτϦοΫεͱਫΫϥελʔͱͷ૬ޓ

.ඪͱͳΔࢦͷେ͖͞Λද͢༺࡞ Hirabayashiͱ YamadaɼNe, Ar, Kr, XeϚτϦοΫε
தͷ H2OΫϥελʔͷ֎ٵऩεϖΫτϧͷܥ౷తͳଌఆ͔ΒɼΫϥελʔαΠζ
ͷ H2O ೱґଘੑɼϚτϦοΫεʹΑΔ Bonded-OH ৳ॖͷৼಈγϑτΛ໌Β͔ʹ͠
ͨ [9, 14]. Bonded-OH ৳ॖͷৼಈγϑτɼϚτϦοΫεछͷࢠݪ൪߸͕େ͖͘ͳΔ
ʹैͬͯେ͖͘ͳͬͨɽH2OΫϥελʔͷ Bonded-OH৳ॖͷৼಈΛɼͦΕͧΕͷϚτ
ϦοΫεछͷྟքԹͷฏํࠜʹରͯ͠ϓϩοτ͢Δͱɼ΄΅ઢʹΔ͜ͱ͕໌Β͔ʹ

ͳͬͨɽҰํɼXeϚτϦοΫεதͷ 2, 3ྔମɼৼಈγϑτ͕େ͖͘ɼઢ͔ؔܗΒ
େ͖͘֎Ε͍ͯͨɽ൴Βɼ͜ͷେ͖ͳৼಈγϑτΛΫϥελʔதͷࢎૉڑؒ֩ࢠݪ

 R(O-O)ͱͷ͔ؔΒઆ໌͍ͯ͠Δɽnྔମத (n = 2-5)ͷ R(O-O)ͱɼ2ྔମͱ nྔମ
ͷৼಈࠩ (ν2 - νn) ͷؔΛਤ 1.11 ʹࣔ͢ɽΫϥελʔαΠζ͕େ͖͘ͳΔʹैͬͯɼ
R(O-O)͘ͳΓɼBonded-OH৳ॖͷৼಈํภҠΛࣔͨ͠ɽؾ૬தͷ 2ྔମͱ 3
ྔମͷࢎૉڑؒ֩ࢠݪɼͦΕͧΕ 2.95 Åɼ2.80 ÅͰ͋Δͷʹର͠ɼৼಈγϑτ͔
Β༧͞ΕΔ XeϚτϦοΫεதͷ 2ྔମͱ 3ྔମͷ R(O-O)ɼഁઢ͕ࣔ͢Α͏ʹɼͦ
ΕͧΕ 2.85 Åɼ2.76 Åఔͱͳ͍ͬͯΔɽ͜ͷ݁Ռ͔ΒɼXeϚτϦοΫεதͰ؍ଌͨ͠
େ͖ͳৼಈγϑτɼR(O-O)ͷݮগΛࣔ͢ͱஅ͠ɼେ͖ͳৼಈγϑτΛࣔͨ͠ Xe
ϚτϦοΫεதͷ 2ྔମ XeࢠݪΛ 1ͭɼ 3ྔମ XeࢠݪΛ 2ͭஔͯ͠ ۶ͳ"ঢ়ځ"
ଶʹัଊ͞Εͨͱ݁ͨ͠ɽ

1.2.3 ͦͷଞͷϚτϦοΫε

YamakawaΒɼϝλϯΛϚτϦοΫεछʹ༻͍࣮ͨݧΛߦͳ͍ͬͯΔ [20]ɽϝλϯΛ
ϚτϦοΫεछʹ༻͍ΔͱɼϚτϦοΫεࣗ֎ٵऩΛͨ͢͜ىΊʹϚτϦοΫεͷ

ΞϞॖڽ൘ʹϝλϯΛਅۭৠண͢Δͱɼج͕ผͰ͖Δͱ͍͏ར͕͋ΔɽԹߏ

ϧϑΝεߏΛͪ࣋ɼҰఆԹͰΞχʔϧͨ͠ޙʹ͡Ίͯ݁থԽ͢Δ [72]ɽ൴Βɼ݁
থԽΛࠐݟΊΔԹͰΞχʔϧΛ͍ߦɼԹ্ঢʹ͏ΫϥελʔΛ؍ଌ͍ͯ͠Δɽ

͞Βʹɼݻମ CH4 ͷ݁থԽΫϥελʔ͕ଘ͠ࡏͳ͍ྖҬͰਐ͓ͯ͠ߦΓɼΫϥελʔ

ͷଋറߏΞχʔϧલޙͰมԽ͍ͯ͠ͳ͍ͱใ͍ͯ͠ࠂΔɽ·ͨɼH2OͷճసભҠ༝དྷ
ͷϐʔΫ͕ݱΕͳ͔ͬͨ͜ͱ͔ΒɼCH4 ϚτϦοΫεதͰ H2Oͷճస્͞ΕΔͱ
ใͨ͠ࠂɽ͞Βʹ YamakawaΒɼNaClৠணບ্ೋݩ࣍తʹٵணͨ͠ H2 ΛϚτϦο

Ϋεʹ༻͍ͨ [21]ɽҰൠʹ H2 ֎ෆ͕ͩੑ׆ɼ͜ͷ߹ NaClͷද໘ిʹΑͬͯ
͠ۃɼH2 ֎ٵऩΛ͢͜ىɽ͜ͷ࣮ݧͰݩ࣍ࡾతͳϚτϦοΫεதͰ؍ଌ͞Εͨ

ͷͱಉ༷ͷਫΫϥελʔΛ؍ଌͨ͠ɽ͞Βʹ֎εϖΫτϧͷج൘Թґଘੑ͔ΒɼH2O
୯ྔମͷ֦ىʹࢄҼ͢ΔΫϥελʔաఔͷਐߦΛࣔͨ͠ɽ
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position of 3531 cm−1 is slightly higher by 2 cm−1 than that
reported for 7 K.18 The discrepancy may be caused by the
temperature difference; we observed further small blueshift
at higher temperatures in the present study. The magnitude of
the temperature-dependent shift is, however, significantly
smaller than the deviation from the expected band position of
the water dimer !"30 cm−1#.

We should note that in Xe matrices weak absorptions
appear in the high-frequency side of the intense bands as-
signed to the dimer and trimer, as shown by the asterisks in
Fig. 1!c#. The very weak absorption near 3563 cm−1 satisfies
the linear Tc

1/2 relation for the dimer !see Fig. 3#. Similarly,
the 3502-cm−1 band is close to the expected band positions
of the water trimer. In the OH bending region, an additional
weak line is observed at 1590 cm−1, which is shifted by
"4 cm−1 to the blue of the intense dimer line, as marked by
the asterisk in Fig. 2!c#. The appearance of these bands indi-
cates that the H2O dimer and trimer are isolated in several
trapping sites of solid Xe. In addition, the dimer and trimer
absorptions in Xe matrices are broader than those in Ar and
Kr matrices !see Fig. 1#. The broadening is also likely to be
associated with the multiple trapping sites.

In order to estimate the size of the trapping site, we
attempt to draw pictures of atoms and molecules using the
van der Waals radii, e.g., 1.88 Å for Ar and 2.16 Å for Xe.30

An example of the H2O dimer trapped in the Ar and Xe
matrices is illustrated in Fig. 4. In the case of the Ar matrix,
the size of the H2O dimer fits the double substitutional trap-
ping sites. For the H2O dimer in the Xe matrix, the double
substitutional site is somewhat large, which may generate the
multiple trapping sites at low temperature. On the other
hand, the single substitutional site is slightly tight, where the
H2O dimer may be disordered or compressed. Similarly, for
the H2O trimer in Xe matrices the double substitutional site
is slightly tight and the triple substitutional site is somewhat
large.

Previous experimental1,2,4,6 and theoretical28,31–34 studies

found that the bonded OH stretching frequencies of the small
water clusters with n=2–5 exhibit the redshift with increas-
ing cluster size. Also, the O–O distances between adjacent
water molecules decrease nearly exponentially with cluster
size.31–33,35 These trends reflect that the hydrogen bonds are
strengthened by the cooperative effects in water clusters. In
Fig. 5, we plot the estimated O–O distances36 as a function
of the bonded OH stretching frequency of the water clusters.

FIG. 3. The bonded OH stretching frequencies of water clusters, from the
dimer to the hexamer, in the gas phase, liquid He droplets, and rare gas
matrices !Ne, Ar, Kr, and Xe# are plotted as a function of Tc

1/2 of the matrix
materials. The main peaks of the water cluster are denoted by the open
circles, while the additional weak bands due to the water dimer and trimer
trapped in Xe matrices are shown with the filled circles.

FIG. 4. The water dimers isolated in the trapping sites of !a# Ar and !b# Xe
matrices are represented using the van der Waals radii and assuming the
face-centered cubic !fcc# crystal structures.

FIG. 5. The O–O distances are plotted as a function of the cluster shifts of
the bonded OH stretching bands of water clusters with n=3–5, relative to
the bonded OH stretching band of the water dimer. The values of the O–O
distances are taken from Ref. 36. The filled squares denote the gas phase
data !Ref. 1# while the filled and open cycles are the Ar and Kr matrix data
in this study, respectively. The solid lines are obtained by fitting the data by
an exponential function. The vertical broken lines indicate the frequency
shifts of the observed water dimer and trimer bands in Xe matrices, relative
to the hypothetical line position of the water dimer expected by the linear
relation to Tc

1/2.

244501-4 S. Hirabayashi and K. Yamada J. Chem. Phys. 122, 244501 !2005"

Downloaded 05 Jun 2013 to 150.90.149.100. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

ਤ 1.11 n ྔମத (n = 2-5) ͷࢎૉڑؒ֩ࢠݪ R(O-O) (Å) [33]ͱɼ2 ྔମͱ n ྔମ
ͷৼಈࠩ∆ν (= ν2 - νn)ͷؔ [14]ɽ̎ͭͷഁઢͷҐஔɼઢ͍ͯͮجʹؔܗ֎ૠ
ͨ͠ 2ྔମͷৼಈͱ XeϚτϦοΫεதͷ̎ྔମͱ̏ྔମͱͷৼಈͷࠩΛࣔ͢ɽ

ɹ্ʹड़ͨҎ֎ʹɼ͍͔ͭ͘ͷϚτϦοΫε͕Ϋϥελʔͷ୯ʹ༻͍ΒΕ͖ͯͨɽ

N2 ਫΫϥελʔڀݚͷॳ͔ظΒ༻͍ΒΕ͖ͯͨϚτϦοΫεछͰ͋Δ [22,25]ɽਫࢠ
ɼرΨε para-H2*5ϚτϦοΫεதͰɼ΄΅ࣗ༝ճస͢ΔҰํͰɼN2ɼD2 ϚτϦο

ΫεதͰࢠͷճస੍͕͞ΕΔ͜ͱ͕ΒΕ͍ͯΔ [12, 13, 73–75]ɽ͜ͷଞʹ CO
ΛϚτϦοΫεͱͨ͠ڀݚใ͞ࠂΕ͍ͯΔ [76]ɽCO2 ͱ H2Oͷࠞ߹ණɼؒʹଟ͘
ଘ͢ࡏΔͱ͑ߟΒΕ͓ΓఱମཧֶͷͰڵຯ͕ͨ࣋Εɼޫ͕ڀݚΜʹߦΘΕ͍ͯ

Δ͕ɼCO2 ϚτϦοΫεதͷਫΫϥελʔͷੜ͜Ε·Ͱใ͞ࠂΕ͍ͯͳ͍ɽຊڀݚ

Ͱ CO2 ϚτϦοΫεதͰ D2OΫϥελʔͷੜΛࢼΈ͕ͨɼΫϥελʔͷੜ֬ೝ
Ͱ͖ͣɼਫࢠͷճసભҠݟΒΕͳ͔ͬͨ*6ɽ

*5 ֩εϐϯ͕ஔʹରͯ͠ରশͱͳΔ para-H2 ɼزԿֶతʹશͳܗٿΛ͓ͯ͠ΓɼฏۉͷӬٱଟࢠۃ
͕ͳ͍ɽͦͷͨΊɼؒࢠ૬ۃ͕༺࡞ޓʹऑ͍ɽ

*6 ͷ A.4Λࢀরͷ͜ͱɽ
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1.3 van der Waalsෳ߹ମʹؔ͢Δڀݚ

ҟͳΔछྨͷ͕ࢠ van der Waals (vdW)ྗͳͲͷऑ͍ྗؒࢠʹΑͬͯ݁߹ͯ͠ܗ
ͨ͠ஂूࢠΛ vdWෳ߹ମͱݺͿɽ vdWෳ߹ମͷதͰɼࢠಉ͕࢜ 1:1Ͱ݁߹ͨ͠ෳ
߹ମɼؒࢠ૬࡞ޓ༻Λ͢ڀݚΔ্ͰͬͱૅجతͳܥͰ͋ΔͨΊɼ༷ʑͳࢠͷ

Έ߹Θͤʹ͍ͭͯߦ͕ڀݚΘΕ͖ͯͨɽҎԼͰɼਫࢠΛؚΉෳ߹ମʹؔ͢Δڀݚʹͭ

͍ͯ·ͱΊͨޙɼਫͱϝλϯͷෳ߹ମͷڀݚʹ͍ͭͯड़Δɽ

1.3.1 ਫΛؚΉෳ߹ମ

ਫΛؚΉෳ߹ମͰɼH2O-RG (RG = Ne [77, 78], Ar [79], Kr [80], Xe [81]), -H2 [82],
-O2, -CH4 [83], -N2 [79], -CO2 [84,85]ʹ͍ͭͯͷޫڀݚཧڀݚࢉܭ [77–79,86–88]
͕ใ͞ࠂΕ͍ͯΔɽvdW݁߹ͷ͞ڧɼਫૉ݁߹ͷ 10ͷ̍ఔͰ͋ΔͨΊɼ࣮ݧͰ
ؒࢠৼಈ֤ࢠͷճసͷΤωϧΪʔʹରԠ͢ΔϚΠΫϩྖҬԕ֎ྖҬͷޫଌ

ఆʹΑΔใ͕ࠂଟ͍ɽҰํͰɼH2O-Ar [89], -O2 [89], -H2 [90], -N2 [91], -CO2 [84, 92]ʹ
ؔͯ͠ɼத֎ྖҬͰޫଌఆ͕ߦΘΕ͍ͯΔɽ·ͨཧతʹɼୈҰݪཧࢉܭ

DFT Կֶஔ҆ఆԽΤωϧΪʔɼϙςϯγϟϧΤωϧزఆͱͳΔ҆࠷Αͬͯɼʹࢉܭ
Ϊʔۂ໘ (PES)͕ٻΊΒΕ͖ͯͨɽ
ɹؒࢠ૬࡞ޓ༻Ϋʔϩϯྗͷد༩͕େ͖͍ͨΊɼ૬࡞ޓ༻ΤωϧΪʔɼࢠͷͭ࣋

ࢠͷछྨʹΑͬͯҟͳΔɽਫͱࢠۃతଟؾి M ͔ΒͳΔ H2O-M ෳ߹ମͷ݁߹Τωϧ
ΪʔΛද 1.1ʹࣔ͢ɽH2O-Mෳ߹ମͷ݁߹ΤωϧΪʔɼرΨε͕ͬͱখ͘͞ɼر
ΨεͷதͰࢠݪ൪߸͕େ͖͘ͳΔʹͭΕͯ݁߹ΤωϧΪʔ͕େ͖͘ͳΔɽࢠۃΛ

ͭ NH3 ͱ H2O ਫૉ݁߹Λܗ͢ΔͨΊɼ͓͓ΑͦرΨεͷ 10 ഒఔͷ݁߹Τωϧ
ΪʔΛ͍ࣔͯ͠ΔɽCO2, N2 ࢠۃ࢛Λͨͭ࣋Ίʹ vdWෳ߹ମͷதͰେ͖ͳ݁߹Τω
ϧΪʔΛ͕ͭ࣋ɼCH4 ͦͷରশੑ͔ΒଟࢠݪࢠͰ͋Γͳ͕Βࢠۃ࢛,ࢠۃΛͣͨ࣋,
ീ͔ࢠۃΒ࣍ߴͷଟ͕ࢠۃدʹྗؒࢠ༩͢ΔͨΊɼ݁߹ΤωϧΪʔൺֱతখ͞ͳΛ

ࣔ͢.
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ද 1.1 H2O-Mෳ߹ମͷ݁߹ΤωϧΪʔ De (kJ/mol)ɽM = Ne, Ar, Kr, Xe, H2, O2, N2,
CH4, CO2, NH3, H2O. Լ͖ͷ g ͱ s ߏҟੑମΛҙຯ͠ɼͦΕͧΕ҆࠷ఆߏ
(Global Minimum)ͱ४҆ఆߏ (Secondary Minimum )Λҙຯ͢Δɽ

M De (kJ/mol)
Ne [77, 78, 86, 87] 0.79
Ar 1.34 [79], 1.72 [77, 78, 86, 87]
Kr [93] 2.03
Xe [93] 2.29
H2 [82] 2.40
O2 [79] 3.02
CH4 [83] 3.95g , 2.67s
N2 [79, 88] 5.44
CO2 [94–96] 12.6
NH3 [97] 26.8
H2O 20.9 [33, 79], 21.4 [98]

1.3.2 த֎ྖҬʹ͓͚Δ vdWෳ߹ମͷޫڀݚ

த֎ྖҬͰɼHeӷణத NeϚτϦοΫεதʹ͓͍ͯ vdWෳ߹ମ͕؍ଌ͞Ε͍ͯ
ΔɽKumaΒ͕ͨͬߦ Heӷణதʹ͓͚Δ H2O-O2, -Ar, -N2 ෳ߹ମͷσϓϨογϣϯޫ

ʹΑͬͯɼH2O-O2ͱ H2O-Arෳ߹ମதͷ H2O΄΅ࣗ༝ճస͢Δ͕ɼH2O-N2ෳ߹ମͷ

߹ɼH2Oͷճస્͕͞ΕΔ͜ͱ͕໌Β͔ʹͳͬͨ [89,99]ɽH2Oͷ ν3ৼಈ*7ͷ֎

ɼN2ڧऩٵ ͱෳ߹ମΛܗ͢Δ͜ͱͰ 30 %૿Ճ͢Δͱใ͞ࠂΕ͍ͯΔɽ·ͨɼH2O
ͱ Arؒͷҟํతͳ૬࡞ޓ༻ͷ͍ͤͰɼෳ߹ମதͷ H2Oͷճస४ҐɼH2O-Ar࣠ͷ֯
ӡಈྔͷࣹӨ mj ʹґଘͯ͠྾͢ΔɽH2O ͼٴ H2O-Ar ͷΤωϧΪʔ४Ґͷࣜ
ਤΛਤ 1.12ʹࣔ͢ɽΣ, Π, ∆ɼͦΕͧΕ |mj | = 0, 1, 2ʹରԠ͢ΔɽH2O-O2  H2O-Ar
ͷߏͱΑ͍ͯ͘ࣅΔͨΊɼਤ 1.12ͱಉ༷ͷΤωϧΪʔ४ҐΛͭ࣋ɽKumaΒͷ Heӷణ
தͰͷ࣮͔ݧΒɼH2O-O2 ͷ߹ͷ Σ(000)͔Β Σ(101)ͷ४ҐͷִؒɼH2O-Arͷͱ͖
ͷ͓͓Αͦ 80%Ͱ͋Δ͜ͱ͕Θ͔ͬͨɽͨͩ͠ɼArϚτϦοΫεதͰɼH2O-O2 ͷ

H2Oͷճస੍͞ΕΔͱ͍͏ใࠂ͋Δ [100]ɽ
ɹ NeϚτϦοΫεதͰɼH2O-H2, -N2, -CO2 ෳ߹ମͷத֎ޫଌఆ͕ߦΘΕɼͦΕ

ͧΕͷෳ߹ମʹ༝དྷ͢ΔϐʔΫͱزԿֶతߏ͕ಛఆ͞Εͨ [84, 90, 91]ɽؾ૬, Heӷణ,

*7 2.1.1Λࢀরɽ
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between H2O and Ar causes splitting of the rotational levels of
H2O in the complex depending on mj, the projections of the
angular momentum onto the Ar-H2O axis. A schematic diagram
of the rotational energy levels of H2O and Ar-H2O is shown
in Figure 3. The |mj| ) 0, 1, and 2 components are labeled as
Σ, Π, and ∆, respectively. The H2O molecule has two nuclear
spin isomers, namely, para (I ) 0) and ortho (I ) 1), which are
treated separately in Figure 3. Nesbitt and Lascola17,18 observed
two bands for ortho Ar-H2O in the gas phase at 3737.81 cm-1

[Σ(000) r Σ(101)] and 3726.38 cm-1 [Σ(000) r Π(101)], along
with one transition for para Ar-H2O at 3782.44 cm-1

[Π(101)r Σ(000)]. Therefore, the bands observed at 3736.1 and
3779.7 cm-1 in this study can be assigned to the ortho Σ(000)
r Σ(101) transition and the para Π(101) r Σ(000) transition,
respectively, of Ar-H2O in He droplets. Conversely, the Σ(000)
r Π(101) band of the Ar-H2O complex in the vicinity of the
000 r 101 transition of H2O could not be clearly identified in
the present work. This is in agreement with the low temperature
of T ) 0.4 K in He droplets; that is, only the lowest energy
level of each nuclear spin manifold is populated, namely, Σ(000)
for para and Σ(101) for ortho water molecules. The band at
3770.8 cm-1, in the vicinity of the 101r 000 transition of H2O,
is assigned to the Σ(101)r Σ(000) transition, which is predicted
to be at 3771 cm-1 in the gas phase.18 This band has not been
observed in the gas phase despite the fact that the intensity of
the Σ(101) r Σ(000) transition should be comparable to that of
the Π(101) r Σ(000) transition. This was explained by the
broadening of the linewidth as a result of the fast predissociation
of the Ar-H2O complex in the V3 ) 1, Σ(101) state.18 Because
the line has not been observed, Nesbitt and Lascola estimated
the linewidth of the Σ(101) r Σ(000) band in the gas phase to
be broader than 0.03 cm-1.18 This is much smaller than the laser
linewidth in the present work of about 1 cm-1. In addition, the
dynamics of the relaxation processes in the complex can be
influenced by the presence of the He environment. Finally, the
bands at 3799.2 and 3805.2 cm-1 can be assigned to the Σ(202)
r Σ(101) and Π (202) r Σ(101) transitions, respectively, of the
Ar-H2O complex because of the proximity of these transitions
to the 202r 101 transition of H2O. However, these assignments
are tentative because of the low signal-to-noise ratio. As shown
in Table 1, the total intensities of para and ortho species of the
Ar-H2O complex were found to have a ratio of about 1:3.3
with 30% uncertainty, which reasonably agrees with the
expected ratio in water molecules of 1:3.

The results of this work indicate that the 101 (v3 ) 1) state of
H2O in the Ar-H2O complex is split into two components,

Σ(101) and Π(101), with a separation of 8.9 cm-1. The splitting
is 2.5 cm-1 smaller than that of the Σ(101) and Π(101) levels in
the V3 ) 0 ground state of the gas-phase Ar-H2O complex.17

By assuming that the rotational structure is the same for both
the V3 ) 0 ground state and the V3 ) 1 vibrationally excited
state in He droplets, we found the band origin in He droplets to
be 3753.5 cm-1. We obtained this value by averaging the
frequencies of the Σ(101) r Σ(000) and Σ(000) r Σ(101)
transitions. The value of 3753.5 cm-1 in He droplets is very
close to the ν3 band origin of 3754.63 cm-1 for the Ar-H2O
complex in the gas phase.17 Under the same assumption, the
energy difference between the Σ(000) and Σ(101) states in He
droplets was obtained to be 17.4 cm-1, whereas the gas-
phase value is 17.1 cm-1.17,18 The fairly good agreements of
these values in He droplets and in the gas phase suggest that
the Ar-H2O intermolecular potential in He droplets is quite
similar to that in the gas phase, because of a very weak
perturbation in the He environment. The rotational constant B
of the Ar-H2O complex in the gas phase has been determined
to be about 0.1 cm-1.17-21,23-26,28 Because of the low spectral
resolution in the present work, the band structure resulting from
the end-over-end rotation of the complex could not be resolved
in Figure 2b.

The structure of the ν3 band of the O2-H2O complex in He
droplets is very similar to that of the Ar-H2O complex. This
suggests that H2O exhibits almost free internal rotation in the
O2-H2O complex and that the energy diagram in Figure 3 is
applicable to the O2-H2O complex as well. It should be noted
that the internal rotation of H2O in the O2-H2O complex is
quenched in a solid Ar matrix.30 The assignments of the
O2-H2O transitions are shown in Figure 2c; corresponding
frequencies and intensities are listed in Table 1. The splitting
between the Σ(101) and Π(101) levels in the V3 ) 1 vibrationally
excited state of O2-H2O is 5.4 cm-1 in He droplets. Assuming
the same rotational structure for both the V3 ) 0 ground state
and the V3 ) 1 vibrationally excited state, as in the case of
Ar-H2O, we found the band origin of the O2-H2O complex
to be 3753.8 cm-1 and the separation of the Σ(000) and Σ(101)
levels to be 14.3 cm-1. The derived spacing between the Σ(000)
and Σ(101) levels in the O2-H2O complex is about 80% of that
in the Ar-H2O complex, and the splitting between the Σ(101)
and Π(101) levels in the O2-H2O complex is about 60% of that
in the Ar-H2O complex.

Table 1 shows that the relative intensities of the Σ(000) r
Σ(101), Σ(101)r Σ(000), and Π(101)r Σ(000) transitions are quite
similar between the Ar-H2O and O2-H2O complexes. The

Figure 3. Rovibrational energy levels of the ground (ν3 ) 0) and the vibrationally excited (ν3 ) 1) states of isolated H2O and H2O in Ar-H2O.
Levels for (a) para and (b) ortho nuclear spin species. The vertical arrows show the transitions observed in this study.

Infrared Spectra Ar-H2O and O2-H2O Complexes J. Phys. Chem. A, Vol. 114, No. 34, 2010 9025

ਤ 1.12 H2Oٴͼ H2O-ArͷৼಈճసΤωϧΪʔ४Ґɽৼಈͷجఈঢ়ଶ (ν3 = 0)͔Β
ঢ়ଶىྭ (ν3 = 1)ؒͷભҠΛࣔ͢ɽ(a) para-H2Oɼ(b) otrho-H2OɽҹɼKumaΒͷ
ଌ͞ΕͨભҠΛࣔ͢؍Ͱݧ࣮ [89]ɽ

Ne, Ar ϚτϦοΫεதʹͨ͠ H2O ͱ H2O-Mn (M=H2, N2, CO2) ෳ߹ମͷ ν3 ͼٴ

ν1 ৼಈΛද 1.2 ʹࣔ͢ɽH2O-N2 ͰɼH2O ͕෦ճసͰ͖ͳ͍ͨΊʹਨભҠ (⊥)
ͱฏߦભҠ (‖)ʹΑΔٵऩϐʔΫ͕؍ଌ͞Ε͍ͯΔɽෳ߹ମΛܗ͢Δͱɼν3 ৼಈํ
ภҠ͠ɼν1 ৼಈ੨ํภҠ͢Δʹ͋Δ͜ͱ͕Θ͔Δɽ

1.3.3 ෳ߹ମͷزԿֶతߏ

H2O-H2 ෳ߹ମɼH2 ͷ֩εϐϯঢ়ଶʹΑͬͯɼਫͱෳ߹ମΛܗͨ͠ͱ͖ͷزԿֶ

తஔ͕ҟͳΔ͜ͱ͕ϞϯςΧϧϩࢉܭʹΑͬͯ໌Β͔ʹͳ͍ͬͯΔ [82]ɽortho-H2 (શ
֩εϐϯ: I = 1) ͷ߹ɼෳ߹ମΛܗ͢Δͱ H2O ͕ཅࢠͷ Acceptor ͱͳΓɼH2 ͷ

ͱ࣠ࢠ H2O ͷରশ͕࣠ಉҰઢ্ʹ͋ΔΑ͏ͳߏΛͱΔɽҰํɼpara-H2 (શ֩εϐ
ϯ: I = 0)ͷ߹ɼH2O͕ཅࢠͷ DonorͱͳΓɼOHͷઌʹ H2 ͕Ґஔͨ͠ߏΛͱΔɽ

H2O-N2 ෳ߹ମɼਤ 1.13(1)ʹࣔ͢Α͏ʹ O-H-N͕ઢ্ʹ͋ΔΑ͏ͳߏΛͱΔ͜ͱ
͕໌Β͔ʹͳ͍ͬͯΔ [99]ɽH2O-CO2 ෳ߹ମɼਤ 1.13(b)ͷ Structure 1, Structure 2Ͱ
ࣔ͢Α͏ͳ CO2 ͷ Oͱ H2Oͷ O͕݁ͼ͍ͭͯ C2v  Cs ରশੑΛͭ࣋Α͏ͳ Tܕࣈͷ
͕҆ఆͱ༧ଌ͞Ε͍ͯΔߏ [92]ɽ
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ද 1.2 ,૬ؾ Heӷణ, ArϚτϦοΫεதʹͨ͠ H2O୯ྔମͱMn-H2O (M = H2,
N2, CO2) ෳ߹ମͷ ν3 ͼٴ ν1 ৼಈ (cm−1)ɽnr  ඇճస୯ྔମΛɼ-N2 ͱ -(N2)n
 ͦΕͧΕ H2O-N2 ͱ H2O-(N2)n Λɼ-CO2 ͱ -(CO2)n  ͦΕͧΕ H2O-CO2 ͱ

H2O-(CO2)n Λࣔ͢.

Assignment Gas [101] He [99, 102] Ne [84] Ar [91, 103–105]
ν3 band

000 → 101 3779.493 3783.3 3756.6
nr 3755.929 3655.8 3761.0 3736.0

-H2(000 → 101) 3773.9
-H2(nr) 3742.3
-N2(‖) 3749.8 3731.2, 3729.6
-N2(⊥) 3755.5
-(N2)n 3731.8
-CO2 3760.3, 3754.5

ν1 band
nr 3657.053 3655.8 3665.4 3638.3

-N2(‖) 3649.9 3640.1, 3639.8
-N2(⊥) 3655.6
-(N2)n 3642.1
-CO2 3664.8

of the droplet size distribution, scattering of the droplet beam
at high pickup pressure, and the decrease of the droplet size
upon multiple pickup events, which could not be precisely
quantified at present. The estimated errors (1σ) are also listed
in Table 1. In the range of the ν1 bands, the error bars are
estimated to be(50% which are larger because of the weakness
of the signal. In the spectral range of the ν3 band, some
additional error may be introduced by partial overlap of the
bands of the N2-H2O and the (N2)2-H2O complexes. In this
case, the IR intensity of the N2-H2O complexes would be
somewhat overestimated. IRIs of the N2-(H2O)2 and (N2)2-
H2O complexes were obtained in a similar way and compiled
in Table 1. To study the accuracy of the method, we performed
a similar study of the Ar-H2O complexes, which will be
described in a forthcoming paper.30 The measured value of the
IRI of the Ar complexes of water in the range of the ν3 mode
was found to be the same as that of single water molecules, to
within 30% accuracy. This result is expected for Ar-H2O
complexes bound by weak van der Waals forces and therefore
serves as an additional proof of the accuracy of the intensity
measurements in He droplets.

Discussion
It is seen that the ν3 band of the N2-H2O complexes has

two peaks at 3749.8 and 3755.5 cm-1 with an intensity ratio of
about 5.5:1. Theoretical calculations5,7,10,11 and microwave
spectroscopic studies9 show that the nitrogen molecule in the
complex is bonded to an H-atom of the water molecule in an
approximately collinear configuration. Therefore, the complex
is expected to have a large rotational constant A. Thus, we assign
the two peaks to the parallel (a-type) and perpendicular (b-type)
component bands of the N2-H2O complexes. The frequency
of the parallel band approximately equals the position of the
band origin of the transition. The splitting of the two components
of 5.7 cm-1 approximately equals the rotational constant A of
the complex in helium. From the intensity ratio of the subbands,
the angle of the transition dipole moment of the ν3 mode with
respect to the inertial a-axis of the complex was determined to
be 25 ( 5°. The value of (B + C)/2 for the free complex was
obtained previously9 to be somewhat less than 0.1 cm-1.
Therefore, the rotational structure of the bands due to the end-
over-end rotation of the complex could not be resolved in the
present work. We did not observe any additional spectral
splitting. This indicates that the internal rotational motion of
the H2O molecule in the complex is quenched, and the splitting
due to tunneling motion of either H2O or N2 is smaller than the

laser line width of 1.0 cm-1, in agreement with previous studies.9
In contrast, spectra of the Ar-H2O and O2-H2O complexes in
helium droplets indicate internal rotation of water molecules in
the complex,30 which is, in the case of the Ar-H2O complex,
in agreement with previous studies.31,32
Leung et al.9 deduced the angle θ between the a-axis of the

complex and the C2 axis of the water molecule in the complex
from two different microwave measurements. An angle of θ )
63° was derived from the results of the Stark experiments. A
different angle of θ ) 43° was obtained from the value of the
quadrupole coupling constants eQq of the 17O atom in the N2-
H217O complex. Our result of θ ) 65° (θ ) 90° - 25°) is in
good agreement with the former. This is reasonable since the
result of this work is based on the average of the dipole moment,
which must be compared with the value determined by the Stark
experiments, but not with that determined by eQq. It should be
noticed that experiments cannot distinguish between the four
structures with (θ and 180° ( θ. Theoretical calculations5,7,11
predict that the complex has a planar structure, and the nearest
H- and N-atoms are on the same side of the line connecting the
center of mass of the N2 and H2O units whereas the oxygen
atom is on the opposite side.
The structure of the complex, which is in agreement with

the Stark measurements,9 is shown in Figure 4. The angle φ
between the a-axis and the N2 molecular axis, and the distance
R between the centers of mass of the N2 and H2O molecules,
were deduced from the rotational constant A ) 5.7 cm-1, which
was obtained in this work, and the rotational constant (B + C)/2
) 0.0955 cm-1 from ref 9. The angle θ was fixed at 63°. We
determined the angle φ as 31° and the center of mass separation
of the molecules in the complex R as 3.88 Å. By comparison,
two configurations, φ ≈ 0° and R ) 3.86 Å and φ ≈ 21° and
R ) 3.91 Å, both for θ ) 43°, were estimated in ref 9. A value
φ ) 24° was estimated from quadrupole splitting due to N2
molecules.1 The rotational constant A could not be obtained in
ref 9. A rigid complex having φ ) 24° and θ ) 63° has a

TABLE 1: Band Center Frequencies and IRIs of the Complexes of Water and Nitrogen Molecules in He Droplets

complex band assignment frequency (cm-1)a
intensity relative to the corresponding

band of H2O or (H2O)2b

H2O ν3 3755.1c 1d
ν1 3655.8c 1d

N2-H2O ν3, parallel 3749.8 1.1 (0.2)d 1.3 (0.3)d
ν3, perpendicular 3755.5 0.2(0.1)d
ν1, perpendicular 3655.6 1.6 (0.8)d 1.9 (0.9)d
ν1, parallel 3649.9e 0.3 (0.15)d,e

(N2)2-H2O ν3 3746.2 1.2 (0.4)d
ν1 3652.5 1.1 (0.5)d

(H2O)2 dangling OH stretch
of H-donor molecule

3729.9c 1.6(0.5)d,f

ν1 of H-acceptor 3654.4c 1.5 (0.7)d,f
N2-(H2O)2 H-donor dangling 3728.3 1.1 (0.7)g

ν1 of H-acceptor 3648.6 2.7 (1.3)g

a Absolute accuracy (0.5 cm-1 (relative accuracy is (0.1 cm-1). b Numbers in parentheses are error limits (1σ). c Reference 24. d Ratio relative
to the corresponding band of H2O molecules. e Predicted from the splitting and intensity ratio of the parallel and perpendicular components of the
ν3 band of the N2-H2O complexes. f Reference 39. g Ratio relative to the corresponding band of (H2O)2.

Figure 4. Structure of the N2-H2O complex obtained in this work.
The N2 and H2O units are fixed to their equilibrium structures. The
horizontal dashed line gives the a-inertial axis of the complex.
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species.16 In the symmetric (ν1) as well as the asymmetric (ν3)
stretching regions of HOD, three features were detected and
attributed to the CO2/HOD complex. They are a doublet and a
lower-frequency band with a shift larger than 4 cm!1 between the
doublet and the lower-frequency feature. This result suggested
the existence of two structures for the weakly bound CO2/H2O
complex: one ofC2v and the other ofCs symmetry (see Figure 1).
Force constant calculations and ab initio calculations were also
used to support their findings. Their calculated energies of the
two structures differ by less than 0.01 kcal mol!1, with a
stabilization energy of 1.97 kcal mol!1. In the CO2 bending
mode region (ν2), two features at 665.2 and 656.3 cm!1 were
detected and assigned to the CO2/H2O complex, which are in
good agreement with the results6 by Fredin et al. In addition, one
band in the CO2 asymmetric stretching region (ν3) and five
bands corresponding to the H2O fundamentals (two each for ν1
and ν3, and one for ν2) were also observed and assigned to the
CO2/H2O complex. Their results are in agreement with those of
Fredin et al., except that more bands are detected by Schriver
et al. due to their higher spectral resolution.

On the basis of the findings by Schriver et al., there should be
four vibrational bands of the CO2/H2O complex corresponding
to the fundamental bending mode (ν2) of CO2 (two for each
structure). In the CO2 monomer, the out-of-plane and in-plane
bending modes are degenerate, but in the CO2/H2O complex,
that degeneracy is broken. For each structure of the CO2/H2O
complex, there are two frequencies corresponding to the funda-
mental bending mode (ν2) of CO2: out-of-plane and in-plane.
Therefore, four bands should be observed for the two structures
of the complex in the CO2 bending mode region. However, only
two were observed at 665.2 and 656.3 cm!1. In this work, we
report the detection of a third vibrational band at 660.3 cm!1 that
belongs to the CO2/H2O complex in the CO2 fundamental
bending frequency region. In addition, the band at 3604.4 cm!1

is attributed to a CO2 and H2O complex and tentatively assigned
to the CO2/H2O complex band corresponding to the CO2
combination mode (ν3 + 2ν2). A feature that belongs to the
CO2 and H2O complex at 3623.8 cm!1 is tentatively assigned to
the (CO2)2/H2O complex band corresponding to the symmetric
stretching mode (ν1) of H2O.

’EXPERIMENT

The room-temperature gas mixture of CO2 (Air Products,
>99.9% pure), H2O (distilled), and N2 (Airgas, Ultra Pure
Carrier grade, >99.9993%) was made in a 1.2 L volume reservoir
with a pressure of 1.1 atm. The pressure was measured using a
capacitance monometer. The mixture was injected through
Teflon tubing (3/8 in. o.d. and 1/4 in. i.d.) onto a cold CsI
window. The Teflon tubing was mounted to the vacuum shroud
of an Advanced Research System (ARS) two-stage closed-cycle
helium cryostat, approximately 2 cm away from the cryogenic CsI
window. The flow (or the deposition rate) was adjusted with a
needle valve; the deposition rate was roughly 24 mmol/h of the
gas mixture. The cold CsI window was kept at 10.0 ( 0.5 K
during the deposition and then cooled to 4.5 K for spectral
collection. The infrared absorption spectra were measured using
a Nicolet Magna 560 Fourier transform infrared spectrometer
with a deuterated L-alanine-doped triglycine sulfate (DLaTGS)
detector. The ARS cryostat is equipped with a pair of CsI side
windows that are traversed by the IR beam. The spectra were
collected at resolutions of 0.25 and 0.5 cm!1 with Happ-Genzel
apodization. A typical data collection time is about an hour. For
the annealing experiment, the matrix was warmed up to 20 K
after deposition at 10 K, then cooled to 4.5 K for spectral
collection.

’RESULTS AND DISCUSSION

The experiments were conducted with different concentration
ratios of a CO2/H2O/N2 gas mixture. Figures 2!9 illustrate the
IR spectra in different frequency ranges. Table 1 summarizes our
measured vibrational frequencies of the CO2/H2O complex, the
CO2 monomer and dimer, H2O monomer and dimer, and a
possible (CO2)2/H2O complex.
CO2 Vibrational Regions.
Bending Mode ν2 (640!670 cm!1). Figure 2 shows the

spectra collected at 4.5 K after deposition at 10 K, with five
different [CO2]:[H2O]:[N2] concentration ratios. In this region,

Figure 1. Structures of the CO2/H2O complex calculated with BSSE/
MP2/aug-cc-PVTZ by Schriver et al. (ref 16). The bond length is in
angstroms, and the bond angle is in degrees. For the structure with
C1 symmetry calculated using MP2/aug-cc-pVTZ (ref 15), the heavy
atoms and one of the hydrogen atoms are essentially coplanar, and the
remaining OH bond projects out of this quasi-plane; it is similar to
Cs symmetry here except that one of the OH bonds projects out of
the plane.

Figure 2. Spectra in the CO2 bending mode (ν2) region collected at
4.5 K after deposition at 10 K, with five different [CO2]:[H2O]:[N2]
concentration ratios. From bottom to top: black trace, [CO2]:[H2O]:
[N2] = 0:20:700; blue trace, [CO2]:[H2O]:[N2] = 1:0:700; green
trace, [CO2]:[H2O]:[N2] = 1:1:700; brown trace, [CO2]:[H2O]:
[N2] = 1:3:700; red trace, [CO2]:[H2O]:[N2] = 1:10:700. The black
bullets (b) indicate the CO2/H2O complex bands.

(b)

ਤ 1.13 H2O-N2 ͼٴ H2O-CO2 ෳ߹ମͷزԿֶతߏɽ(a) H2O-N2 [99]ɼ(b) H2O-CO2 [92]ɽ
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1.3.4 ਫ-ϝλϯෳ߹ମͷزԿֶతߏ

1990 ͡Ίʹ H2O-CH4 ෳ߹ମͷཧߦ͕ڀݚΘΕɼ̎ͭͷ҆ఆߏ͕ࣔ͞Ε

ͨ [106–108]ɽ̍ͭ H2O͕ཅࢠͷ DonorͱͳΓɼOH͕ CH4 ͷ̏ͭͷ HࢠݪͰͭ͘Δ
໘ͷத৺Λ௨Γ Cͱ݁߹͢Δ (Water Donor: WD)ߏͰ͋Δɽ͏̍ͭ H2O͕ཅࢠͷ
AcceptorͱͳΓɼCH4 ͷ H͕ࢠݪ H2Oͷ Oͱ݁߹͢Δ (Water Acceptor: WA)ߏͰ͋
ΔɽSzczȩśniakΒɼMP4๏Λ༻͍ͯH2O-CH4ෳ߹ମͷ̓ͭͷߏҟੑମʹ͍ͭͯ PES
ͷൺֱΛ͍ߦɼWDߏ͕҆࠷ఆͱஅͨ͠ɽ͜Ε NovoaΒ͕ SCF๏ MP2๏Λ༻
͍ͯ༧ଌͨ݁͠ՌͱҰக͍ͯ͠Δ [106]ɽͦͷҰํͰɼWoon Β͕ใͨ͠ࠂ HF ๏Λ༻
͍ͨୈҰݪཧࢉܭͷ݁Ռ͔ΒɼWA ఆͱ͞Εͨ҆࠷͕ߏ [107]ɽۙͷ QuΒ͕ୈҰ
ͷ݁߹ΤωϧΪʔɼͦΕͧΕߏͱWAߏΊͨWDٻΒ͔ࢉܭཧݪ 3.95 kJ/mol, 2.67
kJ/mol Ͱ͋ΓɼWD ɼWAߏఆ҆࠷͕ߏ Ε͍ͯΔ͞ࠂͱใߏ͕४҆ఆߏ [109]ɽ
H2O-CH4 ෳ߹ମͷ̎ͭͷ҆ఆߏΛਤ 1.14ʹࣔ͢ɽ࣮ݧͰɼ18-35.5 cm−1 ͷԕ֎

ྖҬʹ͓͚Δ H2O-CH4 ͷ VRT ޫ [110] ɼύϧεԽϊζϧࣹΛ༻͍ͨ H2O-CH4

ͷϑʔϦΤมϚΠΫϩޫ ΘΕ͍ͯΔɽ͜ΕΒͷԕ֎ɾMHzߦ͕[111] ྖҬʹ͓
͚Δෳ߹ମͷճసεϖΫτϧͷଌఆ͔Βɼෳ߹ମͷߏ WD Ͱ͋Δ͜ͱ͕ཪߏ
͚ΒΕ͍ͯΔɽOhshima Β CH4-HCl ෳ߹ମʹؔ͢ΔڀݚͰɼCH4 ͱ HClͷؒͷࢠ
ؒϙςϯγϟϧͷҟํੑ͔ͳΓখ͍ͨ͞ΊɼCH4 ෳ߹ମ෦Ͱଋറճస͢Δ͜ͱΛ

໌Β͔ʹͨ͠ [112]ɽVRT ޫͷ݁ՌɼDore ΒɼCH4 ͕ෳ߹ମͰճస͢Δ͜ͱͱɼ

H2O-CH4 ෳ߹ମͱ H2O-Arෳ߹ମͱͷྨ͔ੑࣅΒɼH2O-CH4 ෳ߹ମͷ VRTΤωϧΪʔ
४Ґɼෳ߹ମதͷͦΕͧΕͷࢠͷճస४Ґͱ͍ڧ૬ؔΛࣔ͠ɼෳ߹ମதͷ H2O ͱ
CH̐ ͦΕͧΕ෦ճస͢Δ͜ͱΛใ͍ͯ͠ࠂΔ [110]ɽ
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Intensities of vibrational transitions were calculated using
the ‘‘dump-restart’’ procedure in MULTIMODE, as described in
ref. 51. In brief, the wave functions of different vibrational
eigenstates were extracted and the transition elements calculated
according to

Raif =
Ð
Ci(Q)ma(Q)Cf(Q)dQ, (9)

where Q is the set of normal coordinates and ma(Q) is the a
component (a = x, y, z) of the dipole moment. Ci and Cf are the
initial and final state of the transition. The intensity is proportional
to the wavenumber (n) of the transition multiplied by the square of
the 2-norm of the three transition element vector [Rxif Ryif Rzif]:

Iif / n
X

a
Raifj j2: (10)

3 Results and discussion
3.1 Fitting accuracy and binding energy

The energy distribution of the 30 467 points and the cumulative
rms error of PES2b-PI are shown in Fig. 2. Many points were
sampled in the attractive region to ensure a good description
near the potential minima. In addition, more than 10 000 energies
are in the range from !50 to 50 cm!1. Most of the corresponding
geometries have a large C–O distance, so the interaction is very
weak. This set of points forces PES2b-PI towards the correct zero
value of the intrinsic two-body energy at large monomer
separation.

The parameters of PES2b-P24 were determined by non-linear
least squares minimization, as usual, and are given in Table 1.
The computational efficiency of the three two-body potentials
was determined by calculating the time needed for 50 000 potential
calls averaged over batches of ten repetitions. Table 2 reports
the number of coefficients, energy-dependent rms errors, and
computational times for the three two-body potentials. PES2b-PI,
as expected, is the most accurate one. PES2b-CSM removes all the
terms containing intramolecular distances, so the number of
coefficients is decreased by an order of magnitude. The effect is
that potential calls are much faster, and only 8% of the time for
PES2b-PI is necessary. PES2b-CSM is globally less accurate with a

higher rms fitting error but as seen below still quite accurate.
Finally, PES2b-P24 is characterized by an even larger rms error,
while the very reduced number of coefficients yields only a
partial reduction of computational costs. The reason is that the
mathematical expressions to evaluate in the case of PES2b-P24
(eqn (4) and (5)) are much more computationally expensive than
the Morse variables.

Two minima are located on the PESs. Both PES-PI and PES-
CSM reproduce the correct geometries indicated in Fig. 3. In
the lower-energy one the water monomer is a hydrogen bond
donor, while it becomes an acceptor in the higher-energy
minimum. Both of the two minima have Cs symmetry. Selected
bond lengths and bond angles of the two minima are listed in
Table 3, from direct ab initio optimization and the PES-PI. The
optimized geometries from PES-PI agree very well with the
CCSD(T)-F12b/haTZ ones, which is expected due to the small
fitting error. In addition, our geometries agree well with pre-
vious calculations, as shown in the table. The energies of the
minima on the PESs as well as the ab initio results with and
without CP correction are listed in Table 4. The CP correction

Fig. 2 Energy distribution of the 30 467 points and cumulative rms error
of PES2b-PI.

Table 1 Parameters for the pairwise fitted two-body potential (PES2b-P24)

C–O C–HW HM–O HM–HW

C6 1.1875 2.3968 0.7648 8.6842
C8 0.9954 0.8829 0.8904 0.9811
C10 0.9996 0.9879 0.9893 0.9799
A 1.3898 15.5380 5.1553 5.3966
b 1.3135 2.3858 1.8655 1.9730
R0 1.0022 1.6074 1.4605 0.4248

Table 2 Number of coefficients, rms fitting error for different energy
regions (cm!1), and computational times (arbitrary units) for the three two-
body PESs. The computational time for PES2b-PI is arbitrarily set equal to
100 to facilitate the comparison

PES2b-PI PES2b-CSM PES2b-P24

No. of coeff. 10 220 841 24
rms (E o 0) 3.4 39.8 135.4
rms (0 o E o 1500) 3.5 95.0 265.2
rms (E 4 1500) 3.5 162.6 643.1
rms (total) 3.5 64.1 204.1
t 100.0 8.0 5.6

Fig. 3 Structures of the two stationary points on the PES: (a) global
minimum; (b) secondary minimum.
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ਤ 1.14 H2O-CH4 ෳ߹ମͷ̎ͭͷ҆ఆߏ [109]ɽ(a)҆࠷ఆߏ (WDߏ), (b)४҆
ఆߏ (WAߏ)ɽ
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1.4 ٴͼڀݚత

ຊڀݚͰɼرΨεϚτϦοΫεதͷਫΫϥελʔͷੜ ·աఔͱਫΫϥελʔ-Ϛ
τϦοΫεؒ૬࡞ޓ༻ͷཧղΛਐΊΔͱͱʹɼத֎ྖҬʹ͓͚Δਫ-ϝλϯෳ߹ମͷ
ͱัଊαΠτΛ໌ΒߏԿֶతزऩϐʔΫΛಛఆ͠ɼϚτϦοΫεதʹ͓͚Δෳ߹ମͷٵ

͔ʹ͢Δ͜ͱΛతͱͨ͠ɽ۩ମతͳͱతΛҎԼʹࣔ͢ɽ

1) ΫϥελʔαΠζͷ H2O ೱґଘੑɼHirabayashi Β͕ Ne ϚτϦοΫε
Λ༻͍࣮ͨݧͰใ͞ࠂΕ͓ͯΓɼ̒ྔମ·ͰͷٵऩϐʔΫͷؼଐ͕ࣔ͞Εͨ [9]ɽ
D2O ೱґଘੑʹ͍͍͔ͭͯͭ͘ͷใ͕͋ࠂΔͷͷ [36, 113]ɼ͍ڱ৳ॖৼಈ
ྖҬ ( 2420 - 2820 cm−1 )Ͱ͔ࣔ͠͞Ε͍ͯͳ্͍ʹɼ4ྔମҎ্ʹ༝དྷ͢Δϐʔ
Ϋͷৄࡉͳؼଐઌ͕͖ͬΓͱࣔ͞Ε͍ͯͳ͍ɽຊڀݚͰɼ͜Ε·Ͱʹใ͞ࠂΕ

ͨ D2OΫϥελʔʹ༝དྷ͢ΔٵऩϐʔΫͷؼଐͷଥੑΛ্ͤ͞ɼᐆດͩͬͨ
ଐઌΛ໌Β͔ʹ͢Δɽ۩ମతʹɼArؼऩϐʔΫͷٵ ϚτϦοΫεதʹ͓͚ΔΫ
ϥελʔαΠζͷ D2OೱґଘੑΛൣғʹͬͯࣔ͠ɼDFTࢉܭͷ݁Ռͱ
ͷൺֱ͔Βɼ6ྔମҎ্ͷٵऩϐʔΫΛผ͢Δɽ

2) Ξχʔϧʹ͏ਫࢠͷϚτϦοΫε֦ࢄʹΑΔΫϥελʔɼرΨεϚτ
ϦοΫεத [10]ͱ CH4 ϚτϦοΫεத [20]Ͱ֬ೝ͞Ε͍ͯΔɽ͔͠͠ɼ͜ΕΒͷ
ͬߦͰɼͦΕͧΕͷϚτϦοΫεछʹ͍ͭͯ୯ҰͷԹ*8Ͱ͔͠ΞχʔϧΛڀݚ

͍ͯͳ͍ɽYamakawa ΒɼNaCl ݩ࣍ೋͨ͠ॖڽʹ൘্ج H2 ϚτϦοΫεதͷ

H2O Ϋϥελʔʹ͍ͭͯɼج൘ͷԹ্ঢʹ͏ΫϥελʔαΠζͷมԽΛ
ఆྔతʹղੳ͍ͯ͠Δ͕ɼٵऩϐʔΫͷҐஔͱ෯Թʹґଘͯ͠ՄٯతʹมԽ͢

ΔͨΊɼΫϥελʔͷԹ্ঢͷ७ਮͳޮՌΛ໌֬ʹ͢ΔͨΊʹɼશͯಉ

͡ԹͰεϖΫτϧଌఆΛ͏ߦඞཁ͕͋ΔɽຊڀݚͰɼԹ্ঢʹΑΔϚτϦο

ΫεதͷΫϥελʔͷաఔΛ໌Β͔ʹ͢Δ͜ͱΛతͱͨ͠ɽࢼྉΛͨ͠ॖڽ

͋ͱʹɼԹΛஈ֊తʹ্͛ͳ͕ΒɼΞχʔϧΛ܁Γฦ͍͠ߦɼܾ·ͬͨԹͰε

ϖΫτϧଌఆ͢ΔɽεϖΫτϧ͔ΒಘΒΕΔ֤ΫϥελʔͷੵڧͱɼDFT ܭ
ΘΕͯ͜ͳ͔ͬͨΫϥߦΛͱʹɼ͜Ε·Ͱ΄ͱΜͲڧऩٵ֎ΒಘΒΕΔ͔ࢉ

ελʔͷఆྔతͳղੳΛ͍ߦɼԹ্ঢʹ͏ΫϥελʔͷաఔΛ໌Β͔

ʹ͢Δɽ

3) ΫϥελʔαΠζΛܾΊΔཁҼͱͯ͠ɼೱԹҎ֎ʹॖڽॏཁͳཁ
ૉͰ͋ΔʹؔΘΒͣɼॖڽͱΫϥελʔαΠζͷؔΛఆྔతʹࣔͨ͠

*8 Ne [10], Ar [10], CH4 [20], CD4 [20] ϚτϦοΫεͷΞχʔϧԹɼͦΕͧΕ 9 K, 30 K, 20 K, 17 K
ͩͬͨɽ
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ྫͳ͍ɽຊڀݚͰɼΫϥελʔαΠζͷॖڽґଘੑΛ໌Β͔ʹ͠ɼα

ΠζΛܾΊΔ্ͰͷॖڽͷॏཁੑΛࣔ͢ɽ

4) Hirabayashi ΒʹΑͬͯɼرΨεϚτϦοΫεதʹͨ͠ H2O Ϋϥελʔͷ
Bonded-OH৳ॖͷৼಈγϑτ͕໌Β͔ʹͳ͕ͬͨ [9, 14]ɼD2OΫϥελʔʹؔ
ͯ͠ܥ౷తͳௐ͕ࠪ͞Ε͍ͯͳ͍ɽຊڀݚͰɼBonded-OD ৳ॖৼಈͷϚτ
ϦοΫεछґଘੑΛࣔ͠ɼϚτϦοΫεγϑτͷಉҐମޮՌΛ໌Β͔ʹ͢Δɽ·

ͨɼرΨεϚτϦοΫεதͷ D2OΫϥελʔͷัଊαΠτΛ໌Β͔ʹ͢Δɽ
5) ਫ-ϝλϯෳ߹ମʹؔ͢Δྫڀݚগͳ͘ɼͱΓΘ͚த֎ྖҬͷڀݚօແͰ͋
ΔɽຊڀݚͰɼத֎ྖҬʹ͓͚Δෳ߹ମ༝དྷͷٵऩϐʔΫΛ؍ଌ͠ɼزԿֶత

ͱϚτϦοΫεதͷෳ߹ମͷัଊαΠτΛ໌Β͔ʹ͢ΔɽCH4ߏ ೱґଘੑͱ

Թґଘੑ͔Βɼத֎ྖҬʹ͓͚Δෳ߹ମ༝དྷͷٵऩϐʔΫΛಛఆ͠ɼϚτϦο

Ϋεதʹͨ͠ෳ߹ମͷزԿֶతߏͱัଊαΠτΛ໌Β͔ʹ͢Δɽ
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ୈ 2ষ

ࢠͷৼಈͱճసٴͼ֎ٵऩ

2.1 ࢠͷৼಈ

ଟࢠݪࢠʹ͓͍ͯɼ֩ࢠݪͷฏߧҐஔ͔ΒͷͣΕΛݩʹͦ͏ͱ͢Δ෮͕ྗݩϑοΫ

ͷ๏ଇʹै͏ͱ͢ΔۙࣅΛௐৼಈࣅۙࢠͱݺͿɽଟࢠݪࢠͷৼಈෳࡶͰ͋Δ͕ɼௐ

ৼಈۙࣅͷԼͰɼ͍͔ͳΔࢠͷৼಈج४ৼಈͱݺΕΔ؆୯ͳৼಈͷॏͶ߹Θͤ

ͰදͤΔɽҰൠʹ nݸͷ͔ࢠݪΒΔࢠ 3n - ݸ6 (ઢࢠ 3n - ४ৼಈجͷ(ݸ5
Λͭ࣋ɽج४ৼಈࢠͷߏͰܾ·Γɼྔ࣭ࢠݪɼྗͷఆ*1͕༩͑ΒΕΕɼͦͷৼ

ಈ͕ࢉܭͰ͖Δɽ

ɹྫͱͯ͠ ݟͷԽֶ݁߹ΛɼϑοΫͷ๏ଇ͕ΓཱͭͶͱؒࢠݪΔɽ͑ߟΛࢠࢠݪ2
ͳ͠ɼͶఆΛ kͱ͢Δɽ2ͭͷࢠݪͷ࣭ྔΛ m1ɼm2 ͱ͠ɼྔ࣭ࢉMͱ͢Δͱɼৼ
ಈ ν ɼ

ν =
1

2π

√
k

M

(
M =

m1m2

m1 +m2

)
(2.1)

ͱද͞ΕΔɽ͜ͷৼಈ৳ॖৼಈͱݺΕɼ2 ͭͷؒࢠݪͷڑ͕มԽ͢ΔӡಈͰ͋Δɽ
͜ͷৼಈΤωϧΪʔΛྔࢠԽ͢ΔͱɼৼಈΤωϧΪʔ Eɼ

E = hν
(
n+

1

2

)
(n = 0, 1, 2, · · ·) (2.2)

ͷΑ͏ʹࢄతͳΛͱΔɽ͜͜Ͱ nৼಈͷྔࢠͰ͋Δɽ࣮ࡍͷࢠͰɼؒࢠݪͷ
ྗϑοΫͷ๏ଇʹશʹै͍ͬͯΔΘ͚Ͱͳ͍ͨΊɼௐৼಈࢠͱൺͯɼΘ͔ͣͳ

ͣΕ͕ੜ͡Δɽઈରྵʹ͓͍ͯɼࢠྵৼಈΛ͓ͯ͠Γɼͯ͢ͷ͕ࢠ n = 0ͷ
Թݶఈঢ়ଶʹ͋Δɽ༗ج Tʹ͓͍ͯɼ֤ΤωϧΪʔঢ়ଶͷ༗ϘϧπϚϯͰ༩
͑ΒΕΔɽैͬͯɼϘϧπϚϯͰΤωϧΪʔ Ej ͱ Ei ͷঢ়ଶʹଘ͢ࡏΔࢠͷൺ

*1 ೋࢠݪࢠͷ߹৳ॖʹؔ͢Δ (Ͷ)ఆͷΈΛ͑ߟΕྑ͍͕ɼࢠݪࡾࢠҎ্ͷ߹ม֯ʹؔ
͢Δఆྀ͠ߟͳ͚ΕͳΒͳ͍ɽ
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ɼ
Nj

Ni
= exp

(
−Ej − Ei

kBT

)
(2.3)

Ͱ༩͑ΒΕΔɽ͜͜Ͱ kB ϘϧπϚϯఆͰ͋Δɽ

2.1.1 ਫࢠͷج४ৼಈ

ਫࢠΛߏ͍ͯ͠Δ 1ͭͷࢠݪʹ͖ͭ 3ͭͷӡಈͷࣗ༝͕͋ΔͨΊɼ3ࢠݪࢠͷ
ӡಈͷ 3 × 3 = 9ͱͳΔɽͦͷɼฒਐӡಈͷ x, y, zํͷ 3ͭͰ͋Δɽਫࢠ
ඇઢࢠͳͷͰճసӡಈ 3ͭͰ͋ΔɽΓͷ 3͕ͭৼಈӡಈͰ͋Γɼਫࢠͷ 3ͭ
ͷج४ৼಈΛਤ 2.1ʹࣔ͢ɽͦΕͧΕɼରশ৳ॖ (ν1)ৼಈɼม֯ (ν2)ৼಈɼٯରশ৳ॖ
(ν3)ৼಈͱݺͿɽOH݁߹ిؾӄੑ͕ҟͳΔ Hࢠݪͱ O͔ࢠݪΒߏ͞ΕΔిؾ
ϞʔϝϯτͷมԽΛࢠۃશମͷࢠɼৼಈʹ͏ͪ࣋ϞʔϝϯτΛࢠۃ 2ͭͷ݁߹ʹ
Δɽν1͑ߟ͚ͯ ৼಈͰɼ2ͭͷ OH݁߹ͷిؾࢠۃϞʔϝϯτ͕͠߹Θ͞Εͯɼ
Ϟʔϝϯτͷࢠۃؾશମͱͯ͠ిࢠ z ͕มԽ͢ΔͷͰɼ֎ੑ׆Ͱ͋Δɽν2 ৼಈ
 ν3 ৼಈͰɼ݁߹ͷిؾࢠۃϞʔϝϯτͷมԽ͕͠߹Θ͞ΕΔͷͰɼͦΕͧΕ

Ϟʔϝϯτͷࢠۃؾશମͱͯ͠ిࢠ zͱ x͕มԽ͠ɼ֎ੑ׆ͱͳΔɽؾ૬த
Ͱ؍ଌ͞ΕͨਫͷͦΕͧΕͷৼಈϞʔυͷৼಈΛද 2.1ʹࣔ͢ɽ

ν1 ν2 ν3

ਤ 2.1 ਫࢠͷج४ৼಈɽ

ද 2.1 H2O, HDOٴͼ D2Oࢠͷج४ৼಈͷৼಈ (cm−1) [114]ɽ

ৼಈϞʔυ H2O HDO D2O
ν1 3656.65 2726.73 2671.46
ν2 1594.59 1402.20 1178.33
ν3 3755.79 3755.79 2788.05
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2.1.2 ϝλϯࢠͷج४ৼಈ

ϝλϯࢠૉࢠݪ ࢠݪͱਫૉݸ1 ΒΔ͔ݸ4 Ͱ͋Γɼͦͷӡಈͷࣗ༝ࢠࢠݪ5
 5 × 3 = 15Ͱ͋Δɽਫͱಉ༷ɼϝλϯͷ߹ฒਐӡಈͱճసӡಈ͕ͦΕͧΕ 3ͭ͋
ΔͨΊɼج४ৼಈ 9ͭͰ͋ΔɽTd ܈ʹଐ͢Δϝλϯࢠͷج४ৼಈ*2ͷछྨɼͦͷ

ରশੑ͔Βɼશରশ৳ॖ (ν1)ৼಈɼॖॏม֯ (ν2)ৼಈɼࡾॏॖॏ৳ॖ (ν3)ৼಈɼࡾॏॖ
ॏม֯ (ν4) ৼಈͷ 4 ͭʹ͚ΒΕΔɽϝλϯࢠͷ 4ͭͷج४ৼಈΛਤ 2.2ʹࣔ͢ɽν1
ৼಈɼ4ͭͷ CH݁߹͕ಉҐ૬Ͱ৳ॖ͢ΔৼಈϞʔυͰ͋Δɽν2 ৼಈɼϝλϯࢠ
ͷ̎ͷ HCH͕ಉҐ૬Ͱม֯͢ΔৼಈϞʔυͰ͋Δɽ͜ͷϞʔυʹɼৼಈ໘ͷҟͳΔ
2ͭͷৼಈ͕ଘ͢ࡏΔ͕ɼৼಈʹཁ͢ΔΤωϧΪʔݪཧతʹ͍ͨ͠Ίɼೋॏॖୀͯ͠
͍Δɽν3 ৼಈɼ̐ͭͷ CH݁߹ͷ৳ॖͷ͏͕ͪ̎ͭٯҐ૬Ͱ৳ॖ͢ΔৼಈϞʔυͰ͋
Δɽ̐ͭͷ CH݁߹ͷத͔Β̎ͭબͿͱ͖ɼͦͷબͼํ 3௨Γ͋ΔͨΊɼν3 ৼಈࡾ
ॏॖୀ͍ͯ͠Δɽν4 ৼಈɼϝλϯࢠͷ̎ͷ HCH͕ٯҐ૬Ͱม֯ৼಈ͢ΔϞʔυ
Ͱ͋Δɽν3 ৼಈͱಉ༷ʹɼHCHͷબͼํ 3௨Γ͋ΔͷͰɼν4 ৼಈࡾॏॖୀ͢Δɽ̐
ͭͷج४ৼಈͷ͏ͪɼν3 ৼಈͱ ν4 ৼಈ͕֎ੑ׆ɼν1 ৼಈͱ ν2 ৼಈ͕֎ෆੑ׆ͳৼ

ಈϞʔυͰ͋Δɽ

શରশ৳ॖ (ν1)ৼಈ ॖॏม֯ (ν2)ৼಈ

ॖ৳ॏॖॏࡾ (ν3)ৼಈ ॏॖॏม֯ࡾ (ν4)ৼಈ
ਤ 2.2 ϝλϯࢠͷج४ৼಈɽ

*2 ֤ৼಈϞʔυɼTd ܈ͷطදݱ A1ɼEɼF2 Ͱ۠ผ͞ΕΔɽ
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ද 2.2 CH4 ͱ CD4 ࢠͷج४ৼಈͷৼಈ (cm−1) [114, 115]ɽ

ৼಈϞʔυ CH4 CD4

ν1 2914.2 2084.7
ν2 1526.0 1054.0
ν3 3020.3 2258.2
ν4 1306.2 995.6

2.1.3 ਫΫϥελʔͷৼಈ

ਫ͕ࢠਫૉ݁߹ʹΑͬͯΫϥελʔΛܗ͢Δͱɼ୯ྔମͰ 3ͭͩͬͨৼಈ͞Β
ʹෳࡶʹͳΔɽ2ྔମͱ Cyclic 3ྔମΛྫʹਫΫϥελʔͷৼಈΛ͑ߟΔɽ
2 ྔମͷزԿֶతߏΛਤ 2.3 ʹࣔ͢ɽ2 ྔମɼਫૉ݁߹Λհͯ͠ 2 ͭͷ H2O ͕ࢠ
ΛࢠΔਫ͍ͯ͠ڙΛఏࢠΔɽཅ͍͕ͯͬܨ Donor (D)ɼཅࢠΛड͚ೖΕ͍ͯΔਫࢠΛ
Acceptor (A)ͱݺͿɽ2ྔମ͕͜ͷΑ͏ͳزԿֶతஔͰ͋Δ͜ͱɼཧతʹ࣮ݧత
ʹ֬ೝ͞Ε͍ͯΔɽAɼࣗͷ OHͷ৳ॖʹਫૉ݁߹͕ؔ༩͍ͯ͠ͳ͍ͷͰɼৼಈ
ਫࢠͱಉ͡ 3ͭͷৼಈϞʔυΛͭ࣋ɽҰํɼDͷ৳ॖৼಈɼਫૉ݁߹ʹؔ༩͍ͯ͠ͳ
͍ Free-OH৳ॖͱɼਫૉ݁߹ʹؔ༩͍ͯ͠Δ Boned-OH৳ॖͷ 2छྨʹ͚ΒΕΔɽ͜
ͷ̎ͭͷ৳ॖৼಈʹม֯ৼಈΛՃ͕͑ͨ̏ͭɼDͷৼಈϞʔυͱͳΔɽ
ɹ࣍ʹ Cyclic 3ྔମͷ (DA,DA,DA)ߏΛਤ 2.4ʹࣔ͢ɽ(DA,DA,DA)ߏɼͦΕͧΕ
ͷ H2O͕ࢠɼAͱ DΛಉ࣌ʹ୲͍ͬͯΔͨΊɼ3ྔମͷ৳ॖৼಈɼFree-OH৳ॖͱ
Boned-OH৳ॖͷ 2छྨʹॖୀͨ͠ৼಈΤωϧΪʔΛͭ࣋ɽ3ྔମ͔Β 5ྔମͷ҆࠷ఆߏ
 Cyclic ΒΕ͓ͯΓɼ͜ΕΒͷΫϥελʔͷ৳ॖৼಈಉ༷ʹ͜ͷ͑ߟͱܕ 2 छྨͰ
͋Δɽ͔͠͠ɼΫϥελʔαΠζ͕େ͖͘ͳΔʹͭΕͯɼ͑ߟಘΔߏҟੑମͷ૿͑

Δɽ6ྔମɼHeӷణத [8] Ne [9], para-H2 [17]ϚτϦοΫεதͰ CyclicܕΛܗ͢
Δ͜ͱ͕ΒΕ͍ͯΔ͕ɼجຊతʹཱମߏΛͱΔɽݩ࣍ࡾతͳزԿֶஔͷ߹ɼ୯

७ʹ Bondedͱ Freeͷ 2ͭͷ৳ॖৼಈ͚ͩͰͳ͘ɼ͞Βʹෳͷৼಈ͕ଘ͢ࡏΔɽ
ɹਫࢠਫૉ݁߹Λܗ͢Δͱ OH ؒͷ݁߹ڧ͕ऑ͘ͳΓɼ݁߹͕৳ͼΔͨΊɼ
ΫϥελʔαΠζ͕େ͖͘ͳΔͱɼBonded-OH ৳ॖͷৼಈ͕ํภҠ͢Δɽͭ·Γɼ
Bonded-OH৳ॖɼΫϥελʔαΠζͦͷزԿֶతߏʹ͘ڧґଘ͠ɼৼಈ͕େ͖
͘γϑτ͢Δɽͦͷৼಈγϑτ͔ΒߏΛਪଌͰ͖ΔͨΊɼ͜ͷಛ֎ٵऩεϖΫ

τϧ͔ΒਫΫϥελʔͷߏΛಉఆ͢Δ্ͰॏཁͰ͋Δɽ

ɹਫΫϥελʔͷৼಈʹɼ্ड़ͨ͠Α͏ͳਫࢠͷ OH݁߹͕มԽ͢Δৼಈʢࢠ
ৼಈʣʹՃ͑ͯɼΫϥελʔͰߏਫࢠͷ૬ରతҐஔ͕มԽ͢Δৼಈʢؒࢠৼಈʣ

͕͋Δɽࢠৼಈத֎ྖҬʢ400-4000 cm−1ʣʹٵऩଳ͕͋Δͷʹର͠ɼؒࢠৼ
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ಈԕ֎ྖҬʢ10-400 cm−1ʣʹٵऩଳ͕͋Δ*3ɽਫΫϥελʔͷԕ֎εϖΫτϧͰ

ɼਫࢠͷزԿֶతஔʹΑͬͯҟͳΔಛΛࣔͨ͢Ίɼ͔ͦ͜ΒಘΒΕΔใ҆ఆ

ͷϙςϯγϟϧྗؒࢠৼಈͱൺֱͯ͠ࢠΛཪ͚Δ্ͰॏཁͰ͋Δɽ·ͨɼߏ

ฏୱͰ͋ΔͨΊɼෳͷՁͳ҆ఆߏ͕ଘ͢ࡏΔਫΫϥελʔͰɼτϯωϧ྾͕؍

ଌ͞ΕΔɽԕ֎ྖҬͷޫڀݚɼΫϥελʔͷ҆ఆߏͷಛఆؒࢠϙςϯγϟϧ

ͷܾఆʹ͓͍ͯॏཁͳҙຯΛ͕ͭ࣋ɼͦͷྫڀݚۃΊͯগͳ͍ɽ

ਤ 2.3 ਫ 2ྔମͷࢠৼಈɽDonorͷ (a) Bonded-OH৳ॖɼ(b) Free-OH৳ॖɼ(c)ม֯ɽ

ਤ 2.4 ਫ 3ྔମͷࢠৼಈɽ(a) Bonded-OH৳ॖɼ(b) Free-OH৳ॖɼ(c)ม֯ɽ

*3 3.3-333 cm−1ʢ10-0.1 THzʣςϥϔϧπྖҬͱݺΕΔɽ
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2.2 ࢠͷճస

֎ٵऩʹΑͬͯɼਫࢠৼಈͷྭ͚ͩىͰͳ͘ɼಉ࣌ʹճసྭ͞ىΕΔ͜ͱ͕͋

Δɽ͜Ε͕ৼಈճసભҠͰ͋ΔɽਫࢠඇઢࢠͰ͋Δ͜ͱ͔Βɼͦͷճసٿରশ

ͳࢠʹൺͯෳࡶʹͳΔɽਫࢠɼ4*࣠ࢠճΓͷੑ׳Ϟʔϝϯτ͕શͯҟͳΔΛ

ͷճస४ࢠྨ͞ΕΔɽຊઅͰɼ͡Ίʹରশ͜·ʹࢠͱ͔Βɼඇରশ͜·ͭ࣋͜

Ґʹ͍ͭͯड़ͨ͋ͱɼඇରশ͜·ࢠͷճస४Ґʹ͍ͭͯड़Δɽ

2.2.1 ରশ͜·ࢠ

ࢠͷॏ৺Λݪͱ͠ɼ߶ମʹݻఆ͞Εͨదͳ࠲ඪ࣠ʢੑ׳ओ࣠ʣΛબͿͱɼੑ׳ς

ϯιϧର֯ܗͱͳΓɼݹయతͳճసΤωϧΪʔɼ

Erot =
L2
x

2Ix
+

L2
y

2Iy
+

L2
z

2Iz
(2.4)

ͱͳΔɽҰൠʹɼ࠷ରশੑͷ͍ߴճస࣠Λ z࣠ͱͯ͠ӈखܥΛͱΔɽLx Ly Lz ɼ3࣠
ͷ֯ӡಈྔͷͰ͋ΓɼIxํ Iy Iz ɼ֤࣠ʹؔ͢Δੑ׳ϞʔϝϯτͰ͋Δɽ

ɹճసӡಈΛྔࢠతʹද͢ݱΔͨΊʹɼ֯ ӡಈྔLΛྔֶྗࢠతԋࢠࢉͱͯ͠ͷ֯ӡ

ಈྔ Ĵ ͱͯ͠औΓѻ͑Α͍ɽ͢Δͱɼճసӡಈʹର͢ΔྔֶྗࢠతϋϛϧτχΞϯɼ

Ĥrot =
Ĵ2
x

2Ix
+

Ĵ2
y

2Iy
+

Ĵ2
z

2Iz
(2.5)

ͷܗͰॻ͚Δɽ֯ӡಈྔԋࢠࢉ Ĵ ͷݻࢠఆ࠲ඪܥ (xɼyɼz) ͱɼۭؒݻఆ࠲ඪܥ
(XɼYɼZ)ʹɼҎԼͷަཱ͕ؔ͢Δɽ

[Ĵ2, Ĵz] = 0

[ĴG, Ĵg] = 0 G = X,Y, Z, g = x, y, z
(2.6)

ΑͬͯɼĴ2ɼĴzɼĴZ ͕ಉަʹ࣌ՄͰ͋Γɼ̏ͭͷԋࢠࢉʹରͯ͠ಉݻʹ࣌༗Λ༩

͑Δؔ |J ,K ,M 〉͕ଘ͢ࡏΔɽ

Ĵ2 |J,K,M〉 = J(J + 1)!2 |J,K,M〉

Ĵz |J,K,M〉 = !K |J,K,M〉

ĴZ |J,K,M〉 = !M |J,K,M〉

(2.7)

*4 ਫࢠͷ࣠ࢠɼਫࢠΛߏ͢Δ̏ࢠݪͰͭ͘Δ໘ʢࢠ໘ʣʹฏߦͰॏ৺Λ௨Δઢͷ͏ͪɼࢎૉ
໘ʹਨͳઢͷ̏ͭͰ͋Δɽࢠͷத৺Λ௨Δͷͱɼͦͷઢͱަ͢Δͷɼॏ৺Λ௨Γࢠݪ
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ϕΫτϧ J ͷݻࢠఆ z ࣠ͷࣹӨͳΒͼʹۭؒݻఆ Z ࣠ͷࣹӨ͕ɼͦΕͧΕ !Kɼ
!MͰ͋Δɽྔࢠ KɼM −J ∼ J ͷൣғͷͰ͋Δ͔Βɼ֤ Jʹରͯ͠ɼ͓ͷ͓ͷ
(2J+1)ݸͷঢ়ଶ͕ଘ͢ࡏΔɽ

ɹࣜ (2.5)Λͱʹɼੑ׳ओ࣠पΓͷੑ׳ϞʔϝϯτΛখ͍͞ํ͔Βॱʹ IaɼIbɼIc ͱ

ஔ͖ͯ͑ɼରশ͜·ࢠͷճసΤωϧΪʔΛ͑ߟΔɽରশ͜·ࢠͷதͰɼIa < Ib = Ic

Ͱ͋ΔͷΛภରশ͜·ࢠɼIa = Ib < Ic Ͱ͋ΔͷΛፏฏରশ͜·ࢠͱ͍͏ɽྫ

͑ɼภରশ͜·ࢠͷϋϛϧτχΞϯɼ

Ĥ =
Ĵ2
a

2Ia
+

1

2Ib
(Ĵ2

b + Ĵ2
c ) =

1

2Ib
Ĵ2 +

( 1

2Ia
− 1

2Ib

)
Ĵ2
a (2.8)

ͱͳΔ͔Βɼରশ͜·ࢠͷݻ༗ؔ |J ,K ,M 〉ͷݻ༗ҎԼͷΑ͏ʹॻ͚Δɽ

Ĥ |J,K,M〉 = !2
[
J(J + 1)

2Ib
+
( 1

2Ia
− 1

2Ib

)
K2

]
|J,K,M〉 (2.9)

ͭ·Γɼภରশ͜·ࢠͷݻ༗ΤωϧΪʔɼ

E = BJ(J + 1) + (A−B)K2 (2.10)

Ͱ͋Δɽಉ༷ʹͯ͠ፏฏରশ͜·ࢠͰɼ

E = BJ(J + 1) + (C −B)K2 (2.11)

ͱͳΔɽ͜͜ͰɼAɼBɼCճసఆͰ͋ΓɼͦΕͧΕ

A =
h2

8π2Ia
B =

h2

8π2Ib
C =

h2

8π2Ic
(2.12)

Ͱࣔ͞ΕΔɽΤωϧΪʔ Mʹؔͯ͠ (2J+1)ॏʹॖୀ͍ͯ͠ΔɽKʹؔ͢Δॖୀղ͚
͍ͯΔ͕ɼK (= 0ͷঢ়ଶͰ |K |ͱ |−K |ॖୀ͍ͯ͠Δɽ͜Ε࣠ࢠ (z࣠)ʹؔ͢
Δࠨӈͷճస͕ɼΤωϧΪʔతʹ۠ผ͕͔ͭͳ͍͜ͱʹରԠ͢Δɽภٴͼፏฏɼඇ

ରশ͜·ࢠʹର͢ΔΤωϧΪʔ४ҐͷࣜਤΛਤ 2.5 ʹࣔ͢ɽඇରশ͜·ࢠʹ͍ͭ
ͯ࣍અͰड़Δɽภରশ͜·ࢠͰಉҰͷ Jʹରͯ͠ |Ka |͕େ͖͍४Ґ΄ͲΤω
ϧΪʔ͕͍ߴͷʹର͠ɼፏฏରশ͜·ࢠͰ |Kc | ͕େ͖͍४Ґ΄ͲΤωϧΪʔ͕͘
ͳΔɽ

2.2.2 ඇରশ͜·ࢠ

Ia < Ib < Ic ͷΑ͏ʹ̏ͭͷੑ׳Ϟʔϝϯτͷ͕ҟͳΔͷ͕ɼඇରশ͜·ࢠͰ͋Δɽ

͜͜Ͱɼ؆୯ԽͷͨΊʹ֯ӡಈྔ J Λ !Ͱׂͬͯແݩ࣍Խ͢Δɽ͢ΔͱɼϋϛϧτχΞ
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ϯճసఆΛ༻͍ͯɼҎԼͷΑ͏ʹදݱͰ͖Δɽ

Ĥ =
Ĵ2
a

2Ia
+

Ĵ2
b

2Ib
+

Ĵ2
c

2Ic
= AĴ2

a +BĴ2
b + CĴ2

c

=
B + C

2
Ĵ2 + (A− B + C

2
)Ĵa

2 +
B − C

4
[(Ĵ+)2 + (Ĵ−)2]

(2.13)

͜͜Ͱɼ
Ĵ± = Ĵb ± iĴc (2.14)

Ͱ͋ΓɼݻࢠఆܥͰͷঢ߱ԋࢠࢉͰ͋Δɽ

ɹࣜ (2.13) ͷϋϛϧτχΞϯʹରͯ͠ղੳղଘ͠ࡏͳ͍ɽࣜ (2.13) ͷϋϛϧτχΞ
ϯΛ |J ,K ,M Δͱɼࣜͤ͞༺࡞ʹ〈 (2.13)ͷೋߦӈลͷୈ߲̍ٴͼୈ߲̎ʹؔͯ͠ର
֯ͱͳΔ͕ɼୈ߲͕̏͋ΔͨΊʹ Kʹରͯ͠ҎԼͷΑ͏ͳඇର֯ཁૉ͕ଘ͢ࡏΔɽ

〈J,K ± 2,M | Ĵ± |J,K,M〉

=
√

J(J + 1)−K(K ± 1)
√
J(J + 1)− (K ± 1)(K ± 2)

(2.15)

ͦͷͨΊɼରশ͜·ࢠͷݻ༗ؔ |J ,K ,M 〉 Λجఈͱͯ͠ϋϛϧτχΞϯྻߦΛͭ͘
ΓɼͦΕΛతʹର֯Խ͢Δ͜ͱʹΑͬͯඇରশ͜·ࢠͷݻ༗ΤωϧΪʔ͕ಘΒΕ

Δɽ

ɹඇରশ͜·ࢠͷճసఆશͯҟͳΔͨΊɼਤ 2.5ͷΑ͏ʹɼԾతʹճసఆ BΛ
A͔Β CͷൣғͰมԽͤͯ͞ɼରԠ͢ΔΤωϧΪʔΛ͑ߟΔɽB͕ A Cʹۙͨ͠ۃ
ͷΤωϧΪʔ४ҐͱҰக͢ΔɽB͕ࢠͰɼͦΕͧΕɼภ͓Αͼፏฏ͜·ݶ A Cͱ
ҟͳΔΛͱΓɼඇରশੑ͕େ͖͘ͳΔͱɼରশ͜·Ͱॖୀ͍ͯͨ͠ K (= 0ͷೋͭͷ
४Ґ͕྾͢Δɽ͜ͷඇରশ྾ |K | = 1ͷ४ҐؒͰͬͱେ͖͘ɼ|K |͕େ͖͘ͳ
Δͱ྾খ͍͞ɽɹඇରশ͜·ࢠͷճసݻ༗ঢ়ଶɼภ͓Αͼፏฏରশ͜·ࢠͷ

ࢠΘΓͷྔ·࣠ࢠͰͷݶۃ Kʹ૬ؔ͢ΔϥϕϧͰ͋Δ KaɼKc ΛͯͬɼJKaKc ͱ

දࣔ͢ΔɽKa −Kc ͷͱΓ͏Δͷൣғɼ-J ≤ Ka −Kc ≤ JͰ͋ΔͨΊɼ2J + 1ͷლ
Ґʹ۠ผ͞ΕΔɽͦͷ͏ͪɼΤωϧΪʔͷ࠷͕ J−JɼΤωϧΪʔͷ͕ߴ࠷ JJ Ͱ͋Δɽ
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ਤ 2.5 ภٴͼፏฏɼඇରশ͜·ࢠͷΤωϧΪʔ४Ґͷࣜਤɽ

2.3 ֎ٵऩޫ๏

֎ٵऩޫ๏ɼࢼྉʹ֎ޫΛরࣹ͠ɼಁա·ࣹͨͨ͠ޫΛଌఆ͢Δ͜ͱͰɼ

ࢠͷৼಈճసঢ়ଶߏͷੳ͕ՄͰ͋ΔɽిࢠΠΦϯΛিಥͤͯ͞ࢼྉΛྭ͞ى

ͤΔੳํ๏ʹൺɼࢼྉΛඇഁյͰ؍ଌͰ͖Δͱ͍͏ಛ͕͋Δɽ֎ޫͷΤωϧΪʔ

ྖҬ 10-12500 cmʵ 1 Ͱ͋Γɼ͜ΕࢠͷৼಈɾճసͷΤωϧΪʔʹ૬͢Δɽ2ͭ
ͷΤωϧΪʔ४ҐࠩʹରԠ͢Δޫ͕ࢠʹೖࣹ͢ΔͱɼࢠޫΛٵऩ͠४ҐؒͷભҠ͕

ऩͷ߹͍ҰൠతʹಁաٵΔɽ͜ى T (ν)͘͠ޫٵ A(ν)Ͱද͞ΕɼͦΕͧΕ

ҎԼͷΑ͏ʹఆٛ͞ΕΔɽ

T (ν) =
I(ν)

I0(ν)
(2.16)

A(ν) = − log T (ν) = log
I0(ν)

I(ν)
(2.17)

͜͜ͰɼI0 (ν)ೖࣹޫͷڧɼI (ν)ग़ࣹޫͷڧͰ͋Δɽޫٵͱಁա֎ޫͷ

ʹΑͬͯมԽ͢Δɽͦ͜Ͱ֤ʹରͯ͠ޫٵಁաΛϓϩοτ͢Ε֎ٵऩ

εϖΫτϧΛඳ͘͜ͱ͕Ͱ͖Δɽ



ୈ 2ষ ࢠͷৼಈͱճసٴͼ֎ٵऩ 31

2.3.1 ֎ٵऩ

ࢠͱ֎ޫ͕ిؾతʹ૬࡞ޓ༻ͨ͠ͱ͖ʹ֎ٵऩ͕͜ىΔɽ૬࡞ޓ༻͢ΔͨΊʹ

ɼ͕ࢠӬٱࢠۃΛ͔ͭ࣋ɼࢠͷৼಈճసʹΑͬͯࢠۃϞʔϝϯτ͕༠͞ىΕ

Δඞཁ͕͋Δɽྫ͑ɼࢠৼಈʹΑΔ֎ٵऩΛ͑ߟΔɽ͕ࢠ֎ޫΛٵऩͯ͠ɼৼ

ಈجఈঢ়ଶ ψi ͔Βྭىঢ়ଶ ψf ʹભҠ͢Δաఔɼhcν′ = Ej ʵ Ei ͷৼಈ݅Λຬͨ

͢ৼಈͷޫʹରͯ͠ٵऩ͕͜ىΔɽ͜ͷͱ͖ɼ

∫
ε(ν)dν =

2π2NAν

ln10ε0hc

∣∣∣
(∫

ψ∗
fµψidτ

)
· e
∣∣∣
2

(2.18)

ͱ͍͏͕ؔಋ͔ΕΔɽ͜͜Ͱ NA ΞϘΨυϩఆɼε0 ɺਅۭதͷ༠ిͰ͋Δɽµ

ɺిؾࢠۃϞʔϝϯτͱ͍͏ϕΫτϧྔͰ͋Γɼeɼిͷํͷ୯ҐϕΫτϧͰ

͋Δɽdτ ɼମੵཁૉͰ͋Δɽ·ͨɼ
∫
ψ∗
f µψidτ ΛભҠϞʔϝϯτͱݺͿɽµɼిࢠ

ͷৼಈʹΑͬͯมԽ͢ΔɽࢠϞʔϝϯτͰ͋Δ͕ɼ͜Εࢠۃؾఈঢ়ଶʹ͓͚Δిج

Αͬͯɼج४࠲ඪ QͷؔͰ͋Δɽ؆୯ͷͨΊج४ৼಈͷΛ 1ͭͱͯ͠ల։͢Δͱɼ

µ = µ0 +
( ∂µ
∂Q

)

0
Q+ · · · (2.19)

ͱͳΔɻµ0 ɼฏߏߧʹ͓͚ΔిؾࢠۃϞʔϝϯτͰ͋ΔɽඍͷఴࣈͷԼ͖ͷ

0 ɼฏ֩ߧஔͷΛࣔ͢ɽQ , ඍখมҐͰ͋ΔͨΊɼୈೋ߲·Ͱྀ͢ߟΔɽௐۙ
ৼಈɼψiࢠͷͱͰࣅ ͱ ψf ަ͢ΔؔͳͷͰɼୈҰ߲ͷੵ 0ͱͳΔɽୈ
ೋ߲ͷੵɼf = i ± 1 ͷ ߹ͷΈ 0 Ͱͳ͍ͷͰɼྡლҐؒͷΈͷભҠ͕͞ڐΕ
Δɽ͢ͳΘͪɼ֎ٵऩ͕͖ىΔʹɼ

( ∂µ
∂Q

)

0
(= 0 (2.20)

ͱͳΔৼಈͰͳ͚ΕͳΒͳ͍ɽ͜ͷΑ͏ͳৼಈΛ֎ੑ׆ͱݺͿɽ
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ୈ 3ষ

ஔݧ๏ͱ࣮ํݧ࣮

ද໘ʹࢠݪͨ͠ॖڽɾࢠΛ͢ڀݚΔ߹ɼؾཹମͷٵணʹΑΔࢼྉද໘ͷԚછΛ

͙ͨΊʹɼߴਅۭ͕ڥඞཁෆՄܽͰ͋Δɽຊڀݚʹ͓͍ͯଌఆʹ͔͔Δؒ࣌Λྀ͢ߟ

Δͱɼ 1 × 10−7 PaҎԼͷਅۭͰͳ͚Εेʹਖ਼֬ͳ݁ՌಘΒΕͳ͍*1ɽຊڀݚͰ༻

ثɼओਅۭ༰ܥɼಋೖޫֶܭ֎ޫޫஔɼϑʔϦΤมݧ࣮͍ͨ ɼ࿈ଓ(ྉࣨࢼ)
ϑϩʔܕΫϥΠΦελοτɼݕग़ث෦͔ΒΓɼߴਅۭԼͰࢼྉͷ֎ٵऩޫ͕Մ

Ͱ͋ΔɽຊষͰɼϑʔϦΤม֎ٵऩޫ๏ͷݪཧͱ࣮ݧஔͷৄࡉʹ͍ͭͯड़

Δɽ

3.1 ϑʔϦΤม֎ٵऩޫ๏

1950 ΑΓϓϦζϜͳͲΛར༻ͨ͠ܕࢄޫثΛ༻͍ͯɼଟ͘ͷͰ֎ٵऩ
ޫ๏͕Ԡ༻͞ΕॏཁͳׂΛՌ͖ͨͯͨ͠ɽܕࢄͷ֎ٵऩޫ๏ɼ͋Δͷ

֎ޫΛೖࣹ͠ɼͦͷڧݮਰΛଌఆɼͦͷޙΛม͑ͯ࠶ͼଌఆΛ܁Γฦ͢ͱ͍͏࣌

ؒͷ͔͔Δଌఆํ๏ͩͬͨɽ1970ʹೖΓɼίϯϐϡʔλٕज़ͷٸͳൃలʹΑͬͯɼ
ϑʔϦΤม֎ޫ๏ (Fourier Transform Infrared Spectroscopy, FTIR) Խͨ͠ɽ࣮ݱ͕
FTIRɼ 2ͭʹ͚ΒΕͨޫଋͷׯবΛܭଌ͢ΔೋޫଋׯবܭΛར༻͢ΔɽͦͷதͰ
Ͱ͋Γɼ࿈ଓޫʹΑΔશҬͷೖࣹܭবׯܕΕ͍ͯΔͷ͕ϚΠέϧιϯ͞༺࠾ଟ͘࠷

ޫΛಉ࣌ʹଌఆͰ͖ΔͨΊɼؒ࣌Ͱײߴͷଌఆ͕ՄͰ͋Δɽ

ɹ

*1 1 × 10−7 Paͷѹྗͷؾཹମ͕ج൘ද໘ʹٵண͠ɼ୯Λܗ͢Δͷʹ͔͔Δ͓͓ؒ࣌Αͦ ؒ࣌3
Ͱ͋Δɽ
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3.1.1 ଌఆݪཧ

FTIRޫܭҰൠతʹޫݯɼޫֶߜΓ (Ξύʔνϟʔ)ɼϚΠέϧιϯׯܕবܭɼHe-Ne
Ϩʔβʔɼࢼྉࣨɼݕग़ثͰߏ͞ΕΔɽϚΠέϧιϯׯবܭͷࣜਤΛਤ 3.1 ʹࣔ͢ɽ
ϚΠέϧιϯׯবܭɼϏʔϜεϓϦολʔ (BS)ͱೋຕͷฏ໘͔ڸΒߏ͞ΕΔɽޫݯ
(L) ͔Βग़ͨ֎ޫΞύʔνϟʔ (A) Λ௨աޙɼίϦϝʔλʔ (C) ͰฏޫߦଋͱͳΓɼ
த৺ʹ͋Δ BS Ͱࣹޫͱಁաޫʹ͚ΒΕΔɽͦΕͧΕͷޫݻఆڸ (Mf ) ͱޫ࣠ʹ
ԊͬͯҠಈͰ͖ΔՄಈڸ (Mm)Ͱࣹ͞ΕɼBSͷର໘͔ΒͦΕͧΕಁաɾࣹͯ͠࠶
ͼ߹͞ΕͯɼूޫܥΛݕͯܦग़ث (D) ʹ౸ୡ͢ΔɽBS-Mf ؒͱ BS-Mm ؒͷڑ͕

͍͠߹ޫ࿏ࠩΛੜ͡ͳ͍͕ɼMm ͕ಈ͍ͯޫ࿏͕ࠩੜ͡ΔͱɼMf ͷҐஔͱ֎ޫͷ

ͷؔʹΑͬͯऑ·ΔҐஔͱڧ·ΔҐஔ͕ൃੜ͢Δ*2ɽMf Λ௨ͬͨޫͷޫ࿏

Λ ξɼMm Λ௨ͬͨޫͷޫ࿏Λ ξ + xͱ͢ΔͱɼͦΕͧΕͷޫͷిڧ u1(t)ɼu2(t)

ɼҎԼͷ cosؔͰද͞ΕΔ*3ɽ

u1(t) = a cos(kξ − ωt) (3.1)

u2(t) = a cos
[
(k(ξ + x)− ωt

]
(3.2)

͜͜Ͱɼk Ͱɼ λͱͷؒʹ k = 2π/λͷ͕ؔ͋Δɽaిৼ෯ɼω ֯ৼ

ಈΛද͢ɽDʹ౸ୡ͢Δޫͷڧ͜ΕΒΛ͠߹ΘͤͨͷΛೋͯ͠ੵؒ࣌ͨ͠
ͷʹ૬͠ɼࣜ࣍Ͱද͞ΕΔɽ

I(x) = a2
{
1 + cos(kx)

}
(3.3)

ന৭ޫݯͷ߹ɼݕग़ثʹ౸ୡ͢Δޫͷڧ֤ͷڧ B(k)Λ͠߹Θͤͨ

ͷͱͳΔͷͰɼ

I(x) =

∫ ∞

0
B(k)dk +

∫ ∞

0
B(k) cos(kx)dk (3.4)

ͱͳΔɽFTIRޫܭͰɼMm ͷҐஔΛม͑ͳ͕Β͜ͷ I (x )Λه͍ͯ͠Δɽࣜ (3.4)
ͷӈลͷୈ 1߲͕ඇׯবͰ͋Γɼୈ বͰ͋Δɽୈׯ2߲͕ Λܗবׯ2߲͕ࣔ͢
ΠϯλʔϑΣϩάϥϜͱݺͼɼؔۮͰ͋ΔͨΊɼੵൣғΛվΊɼҎԼͷΑ͏ʹ F ͱ

ͯ͠ද͢ɽ

F (x) =

∫ ∞

−∞
B(k) cos(kx)dk (3.5)

*2 Mm ͷҐஔ He-NeϨʔβʔͰଌఆ͢Δɽ
*3 Mm ͷҠಈڑΛ lͱͨ͠ͱ͖ɼx = 2lͰ͋Δɽ
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ࣜ (3.5)ɼޫ࿏ࠩ x (Mm ͷҐஔ) ͷؔͰ͋ΔͨΊɼҎԼͷΑ͏ʹϑʔϦΤมͯ͠ɼ
֤ͷڧ B(k)ɼͭ·ΓεϖΫτϧΛಘΔɽ

B(k) =

∫ ∞

−∞
F (x) cos(kx)dx (3.6)

͜͜Ͱҙ͖͢ɼ͜ͷεϖΫτϧ͕Ͱͳ͘ kͷؔʹͳ͍ͬͯΔ͜ͱͰ͋

Δɽ࣮ࡍͷ FTIRޫܭͰԣ࣠Λ kͰͳ͘ɼ"ৼಈ" ν (୯Ґ: cm−1)ͰεϖΫτϧΛ
ग़ྗ͢Δ*4ɽ

ɹࣜ (3.6)ʹ͓͍ͯੵൣғແݶͰ͕͋ͬͨɼ࣮ࡍͷMm ͷՄಈൣғ༗ݶͳͷͰɼੵ

ൣғΛ༗ڑݶ -X∼X ͱͯ͠ϑʔϦΤมΛ͏ߦͱɼεϖΫτϧͷʹଧ͕ͪ͜ى
Δɽ͜ΕΛิਖ਼͢ΔͨΊʹ x͕େ͖͘ͳΔʹैͬͯݮগ͢Δؔ (ΞϙμΠθʔγϣϯؔ
)Λࣜ (3.6)ʹֻ͚͍ͯΔ.

ਤ 3.1 ϚΠέϧιϯׯܕবܭͷུ֓ਤɽ

*4 k = 2π
λ Ͱ͋Δɽ
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3.2 ϚτϦοΫε๏

ϚτϦοΫε๏ɼࢼྉΛԹͷෆݻੑ׆ମ (ϚτϦοΫε) தʹͯ͠ੳ͢
Δํ๏Ͱ͋Δɽओʹ֎ٵऩޫϥϚϯޫͳͲͷޫ๏ͱΈ߹Θͤͯ༻͍ΒΕΔɽ

ରࢠԹͷϚτϦοΫεதʹݻͯ͠ࢄఆ͞ΕΔͨΊɼਫࢠಉ͕࢜ਫૉ݁߹ʹ

Αͬͯͯ͠ॖڽණΛܗ͢ΔͷΛ੍Ͱ͖ΔϚτϦοΫε๏ɼਫࢠͷ୯Ϋϥ

ελʔͷੜʹ͓͍ͯಛʹ༗ྗͰ͋Δɽ·ͨɼԹڥԼͰ͋ΔͨΊɼࢠͷ΄ͱΜͲ͕

ৼಈճసͷجఈঢ়ଶʹ͢ΔͷಛͰ͋ΔɽຊڀݚͰɼ1 × 10−8 PaͷߴਅۭԼ
Ͱɼ7 KҎԼʹྫྷج٫ͨ͠൘্ʹରࢠΛؚΉࠞ߹ؾମΛਧ͖͚ͯࢼྉΛܗͨ͠ɽ

ਤ 3.2 ΨεϚτϦοΫεதʹͨ͠ਫΫϥελʔͷࣜਤɽر
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3.3 ܥֶޫ

ͷུ֓ਤΛਤܥؾஔͷޫֶஔͱͦͷഉݧ࣮ 3.3ʹࣔ͢ɽ௨ৗɼFTIRޫܭ୯ಠͰ
FTIRଌఆΛ͏ߦͷʹ༻͍ΒΕΔ͕ɼຊڀݚͰओਅۭ༰ث ʹྉࢼͨ͠࡞ʹ(ྉࣨࢼ)
ରͯ͠ଌఆΛͨ͏ߦΊɼ֎෦ଌఆ༻ͷޫֶܥΛऔΓ͚ͨɽ֎෦ଌఆ༻ͷޫֶܥओʹɼ

ೖࣹޫ࿏Λௐ͢ΔͨΊͷಋೖޫֶܥ (ਤ 3.4)ͱࢼྉද໘Ͱࣹͨ͠ޫΛݕग़͢ΔͨΊͷ
ɼਫۜΧυϛϜςϧϧʹثग़ݕ͞ΕΔɽߏͰܥग़ݕ (Mercury-Cadmium-Tellurium:
MCT) ྉࣨೖࣹ֯ࢼΛ༻͍ͨɽثग़ݕ 80◦ ͷࣹஔͰଌఆͰ͖ΔΑ͏ʹઃ͞ܭΕͯ
͍ΔɽࢼྉࣨͷߴਅۭΛഁΒͣʹ֎ޫͷޫ࿏Λ֬อ͢ΔͨΊʹɼࢼྉࣨͱಋೖޫֶܥ

ɼBaF2ܥग़ݕͼٴ ݁থ૭*5Ͱͬͨɽޫ࣠ௐΛՄʹ͢ΔͨΊɼࢼྉϗϧμʔ͕

औΓ͚ͯ͋ΔΫϥΠΦελοτ*6্෦ʹճసεςʔδٴͼ Z ࣠ௐεςʔδΛऔ
͚ͨɽײߴଌఆΛߦͳ͏ͨΊɼಋೖޫֶܥʹภޫࢠΛઃஔ͠ɼpภޫͨ͠֎ޫΛࢼྉ
ʹরࣹͨ͠ɽޫֶܥେؾ (H2O CO2)ʹΑΔଌఆͷӨڹΛഉআ͢ΔͨΊɼεΫ
ϩʔϧϙϯϓ (SP)Λ༻͍ͯਅۭҾ͖Λͨ͠ɽޫֶܥͷ౸ୡѹྗɼ1 × 102 PaͰ͋Δɽ

FTIR����

v�v� v�v�

����

������

SP�

FTIR�������	
���	�����

����

��
�

ਤ 3.3 ޫֶஔͱͦͷഉܥؾͷུ֓ਤɽ

*5 BaF2 ͷಁաྖҬɼ900-50,000 cmʵ 1 Ͱ͋Δɽ

*6 রͷ͜ͱɽࢀΛܥ٫ྫྷ
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ਤ 3.4 ಋೖޫֶܥ෦ɽਤࠨଆʹ FTIRޫܭɼӈଆʹࢼྉࣨɽ

3.3.1 FTIRޫܭ

ຊڀݚͰ༻ͨ͠ޫܭͷܕ൪Λද 3.1ʹࣔ͢ɽ֎ޫݯʹɼًߴηϥϛοΫޫݯ
Λ༻͍ͯ͠ΔɽBS ͷૉࡐ Ge/KBr Ͱ͋Δɽଌఆܥͷॾύϥϝʔλ, ઐ༻ͷιϑτ
ΣΞ (εϖΫτϧϚωʔδϟ Ver.2) ʹΑͬͯઃఆͨ͠. ຊ࣮ݧͰͷղ, 1.0 cm−1,
2.0 cm−1 Ͱ͋ΓɼΞύʔνϟܘ, ͦΕͧΕ 3.5 mm, 5.0 mm ʹࣗಈઃఆ͞ΕΔ. ܭবׯ
, 4.0 mm/secͰ͋ΔɽFTIRޫܭ෦ʹɼེࢎτϦάϦγϯ (Triglycine Sulfate:
TGS)ݕग़͕ثଂ͞Ε͓ͯΓɼଌఆൣғͷެশ 350-7800 cm−1 Ͱ͋Δɽ

ද 3.1 ຊڀݚͰ༻͍ͨ FTIRޫٴܭͼݕग़ثͷܕ൪ɽ

߸ه ໊ثػ ܕ൪ /໊ࣾ

FTIR FTIRޫܭ FT/IR-6100 / JASCO
MCT MCTݕग़ث NMCT-5000 / JASCO
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ਤ 3.5 ɽܥग़ݕ

3.4 ഉܥؾͱؾମಋೖܥ

3.4.1 ഉܥؾ

ͷུ֓ਤΛਤܥମಋೖؾͼٴܥؾྉࣨͷഉࢼ 3.6 ʹࣔ͢ɽओϙϯϓͱ࣓ͯ͠ܕ্ුؾ
λʔϘࢠϙϯϓ (TMP1)Λ༻͍ɼͦͷิॿϙϯϓͱͯ͠λʔϘࢠϙϯϓ (TMP2)ɼμ
ΠΞϑϥϜϙϯϓ (DP)Λྻʹஔͯ͠ഉͨ͠ؾɽߴਅۭΛಘΔͨΊʹɼओਅۭ༰ث
ͷՃΨεΛߦͳͬͨɽஅࡐΛڬΜͩεςϯϨε൘ͰஔશମΛ෴͍, ϑΟϯώʔλ
Λ༻͍ͯ 373 K Ͱ ணͨ͠ٵʹนثΔ͜ͱͰɼਅۭ༰͢ؾ͠ͳ͕Βഉؒ࣌24 H2Oͳ
ͲͷؾཹମΛഉͨ͠ؾɽՃΨεޙͷࣨԹͰͷࢼྉࣨͷ౸ୡѹྗɼ1 × 10ʵ 8 PaͰ
͋ΔɽࢼྉࣨͷѹྗΤΫετϥΫλʔήʔδ (EG)Ͱܭଌͨ͠ɽ
ɹࢼྉࣨͱؾମಋೖܥͷؒόϦΞϒϧϦʔΫόϧϒ (LV) Ͱͭͳ͕͍ͬͯΔ*7ɽؾମಋ

ೖܥͷഉؾʹɼλʔϘࢠϙϯϓͱμΠΞϑϥϜϙϯϓΛΈ߹ΘͤͨλʔϘࢠϙϯ

ϓഉؾγεςϜ (TDU)Λ༻͍ͨɽؾମಋೖܥͷՃΨεʹϦϘϯώʔλʔΛ༻͍ͨɽ

*7 ΓɼͦΕͧΕʹόϦΞϒϧϦʔΫόϧϒ͕औΓ͚Β͓͕ͯͬܨ͕ޱମಋೖؾྉࣨʹɼ3ͭͷࢼͷࡍ࣮
Ε͍ͯΔɽਤ 3.6ʹɼຊڀݚͰ༻ͨ͠ಋೖٴޱͼ LVͷΈͨ͠ࡌهɽ
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ಋೖܥશମΛϦϘϯώʔλʔͰ͖רɼՃ࣌ʹԹ͕ۉҰʹͳΔΑ͏ʹ্͔ΒΞϧϛϗΠ

ϧͰ෴ͬͨɽ֤ϦϘϯώʔλʔΛมѹث (εϥΠμοΫ)ʹ͗ܨɼؾମಋೖܥͷԹ͕ 373
KʹͳΔΑ͏ʹిѹΛௐͨ͠ɽओਅۭ༰ثͱಉ༷ʹؾମಋೖܥͷՃΨεɼ373 K
Ͱ ,ͷ౸ୡѹྗޙͳͬͨɽՃΨεߦؒ࣌24 1 × 10ʵ 3 PaఔͰ͋Δɽؾମಋೖܥ
ͷѹྗɼΫϦελϧήʔδ (CG)Ͱଌఆͨ͠ɽࢼྉࣨɾޫֶܥɾؾମಋೖܥʹ༻͍ͨ
ϙϯϓɼѹྗܭɼόϦΞϒϧϦʔΫόϧϒͷ֓ཁɼͦΕͧΕද 3.2ɼද 3.3ɼද 3.4ʹ·
ͱΊͨɽ

ਤ 3.6 ͷུ֓ਤɽܥମಋೖؾͼٴܥؾྉࣨͷഉࢼ

ද 3.2 ਅۭϙϯϓͷछྨͱੑɽഉؾ N2 ɽࢉ

߸ه ϙϯϓͷछྨ ഉؾ (L/s) ܕ൪ /໊ࣾ

TMP1 ϙϯϓࢠλʔϘ্ුؾ࣓ 340 STP-300 / SEIKO SEIKI
TMP2 λʔϘࢠϙϯϓ 60 TMU 071 YPN / PFEIFER VACUUM
SP εΫϩʔϧϙϯϓ 150 Fossa FO 0009 B / Busch
DP1 μΠΞϑϥϜϙϯϓ 4EKGF63DX-4 / Greiffenberger
TDU λʔϘ +μΠΞϑϥϜ 67 Hi Cube 80 Eco / PFEIFER VACUUM
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ද 3.3 ѹྗܭͷछྨͱੑɽଌఆྖҬ N2 ɽࢉ

߸ه ѹྗܭͷछྨ ଌఆྖҬ (Pa) ܕ൪ /໊ࣾ

EG ΤΫετϥΫλʔήʔδɹ 2.0×10−10∼1×10−2 IONIVAC IE 514 / LEYBOLD VACUUM
CG ΫϦελϧήʔδ 1.0×10−3∼1.33×105 GC-210 / VACUUM PRODUCTS

ද 3.4 όϦΞϒϧϦʔΫόϧϒͷܕ൪ɽ

߸ه ܕ൪ /໊ࣾ

LV VLV-3D / ULVAC

3.4.2 ܥମಋೖؾ

ਤ 3.6Ͱࣔͨ͠Α͏ʹɼؾମಋೖܥʹɼNeɼArɼKrɼXeɼCH4 ͷΨεϘϯϕ͕औΓ

͚ͯ͋ΔɽD2Oͱ H2Oͷؾମɼౚ݁ؾͰਫ਼ͨ͠ৠཹਫͷৠൃ͔Βಘͨ*8ɽຊ࣮ݧ

Ͱ༻ͨ͠ D2Oࢼༀٴͼ CH4ɼNeɼArɼKrɼXeΨεͷ७Λද 3.5ʹ·ͱΊͨɽؾମ
ɼLVɼV1ɼV2ɼV4ɼCGͰғ·ΕͨྖҬͰࠞ߹ͨ͠ɽಋೖܥͷѹྗ CGͰଌఆ͠ɼ
ྔࢠɾ೪ੑΛͱʹ֤ؾମछʹରͯ͠ѹྗߍਖ਼Λߦͳͬͨɽࢼྉͷࢠൺɼࠞ

߹ͨͦ͠ΕͧΕͷؾମͷѹൺ͔ΒٻΊͨɽࠞ߹ؾମͷѹྗ͕ 1 × 105 PaʹͳΔΑ͏ʹɼ
ͦΕͧΕͷؾମͷѹΛௐͨ͠ɽ͜Εɼ೪ੑྲྀྖҬͰؾମΛಋೖ͢ΔͨΊͰ͋Δɽͦ

͏͠ͳ͍ͱਫ͕͏·͘ಋೖͰ͖ͳ͍ɽಋೖͷͱ͖ V3ΛดΊɼ LVɼV3ɼV4ɼCGͰғ
·ΕͨྖҬ (ҎԼɼ͜ͷྖҬΛʮؾମཷΊʯͱݺͿ)͔ΒࢼྉࣨʹؾମΛಋೖͨ͠ɽಋೖྔ
ɼಋೖʹ͏ؾମཷΊͷݮগѹྗ͔ΒٻΊͨɽؾମͷಋೖ͕গྔͩͬͨ߹ɼؾମཷΊ

ͷ༰ੵ͕େ͖͍ͱѹྗมԽ͕খ͘͞ɼ༗ޮܻ̏ࣈͰѹྗΛදࣔ͢Δ CGͰมԽΛ֬ೝ
Ͱ͖ͳ͍Մੑ͕͋ΔɽͦͷͨΊɼV3ͰྖҬΛ۠ͬͯؾମཷΊͷ༰ੵΛখ͘͞͠ɼຊ
,ମͷಋೖྔؾඞཁͳಋೖྔʹରͯ͠ѹྗมԽΛผͰ͖ΔΑ͏ʹͨ͠ɽʹݧ࣮ LV ʹ
Α੍ͬͯͨ͠ޚɽؾମಋೖޱΛਤ 3.7ʹࣔ͢ɽεςϯϨεͷܘ 18 mmͰ͋Δɽؾ
ମಋೖޱɼܘ 6 mmͷΦϦϑΟεʹͳ͓ͬͯΓɼΦϦϑΟε͔Βج൘ͷத৺·Ͱͷڑ
 55 mmͰɼج൘ͷ๏ઢʹରͯ͠ 40◦ ͷઢ্ʹҐஔ͍ͯ͠Δɽ

*8 ౚ݁ؾʹΑΔਫ਼ํ๏ A.1Λࢀরɽ
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ද 3.5 ମͷ७ɽD2OಉҐମͷ७Λࣔ͢ɽؾྉࢼ

ମؾ ७ (%)

D2O > 99.9
CH4 > 99.99
Ne > 99.999
Ar > 99.9999
Kr > 99.995
Xe > 99.99

ಋೖ༻εςϯϨεͷଆ໘ਤɽ ΦϦϑΟεਖ਼໘ɽ

ਤ 3.7 ɽޱମಋೖؾ

3.5 ܥ٫ྫྷ

ͷΫϥܕͼӷମૉରԠͷ࿈ଓϑϩʔٴྉ্ࣨ෦ʹӷମϔϦϜࢼ൘ྫྷ٫ͷͨΊɼج

ΠΦελοτΛऔΓ͚ͨɽΫϥΠΦελοτͷશମਤΛਤ 3.8ʹࣔ͢ɽΫϥΠΦελο
τͷઌʹɼࢼྉϗϧμʔΛઃஔͨ͠ɽ͞ΒʹࣹʹΑΔج൘ͷԹ্ঢΛ͙ͨΊɼ

ͦͷपΓΛແࢎૉಔͷࣹγʔϧυΛͰғͬͨɽΫϥΠΦελοτઌʹऔΓ͚ͨࢼ

ྉϗϧμʔͱࣹγʔϧυΛਤ 3.9ʹࣔ͢ɽ
ɹج൘ʹɼࣹͷ͍ۚߴ൘ (15 mm × 15 mm × 0.5 mm) Λ༻͍ͨɽಋͷ͍ߴ
ແࢎૉಔ*9ͷࢼྉϗϧμʔʹɼಉ͘͡ແࢎૉಔͷ 3ͭͷݻఆ൘Ͱج൘Λ্͔ΒͶ͡ࢭ
Ί͠ɼԡ͚͑ͭͯ͞ݻఆͨ͠*10ɽج൘ͷԹଌఆʹɼγϦίϯ (Si)μΠΦʔυԹη

*9 ແࢎૉಔಋ͕͘ߴɼਅۭதͰΨε์ग़͕গͳ͍ɽ

*10 ಋޮݻఆͨ͠໘ੵͱͦͷѹྗʹґଘ͢Δɽ
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ϯαʔ Λ༻ͨ͠ɽγϦίϯμΠΦʔυɼࢼྉϗϧμʔʹऔΓ͚ͨ 3 ຕͷݻఆ൘ͷ
͏ͪͷҰͭ (ਤ 3.9 ͷࢼྉϗϧμʔͷӈଆ্෦) Λ༻͍ͯɼۚج൘ʹݻఆͨ͠ɽΫϥ
ΠΦελοτʹγʔϧυϑϩʔࣜτϥϯεϑΝʔνϡʔϒΛࠩ͠ࠐΈɼHeλϯΫ͔Βӷ
ମ HeΛҠૹ͢Δ͜ͱͰɼઌʹ͋ΔࢼྉϗϧμʔͱࣹγʔϧυΛྫྷ٫ͨ͠*11ɽΫϥΠ

Φελοτͱࢼྉϗϧμʔͷଓ෦ʹ͋Δަثɼͦͷେ͖ͳද໘ੵʹΑͬͯޮߴ

ͳަ͕ՄͰ͋ΔɽަثΛ௨ͬͨ He ϑϩʔϝʔλʔɼHe ճऩੁΛ௨ͬͯճ
ऩͨ͠ɽHeͷྲྀྔɼϑϩʔϝʔλʔͰௐઅͨ͠ɽτϥϯεϑΝʔνϡʔϒɼʮΫϥΠ
Φελοτઌ͕ܨΔӷମ He༌ૹϥΠϯʯͱʮࣹγʔϧυྫྷ٫༻ͷӷମ He༌ૹϥ
Πϯʯͷ 2ߏʹͳ͓ͬͯΓɼ͞Βʹͦͷ֎ଆΛ HeΨε͕ྲྀΕΔ͜ͱͰɼӷମϔϦ
ϜؾԽͤͣΫϥΠΦελοτʹ౸ୡ͢ΔɽτϥϯεϑΝʔνϡʔϒʹେ͠ཹ͕ؾ

͍ͯΔͱେؾதͷਫৠ͕ؾౚͬͯ٧·ΔڪΕ͕͋ΔͨΊɼྫྷ٫લʹ HeΨεͰஔ͔ͯ͠
Βӷମ HeͷҠૹΛͨͬߦɽ֎ޫଌఆٴͼࢼྉৠணͷͨΊʹɼࣹγʔϧυʹೖࣹ
֯ 80◦ ͷࣹஔͰܘ 8 mm ͷ݀Λ̎ͭͱɼࢼྉৠண༻ͷܘ 7 mm ͷ݀Λۭ͚̍ͭ
ͨ*12ɽج൘ͷ౸ୡԹ 5.4 KͰ͋ͬͨɽྫྷ࣌٫ͷӷମϔϦϜͷফඅྔެশͰ 0.7
L/hͰ͋ΔɽΫϥΠΦελοτͷఈ໘पลʹ͖ר͚ͯ͋Δώʔλʔͷ௨ిՃྔΛ੍ޚ
͢Δ͜ͱͰɼࢼྉͷԹΛ੍ͨ͠ޚɽࢼྉثػͨ͠༺ʹܥͷ֓ཁද 3.6ʹ·ͱΊͨɽ

*11 ྫྷ٫खॱ A.2Λࢀরɽ
*12 ਤ໘ A.5Λࢀরɽ
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ਤ 3.8 ΫϥΠΦελοτͷશମਤɽ
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ྉϗϧμʔɽࢼ ࣹγʔϧυɽ

ਤ 3.9 ΫϥΠΦελοτઌʹऔΓ͚ͨࢼྉϗϧμʔͱࣹγʔϧυɽ

ද 3.6 ͷ֓ཁɽͨ͠༺ʹܥྉࢼ

໊ثػ ܕ൪ /໊ࣾ උߟ

࿈ଓϑϩʔܕΫϥΠΦελοτ Helitran-UHV LT-3B-110 / ARSࣾ
தۭ Zεςʔδ ALM-275-1_50 /ΞʔϧσοΫ ༰ՃԹڐ ≤ 200 ◦C
ϩʔλϦʔεςʔδ ARS-275 /ΞʔϧσοΫ ༰ՃԹڐ ≤ 200 ◦C
SiμΠΦʔυ DT- / Lake shore
Թίϯτϩʔϥʔ Model 335 / Lake Shore

3.6 Γੵݟͷॖڽͼٴͷບްॖڽ

ؾྉͷಋೖʹΑͬͯɼࢼମؾͬͨɽੵݟগྔ͔ΒݮମཷΊͷѹྗͷؾྉͷບްɼࢼ

ମཷΊͷѹྗ͕ ∆pมԽͨ͠ͱ͖ɼΦϦϑΟεΛ௨աͨ͠ࢠ No ɼཧؾମͷঢ়ଶ

ํఔ͔ࣜΒɼ

No = −∆pV

kBT
(3.7)
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ͱදͤΔɽ͜͜ͰɼVؾମཷΊͷମੵɼkB ϘϧπϚϯఆɼTؾମͷԹͰ͋Δ*13ɽ

ઢ࣠ʹରͯ͠ࢠ൘ج 40◦ ൘جΉࠐݟઢ͕ࢠΔͨΊɼΦϦϑΟεΛ௨ա͍͍ͨͯ͠
ͷ໘ੵ S′ ɼ

S′ = dhdw cos 40◦ (3.8)

Ͱ͋Δɽ͜͜Ͱ dh ͱ dw ɼ࿐ग़͍ͯ͠Δج൘໘ͷਨํͱਫฏํͷ͞Ͱ͋Δ*14ɽ

ࢠઢ࣠ʹରͯ͠ਫฏํͷͣΕͷ֯Λ θɼਨํͷͣΕͷ֯Λ φ ͱఆٛ͢Δ

ͱɼΦϦϑΟε͔Βग़ͨࢠઢͷ͏ͪɼج൘ʹೖࣹ͢Δ͜ͱ͕Ͱ͖Δਫฏํͱਨํ

ͷ࠷େͷ֯ θmax, φmax ɼΦϦϑΟε͔Βج൘·ͰͷڑΛ lͱ͢ΔͱɼͦΕͧΕɼ

tan θmax =
dw cos 40◦

l

tanφmax =
dh
l

(3.9)

Λຬͨ͢ɽΦϦϑΟε͔Βग़ͨࢠઢίαΠϯଇʹैͬͯج൘ʹೖࣹ͢ΔͱԾఆ͢Δ

ͱɼࢠઢͷج൘ͷೖࣹ η ɼ

η = ηxηy =

∫ θmax

0
cos θ dθ

∫ π
2

0
cos θ dθ

·

∫ φmax

0
cosφ dφ

∫ π
2

0
cosφ dφ

(3.10)

ͱදͤΔɽج൘ͷٵண֬ s*15ͱ͢Δͱɼج൘ʹٵண͢Δࢠͷ Ns ɼ

Ns = sηNo (3.11)

ͱٻ·Δɽ

ɹ࣍ʹɼج൘ද໘ʹرΨε͕ࢠ 1 ʢ1[ML]ʣٵணͨ͠ͱ͖ͷࢠΛੵݟΔɽ͜
͜ͰɼرΨεͷॖڽཧతͳ fccߏΛܗ͓ͯ͠ΓɼD2Oͱ CH4 ɼرΨε̍

ͷߏɼfccࢠΨεرண͢Δٵʹ൘جαΠτʹऩ༰͞ΕΔͱԾఆ͢Δɽͨ͠Λஔࢠ
(111)໘Λܗͨ͠ͱ͢Δͱɼ͜ͷ໘ͷ୯Ґ๔͋ͨΓͷ໘ੵ So ɼرΨεݻମͷ֨ࢠఆ
dRG Λ༻͍ͯ*16ɼ

So =

√
3

4
d2RG (3.12)

ͱදͤΔɽ͜ͷྖҬɼرΨεݸ̎ࢠʹ૬͢ΔͷͰɼج൘໘ʹرΨε͕ 1[ML]ٵ
ணͨ͠ͱ͖ͷࢠ NML ɼ

NML = dhdw
2

So
(3.13)

*13 ͦΕͧΕͷ۩ମతͳҎԼͷ௨ΓͰ͋ΔɽV = 4.66 × 10−5 [m3]ɼkB = 1.38 × 10−23 [J/K]ɼT =
293 [K]ɽ

*14 ఆ൘ʹΑͬͯӅΕΔͨΊɼdhݻ൘ͷ্Լ͕ج = 10 × 10−3 [m]ɼdw = 15 × 10−3 [m]Ͱ͋ͬͨɽ
*15 ண֬ɼsٵ = 0.68ͱͨ͠ [116]ɽ
*16 Թ͝ͱͷ fccߏʹ͓͚ΔرΨεݻମͷ֨ࢠఆ dRG ɼ A.3Λࢀরɽ
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ͱදͤΔɽ͜ΕΑΓɼॖڽͷບް Θ ɼ

Θ =
Ns

NML
(3.14)

ͱٻ·Δɽࢼྉͷॖڽ rd ɼNs Λ࣭ྔʹ͠ࢉɼؾମͷಋೖؒ࣌ ∆t ͰׂΔ͜ͱ

ͰಘΒΕͨɽ
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ୈ 4ষ

ࢉܭԽֶࢠྔ

ಈྗֶࢠͷಈతաఔΛ͢Δܥࢠ͍ͯͮجʹయྗֶݹҙຯͰɼ͍Խֶʹࢉܭ

๏ɼཚΛ༻͍ͯूࢠ߹ମͷฏߧঢ়ଶΛ࣮͢ݱΔϞϯςΧϧϩγϛϡϨʔγϣϯͱ

ಓ๏ͱີ൚يࢠྨ͞ΕΔͷʹࢉܭԽֶࢠయྗֶతख๏ؚ·ΕΔ͕ɼྔݹ͍ͨͬ

ؔ๏Ͱ͋ΔɽຊষͰɼຊڀݚͰ༻͍ͨ͜ΕΒ̎ͭͷํ๏ʹ͍ͭͯղઆͨ͠1*ޙɼ࣮ࡍ

ʹಘΒΕͨ D2OΫϥελʔٴͼ CH4-D2Oෳ߹ମͷฏߏߧɼৼಈɼٴͼ֎ٵऩڧ
ͷ݁ࢉܭՌΛࣔ͢ɽ

4.1 يࢠಓ๏

يࢠಓ (Molecular Orbital: MO)๏ɼଟిܥࢠͷ Schrödingerํఔࣜʹରͯ͠ɼಠཱ
ͯ͠༺Λదࣅۙࢠి ಈؔࢠ1ి (يࢠಓ)Λಋೖͨ͠ཧମܥͰ͋Δɽيࢠಓ ψi

ɼجఈؔͷ φµ ͷઢ݁ܗ߹ͷܗͰද͞ΕΔɽ

ψi(r) =
N∑

µ=1

Ciµφµ(r). (4.1)

͜͜Ͱ Ciµ  i ൪ͷيࢠಓʹର͢Δ µ ൪ͷجఈؔͷد༩Λࣔ͢يࢠಓͰ

͋ΓɼيࢠಓࢉܭΛ݁ͨͬߦՌͱͯ͠ಘΒΕΔɽ·ͨɼrిࢠͷҐஔ࠲ඪɼNجఈ
ؔͷ૯Ͱ͋Δɽ(4.1) ࣜۙࣜࣅͰ͋ΔͨΊɼN ͕૿͑ΔʹͭΕͯͦͷਫ਼্͕ͬ
͍͖ͯɼӈลͷల։ࣜਖ਼֬ͳيࢠಓʹऩଋ͍͕ͯ͘͠ɼͦͷࢉܭίετେ͖͘ͳ

ΔͨΊɼগͳ͍ͰيࢠಓؔΛਫ਼ྑ͘දݱͰ͖ΔΑ͏ͳجఈ͕ܥ·͍͠ɽيࢠ

*1 ຊষΛॻ্͘Ͱ, [117]Λߟࢀʹͨ͠.
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ಓ๏ͷํૅجఔࣜͰ͋Δ Hartree-Fock (HF)ํఔࣜҎԼͷΑ͏ʹද͞ΕΔɽ


−1

2
∇2 −

M∑

A=1

ZA

rA
+

n∑

j=1

(Jj −Kj)



ψi(r) = εiψi(r). (4.2)

͜͜Ͱࠨลׅހͷୈ 1ɼ2߲ͦΕͧΕిࢠͷӡಈΤωϧΪʔɼ͔֩ΒͷҾྗͷԋࢠࢉɼ
ୈ 3 ߲ͷ JjɼKj ͦΕͧΕ Coulomb ൃٴͼަԋࢠࢉͰ͋Γɼεi  i ൪ͷيಓΤ
ωϧΪʔͰ͋Δɽ(4.2) ࣜΛղ͘͜ͱʹΑΓɼಠཱిࣅۙࢠͷͱͰղΛಘΔ͜ͱ͕Ͱ͖
ΔɽΑΓີݫͳղΛಘΔͨΊʹɼଟిܥࢠʹ͓͚Δిجࢠఈঢ়ଶͷີݫͳશΤωϧΪʔ

ͱ HFۙࣅͷΑ͏ͳฏۉۙࣅͱͷࠩͰ͋Δిࢠ૬ؔΤωϧΪʔΛదʹੵݟΕΔ͔͕
ॏཁͱͳΔɽ

4.2 ఈؔج

ࢠෳͷࢠݪͰߏ͞Ε͍ͯΔ͜ͱ͔Βɼيࢠಓ (MO) ߏࢠݪͷيࢠݪಓ
(AO)ͷઢ݁ܗ߹Ͱද͞ΕΔɽ͜Ε·Ͱଟ͘ͷऀڀݚʹΑͬͯɼ֤ࢠݪͷ AOΛදؔ͢
ܥఈؔجఈؔͷΛجఏএ͞Ε͓ͯΓɼ͜ΕΒͷ͕(ఈؔج) (Basis Set)ͱ͍͏ɽ
ɹࢠݪͷిجࢠఈঢ়ଶʹ͍ͯͮجɼ֤ AO ʹ͍ͭͯͦΕͧΕҰͭͷؔΛׂΓͯͨج
ఈؔܥΛ࠷খجఈܥͱΑͿ*2ɽ࣮ࡍͷࢉܭͰɼࢉܭͷޮੑ͔Βɼ࠷খجఈܥͰ

༻͍Δ AOͷؔΛෳͷ Gaussؔͷઢ݁ܗ߹Ͱۙͨ͠ࣅ Gaussيಓ (CGTO)Λ༻͍
Δɽ͜ΕΛॖ (Contraction)ͱ͍͍ɼॖʹ༻͍ΒΕΔ GaussؔΛ Primitive Gaussian
ͱ͍͏ɽ·ͨɼ࣮ࡍ֤ AO ʹෳͷؔΛׂΓͯͯيಓͷ৳ॖΛදݱͰ͖ΔΑ͏
ʹ֦ுͨ͠جఈܥΛ༻͍ΔɽͧΕͧΕͷ AO ʹରͯ͠ɼ̎ͭͷؔΛׂΓͯΔͷΛ
Double-Zeta (DZ)جఈɼ̏ͭΛׂΓͯΔͷΛ Triple-Zeta (TZ)جఈɼ̐ͭΛׂΓͯ
ΔͷΛ Quadruple-Zeta (QZ)جఈͱΑͿɽଟ͘ͷ߹ɼ֪ిࢠԽֶ݁߹ʹେ͖ؔ͘
༩͠ͳ͍ͨΊɼՁిيࢠಓ (Valence Orbital)ʹ͍͚֦ͭͯͩுͨ͠ split valenceجఈ͕
ΘΕɼVDZɼVTZɼVQZͳͲͱද͞هΕΔɽVDZͱͯ͠ɼ3-21Gجఈɼ4-31Gجఈɼ
6-31GجఈɼVTZͱͯ͠ 6-311Gجఈ͕Α͘༻͍ΒΕΔ*3 ɽ

ɹࢠΛܗ͍ͯ͠ΔࢠݪͷपΓͷిՙٿରশͰͳ͘ͳ͍ͬͯΔͨΊɼ͜ͷޮՌ

Λྀ͢ߟΔͨΊʹؔۃ (Polarization Function)ΛՃ͑Δඞཁ͕͋Δɽؔۃͱͯ͠
ɼValenceيಓΑΓ֯ӡಈྔྔࢠͷେ͖͍͕ؔՃ͑ΒΕΔ*4ɽ6-31GجఈͰɼਫૉ

*2 ྫ͑ࢎૉࢠݪͷ߹ɼిجࢠఈঢ়ଶͷిࢠஔ (1s)2(2s)2(2p)4 Ͱ͋Δ͔Βɼ1sيಓɼ2sيಓɼ2pي
ಓʢpيಓʹ px, py , pz ͷ̏ͭʣΛׂΓͯͨجఈؔ࠷͕ܥখجఈܥͱͳΔɽ

*3 ྫ͑ 6-31Gɼ֪෦̒ͭͷ Primitive GaussianͰ̍ͭͷ CGTOΛද͠ɼValence෦ɼ̏ͭͷ
Primitive Gaussian͔ΒͳΔ CGTOͱɼ̍ͭͷ Primitive Gaussian͔ΒͳΔ CGTOͷ̎ͭͰߏ͞ΕΔɽ

*4 ྫ͑ࢎૉࢠݪͷ Valenceيಓ pܕͳͷͰɼؔۃ dܕͷ͕ؔՃ͑ΒΕΔɽ
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ʹࢠݪҎ֎ͷࢠݪ dܕͷؔۃΛՃ͑ͨ߹ʹ 6-31G(d) ͱද͠هɼਫૉࢠݪʹ p
ΛՃ͑ͨͱ͖ʹؔۃͷܕ 6-31G(d,p)ͱද͢هΔɽ6-311G(3df,3pd)ͷ߹ɼਫૉ
Ҏ֎ʹ̏ͭͷࢠݪ dܕͱ̍ͭͷ fܕͷؔۃɼਫૉࢠݪʹ̏ͭͷ pܕͱ̍ͭͷ dܕ
ͷؔۃΛՃ͑Δ͜ͱΛҙຯ͢Δɽ

ɹ van der Waals݁߹ਫૉ݁߹ͷΑ͏ʹڞ༗݁߹ʹൺͯऑ͘ɼ݁߹ͷ͍݁߹͕ଘ
ఈؔ*5ΛجΓͷେ͖͍͕ʹΔ߹ʹɼۭؒత͢ࢉܭঢ়ଶΛىྭࢠΔ߹ɼి͢ࡏ

Ճ͑Δ͜ͱॏཁͰ͋Δɽ͜ͷΑ͏ͳجఈؔΛ diffuseؔͱ͍͏ɽGaussianͰΑ͘༻
͍ΒΕΔ a-bcG (a,b,cࣈ)λΠϓͷجఈܥʹ diffuseؔΛՃ͑Δ߹ Λ༩߸ه+
͢Δɽ6-31GجఈͰɼਫૉࢠݪҎ֎ͷࢠݪʹ diffuseؔΛՃ͑Δʹ 6-31+Gɼਫૉࢠݪ
ʹՃ͑Δʹ 6-31++G ͱࢦఆ͢Δɽؔۃʹ valence ࢠಓ֯ӡಈྔྔيಓΑΓي
ͷେ͖͍يಓؔΛ༻͍͕ͨɼdiffuseؔʹ Valenceيಓͱيಓ֯ӡಈྔྔࢠ͕
ಓ͕ؔ༻͍ΒΕΔ*6ɽي*5ͷখ͍͞ࢦ͘͠

4.3 ີ൚ؔ๏

ີ൚ؔ (Density Functional Theory: DFT) ๏ɼHohenberg-Kohn ͷఆཧʹͮ͘ج
ݱͷ൚ؔͱͯ͠දີࢠख๏Ͱ͋Γɼ֤ۭؒʹ͓͚Δ֎෦༗ޮϙςϯγϟϧΛిࢉܭ

͢Δ͜ͱͰɼݻମͷిࢠঢ়ଶͷߴ͕ࢉܭԽͨ͠ɽ·ͨɼۙീΒʹΑͬͯɼඇௐੑ

ΛؚΉৼಈղੳΛతͱͨ͠ৼಈࣗݾແண (Vibrational Self-Consistent Field: VSCF)
๏Λൃలͤͨ͞ Optimized Coordinate VSCF๏ʹߴͮ͘جਫ਼ͳඇௐৼಈղੳ๏ͷߏங
͕औΓ·Ε͍ͯΔ [118]ɽ

DFTͰ̏࠲ۭؒݩ࣍ඪ rͷؔͱͯ͠ఆٛ͞ΕΔిີࢠ ρ(r)͕ॏཁͳׂΛՌͨ

͢ɽHohenberg ͱ Kohn ɼిີࢠܾ͑͞·Εɼܥͷجఈঢ়ଶʹ͓͚ΔిࢠΤωϧ
Ϊʔ*7͕֬ఆ͢Δ͜ͱΛূ໌ͨ͠ (Hohenberg-Kohnͷఆཧ)ɽిີࢠۭؒ࠲ඪͷؔ
Ͱ͋Γɼ֤ΤωϧΪʔ߲͞ΒʹిີࢠͷؔͷͨΊɼΤωϧΪʔిີࢠͷ൚ؔ

Ͱ͋Δɽ͜͜Ͱɼ֤ΤωϧΪʔ߲ͷ൚ؔܥΛಋ͍ͨΘ͚Ͱͳ͍͜ͱʹҙ͠ͳ͚Ε

ͳΒͳ͍ɽ

يࢠಓ๏ʹ͓͚Δํૅجఔࣜ Hatree-Fockํఔࣜͩͬͨͷʹରͯ͠ɼDFT๏ͰҎ

*5 ఈؔʹɼ௨ৗج Gauss͕ؔ༻͍ΒΕ͓ͯΓɼ͔֩ࢠݪΒͷڑΛ rͱͯ͠ɼexp(-αr2)ͷΑ͏ͳܗ
Λ͍ͯ͠Δɽࢦ α͕খ͍͞ͱ͖ʹɼ͕Γͷେ͖ͳ GaussؔͱͳΔɽ

*6 ྫ͑ࢎૉࢠݪͷ 6-31+Gجఈʹɼ6-31Gجఈʹࢦͷখ͞ͳ sܕͱ pܕͷ͕ؔՃ͑ΒΕΔɽ
*7 ΤωϧΪʔɼ૬ؔΤωϧΪʔͷͷӡಈΤωϧΪʔɼCoulombΤωϧΪʔɼަࢠΤωϧΪʔɼిࢠి
Ͱ͋Δɽ
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Լͷ Kohn-Shamํఔ͕ࣜํૅجఔࣜͱͳΔɽ
(
−1

2
∇2 −

M∑

A=1

ZA

rA
+

∫
ρ(r′)

|r− r′|dr+ VXC(r)

)
ψi(r) = εiψi(r). (4.3)

͜͜Ͱׅހͷୈ߲ࡾిؒࢠͷ Coulomb ൃԋࢠࢉɼVXC ަɾ૬ؔԋࢠࢉΛද

͠ɼψi  Kohn-Sham ಓɼεiي ରԠ͢ΔيಓΤωϧΪʔͰ͋Δɽిີࢠ ρ(r) ɼ

Kohn-ShamيಓʹΑΓɼҎԼͷΑ͏ʹ͞ࢉܭΕΔɽ

ρ(r) =
n∑

i=1

ψi(r)
∗ψi(r). (4.4)

(4.2) ࣜɼ(4.3) ࣜΛൺֱ͢Δͱɼيࢠಓ๏ͱ DFT ๏ͷҧ͍ަԋࢠࢉͷࣜܗͱ૬ؔ
ԋࢠࢉͷ༗ແͰ͋Δ͜ͱ͕Θ͔ΔɽVXC ͕Θ͔͍ͬͯͯ (4.3)ࣜΛղ͘͜ͱ͕Ͱ͖Εɼ
(4.4)ࣜΑΓಘΒΕΔిີࢠʹΑΓɼిࢠ૬ؔΤωϧΪʔΛؚΊͨిࢠΤωϧΪʔ͕ಘ
ΒΕΔɽ͔͠͠ɼ্ड़ͨ͠Α͏ʹަɾ૬ؔΤωϧΪʔͷిີࢠґଘੑطͰͳ͍

ͨΊɼ൚ؔܥͷԾఆ͕ඞཁͱͳΔɽ

4.4 DFTͰ༻͍ΒΕΔ൚ؔ

DFT ൚ؔɼ૬ؔ൚ؔΛબ͢Δඞཁ͕͋ΔɽަʹఈؔͱͱجͰɼࢉܭ
ͷܥࢠ DFTࢉܭͰΑ͘ݟΒΕΔ BLYP๏Ͱɼަ൚ؔͱͯ͠ޯิਖ਼๏*8ʹͮ͘ج

Beckeͷަ൚ؔ B͕༻͍ΒΕ͓ͯΓɼ૬ؔ൚ؔͱͯ͠ Lee, Yang, ParrʹΑΔ LYP
൚͕ؔ༻͍ΒΕ͍ͯΔ*9ɽ·ͨɼܥࢠͰ࠷Α͘༻͍ΒΕ͍ͯΔͷ B3LYP๏Ͱ͋
ΓɼຊڀݚͰ͜ͷํࢉܭ๏Λ༻͍ͨɽަ൚ؔͰ͋Δ B3ɼBeckeͷࠞ๏ʹΑΔ
ͼٴ10*ࣅॴີۙہ൚ؔͰ͋Γɼަ Beckeͷ B൚ؔʹɼHartree-FockͷަΤω
ϧΪʔΛઢܗʹΈ߹Θͤͯಋ͍ͨͷͰ͋Δɽ͔͠͠ɼvan der Waals ྗʹΑΔऑ͍݁
߹ΛؚΉ߹ɼB3LYP๏ΑΓ PW91PW91ͦͷमਖ਼൛Ͱ͋ΔMPW1PW91ͷํ͕
ൺֱతྑ͍݁Ռ͕ಘΒΕΔ͜ͱ͋ΔͨΊɼ͍͔ͭ͘ͷ൚ؔΛ݁ͯ͠ࢼՌΛൺֱ͢Δ͜

ͱ͕ඞਢͰ͋Δɽ

ɹ

ɹ

*8 ͷޯʹґଘ͢Δͱ͍ͯ͠Δɽີࢠɾ૬߲͕ؔి߲Δɽަ͍ͯ͠ࢪͷಋؔʹΑΔิਖ਼Λࢠి

*9 DFTͰަ൚ؔͱ૬ؔ൚ؔΛΈ߹Θ໊ͤͨশ͕༻͍ΒΕΔɽ
*10 Δํ๏ͷ͜ͱɽ͢ࣅ૬ؔΤωϧΪʔͰۙରͯ͠ಘΒΕΔަʹܥࢠ૬߲ؔΛɼҰ༷ͳిަ
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4.5 ࠩޡఈؔͷॏͶ߹Θͤج

̎ࢠҎ্ͷෳ߹ମΛ͢ࢉܭΔࡍʹɼߏࢠͷيಓʹଞํͷࢠͷيࢠಓ͕औΓ

ޡఈؔͷॏͶ߹ΘͤجΛࠩޡΕɼ҆ఆԽΤωϧΪʔΛաେධՁͯ͠͠·͏ɽ͜ͷ·ࠐ

ࠩ (Basis Set Superposition Error: BSSE) ͱ͍͏ɽਫૉ݁߹ vdW ྗͳͲͷ ∼ े
kJ/mol ఔͷऑ͍૬࡞ޓ༻Λ͢ࢉܭΔ߹ʹɼBSSE ͷد༩ΛແࢹͰ͖ͳ͍ɽͦͷͨ
ΊɼCounterpoise (CP)๏ͰࠩޡΛิਖ਼͢Δ [119,120]ɽCP๏ɼ૬࡞ޓ༻͢Δيࢠಓ
͕͋Δ߹ͱͳ͍߹ͷΤωϧΪʔࠩΛ͢ࢉܭΔ͜ͱͰɼBSSEΛิਖ਼͢Δํ๏Ͱ͋Δɽ

4.6 ػࢉܭͼٴιϑτΣΞͨ͠༺

ۙͷྔࢠԽֶࢉܭͰɼଟ͘ͷ߹ Gaussian  GAMESS ͱ͍ͬͨιϑτΣΞ͕
༻͍ΒΕΔɽຊڀݚͰɼྔࢠԽֶࢉܭιϑτͱͯ͠ Gaussian 03 [121] ·ͨ 09 [122]
Λ༻͍ͨɽػࢉܭͨ͠༺ͷࢉܭͱੑΛද 4.1ʹࣔ͢ɽ

ද 4.1 ͼੑɽٴ൪ܕͷػࢉܭ

൪ܕ CPU ίΞ ϝϞϦ Gaussian
HPC5000-XH208TS-SIP Xenon X5472 2CPU8Core 8 GB (2 GB × 4) Gaussian03
HPC5000-XW218TS-SIP Xenon X5690 2CPU12Core 96 GB (8 GB × 12) Gaussian09
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ɹ

4.7 D2OΫϥελʔͷฏߏߧɼৼಈɼ֎ٵऩڧ

B3LYP/6-311++G(d,p)ϨϕϧͰߏ࠷దԽͨ͠୯ྔମΛ༻͍ͯɼ2ྔମ͔Β 6ྔମͷߏ
࠷దԽΛͨͬߦɽΫϥελʔͷߏ࠷దԽ B3LYP/6-311++G(d,p) ϨϕϧͰ͠ࢉܭɼ
CP๏ʹΑΔ BSSEิਖ਼Λͨͬߦɽ2ྔମ͔Β 5ྔମͷॳظஔͰͷزԿֶతஔͱྡ࠷
ࢎૉڑؒࢠݪ R(O-O)ɼKeutschΒ͕ใͨ͠ࠂ H2OΫϥελʔͷߏٴͼΛߟࢀ
ʹͨ͠ [33]ɽ2ྔମ Chainܕɼ3ྔମ͔Β 5ྔମ CyclicܕͰ͋Δɽߏ࠷దԽͰಘΒ
Εͨ 2ྔମ͔Β 5ྔମͷ R(O-O)Λද 4.2ʹɼฏߏߧΛਤ 4.1ʹࣔ͢ɽkྔମ (k = 3-5)
 Cyclic Ͱ͋Γɼkܕ ΔͨΊɼද͢ࡏͷਫૉ݁߹͕ଘݸ 4.2 ͷ R(O-O) ͷฏͨ͠ۉ
Λͨ͠ࡌهɽ̒ྔମɼҰൠʹ҆ఆߏͱݴΘΕ͍ͯΔ CageܕɼBookܕɼPrismܕɼ
Cyclicܕͷ̐छྨͷߏҟੑମͷߏ࠷దԽΛͨͬߦɽͦΕΒͷزԿֶతஔɼLosada
Β͕ใߏͨ͠ࠂΛߟࢀʹͨ͠ [48]ɽ6ྔମͷฏߏߧΛਤ 4.2ʹࣔ͢ɽ
ɹ֤Ϋϥελʔͷߏ࠷దԽΛޙͨͬߦɼ B3LYP/6-311++G(d,p)ϨϕϧͰৼಈͱ֎
ɽ·ͨൺֱͷͨΊɼH2Oͨ͠ࢉܭΛڧऩٵ Ͱಉ༷ͷύϥϝʔλʔͰߏ࠷దԽΛߦ
͍ɼৼಈͱ֎ٵऩڧΛͨ͠ࢉܭɽ୯ྔମද 4.3ʹɼ2ྔମද 4.4ʹɼ3ྔମ
ද 4.5ʹɼ4ྔମද 4.6ʹɼ5ྔମද 4.7ʹͦͷ݁ՌΛ·ͱΊͨɽൺֱͷͨΊɼઌݚߦ
Εͨ͞ࠂͰใڀݚߦɽઌͨ͠ࡌهڧऩٵ֎ͰಘΒΕͨৼಈͱڀ H2OΫϥελʔ
ͷৼಈɼࣜ νcalc = ν(1.184− 0.00006ν)*11ͰεέʔϦϯά͞Ε͍ͯͨͨΊɼൺֱͷͨ

Ίʹɼຊڀݚͷ DFTࢉܭͰಘΒΕͨ H2OΫϥελʔͷৼಈಉࣜ͡ͰεέʔϦϯά͠
ͨ͠ࡌهͯ [33]ɽ͜͜Ͱɼν  DFTࢉܭͰٻΊͨɼνcalc  ν ΛεέʔϦϯάͨ͠Λ

ࣔ͢ɽD2OΫϥελʔͷৼಈɼεέʔϦϯά͍ͯ͠ͳ͍ɽCageܕɼBookܕɼPrism
Λදڧऩٵ֎ͼٴମͷৼಈྔ̒ܕɼCyclicܕ 4.8ʹࣔ͢ɽ

*11 ͜ͷࣜɼOhnoΒͷ݁ࢉܭՌ͕ɼN2+O2 ϚτϦοΫεதͷ H2OΫϥελʔͷ֎ޫଌఆͰ؍ଌ͞Ε
ͨ Free-OH৳ॖͷৼಈͱɼ6ྔମ (Chairܕ)ͷ Bonded-OH৳ॖͷৼಈͷؒʹऩ·ΔΑ͏ʹܾΊΒΕ
ͨࣜͰ͋Δɽ
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ද 4.2 kྔମΛߏ͢Δࢎૉࢠݪͷྡ࠷ڑؒ֩ࢠݪ R(O-O) (Å])ɽ

k This work Keutsch [33]
D2O H2O H2O

2 2.94 2.94 2.95
3 2.81 2.81 2.80
4 2.77 2.77 2.74
5 2.75 2.75 2.72

(D2O)2

Cyclic-(D2O)3

Cyclic-(D2O)4
Cyclic-(D2O)5

ਤ 4.1 2ྔମɼCyclic-3, -4, -5ྔମͷฏߏߧɽ
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Cage-(D2O)6

Book-(D2O)6

Prism-(D2O)6 Cyclic-(D2O)6

ਤ 4.2 Cage-ɼBook-ɼPrism-ɼCyclic-̒ྔମͷฏߏߧɽ
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ද 4.3 B3LYP/6-311++G(d,p)ϨϕϧͰͨ͠ࢉܭ୯ྔମͷৼಈ ν (cm−1)ٴͼ֎ٵ
ऩڧ I (km/mol)ɽઌڀݚߦͷࢉܭϨϕϧɼB3LYP/6-311++G(d,p) Ϩϕϧ [123] ͱ
B3LYP/6-311++G(3df,3pd)Ϩϕϧ [124]Ͱ͋Δɽ

H2O D2O
Ohno [123] This work Ceponkus [124] This work

Vib. ν I ν I ν I ν I
ν2 1602 67 1162 38 1173 35
ν1 3644 9 3646 9 2659 4 2753 7
ν3 3721 57 3722 57 2767 36 2876 35

ද 4.4 ̎ྔମͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽઌڀݚߦͷࢉܭϨϕ
ϧɼB3LYP/6-311++G(d,p) Ϩϕϧ [123] ͱ B3LYP/6-311++G(3df,3pd) Ϩϕϧ [124]
Ͱ͋ΔɽVib., vibration; a, acceptor; d, donorɽ

H2O D2O
Ohno [123] This work Ceponkus [124] This work

Vib. ν I ν I ν I ν I
ν2 (a) 1750 86 1170 47 1179 46
ν2 (d) 1769 40 1176 22 1189 22
ODb (d) 3564 332 3570 308 2601 157 2687 146
ν1 (a) 3644 16 3670 16 2656 8 2749 12
ODf (d) 3700 80 3643 82 2742 70 2846 69
ν3 (a) 3716 86 3716 81 2773 48 2871 47
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ද 4.5 Cyclic̏ྔମͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽઌڀݚߦͷܭ
ϨϕϧɼB3LYP/6-311++G(d,p)Ϩϕϧࢉ [123]ͱMP2+zero point/6-311+G(2d,2p)Ϩ
ϕϧ [125]Ͱ͋ΔɽVib., vibration; a, acceptor; d, donorɽ

H2O D2O
Ohno [123] This work Ceponkus [125] This work

Vib. ν I ν I ν I ν I
ν2 (da) 1619 113 1184 60
ν2 (da) 1621 84 1186 46
ν2 (da) 1646 7 1199 4
ODb (da) 3455 18 3474 19 2770.4 0 2595 13

3499 573 3514 536 2719.1 138 2633 262
3507 528 3521 498 2719.1 138 2638 244

ODf (da) 3697 89 2896.9 0 2836 78
3700 84 2898.0 130 2839 79
3702 64 2898.0 130 2841 38

ද 4.6 Cyclic̐ྔମͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽઌڀݚߦͷܭ
ϨϕϧɼB3LYP/6-311++G(d,p)Ϩϕϧࢉ [123]Ͱ͋ΔɽVib., vibration; a, acceptor; d,
donorɽ

H2O D2O
Ohno [123] This work This work

Vib. ν I ν I ν I ν I
ν2 (da) 1771 85 1193 45
ν2 (da) 1785 68 1200 41
ν2 (da) 1789 75 1201 41
ν2 (da) 1826 2 1222 0
ODb (da) 3315 0 3347 49 2484 0

3387 1466 3411 1255 2543 705
3388 1465 3415 1322 2543 704
3416 18 3442 113 2566 5

ODf (da) 3691 74 2832 61
3693 89 2833 85
3694 48 2833 84
3700 66 2834 2
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ද 4.7 Cyclic̑ྔମͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽઌڀݚߦͷܭ
ϨϕϧɼB3LYP/6-311++G(d,p)ࢉ Ϩϕϧ [123]ͱɼMP2/aug-cc-pVDZ Ϩϕϧ [126]
Ͱ͋ΔɽVib., vibration; a, acceptor; d, donorɽ

H2O D2O
Ohno [123] This work Graf [126] This work

Vib. ν I ν I ν I ν I
ν2 (da) 1195 42

1200 11
1205 52
1214 38
1223 1

ODb (da) 3277 27 3314 42 2433.7 7.12 2456 20
3343 2204 3371 2089 2490.9 1060 2507 1076
3349 2139 3379 1895 2497.1 989 2516 953
3384 76 3408 60 2528.1 24.7 2541 22
3391 40 3419 102 2533.0 30.9 2551 67

ODf (da) 3694 68 2830.6 60.9 2830 55
3695 75 2832.4 65.1 2832 59
3696 58 2834.0 62.4 2833 49
3699 57 2834.4 60.4 2836 52
3701 72 2835.3 66.2 2839 57
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ද 4.8 CageܕɼBookܕɼPrismܕɼCyclicܕͷ (D2O)6 ͷৼಈ ν (cm−1)ٴͼ֎
ڧऩٵ I (km/mol)ɽ

Cage Book Prism Cyclic
Vib. ν I ν I ν I ν I
Bending 1185 56 1193 38 1189 71 1196 55

1192 34 1195 41 1196 36 1200 1
1203 44 1199 60 1207 31 1201 2
1215 45 1207 11 1221 18 1211 46
1228 14 1219 27 1236 59 1216 47
1236 27 1244 14 1252 43 1225 3

ODb 2363 412 2406 99 2354 445 2450 77
2522 326 2452 1055 2510 380 2496 1309
2548 305 2499 331 2587 13 2504 1243
2579 281 2572 203 2596 364 2533 21
2626 171 2602 422 2668 78 2535 68
2664 88 2613 51 2683 91 2552 53

ODf 2727 88 2726 249 2738 83 2750 69
2753 207 2825 54 2764 146 2806 62
2826 50 2830 57 2771 180 2823 54
2832 64 2832 46 2829 56 2827 54
2834 60 2834 63 2832 60 2832 52
2846 61 2840 66 2837 69 2833 55
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4.8 D2O-CH4 ෳ߹ମͷฏߏߧɼৼಈɼ֎ٵऩڧ

ɹ D2O-CH4 ෳ߹ମͷߏ࠷దԽΛͨͬߦɽॳظஔʹɼB3LYP/6-311++G(d,p) Ϩ
ϕϧͰߏ࠷దԽͨ͠ D2O ͱ CH4 Λ༻͍ͨɽWater donor (WD) ͱߏ Water acceptor
(WA)ߏͷ̎ͭͷ҆ఆߏʹ͍ͭͯɼߏ࠷దԽٴͼৼಈɼ֎ٵऩڧͷࢉܭΛͬߦ
ͨɽࢉܭɼB3LYP/6-311++G(d,p) ͱ MPW1PW91/6-311++G(d,p) ϨϕϧͰͨͬߦɽෳ
߹ମͷࢎૉ-ૉڑؒ֩ࢠݪɼCappellettiΒ͕ୈҰݪཧࢉܭͰٻΊͨΛ༻͍ͨ [83]ɽ
B3LYP/6-311++G(d,p) ϨϕϧͰߏ࠷దԽͨ̎͠छͷ D2O-CH4 ෳ߹ମͷزԿֶతஔ

Λਤ 4.3ʹࣔ͢ɽ·ͨɼD2O-CH4 ෳ߹ମͷWDߏͷৼಈͱ֎ٵऩڧΛද 4.9ʹɼ
WAߏͷৼಈͱ֎ٵऩڧΛද 4.10ʹࣔ͢ɽൺֱͷͨΊʹɼD2Oͱ CH4 ͷ୯ྔମ

ͷৼಈٴͼ֎ٵऩڧͷࢉܭͨͬߦɽ୯ྔମͰɼCCSD/aug-cc-pVTZ ϨϕϧͰ
ͨͨ͠ࢉܭΊɼͦͷ݁Ռซͤͯද 4.11ʹࣔ͢ɽ

(a) WDߏ (b) WAߏ
ਤ 4.3 CH4-D2Oෳ߹ମͷ҆ఆߏɽ
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ද 4.9 WDߏͷ D2O-CH4 ͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽMͱ
Vib. ͦΕͧΕࢠछͱৼಈϞʔυΛද͢ɽ

B3LYP/6-311++G(d,p) MPW1PW91/6-311++G(d,p)
M (Vib.) ν I ν I
D2O (ν2) 1173.5 26.8 1179.2 26.9
CH4 (ν4) 1339.8 26.2 1334.9 28.3

1343.6 19.7 1339.5 22.6
1344.5 19.2 1340.9 21.6

CH4 (ν2) 1560.7 0.2 1563.5 0.2
1560.9 0.2 1563.7 0.2

D2O (ν1) 2750.0 12.5 2796.3 13.9
D2O (ν3) 2872.3 52.7 2921.1 56.2
CH4 (ν1) 3020.3 0.8 3044.5 0.7
CH4 (ν3) 3124.4 19.2 3164.4 16.6

3124.6 23.2 3164.6 19.7
3129.6 21.8 3170.2 18.8

ද 4.10 WAߏͷ D2O-CH4 ͷৼಈ ν (cm−1)ٴͼ֎ٵऩڧ I (km/mol)ɽMͱ
Vib. ͦΕͧΕࢠछͱৼಈϞʔυΛද͢ɽ

B3LYP/6-311++G(d,p) MPW1PW91/6-311++G(d,p)
M (Vib.) ν I ν I
D2O (ν2) 1173.4 35.1 1181.2 35.6
CH4 (ν4) 1335.0 16.4 1329.8 18.3

1347.3 16.9 1342.6 18.9
1348.6 16.7 1344.3 18.6

CH4 (ν2) 1561.6 0.0 1564.4 0.0
1562.5 0.0 1565.3 0.0

D2O (ν1) 2751.8 7.4 2798.6 9.5
D2O (ν3) 2875.3 35.6 2924.5 38.6
CH4 (ν1) 3019.1 5.0 3043.7 3.8
CH4 (ν3) 3119.4 32.4 3161.9 28.0

3120.1 32.0 3162.4 27.7
3135.4 5.0 3171.7 5.0
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ද 4.11 D2O୯ྔମٴͼ CH4 ୯ྔମͷৼಈ ν (cm−1)ͱ֎ٵऩڧ I (km/mol)ɽ
Mͱ Vib. ͦΕͧΕࢠछͱৼಈϞʔυΛද͢ɽ

B3LYP/ MPW1PW91/ CCSD/
6-311++G(d,p) 6-311++G(d,p) aug-cc-pVTZ

M Vib. ν I ν I ν I
D2O ν2 1172.8 35.4 1180.7 35.7 1215.9 39.4

ν1 2752.7 6.5 2798.5 8.3 2744.5 3.6
ν3 2875.7 34.9 2924.0 37.9 2872.0 36.4

CH4 ν4 1339.7 18.2 1347.7 21.9 1363.0 9.6
1339.7 18.2 1347.7 21.9 1363.0 9.6
1339.7 18.2 1347.7 21.9 1363.0 9.6

ν2 1558.3 0.0 1570.1 0.0 1584.2 0.0
1558.3 0.0 1570.1 0.0 1584.2 0.0

ν1 3026.4 0.0 3060.6 0.0 3045.9 0.0
ν3 3132.2 25.9 3190.0 22.9 3162.7 22.2

3132.2 25.9 3190.0 22.9 3162.7 22.2
3132.2 25.9 3190.0 22.9 3162.7 22.2
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ୈ 5ষ

தʹͨ͠ॖڽΨεر D2OΫ
ϥελʔ

5.1 ΫϥελʔαΠζͷ D2Oೱґଘੑ

ArϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτϧͷ D2Oೱґଘ
ੑΛଌఆͨ͠ɽͦͷ OD ৳ॖৼಈྖҬͷ֎ٵऩεϖΫτϧΛਤ 5.1 ʹࣔ͢ɽج൘Թ
Ts  5.3 Kɼࢼྉͷॖڽ rd  1 mmol/hɼບް Θ  1-6 × 103 MLͰ͋ΔɽҎલͷݚ
ڀ [12, 13, 36, 73, ଐΛஅͨ͠ɽؼɼ͜ΕΒͷϐʔΫͷ͍ͯͮجʹ[74
ɹਤதͷ 2640 cm−1 ͷߴଆͱଆʹݱΕͨٵऩϐʔΫɼͦΕͧΕ D2OΫϥε
λʔͷ Free-OD ৳ॖৼಈɼBonded-OD ৳ॖৼಈʹରԠ͢Δɽ૬ରతʹ D2Oೱ͕͍
Ar/D2O = 900ͷεϖΫτϧͰݱΕͨ 2640 cm−1 ͔Β 2800 cm−1 ͷϐʔΫɼओʹ D2O
୯ྔମͷඇճస (nr) ભҠͱճస (r) ભҠʹ༝དྷ͢Δɽ2658 cm−1ɼ2770 cm−1 ͷϐʔΫ

ɼͦΕͧΕ nr-୯ྔମͷ ν1 ৼಈɼν3 ৼಈʹىҼ͢Δɽ2677 cm−1 ͷٵऩϐʔΫɼ୯

ྔମ ν1 ৼಈͷ 000 → 111 ʹɼ2759 cm−1, 2782 cm−1, 2793 cm−1 ͷٵऩϐʔΫɼͦΕ

ͧΕ୯ྔମ ν3 ৼಈͷ 101 → 111ɼ000 → 101ɼ101 → 202 ʹ༝དྷ͢Δɽ2654ɼ2764 cm−1

ͷϐʔΫ 2ྔମͷ AcceptorʹΑΔͷͰɼͦΕͧΕ ν1 ৼಈɼν3 ৼಈʹରԠ͢Δɽ

ɹ 2725 cm−1 ͔Β 2750 cm−1 ͷٵऩ D2O Ϋϥελʔͷ Free-OD ৳ॖৼಈʹ༝དྷ͢
Δɽ2745 cm−1 2ྔମʹΑΔͷͰ͋Γɼ͜ΕΑΓଆʹݱΕͨϐʔΫ͕ϒϩʔυ
ͳͷɼ 3ྔମҎ্ͷΫϥελʔͷٵऩ͕ॏͳͬͨ͜ͱʹىҼ͢ΔɽҎ্ʹࣔͨ͠ 2640
cm−1 Ҏ্ʹݱΕͨ OD৳ॖৼಈϐʔΫͷͱͦͷؼଐΛɼઌڀݚߦͷ݁Ռͱซͤͯද
Δɽ͢ࡌهʹ5.1
ɹਤ 5.1(a) ʹ͓͍ͯɼ2 ྔମͷ Bonded-OD ৳ॖͷϐʔΫ͕ 2614 cm−1 Εͨɽ͜ͷݱʹ

ϐʔΫͷଆͷݞɼN2 ͱ 2ྔମͷෳ߹ମʹ༝དྷ͢ΔٵऩͰ͋Δ [91]ɽ͜ΕΒʹՃ
͑ɼ3ྔମɼ4ྔମɼ5ྔମ༝དྷͷϐʔΫ͕ɼͦ ΕͧΕ 2579 cm−1ɼ2487 cm−1ɼ2459 cm−1
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ਤ͍ߴΕͨɽD2Oೱͷݱʹ 5.1(b)Ͱɼ2373 cm−1 ͱ 2537 cm−1 ΕݱऩϐʔΫ͕ٵʹ

ͨɽ͜ΕΒͷٵऩɼਤ 5.1(a)ͰݟΒΕͳ͔ͬͨͨΊɼ6ྔମͷ Bonded-OD৳ॖʹ༝
དྷ͢Δٵऩͩͱஅͨ͠ɽ͜ͷؼଐҎલͷޫֶతڀݚͷ݁ՌͱҰக͢Δ [10, 55]ɽ
ɹ̒ྔମͷߏͱͯ͠ɼઌڀݚߦͷؾ૬ [127] ͼٴ He ӷణɼp-H2ɼNe ϚτϦοΫε
த [8, 9, 17, 128] ͷ࣮ݧͰੜ͕֬ೝ͞Ε͍ͯΔ Cage ܕ (Cage-6)ɼBook ܕ (Book-6)ɼ
Prism ܕ (Prism-6)ɼCyclic ܕ (Cyc-6) ͷ̐ͭͷՄੑΛͨ͑ߟɽDFT ΊͨٻͰࢉܭ 2-5
ྔମͷ Bonded-ODٴͼ̒ྔମͷ̐ͭͷߏҟੑମͷৼಈͱɼਤ 5.1(b)ͷεϖΫτϧΛ
ൺֱͯ͠ɼ6 ྔମͷߏΛͨ͠ߟɽDFT ҟੑମͷߏͰಘΒΕͨ̐ͭͷ̒ྔମͷࢉܭ
ৼಈ͓Αͼ֎ٵऩڧΛਤ 5.2 ʹࣔ͢ɽൺֱͱͯ̎͠ྔମ (Chain-2)ɼCyclic 3 ྔମ
(Cyc-3), Cyclic 4 ྔମ (Cyc-4), Cyclic 5 ྔମ (Cyc-5) ͷ݁ࢉܭՌซͤͯࣔͨ͠ɽCyclic
ͷશ͕ͯࢠߏͰɼܕ DAͱͳΓ*1ɼ৳ॖৼಈϞʔυ Bonded-OH৳ॖͱ Free-OH
৳ॖͷ̎ͭʹ͚ΒΕΔɽৼಈͷରশੑ͔Βɼৼಈ͞Βʹ͔͘ࡉྨ͞Ε*2ɼͦͷ͏ͪ

ͷೋॏॖୀͨ͠ EϞʔυɼ֎ٵऩڧ͕େ͖͍ɽͦͷͨΊɼCyc-3-5ͱಉ༷ʹ Cyc-6
ͷεϖΫτϧʹ Bonded-OD৳ॖྖҬʹೋॏॖୀͨ͠ٵ͍ڧऩ͕ݱΕΔɽਤ 5.2ͷதஈ
Ͱࣔ͢Α͏ʹɼCyc-6ͷৼಈ Cyc-5ΑΓଆʹݱΕΔͱ༧ଌ͞ΕΔ͕ɼਤ
5.1(b)ʹϐʔΫ͕ݟΒΕͳ͍͜ͱ͔Β Cyc-6ͷՄੑআ֎ͨ͠ɽਤ 5.2ͷ্ஈ͔ΒΘ
͔ΔΑ͏ʹɼ3ͭͷཱମߏͷ̒ྔମɼ͍ ͣΕൣғʹͬͯٵऩ͕ݱΕΔ͕ɼBook-6
 2450 cm−1 ۙʹٵ͍ڧऩ͕ݱΕ͍ͯΔͷ͕ͷಛͰ͋ΔɽCage-6ͱ Prism-6Ͳͪ
Β 2350 cm−1ۙʹಉఔͷڧΛ͕ͭ࣋ɼPrism-6 2690 cm−1ۙʹ͋Δ Chain-2
ͷৼಈΑΓߴྖҬʹෳͷৼಈΛͭ࣋͜ͱ͕ಛతͰ͋ΔɽҰํɼCage-6 ͷ
ৼಈͷଟ͘ɼChain-2ͱ Cyc-5ͷ Bonded-ODͷؒʹҐஔ͍ͯ͠Δɽਤ 5.1(b)ʹ͓͍
ͯɼChain-2ͷ Bonded-ODϐʔΫΑΓߴଆʹ৽ͨͳϐʔΫΈΒΕͣɼ̒ྔମ༝
དྷͱஅͨ̎ͭ͠ͷϐʔΫ (ਤ 5.1(b)ͷ 6)ɼͦΕͧΕ Cyc-3ͱ Cyc-4ͷؒͱɼCyc-5ͷ
ଆʹݱΕͨɽ͜ͱ͔Βɼ̒ྔମ CageܕͰ͋Δͱஅͨ͠ɽ
ɹ HirabayashiΒ͕ଌఆͨ͠ NeϚτϦοΫεதͷ H2OΫϥελʔͷ H2OೱґଘੑͰ
ɼ7ྔମҎ্ʹ༝དྷ͢ΔϐʔΫ؍ଌ͞Ε͍ͯͳ͔͕ͬͨ [9]ɼຊڀݚͰೱґଘੑ
͔Β̓ྔମҎ্ͷΫϥελʔͷੜΛ֬ೝͨ͠ɽҎલͷؾ૬தʹ͓͚ΔΫϥελʔαΠζ

બతڀݚ [59, 60]ͱͷൺֱ͔Βɼਤ 5.1(c)Ͱ৽ͨʹݱΕͨϐʔΫͷؼଐΛ͢ߟΔɽਤ
5.1(c) Ͱɼ2300 cm−1 ͔Β 2700 cm−1 ʹ͔͚ͯͷόοΫάϥϯυͷٵऩͱͱʹɼ

৽ͨʹ 2320 cm−1ɼ2430 cm−1ɼ2640 cm−1 ʹ෯ͷٵ͍ऩ (ਤதͷҹ)͕ݱΕͨɽೱ
ґଘੑΑΓɼ͜ΕΒͷٵऩ 7 ྔମҎ্ͷΫϥελʔʹ༝དྷ͢Δͱஅ͢Δͷ͕ଥ

*1 1.1.1Λࢀরɽ
*2 AɼBɼEͷৼಈϞʔυ͕͋ΔɽA֎ෆੑ׆Ͱ͋ΔɽB֎͕ͩੑ׆֎ٵऩڧൺֱతখ͍͞ɽ

Eೋॏॖୀ͓ͯ͠Γɼ֎ٵऩڧ͕େ͖͍ɽྫ͑̏ྔମͷ߹ɼ3ͭͷ Bonded-ODͷ৳ॖͷλ
Πϛϯά͕ଗͬͨৼಈϞʔυ͕ Aɼ1͚ͭͩλΠϛϯά͕ҟͳΔϞʔυ͕ EͰ͋ΓɼBͳ͍ɽ
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Ͱ͋Δɽؾ૬தͰ؍ଌ͞Εͨ (H2O)k (k = 2-6) ͷ Bonded-OH৳ॖ (k-OHb)ͱ (H2O)k (k
= 7-10)ͷ Bonded-OH৳ॖͷৼಈΛද 5.2ʹࣔ͢ɽ(H2O)k (k = 7-10)ͷৼಈɼDDA,
DAA, DA, IRRͰ۠ผ͠ɼIRR 7ྔମʹಛ༗ʹݱΕͨ DDA, DAAҎ֎ͷৼಈΛද͢*3ɽ

͜ͷද͔Βɼؾ૬தͰ (H2O)7 ͷ IRR͕ 2-OHb ΑΓେ͖ͳৼಈΛͭ࣋͜ͱ͕Θ͔

Δɽؾ૬தͷ 7ྔମͷৼಈΛຊ࣮ݧͱൺֱ͢ΔͨΊʹɼArϚτϦοΫεதͷ (D2O)2 ͷ
Bonded-OD (2614 cm−1)ͱؾ૬தͷ 2-OHb (3601 cm−1)ͷৼಈൺ (νOD

νOH
= 0.726)Λε

έʔϦϯάҼࢠͱͯ͠ɼද 5.2ͷ (H2O)7 ͷৼಈΛεέʔϦϯάͨ͠ɽͦͷ݁Ռɼද
5.2 ͷׅހʹࣔͨ͠ɽεέʔϦϯάͨ͠ 7 ྔମͷ IRR ͷৼಈͷ͏ͪɼ2400 cm−1 ͱ

2650 cm−1 ͷৼಈɼਤ 5.1(c)ͷ 2430 cm−1 ͱ 2640 cm−1 ऩٵΕͨϒϩʔυͳݱʹ

ͷৼಈͱΑ͘Ұக͢ΔͷͰɼͲͪΒ (D2O)7 ͷ IRRʹ༝དྷ͢Δͱஅͨ͠ɽද 5.2Α
Γɼ7-10ྔମͷ DAAͱɼ࠷ৼಈͷ͍ 7ྔମͷ IRRɼ6-OHb ΑΓଆʹ

͋Δ͜ͱ͕Θ͔ΔɽBonded-OH৳ॖͷৼಈɼΫϥελʔαΠζ͕େ͖͘ͳΔ΄Ͳ
ଆʹγϑτ͢Δʹ͋Δ͕ɼୈ 1ষ 1.1.3ͷਤ 1.8Ͱࣔͨ͠Α͏ʹɼ11ྔମҎ্ͷ
OH৳ॖʹΑΔٵऩɼ7-10ྔମͷ DDAͱ DAAͷؒͷྖҬʹݱΕΔͷͰɼ6ྔମͷ
ଆʹݱΕͨ 2320 cm−1 ͷٵऩɼ7-10ྔମͷ DAAͱ 7ྔମͷ IRRʹΑΔٵऩ͕ॏ
ͳͬͨͷͰɼ2300 cm−1 ͔Β 2700 cm−1 ʹ͔͚ͯͷόοΫάϥϯυͷٵऩɼ7-10
ྔମͷ DDAͱ 11ྔମҎ্ͷ OH৳ॖʹΑΔٵऩ͕ॏͳͬͨͷͱஅͨ͠ɽ

*3 ୈ 1ষ 1.1.3ͷਤ 1.8Λࢀরɽ
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ਤ 5.1 ArϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτϧͷೱґ
ଘੑ. ࢠൺͦΕͧΕɺAr/D2O = (a) 900, (b) 400, (c) 100. ਤதͷࣈΫϥε
λʔαΠζΛࣔ͢ɽ
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ද 5.1 ArϚτϦοΫεதʹͨ͠ D2OɼHDO୯ྔମͷৼಈճసભҠٴͼ D2OΫ
ϥελʔͷ Free-OD৳ॖৼಈͷৼಈͱͦͷؼଐ (୯Ґɿcm−1)ɽkɼΫϥελʔαΠ
ζʀnrɼඇճస୯ྔମʀODfɼFree-OD৳ॖৼಈʀఴ͑ࣈͷ A, Acceptorɽ

Monomer Vib. Transition Previous study [74] This work
D2O ν3 101 → 202 2794 2793

000 → 101 2782 2782
nr 2770 2770

101 → 000 2759 2759

ν1 000 → 111 2677 2677
nr 2657 2658

HDO ν1 000 → 111 2724 2724
000 → 101 2707 2707

nr 2695 2693

Clusters Vib. k Previous study [129,130] This work
ν3 2A 2763.0 2764
ν1 2A 2653.9 2654

ODf 2 2744.9 2745
3 2736.4 2738
4 2733 2733
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ਤ 5.2 DFTࢉܭͰٻΊͨ CageܕɼBookܕɼPrismܕɼCyclicྔ̒ܕମͷৼಈ͓Α
ͼ֎ٵऩڧɽࢉܭϨϕϧ B3LYP/6-311++G(d,p)ɽStr.-kɼStr.ܕ (Str. = Cage,
Book, Prism, Cyclic(Cyc), Chain)ͷ kྔମ (k = 2-6)Λද͢ɽ
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ද 5.2 ଌ͞Εͨ؍૬தͰؾ (H2O)k (k = 2-10) ͷ OH ৳ॖৼಈͷৼಈ (cm−1)ɽk-
OHb  (H2O)k (k = 2-6)ͷ Bonded-OH৳ॖৼಈΛࣔ͢ɽDDA, DAA, DAɼ(H2O)k
(k = 7-10) ͷ DDA, DAA, DA ͷ Bonded-OH ৳ॖΛࣔ͢ɽIRR  7 ྔମʹಛ༗ͷ
DDA  DAA Ҏ֎ͷৼಈΛࣔ͢ɽ7 ྔମͷৼಈΛ 0.726 ͰεέʔϦϯάׅͨ͠
ʹࣔͨ͠ɽހ

Vibration k = 2-6 [4] k = 7 [59] k = 8 [60] k = 9 [60] k = 10 [60]
IRR 3650 (2650)

2-OHb 3601
DDA 3560 (2580) 3557 3568 3568
DDA 3528 3541 3542

3-OHb 3533
IRR 3420 (2480)

4-OHb 3416
5-OHb 3360
IRR 3310 (2400)

6-OHb 3220
DA 3140 3129

DAA 3080 (2240) 3087 3101 3100
DAA 3065 3066 3063
IRR 2950 (2140)
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5.2 ΞχʔϧʹΑΔΫϥελʔ

5.2.1 ΞχʔϧʹΑΔ֎εϖΫτϧͷมԽ

5.6 K ͷج൘ʹ Ar/D2O = 300 ͷࠞ߹ؾମΛޙͨ͠ॖڽɼ15 K ʹ 1 ؒอͬͨɽͦͷ
ͼ࠶ɼޙ 5.6 K·Ͱྫྷ٫ͨ͠ɽ(Ҏ߱ɼ͋ΔԹ TʹՃ͠٫͢ྫྷ࠶Δ͜ͷҰ࿈ͷૢ࡞Λ T
ΞχʔϧͱݺͿɽ) 15 KΞχʔϧͷલޙͰଌఆͨ͠֎εϖΫτϧΛਤ 5.3(a)ʹࣔ͢ɽΞ
χʔϧޙɼD2Oٴͼ (D2O)2,3 ͷٵऩϐʔΫ͕ݮਰ͠ɼ(D2O)4,5,6 ͷϐʔΫɼ2250-2700
cm−1 Εͨݱ͚͔ͯʹ 7ྔମҎ্ʹىҼ͢Δ෯ٵ͍ऩͱͱʹ૿େͨ͠ɽ͜ΕΑΓɼϚ
τϦοΫεʹ͓͍ͯɼܗʹ࣌ॖڽͨ͠Ϋϥελʔ͕ΞχʔϧʹΑͬͯΑΓେ͖ͳαΠ

ζͷΫϥελʔʹͨ͜͠ͱ͕Θ͔Δɽͦͷޙɼ15 KΞχʔϧΛ 2ճ͍ߦɼ͞Βʹ 20
KΞχʔϧΛͨͬߦɽ3ճͷ 15 KΞχʔϧͷεϖΫτϧൺֱΛਤ 5.3(b)ʹɼ3ճͷ 15
KΞχʔϧͱ 20 KΞχʔϧͷεϖΫτϧมԽΛਤ 5.3(c)ʹࣔ͢ɽਤ 5.3(b)Ͱɼ3ͭͷ
εϖΫτϧ΄ͱΜͲҰக͓ͯ͠Γɼେ͖ͳมԽݟΒΕͳ͍ɽ୯ྔମͷճసભҠʹ༝དྷ

͢Δ 2770-2780 cm−1 ۙͷϐʔΫ͕Θ͔ͣʹมԽ͍ͯ͠ΔͷɼԹʹґଘͨ͠ճసͷ

ҼͰ͋ΔɽͦΕʹରͯ͠ɼਤݪఈঢ়ଶʹऩଋ͠ͳ͍͏ͪʹଌఆͨ͜͠ͱ͕ج 5.3(c) Ͱ
όοΫάϥϯυʹൣғʹݱΕΔ 7ྔମҎ্ͷΫϥελʔʹ༝དྷ͢Δٵऩ͕૿େ͍ͯ͠
Δɽ͜ͷ͜ͱ͔ΒɼΞχʔϧʹΑΔεϖΫτϧมԽɼ֤ԹͰ࠷͏ߦॳͷΞχʔϧͷޙ

ΕΔ͜ͱ͕Θ͔ͬͨɽ͜ΕɼD2Oݱʹ ͷ֦ࢄͷੑ׆Խোน͕ҟͳΔαΠτ͕ෳଘࡏ
͢Δ͜ͱΛ͓ࣔͯ͠Γɼ1 ఔͷΞχʔϧͰͦͷԹͰͷ D2O ͷϚτϦοΫε֦ࢄ
͕ऩଋ͠ɼΫϥελʔ͕ࢭ·Δ͜ͱΛҙຯ͢Δɽ

5.2.2 ֎εϖΫτϧͷΞχʔϧԹґଘੑ

5.4 Kͷج൘ʹ Ar/D2O = 250ͷࠞ߹ؾମΛ 1 mmol/hͰޙͨ͠ॖڽɼҟͳΔԹͰ
ΞχʔϧΛճͨͬߦɽ֎ٵऩεϖΫτϧɼ֤ԹͰΞχʔϧͨ͠جʹޙ൘Λ 5.4 K
ʹͯ͠ଌఆͨ͠ɽͦͷ݁ՌΛਤ 5.4ʹࣔ͢ɽ֤ԹͰͷΞχʔϧ 1Ҏ্͍ߦɼD2O
ͷ֦े͕ࢄऩଋ͔ͯ͠Β٫ͨ͠ྫྷ࠷ɽ5.4 KͰޙͨ͠ॖڽͰɼ୯ྔମ͔Β 4ྔମ·Ͱ
͞Ε͍ͯΔɽ5ྔମͱܗ͕ 6ྔମ༝དྷͷϐʔΫɼ12 KΞχʔϧͷݱʹޙΕͨɽΞχʔ
ϧॲཧΛ͢Δ͝ͱʹ୯ྔମͷϐʔΫ͕ݮਰ͢ΔҰํͰɼ3ྔମ͔Β 6ྔମͷϐʔΫڧ
૿େͨ͠ɽ25 KΞχʔϧͷޙʹɼ2430 cm−1 ͔Β 2640 cm−1 ʹ͔͚ͯͷ෯ͷٵ͍ऩ͕

Εɼ30ݱ K ͰͷՃͰ 2300 cm−1 ͔Β 2660 cm−1 ʹ͔͚ͯ͞Βʹ෯ͷٵ͍ऩ͕ݱΕ

ͨɽ͜ΕΒ 7ྔମҎ্ͷΫϥελʔʹ༝དྷ͢ΔٵऩͰ͋Δɽ
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ਤ 5.3 Ξχʔϧॲཧʹ͏֎ٵऩεϖΫτϧͷมԽɽৠண࣌݅: Ar/D2O = 300,
rd = 0.08 mmol/h, Ts = 5.6 K, Θ = 2 × 103 MLɽ(a)ࢼྉৠணޙͱ 1ճͷ 15 KΞχʔ
ϧͷεϖΫτϧมԽɽ(b) 1ճ ∼ 3ճͷ 15 KΞχʔϧͷεϖΫτϧൺֱɽ(c)̏ճ
ͷ 15 KΞχʔϧͱ̍ճͷ 20 KΞχʔϧͷεϖΫτϧมԽɽ
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ਤ 5.4 ArϚτϦοΫεதʹͨ͠ D2OΫϥελʔɽΞχʔϧʹΑΔεϖΫτϧͷ
มԽɽ࣌ॖڽ݅; Ar/D2O = 250, rd = 1 mmol/h, Ts = 5.4 K, Θ = 4 × 103 ML.Ξχʔ
ϧͷԹԼ͔Βɼ5.4, 12, 15, 20, 25, 30, 34 K.
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5.2.3 D2OΫϥελʔͷபີͷಋग़

ΞχʔϧʹΑΔΫϥελʔΛఆྔతʹղੳ͢ΔͨΊʹɼٵऩϐʔΫͷੵڧ͔Β

பີΛੵݟΓɺ֤ΫϥελʔͷଘྔࡏΛൺֱͨ͠ɽ୯ྔମ͔Β 6ྔମͷபີΛҎԼ
ͷΑ͏ʹٻΊͨɽ(D2O)k ͷৼಈʹ༝དྷ͢ΔٵऩϐʔΫͷੵڧ Ak (cm−1)ɼҎԼͷ
Α͏ʹॻ͖දΘͤΔɽ

Ak ∝ Ikdk (k = 1-6) (5.1)

͜͜ͰɼIk ͱ dk ͦΕͧΕ (D2O)k ͷ Bonded-OD৳ॖৼಈͷ֎ٵऩڧ (km/mol)ͱ
பີ (mol/m2)Ͱ͋Δ*4ɽA1  ν3 ৼಈͷ֎ϐʔΫΛɼA2 ͔Β A6 ֤Ϋϥελʔͷ

Bonded-OD ৳ॖৼಈͷ֎ϐʔΫΛΨεؔʹϑΟοςΟϯά͢Δ͜ͱͰಘΒΕͨɽ
ҰํɼIk  DFTࢉܭʹΑͬͯಘΒΕͨΛ༻͍ͨɽ͜ͷࢉܭͰಘΒΕ֤ͨΫϥελʔͷ
৳ॖৼಈͷৼಈ ν ͱ֎ٵऩڧ Ik ͷΛɼද 5.3ʹ·ͱΊͨɽϚτϦοΫεதʹั
ଊ͞Εͨ୯ྔମɼճసͰ͖ͳ͍ (Non-Rotating: nr)ࢠͱճసͰ͖Δ (Rotating: r)ࢠ
͕ଘ͢ࡏΔͨΊɼͦΕΒͷபີͷ૯͕ d1 ͱͳΔɽnr-୯ྔମͷ ν3 ৼಈͷ֎ٵऩڧ

ɼࢉܭʹΑͬͯٻΊͨ 35 km/mol Λ༻͍ͨɽৼಈճసભҠ 000 → 101 ͷ֎ٵऩڧ
ɼճసͷجఈঢ়ଶ͔ΒͷભҠͰ͋ΔͨΊɼnr-୯ྔମͱಉ͡ 35 km/mol Λ༻͍ͨɽৼ
ಈճసભҠ 101 → 202 ͷ֎ٵऩڧɼ101 → 202 ϐʔΫͱ 000 → 101 ϐʔΫͷ૬ରڧ
ΛٻΊɼิਖ਼ͨ͠ɽิਖ਼ͷࡍʹ༻͍ͨ ArϚτϦοΫεதͷ H2Oͷ֎ٵऩεϖΫτϧ
Λਤ 5.5ʹࣔ͢ɽAr/H2O = 10000Ͱ͋Δɽ15 KͰεϖΫτϧଌఆͨ͠ޙʹɼ 7.0 Kʹྫྷ
٫͔ͯ͠Βेͪܦ͕ؒ࣌ɼortho-paraస5͕*ऴΘ͔ͬͯΒεϖΫτϧΛଌఆͨ͠ɽճ

స४Ґͷ༗ฏߧͷϘϧπϚϯʹै͏ͨΊɼ000 → 101 ͱ 101 → 202 ͷϐʔΫ
ͷڧൺଌఆ࣌ͷԹʹΑͬͯҟͳΔɽ15 Kʹൺɼ7.0 Kͷͱ͖ͷํ͕ճసͷجఈঢ়
ଶʹ͋Δࢠ͕ଟ͍ͨΊɼ000 → 101 ϐʔΫͷڧ 7.0 Kͷํ͕େ͖͘ɼ101 → 202
 15 Kͷํ͕େ͖͍ɽ̎ྔମͷ OHb ༝དྷͷϐʔΫڧʹมԽ͕ͳ͍͜ͱ͔Βɼ͜ͷԹ

ྖҬͰ୯ྔମͷ֦ࢄʹΑΔΫϥελʔ͍͖ͯىͳ͍ͱஅͨ͠ɽͭ·ΓɼԹม

Խʹରͯ͠୯ྔମͷ૯ྔอଘ͍ͯ͠ΔͷͰɼਤ 5.5ͷࠩεϖΫτϧ͕ࣔ͢ 000 ४Ґʹ͍
Δࢠͷ૿Ճͱ 101 ४Ґʹ͍Δࢠͷݮগʹ͓͚ΔࢠͷมԽྔ͍͠ɽͦΕͧΕ
ͷϐʔΫΛΨεؔʹϑΟοςΟϯάͨ݁͠Ռɼ000 → 101 ʹର͢Δ 101 → 202 ͷੵ
ͷൺڧ 0.66ͱٻ·ͬͨɽࢠ͍ͨ͠Ίɼੵڧͷൺ͕֎ٵऩڧͷൺΛ
ҙຯ͢ΔͷͰɼ000 → 101 ͷ֎ٵऩڧͰ͋Δ 35 km/molΛ 0.66ഒ͠ɼ101 → 202 ͷ
Λڧ 23 km/molͱͨ͠ɽ

*4 AkɼIkɼdk Λݸผʹද࣌͢ɼͦΕͧΕ (cm−1)ɼ(km/mol)ɼ(mol/m2)ͷ୯ҐͰද͢ͷ͕श׳Ͱɼ͜͜
ͰͦΕʹै͏ɽ

*5 ୯ྔମͷճసͷ࢝ঢ়ଶ JKaKc ʹ͓͍ͯ Ka ͱ Kc ͷ͕ۮͷͱ͖͕ paraɼحͷͱ͖͕ orthoͰ͋Δɽ
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ද 5.3 DFTࢉܭͰٻΊͨ D2O୯ྔମͷ ν3 ৼಈͱ 2-6ྔମͷ Bonded-OD৳ॖͷৼಈ
 ν (cm−1)ٴͼ֎ٵऩڧ IRI (cm−1)ɽࢉܭϨϕϧ B3LYP/6-311++G(d,p)Ͱ͋
ΔɽൺֱͷͨΊɼิਖ਼ͨ͠ IRIͨ͠ࡌهɽৼಈ ν ɼઌڀݚߦͰ OD৳ॖৼಈͷج
४ԽҼࢠͱͯ͠༻͍ΒΕͨ 0.968Λͨ͠ࢉΛͨ͠ࡌه [48]ɽ

k Structure ν IRI Corrected IRI

1 - 2783.7 34.9 -
2 Linear 2601.2 145.5 36
6 Cage 2578.8 88.0 -
3 Cyclic 2553.3 244.2 61
3 Cyclic 2548.9 261.8 66
6 Cage 2542.3 171.0 -
6 Cage 2496.3 281.0 -
6 Cage 2466.6 304.9 -
4 Cyclic 2461.4 704.1 176
4 Cyclic 2461.2 704.8 176
6 Cage 2440.9 325.8 -
5 Cyclic 2435.0 953.4 238
5 Cyclic 2426.5 1075.6 269
6 Cage 2287.0 411.6 103

ɹΫϥελʔͷ Ik ɼΫϥελʔαΠζͷ੍ޚΫϥελʔͷີͷܾఆ͕ࠔͰ
͋ΔͨΊɼ࣮͔ݧΒٻΊͨྫۃΊͯগͳ͘ɼཧࢉܭʹΑΔ͕ڀݚ΄ͱΜͲͰ͋ͬͨɽ

SlipchenkoΒɼHeӷణσϓϨογϣϯޫΑͬͯɼӷణதʹαΠζબతʹ H2OΫϥ
ελʔΛ୯͠ɼ࣮͔ݧΒ Ik (k = 2-4)Λੵݟͬͨ [132]ɽઌڀݚߦʹ͓͚Δྔٴࢉܭࢠ
ͼ࣮͔ݧΒಘΒΕͨ H2OΫϥελʔͷ Ik Λද 5.4ʹࣔ͢ɽSlipchenkoΒɼ࣮ݧͱࢉܭ
ͷൺֱ͔ΒɼDFTࢉܭͰಘΒΕͨ Ik ɼ࣮ଌΑΓ 2ഒ͔Β 3ഒաେධՁ͞ΕΔͱใ
Δɽ͍ͯ͠ࠂ

H2OΫϥελʔͷ Ik ଟ͘ใ͞ࠂΕ͍ͯΔ͕ɼD2OΫϥελʔʹ͍ͭͯ΄ͱΜͲ
ใ͞ࠂΕ͍ͯͳ͍ͨΊɼ2ྔମ͔Β 6ྔମͷ Ik ɼDFTࢉܭʹΑͬͯٻΊͨʹಉҰͷ
ิਖ਼Λֻ͚ͨͷΛղੳʹ༻͍ͨɽิਖ਼ҎԼͷΑ͏ʹٻΊͨɽϚτϦοΫεத

ʹؚ·ΕΔ D2Oࢠͷ૯ɼҰൠతʹ

d =
∑

kdk, (5.2)

ͱॻ͚ΔɽΞχʔϧͨ͠߹ͰɼD2O ͕ঢ՚͠ͳ͍ԹྖҬͰͷΞχʔϧͰ͋Ε d
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ਤ 5.5 ArϚτϦοΫεதʹͨ͠ H2Oͷ֎ٵऩεϖΫτϧɽ Ar/H2O = 10000ɽ
εϖΫτϧଌఆ࣌ͷج൘Թ 15 K (ͷ࣮ઢ)ͱ 7.0 K (੨ͷઢ)Ͱ͋Γɼ15 KͰε
ϖΫτϧΛଌఆͨ͠ޙɼ7.0 Kʹྫྷ٫͠ɼortho-paraస͕ऩଋ͔ͯ͠ΒεϖΫτϧΛ
ଌఆͨ͠ɽ15 K - 7.0 K (ͷ࣮ઢࠇ) ɼ15 Kͱ 7.0 KͷࠩεϖΫτϧΛࣔ͢ɽ 2-OHb

 2ྔମͷ Bonded-OH৳ॖΛࣔ͢ɽ

ͷอଘ͢Δɽਤ 5.4தͷ 5.4 K ͔Β 25 KΞχʔϧͷྖҬʹ͢Δͱɼ7 ྔମҎ্
ͷΫϥελʔʹΑΔٵऩແࢹͰ͖Δ΄Ͳখ͍ͨ͞Ίɼ

d =
6∑

k=1

kdk, (5.3)

΄ͱΜͲԹʹґଘ͠ͳ͍ͣͰ͋Δɽ 5.4 K ͔Β 25 K ͷൣғͷΞχʔϧͰ d ͕Ұ
ఆͱͳΔΑ͏ʹิਖ਼ΛٻΊΔͱ 0.25ͱͳΓɼิਖ਼ޙͷ 2ྔମ͔Β 6ྔମͷ Ik (୯Ґ:
km/mol)ɼI2 = 36ɼI3 = 127ɼI4 = 352ɼI5 = 507ɼI6 = 103ͱٻ·ͬͨɽ্هͷ 3ྔମ
͔Β 5ྔମͷ Ik ͷɼॖୀͨ͠ Bonded-OD৳ॖৼಈͷ֎ٵऩڧͷ߹ܭͰࣔͯ͠
͍Δɽ͜ͷΑ͏ʹิਖ਼ͨ͠ Ik Λ༻͍ͯɼ2ྔମ͔Β 6ྔମͷ dk ΛٻΊͨɽ
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ද 5.4 ΒಘΒΕ͔ͨݧͼ࣮ٴࢉܭࢠྔ H2O ͷ୯ྔମ, 2-5 ྔମͷ֎ٵऩڧ IRI
(km/mol)ɽVib.ͱ OHb ɼͦΕͧΕৼಈͷछྨͱ Bonded-OH৳ॖΛද͢ɽ

Size Vib. HF [133] QCISD [134] MP2 [135] MP2 [136] DFT [137] Experimental [132]
1 ν3 57 44.6
2 OHb 200 260 280 332 135
3 OHb 550 920 950 1101 440
4 OHb 1500 2700 2931 1100
5 OHb 4343

5.2.4 ΞχʔϧΑΔϚτϦοΫεதͷΫϥελʔ

ɹΞχʔϧԹʹର͢Δ୯ྔମ͔Β 6 ྔମͷபີ dk ͷมԽΛਤ 5.6(a)-(f) ʹɼD2O
ࢠͷ૯ dͷมԽΛਤ 5.6 (g)ʹࣔ͢ɽ d2  15 KΞχʔϧΛݮʹڥগͨ͠ɽd3 d6 
12 K ͰͷΞχʔϧͰΘ͔ͣʹ૿Ճͨ͠ޙɼ25 K ·Ͱ૿Ճͨ͠ɽ30 K Ҏ্ͰͷΞχʔϧ
Ͱɼd3 ͱ d6 গͨ͠ͷʹର͠ɼd4ݮ͕ ͱ d5 ૿Ճͨ͠ɽਤ 5.6(g)ΑΓɼ25 KΑΓ͍ߴԹ
ͰͷΞχʔϧͷޙ dݮগͨ͠ɽdͷੵݟΓʹ 7ྔମҎ্ͷΫϥελʔΛྀ͍ͯ͠ߟ
ͳ͍͜ͱ͔Βɼਤ 5.6ʹ k≥7ͷϐʔΫ͕ T ≥ 25 KͰݱΕ͍ͯΔ͜ͱͱҰக͍ͯ͠Δɽ
ɹਤ 5.6(a)Ͱ୯ྔମͷݮগ͕ஶ͍͜͠ͱ͔ΒɼΞχʔϧʹΑ͖ͬͯͨىΫϥελʔͷ
ओͳ༠ҼɼϚτϦοΫεதʹ͓͚Δ୯ྔମͷ֦ࢄͰ͋Δͱ͑ߟΒΕΔɽ͞Βʹɼnr-୯ྔ
ମͷபີ͕΄΅Ұఆͳͷʹର͠ɼr-୯ྔମ͕ܶతʹݮগ͍ͯ͠Δ͜ͱ͔Βɼr-୯ྔମͷ֦
༩͍ͯ͠Δ͜ͱ͕Θ͔Δɽr-୯ྔମͷபີ͕ΞχʔϧԹدΫϥελʔʹେ͖͕͘ࢄ
ͷ্ঢʹͬͯݮগ͍ͯ͠Δ͜ͱ͔ΒɼϚτϦοΫεதʹ֦ࢄͷੑ׆ԽোนͷҟͳΔ

r-୯ྔମͷัଊαΠτ͕ଘ͠ࡏɼͦΕͧΕͷΞχʔϧԹͰ֦ࢄͰ͖ΔΑ͏ʹͳͬͨ୯ྔ
ମ͕֦͠ࢄɼΫϥελʔͷΛଅͨ͠ͱ͚݁ͮͨɽҰํͰ nr-୯ྔମͷபີɼΞ
χʔϧΛ܁Γฦͯ͠΄΅ҰఆͷΛࣔͨ͠ɽ͜ͷ͜ͱ͔Βɼnr-୯ྔମͷϚτϦοΫε
༩͠ͳ͔ͬͨͱஅͨ͠ɽMichautدোน͕େ͖͘ɼΫϥελʔ΄ͱΜͲࢄ֦
ΒɼϚτϦοΫεͷۙ͘ʹัଊ͞Εͨਫࢠಉ࢜ͷࢠۃ-ࢠۃ૬࡞ޓ༻ʹΑͬͯɼ
ਫࢠͷճస੍͕͞ΕΔͱओு͍ͯ͠Δ [15]ɽ͜͠ͷࢠۃ-ࢠۃ૬ݪ͕༺࡞ޓҼ
Ͱ୯ྔମͷճస੍͕͞Ε͍ͯΔͷͰ͋ΕɼϚτϦοΫεதΛ֦͢ࢄΔ r-୯ྔମ͕͍ޓ
ʹۙͮ͘͜ͱͰɼnr-୯ྔମͷபີ૿Ճ͢ΔͱਪଌͰ͖Δɽ͔͠͠ɼਤ 5.6(a)͔ΒΘ͔
ΔΑ͏ʹ nr-୯ྔମͷபີ͕Ұఆͷ··มԽ͠ͳ͍͜ͱ͔Βɼnr-୯ྔମ r-୯ྔମ͔Β
ΒΕΔɽ͑ߟ۶ͳαΠτʹัଊ͞Ε͍ͯΔͱځશʹִ͞Εͨ

ɹ CavanaΒͷใࠂΑΔͱɼfcc݁থͰ͋ΔرΨεݻମʹࢠ୯ྔମΛัଊͨ͠߹ɼ̏
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छྨͷัଊαΠτ͕ଘ͢ࡏΔ [138]ɽҰͭɼSubstitutional holesͱݺΕΔ֨ࢠͷرΨ
εͭ̍ࢠݪͷஔαΠτͰɼΓͷೋͭͦΕͧΕ Tetrahedral holesͱ Octahedral holes
ͱݺΕΔ֨ؒࢠαΠτͰ͋ΔɽTetrahedral holes ͱ Octahedral holes ɼͦΕͧΕر
ΨεΛʹ࢛ͭ໘ମͱീ໘ମͷଆͷαΠτΛ͢ࢦɽرΨεछ͝ͱͷ Substitutional
holesɼTetrahedral holesɼOctahedral holesͷܘΛද 5.5ʹࣔ͢ɽD2Oͷ vdWܘ [139]
(1.38 Å) ͱͷൺֱ͔Βɼ1ࢠݪΛஔͨ͠ Substitutional holes Ͱ D2O΄΅ࣗ༝ճస
͠ɼTetrahedral holesOctahedral holesͰɼ֨ ΛΊͨঢ়ଶͰัଊ͞ΕΔͨΊɼD2Oࢠ
ടಈ͢Δͱͨ͑ߟɽ͢ͳΘͪɼSubstitutional holes ʹัଊ͞Ε͍ͯΔ D2O ͕ r-୯ྔମ
ͰɼTetrahedral holesͱ Octahedral holesͷΑ͏ͳ͍ڱαΠτʹัଊ͞ΕͯΔͷ͕ nr-୯ྔ
ମͰ͋Δͱ݁ͨ͠ɽ

ද 5.5 Ψεر (Ar, Kr, Xe)ݻମதͷ Substitutional holes (S)ٴͼ Tetrahedral holes (T)ɼ
Octahedral holes (O)ͷܘͱɼرΨεࢠݪͷ vdWܘ [138]ɽ

S (Å) O (Å) T(Å) vdW (Å)
Ar 1.85 0.74 0.39 1.91
Kr 2.00 0.82 0.45 2.01
Xe 2.20 0.85 0.54 2.20

ɹ 12-25 K ͷԹྖҬͰ୯ྔମͱͦΕͧΕͷΫϥελʔͷபີɼ΄΅ઢܗͳมԽ
Λࣔͨ͠ɽ͜ͷԹྖҬʹ͓͍ͯபີͷϓϩοτΛઢ͠ࣅۙܗɼۙࣅઢͷ͖ ak (୯
Ґ: 10−4 mol/m2K)ΛҎԼͷΑ͏ʹಘͨɽ a1 = -25.7ɼa2 = -2.10ɼa3 = 2.25ɼa4 = 1.77ɼ
a5 = 0.93ɼa6 = 1.35ɽ25 KΞχʔϧ·ͰͷྖҬʹ͓͍ͯ 6ྔମ·ͰͷΫϥελʔΛߏ
͢Δ D2Oࢠͷ૯อଘ͢ΔͷͰɼ্Ͱಘͨ ak ͷɼ

6∑

k=1

kak = 0, (5.4)

ͷؔΛຬͨ͢ɽ͜͜Ͱɼ୯ྔମͷΈ͕֦͠ࢄɼ

(D2O)k−1 +D2O → (D2O)k (5.5)

ͱ͍͏աఔʹΑͬͯΫϥελʔ͕ͨ͠ͱԾఆ͢Δɽ͜͜Ͱɼ୯ҐԹͷ্ঢʹ͏

Ԡ (5.5)ͷਐߦʹΑΔ kྔମͷபີͷ૿ՃྔΛ nk ͱఆٛ͢Δ (k = 2-6)ɽak ɼk-1ྔମ
͔Β kྔମ͢Δྔͱɼkྔମ͔Β k+1ྔମͱ͢ΔྔͷऩࢧͰܾ·ΔͷͰɼҎ
ԼͷํఔࣜΛຬͨ͢ɽ






a1 = −(2n2 + n3 + n4 + n5 + n6)
ak = nk − nk+1 (k = 2-5)
a6 = n6.

(5.6)
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͜ΕΒͷ͔ؔΒɼ2ྔମ͔Β 6ྔମͷ nk (୯Ґ: 10−4 mol/m2K)ͷҎԼͷΑ͏ʹٻ
·ͬͨɽn2 = 4.20ɼn3 = 6.30ɼn4 = 4.05ɼn5 = 2.28ɼn6 = 1.53ɽ୯ྔମͷ֦ࢄͷΈΛߟ
ྀͨ͠߹ɼࣜ (5.5)ΑΓɼkྔମͷੜྔ nk  k-1ྔମͷபີ dk−1 ʹґଘ͢Δͱߟ

͑ΒΕΔɽਤ 5.6 (a), (b)ͷ 12-25 KͷԹྖҬʹ͓͍ͯ୯ྔମͱ 2ྔମͷபີ d1ɼd2
ʹ͢Δͱɼd1 ͕ d2 ͱൺͯ 5-7ഒେ͖͍͜ͱ͕Θ͔ΔͷͰɼn2  n3 ͱൺͯେ͖
͍Λͭ࣋ͣͰ͋Δɽ͔͠͠ɼํఔࣜ (5.6)ͷ݁ՌͰɼͦΕͱ૬͢Δ݁Ռͱͳͬͨɽ
Ԡࣜ (5.5)ͷΑ͏ͳ୯ྔମͷ֦͚ͩࢄͰΫϥελʔͷੜྔͷऩࢧΛදݱͰ͖ͳ͍ͨ
Ίɼ୯ྔମͷ֦ࢄʹՃ͑ͯɼ2ྔମͷ֦ࢄΫϥελʔʹد༩ͨ͠ͱ͑ߟΒΕΔɽ࣮
༩ͨ͠ͱԾఆ͢Εɼn2دʹɼΑΓେ͖ͳΫϥελʔͷੜ͠ࢄɼ̎ྔମ͕֦ࡍ ͕ n3 Α
Γখ͞ͳͱͳͬͨ݁Ռͱໃ६͠ͳ͍ɽ
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k = 1 k = 2 k = 3

k = 4 k = 5 k = 6

ਤ 5.6 Ξχʔϧʹ͏பີͷมԽɽ(a)-(f) (D2O)k (k = 1-6)ɼ(g)୯ྔମɼ2-6ྔମΛ
͢Δߏ D2Oࢠͷ૯ɽ(a)ͷ !, !, •ɼͦΕͧΕ r-୯ྔମɼnr-୯ྔମɼrͱ nrͷ
Λҙຯ͢Δ. ઢɼ(a) 12 K - (f) 25 KͷԹྖҬʹ͓͚Δઢࣅۙܗͷ݁ՌΛࣔͯ͠
͍Δ.
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5.3 ΫϥελʔαΠζͷॖڽґଘੑ

൘ԹΛج 5.6 Kɼࠞ߹ؾମͷࢠൺΛ Ar/D2O = ॖڽఆ͠ɼҟͳΔݻʹ200 rd
ͰࢼྉΛ࡞ͨ͠ɽArϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτϧ
ͷॖڽґଘੑΛਤ 5.7ʹࣔ͢ɽશͯͷεϖΫτϧͰ (D2O)1−6 ͷ OD৳ॖʹ༝དྷ͢Δ
Ε͕ͨɼrdݱऩ͕ٵ ʹґଘͯ͠ҟͳΔڧΛࣔͨ͠ɽrd = 9 mmol/h ͷਤ 5.7 (a) Ͱ
ɼnr-, r-୯ྔମɼ2ྔମʹ༝དྷ͢Δٵ͍ڧऩ͕ɼͦΕͧΕ 2770 cm−1ɼ2782 cm−1ɼ2614
cm−1 খ͘͞ͳΓɼ6ྔڧΕͨɽΫϥελʔαΠζ͕େ͖͘ͳΔʹͭΕͯϐʔΫݱʹ
ମͷٵऩϐʔΫ΄ͱΜͲ͑ݟͳ͍ɽεϖΫτϧͷ (b)͔Β (d)ʹ͔͚ͯ rd ͕খ͘͞ͳΔ
ͱɼ୯ྔମͱ 2ྔମͷϐʔΫڧ̏ྔମҎ্ͷαΠζͷΫϥελʔʹൺͯখ͘͞ͳͬ
ͨɽ

ɹΫϥελʔαΠζΛఆྔతʹٞ͢ΔͨΊʹɼkྔମΛߏ͢Δ D2Oࢠͷׂ߹
Rk ΛҎԼͷΑ͏ʹఆٛͨ͠ɽ

Rk =
kdk∑6
i=2 idi

, (5.7)

பີ di લઅͰิਖ਼ͨ͠ભҠڧΛٻͯͬΊͨɽ2ྔମ͔Β 6ྔମͷ Rk ͱ rd ͷؔ
Λยରϓϩοτͨ݁͠ՌΛਤ 5.8ʹࣔ͢ɽrd ͕େ͖͘ͳΔʹͭΕͯɼR2 ͱ R3 ͕૿Ճ

ͨ͠ҰํͰɼR4, R5, R6 ݮগͨ͠ɽ

ɹج൘ԹͱࢼྉೱΛ౷Ұͨ͠ຊ࣮ݧͷ߹ɼΫϥελʔαΠζΛܾΊΔओͳཁҼ

ɼॖڽதʹ͓͚Δ D2Oͷॖڽ্ͷ֦ࢄͰ͋Δɽ͜ͷ֦ࢄͷఔ ͱ"ؒ࣌ࢄ֦" "ද
໘Թ"ͷೋͭͷཁҼΑܾͬͯ·Γɼ͜ΕΒͷཁҼͷͷӨڹΛड͚Δɽ͜͜
Ͱɼ֦ؒ࣌ࢄɼॖڽաఔʹ͓͍ͯ D2O͕ॖڽද໘ʹೖࣹ͔ͯ͠Βද໘Λ֦͠ࢄɼޙଓ
తʹೖࣹͯ͘͠Δ Arʹғ·Εͯัଊ͞ΕΔ·Ͱͷؒ࣌ɼ·ͨଞͷ D2OͱΫϥελʔΛ
ʑ࣍ͨ͠߹ɼܗྉΛࢼͰॖڽ͍ߴΛҙຯ͢Δɽؒ࣌Δ·Ͱͷ·ࢭ͕ࢄ֦ͯ͠ܗ

ͱೖࣹ͢Δ ArʹΑͬͯ D2Oͷ֦͕ࢄ͛ΒΕΔͨΊɼ֦ؒ࣌ࢄ͘ͳΓɼD2Oಉ࢜
͕ձ߹͢Δલʹ୯͞ΕΔՄੑ͕͘ߴͳΔɽͦͷҰํͰɼॖڽ͕͍ߴͱॖڽͱر

Ψεͷ༗ݶͷಋͷͨΊʹॖڽද໘ͷԹ্͕ঢ͢Δ͜ͱ͑ߟΒΕΔɽ͜ͷޮՌ

ॖڽද໘Ͱͷ D2Oͷ֦ࢄͱେ͖ͳΫϥελʔͷܗΛଅਐ͢Δɽਤ 5.8Ͱࣔ͢Α͏
ʹɼ͍ߴৠணͰখ͞ͳΫϥελʔ͕ଟ͘ੜͨ͜͠ͱ͔Βɼrd = 0.001-9 mmol/h
ͰہॴతͳԹ্ঢΑΓ֦ޮ࣮͕ؒ࣌ࢄతͰ͋Δ͜ͱ͕Θ͔ͬͨɽ·ͨɼਤ 5.9ͱਤ
5.10Ͱࣔ͢Α͏ʹɼD2OೱͷҟͳΔ߹ɼϚτϦοΫεछΛม͑ͨ߹Ͱ্هͱ
ಉ༷ͷΛࣔͨ͠ɽ
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ਤ 5.7 ֎εϖΫτϧͷॖڽґଘੑɽ࣌ॖڽ݅: Ar/D2O = 200ɼTs = 5.6 Kɼrd
= (a) 9ɼ(b) 0.4ɼ(c) 0.01ɼ(d) 0.001 mmol/hɽΘ = (a) 5 × 103 MLɼ(b) 6 × 102 MLɽ
(c) 1 × 102 MLɼ(d) 1 × 102 MLɽ
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 R

k

 

 k = 2

 k = 3

 k = 4

 k = 5

 k = 6

 

ਤ 5.8 Rk ͱ ॖڽ rd ͷؔɽࢼྉೱͱج൘ԹɼͦΕͧΕ Ar/D2O = 200ɼ
Ts = 5.6 KͰ౷Ұͨ͠ɽิॿઢͱͯ͠ઢͱ࣮ઢΛҾ͍ͨɽ
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ਤ 5.9 ֎εϖΫτϧͷॖڽґଘੑɽ࣌ॖڽ݅ʀAr/D2O = 100ɼTs = 5.3 Kɼ
rd = (a) 0.4ɼ(b) 0.01 mmol/hɽ

ਤ 5.10 ֎εϖΫτϧͷॖڽґଘੑɽ࣌ॖڽ݅ʀNe/D2O = 100ɼTs = 5.4 Kɼ
rd = (a) 5ɼ(b) 0.2 mmol/hɽ
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5.4 ϚτϦοΫεछґଘੑ

NeɼArɼKrɼXeϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτϧͷ
Bonded-OD৳ॖྖҬΛਤ 5.11ʹࣔ͢*6ɽج൘Թ 7.0 KͰ͋ΔɽͦΕͧΕͷεϖΫτ
ϧͰɼ2 ྔମ͔Β 6 ྔମͷٵऩϐʔΫ͕ݱΕͨɽਤ 5.11(a) Εͨݱʹ 2458 cm−1 ͷӶ͍

ΒΕͳ͍ɽݟΨεϚτϦοΫεͰرऩϐʔΫɼNeϚτϦοΫεʹಛ༗Ͱ͋Γɼଞͷٵ
ຊষͷ 5.1અͷਤ 5.2Ͱࣔͨ͠ɼDFTࢉܭͰಘΒΕͨ 6ྔମͷߏҟੑମͷৼಈͱͷൺ
ֱ͔Βɼ5ྔମͷ Bonded-ODͷଆʹݱΕͨ͜ͷϐʔΫΛɼCyclic̒ྔମʹΑΔ
ͷͱஅͨ͠ɽ͜ΕจݙͱҰக͍ͯ͠Δ [10]ɽKrϚτϦοΫεதͷ 2ɼ3ɼ4ྔମͷ
Bonded-OD৳ॖͷৼಈ͢Ͱʹ CeponkusΒʹΑͬͯใ͞ࠂΕ͓ͯΓɼͦΕͧΕ 2609
cm−1ɼ2576 cm−1ɼ2484 cm−1 Ͱ͋Δ [129, 130]ɽ͜ΕΒͷΫϥελʔʹՃ͑ͯɼຊݚ
ʹͰ৽ͨڀ 5, 6 ྔମʹ༝དྷ͢ΔٵऩΛ 2454 cm−1 ͱ 2369 cm−1 ग़ͨ͠ɽXeݕʹ Ϛ
τϦοΫεதʹ͓͍ͯɼ৽ͨʹ 4ɼ5ɼ6 ྔମͷٵऩΛ 2475 cm−1ɼ2448 cm−1ɼ2364
cm−1 ʹग़ͨ͠ɽ͞Βݟʹ Xe ϚτϦοΫεதͰɼ× ͱ ∗ Ͱࣔ͢Α͏ʹɼ2ɼ3 ྔମͷ
ͨ݁͠Ռɼ2ܗΕͨɽΨεؔͰݱऩϐʔΫ͕ෳʹ྾ͯ͠ٵ ྔମͰ 2606
cm−1ɼ2597 cm−1ɼ2585 cm−1ɼ3ྔମͰ 2570 cm−1ɼ2561 cm−1ɼ2549 cm−1 ͷͦΕ

ͧΕ̏ͭͷϐʔΫͱͯ͠Ͱ͖ͨɽ؍ଌͨ͠رΨεϚτϦοΫεதͷ D2OΫϥελʔ
ͷ Bonded-OD৳ॖৼಈʹΑΔٵऩϐʔΫͷͱͦͷؼଐΛɼઌڀݚߦͷ݁Ռͱซͤͯ
ද 5.6ʹ·ͱΊͨɽ

5.4.1 Cyclic 6ྔମʹ͍ͭͯ

ઌڀݚߦʹ͓͍ͯɼCyclic 6ྔମɼHeӷణத [8,128]ɼpara-H2 [17]ɼNeϚτϦοΫ
εத [9]ͰͷΈ؍ଌ͕ใ͞ࠂΕ͍ͯΔɽHirabayashiΒɼ NeϚτϦοΫεதͰ Cyclic 6
ྔମΛ؍ଌ͓ͯ͠ΓɼAr, Kr, XeϚτϦοΫεதͰੜ͠ͳ͍ͱใͨ͠ࠂ [9,14]ɽҰํɼ
CeponkusΒɼ5ྔମͷ Bonded-OD৳ॖͷϐʔΫͷ͕ܗΞχʔϧʹΑͬͯมԽͨ͜͠ͱ
ΛࠜڌʹɼArϚτϦοΫεதͰ Cyclic 6ྔମ͕ܗͨ͠ͱओு͍ͯ͠Δ [10]ɽද 5.6Α
Γɼ൴Β͕ใͨ͠ࠂ ArϚτϦοΫεதͷ Cyclic (D2O)5 ͱ Cyclic (D2O)6 ͷ Bonded-OD
ͷৼಈɼͦΕͧΕ 2461 cm−1 ͱ 2456 cm−1 Ͱ͋ΔɽຊڀݚͰଌఆͨ͠ ArϚτϦο
Ϋεதͷ Cyclic (D2O)5 ͷϐʔΫΛɼ2461 cm−1 ͱ 2456 cm−1 ΛϐʔΫͱ͢Δ 2 ͭͷ
ΨεؔͰܗͨ͠ɽൺֱͷͨΊ Ne ϚτϦοΫεதͷ Cyclic (D2O)5 ͱ Cyclic
(D2O)6 ʹ͍ͭͯͦΕͧΕͷϐʔΫͰܗͨ͠ɽNe, Ar ϚτϦοΫεதͷ Cyclic

*6 ਤ 5.11(a)ͷεϖΫτϧɼණʹΑΔόοΫάϥϯυͷٵऩΛऔΓআ͍ͨɽ
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(D2O)5ͱ Cyclic (D2O)6ͷ֎εϖΫτϧͱɼͦ ΕΒΛΨεؔͰܗͨ݁͠ՌΛ

ਤ 5.12ʹࣔ͢ɽਤ 5.12(a)͔ΒɼCyclic̒ྔମʹ༝དྷ͢ΔϐʔΫͷ͞ߴʹର͢Δ෯ͷେ͖
͞ɼCyclic 5ྔମͷͦΕΑΓখ͍͜͞ͱ໌Β͔Ͱ͋ΔɽҰํɼਤ 5.12(b)ΑΓɼܗ
ͨ̎ͭ͠ͷϐʔΫͷ͞ߴͱ෯ಉఔͰ͋Δ͜ͱ͔Βɼܗͨ͠ 2461 cm−1 ͱ

2456 cm−1 ͷϐʔΫͦΕͧΕ Cyclic (D2O)5 ͱ Cyclic (D2O)6 ʹ༝དྷ͢ΔͰͳ͘ɼۙ
ॖୀͨ͠ 5 ྔମ༝དྷͱ͑ߟΔͷ͕ଥͰ͋Δɽද 5.3 ͷ DFT ͷ݁Ռ͔ΒɼCyclicࢉܭ
(D2O)5 ͷۙॖୀͨ͠ 2ͭͷ Bonded-OD৳ॖʹ 8.5 cm−1 ͷৼಈ͕ࠩ͋Δ͜ͱ͕ࣔ͞

Ε͍ͯΔɽΑͬͯɼArϚτϦοΫεதͰ Cyclic̒ྔମܗ͠ͳ͔ͬͨͱஅͨ͠ɽ

ਤ 5.11 Ψεر (RG)ϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτ
ϧɽ࣌ॖڽ݅ʀRG/D2O = 50, Ts = 7.0 K, RG = (a) Ne, (b) Ar, (c) Kr, (d) Xe. c-6;
Cyclic- 6ྔମɽΫϩεͱΞελϦεΫͦΕͧΕ XeϚτϦοΫεதͷҟͳΔஔαΠ
τʹัଊ͞Εͨ̎ྔମͱ̏ྔମΛࣔ͢ɽ
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ද 5.6 ΨεϚτϦοΫεதر D2OΫϥελʔͷ Bonded-OD৳ॖͷৼಈ (cm−1)ͱ
ͦͷؼଐɽ∗ຊڀݚͰಘΒΕͨΛࣔ͢ɽ

Assignments Gas [4] Ne [10,129,130] Ne∗ Ar [10,129,130] Ar∗ Kr [129,130] Kr∗ Xe [16] Xe∗

(D2O)2 2632 2626 2625 2614 2614 2610 2609 2606
2597

2585.5 2585
Cyc-(D2O)3 2592 2588 2588 2579.0 2579 2576.9 2576 2570

2561
2549

Cyc-(D2O)4 2501 2494.1 2492 2488 2487 2486.5 2484 2475
2492.1 2487
2489.2

Cyc-(D2O)5 2477 2470.0 2469 2461.0 2459 2454 2448
Cyc-(D2O)6 2460.0 2458 2456.0
Cage-(D2O)6 2395 2380.5 2378 2372.0 2373 2369 2364

ਤ 5.12 Ne, ArϚτϦοΫεதͷ (D2O)5 ͱ Cyclic (D2O)6 ͷ֎εϖΫτϧ (্) ͱ
ΨεؔͰܗͨ͠ϐʔΫ (Լ)ɽ(a) Ne, (b) ArɽਤதͷࣈɼϐʔΫͷ
(cm−1)Λࣔ͢ɽ্ͷઢɼ੨ઢɼઢɼͦΕͧΕɼ؍ଌͨ͠εϖΫτϧɼͨ͠
ϐʔΫͷ߹ۂઢɼܗͷͨΊͷج४ઢͰ͋ΓɼԼͷઢͨ͠ϐʔΫΛද͢ɽ
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5.4.2 ਫΫϥελʔͷৼಈγϑτͷϚτϦοΫεछґଘੑ

Volkenstein [140]ͱ Buckingham [141]ɼഔ࣭தʹͨ͠ࢠͷؾ૬͔Βͷৼಈ
γϑτͷϞσϧΛఏএͨ͠ɽ͜ͷϞσϧͰɼࢼྉࢠ M1 ͱͦΕʹྡ͢ΔϚτϦοΫ

εࢠ M2 ͱͷؒͷཻؒࢠϙςϯγϟϧ U12 ɼͦΕΒͷཻڑؒࢠ r ͷΈͷؔͱ͢
ΔɽM1 ͷৼಈγϑτͷେ͖͞ɼཻؒࢠϙςϯγϟϧ U12(r)ͷҾྗ߲ͷۭؒ݁߹ͷઈ
ର |<U12>|ʹۙࣅతʹൺྫ͢Δɽ͞ΒʹɼM1 ͔ΒͳΔݻࢠମதͷۙ࠷ؒࢠϙς

ϯγϟϧΛ U11(r)ͱ͠ɼM2 ʹରͯ͠ಉ༷ʹ U22(r)ͱఆٛ͢Δͱɼ|<U12>|࣍ͷΑ͏
Ͱ͖Δɽࣅۙʹ

| < U12 > | ≈
√

< U11 >< U22 >. (5.8)

Kihara͕ͨͬߦΑ͏ʹɼM2 ؒࢠ૬࡞ޓ༻Λ Lennard-Jonesϙςϯγϟϧ

U22(r) = ε

[(r0
r

)12
− 2

(r0
r

)6]
(5.9)

Ͱهड़͢Δ [142]ɽύϥϝʔλ r0 ͱ εɼͦΕͧΕϙςϯγϟϧͷۃখͷҐஔͱͦͷਂ͞

Ͱ͋ΔɽΑͬͯɼ<U22>ɼεʹൺྫ͢Δɽ͞Βʹ KiharaʹΑΔͱ, ε M2 ͷྟքԹ

Tc ʹ΄΅ൺྫ͢Δ [142]ɽͦͷͨΊɼM2 ϚτϦοΫεதʹͨ͠ M1 ͷৼಈγϑτ

ͷେ͖͞ɼ M2 ͷ Tc
1/2 తʹൺྫ͢Δ͜ͱ͕Θ͔Δɽ(D2O)kࣅۙʹ Λ M1 ͱΈͳ͠ɼ

D2OΫϥελʔͷৼಈγϑτͷرΨεϚτϦοΫεछґଘੑΛٞ͢Δɽ
ɹرΨεϚτϦοΫεதʹͨ͠ D2O Ϋϥελʔͷ Bonded-OD ৼಈΛϚτϦοΫ
εछͷྟքԹͷฏํࠜ Tc

1/2ʹରͯ͠ϓϩοτͨ݁͠ՌΛɼਤ 5.13ʹࣔ͢ɽ֤ϚτϦο
Ϋεछͷ Tc

1/2 ͷΛද 5.7ʹࣔ͢ɽΫϥελʔͷৼಈγϑτ͕ Tc
1/2 ʹରͯ͠ઢʹ

Δ͜ͱ͔Βɼೋࢠݪࢠʹ͍ͭͯఏএ͞Ε͍ͯͨৼಈγϑτͷϞσϧ͕ɼΫϥελʔ

ʹ͓͍ͯద༻Ͱ͖Δ͜ͱ͕Θ͔ͬͨɽ

ද 5.7 ମͷྟքԹͷฏํࠜͷݻΨεر [143]ɽ

Ne Ar Kr Xe
√
Tc 6.67 12.29 14.5 17.02

૬ͷྟքԹؾ 0 ͱΈͳͨ͠ɽϚτϦοΫεछͷ࣭ྔ͕େ͖͘ͳΔʹͭΕͯɼ֤
Ϋϥελʔͷ Bonded-OD৳ॖৼಈͷৼಈ͕ํภҠ͍ͯ͠Δ͜ͱ͕Θ͔ΔɽਫΫϥε
λʔͷৼಈͱ Tc

1/2 ͷ͍ؔͯͮجʹɼϚτϦοΫεதͷ kྔମͷ Bonded-OD, -OHͷ
ৼಈ νk ΛҎԼͷؔͰϑΟοςΟϯάͨ͠ɽ

νk = ν(0)k − sk
√

Tc. (5.10)
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͜͜Ͱɼ νk  (D2O)k ͷ Bonded-OD ৳ॖͷৼಈɼν(0)k ۙࣅઢͷยɼsk ͦ
ͷ͖ʹରԠ͢Δɽͨͩ͠ɼؾ૬தͷσʔλϑΟοςΟϯάʹؚΜͰ͍ͳ͍ɽҎલʹ

ใ͞ࠂΕͨ (H2O)k ͷ Bonded-OH ৳ॖͷৼಈɼࣜ (5.10) ͰઢܗϑΟοςΟϯά͠
ͨ [5,9,14]ɽD2Oͱ H2OͷΛൺֱ͢ΔͨΊʹɼৼಈͷݮগ sk/ν(0)k ΛٻΊɼද 5.8ʹ
·ͱΊͨɽ5ྔମΛআ͍֤ͨΫϥελʔͷ sk/ν(0)k ͷ 5.5-7.5ͷൣғʹ͋ΓɼͦΕͧ
ΕͷΫϥελʔαΠζʹ͓͍ͯɼಉҐମʹΑΔ૬ରతͳࠩ 22 %ҎͩͬͨɽҰํͰɼ
s5/ν(0)5 ɼಉҐମʹؔΘΒͣͦͷଞͷΫϥελʔͷ sk/ν(0)k ͱେ͖͘ҟͳΔΛࣔͨ͠ɽ

͜ͷ 5ྔମͱͦΕҎ֎ͷΫϥελʔͱͷҧ͍ɼͦΕͧΕͷΫϥελʔΛัଊ͢ΔαΠτ
ͷزԿֶతߏʹىҼ͢Δͱͨ͑ߟɽSimonΒ͕ใͨ͠ࠂΑ͏ʹ*7ɼ2-4ྔମɼΫϥε
λʔΛߏ͢ΔਫࢠͷͱಉͷرΨεࢠݪͷஔαΠτʹऩ༰͞ΕΔ [71]ɽཱମߏ
ͷ 6ྔମʹ͓͍ͯɼرΨεࢠݪΛ̓ݸஔͨ͠αΠτʹัଊͰ͖ɼ͜ΕΒͷΫϥελʔ
Λัଊͯ͠رΨεݻମͷ݁থߏ΄ͱΜͲ·ͳ͍ɽҰํɼرΨεࢠݪΛ 5ͭஔ͠
ͨαΠτͰ Cyclic 5ྔମΛऩ༰Ͱ͖ͳ͍ɽfccߏͷ (111)໘ͷ ͨ·ࢠݪ6 ࢠݪ7
Λஔͨ͠αΠτʹ̑ྔମΛัଊͨ͠߹Ͱɼ5ྔମͷࢎૉ͕֩ࢠݪಉҰฏ໘্ʹͳ͍
͜ͱ͔Β*8ɼฏ໘తͳัଊαΠτʹѹഭ͞Εͨঢ়ଶͰऩ༰͞ΕɼपғͷرΨεͷ݁থߏ

ΛΊΔͱ༧͞ΕΔɽ5ྔମͷ߹ɼvdW૬࡞ޓ༻ʹΑΔৼಈγϑτʹՃ͑ͯɼั
ଊαΠτͷزԿֶతߏʹىҼ͢Δৼಈγϑτ্͕ͤ͞Εɼେ͖ͳݮগΛࣔͨ͠ͱ

݁ͨ͠ɽ

ද 5.8 Tc
1/2 ϓϩοτΛ (5.10)ͷؔͰۙͯ͠ࣅಘΒΕͨɼ2-6ྔମͷ bonded-ODͱ

-OH৳ॖͷৼಈͷݮগ, sk/ν(0)
k (10−4 K−1/2)ɽH2Oͷ sk/ν(0)

k ͷɼHirabayashi
Β [9, 14]͕ใͨ͠ࠂৼಈʹࢉ͍ͯͮجग़ͨ͠ɽׅހͷɼઢࣅۙܗͷඪ४ภࠩ
Λද͢ɽ

k 2 3 4 5 6
D2O 7.1 (0.5) 6.5 (0.5) 6.0 (1.7) 8.1 (0.4) 5.5 (0.9)
H2O 7.3 (0.4) 6.9 (1.1) 7.3 (1.9) 11.2 (0.9) 7.0 (0.5)

*7 ୈ̍ষ 1.2.2Λࢀরɽ
*8 ̑ͭͷࢎૉ֩ࢠݪͷ͏ͪͷ͕̍ͭɼͦͷଞ̐ͭͷࢎૉ͕ͭ֩͘ࢠݪΔ໘͔Β 15.5◦ ্͚ͩʹҐஔ͍ͯ͠
Δ [33]ɽ
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Tc
1/2

k = 2

k = 3

k = 4

k = 5

k = 6

ਤ 5.13 kྔମ (k = 2-6)ͷ bonded-OD৳ॖͷৼಈ, νk,ͱ
√
Tc ͷؔɽܗ֯ࡾؾ

૬தͷΛࣔ͢ [4]ɽؙࠇ Ne, Ar, Kr, XeϚτϦοΫεதͰ؍ଌ͞ΕͨৼಈΛࣔ͠ɼ
ઢࣅۙܗʹ༻͍ͨɽനؙ XeϚτϦοΫεதͰͷΈ؍ଌ͞Εͨઢ͔ؔܗΒ֎Εͨৼ
ಈΛࣔ͢ɽ
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5.4.3 XeϚτϦοΫεதͷ 2, 3ྔମͷัଊαΠτ

ਤ 5.13 ͔ΒΘ͔ΔΑ͏ʹɼXe ϚτϦοΫεதʹ͓͍ͯ 2 ྔମͷ 2597 cm−1ɼ2585
cm−1ɼ3 ྔମͷ 2549 cm−1ɼ2561 cm−1 ͷσʔλ

√
Tc ґଘੑ͔Βଆʹେ͖

͘֎Ε͍ͯΔɽKhriachtchevΒɼXeϚτϦοΫεதʹ͓͍ͯɼ(D2O)2 ͷ Bonded-OD
৳ॖͷӶ͍ٵऩϐʔΫΛ 2585.5 cm−1 ଆߴΔ͕ɼͦͷ͍ͯ͠ࠂଌͨ͜͠ͱΛใ؍ʹ

ʹਵͯ͠ݱΕͨখ͞ͳαςϥΠτϐʔΫʹ͍ͭͯಛʹ͍ͯ͠ٴݴͳ͍ [16]ɽ(H2O)2ɼ
(H2O)3 ͷ߹ɼXeϚτϦοΫεதʹͷΈಉ༷ͷαςϥΠτϐʔΫ͕؍ଌ͞Ε͓ͯΓɼ
ͦΕΒͷৼಈ

√
Tcґଘੑ͔Βେ͖͘֎Ε͍ͯͨ [14]ɽHirabayashiΒɼBonded-OH

৳ॖͷৼಈγϑτͱΫϥελʔΛߏ͢Δਫࢠͷࢎૉڑؒ֩ࢠݪ R(O-O)ͷ͔ؔ
ΒัଊαΠτΛઆ໌͍ͯ͠Δ*9ɽ

√
Tc ґଘੑΛຬͨ͢ (D2O)2 ͱ (D2O)3 ͷৼಈͱɼͦ

͔͜Β࠷େ͖͘֎Εͨৼಈͷࠩ 1 %ະຬͰɼH2Oͷ߹ͱྑ͍ҰகΛࣔͨ͠ɽfcc
ͷߏ Xe ϚτϦοΫεதʹ͓͚Δ̎ྔମͱ̏ྔମͷัଊαΠτͷࣜਤΛਤ 5.14 ʹࣔ
͢ɽXeࢠݪͷ vdWܘ 2.16 Åͱൺֱతେ͖͍ͨΊ [144]ɼ2ྔମ ͷݸ2 XeࢠݪΛ
ஔͨ͠αΠτ͚ͩͰͳ͘ɼ1ݸͷ XeࢠݪΛஔͨ͠αΠτʹ R(O-O)Λͯ͘͠ั
ଊ͞ΕΔͱ͑ߟΒΕΔɽvdW ܘΛྀ͢ߟΔͱɼ2 ྔମͱಉ༷ʹ 3 ྔମ Xe ࢠݪ 2 ݸ
ͷஔαΠτʹัଊՄͰ͋Δɽ͔͠͠ɼ7.0 KͰͨ͠ॖڽ XeϚτϦοΫεͷߏɼ
ܽؕͷͳ͍શͳ fccߏͰͳ͍ͱ͑ߟΒΕΔͨΊɼ࣮ࡍ fccߏͷ XeࢠݪΛஔ
ͨ͠ัଊαΠτ͚ͩͰͳ͘ɼ݁থߏͷ่Εͨ͞·͟·ͳαΠτʹัଊ͞Ε͍ͯΔͣͰ

͋Δɽkྔମ (k = 2, 3)ͷัଊαΠτͱͯ͑͠ߟΒΕΔ̐छྨͷัଊαΠτΛҎԼʹࣔ͢ɽ
ᶃ fccߏͷ kݸͷ XeࢠݪΛஔัͨ͠ଊαΠτɽ
ᶄ݁থߏΛͨ࣋ͳ͍ΏΔ͍ัଊαΠτɽ

ᶅ fccߏͷ k-1ݸͷ XeࢠݪΛஔัͨ͠ଊαΠτɽ
ᶆ݁থߏΛͨ࣋ͳ͍۶ځͳัଊαΠτɽ

͜͜Ͱɼ"۶ځͳαΠτ"ͱʡΏΔ͍αΠτʡɼkྔମΛ kݸͷ XeࢠݪͰஔัͨ͠ଊ
αΠτͱൺֱۭͯؒ͠తʹ͔͍͔͍ڱΛҙຯ͢Δɽ۶ځͳαΠτʹัଊ͞Εͨ߹α

Πτͷେ͖͞ʹґͬͯΫϥελʔͷ R(O-O)͘ͳΓɼৼಈଆʹγϑτ͢Δ
͕ɼΏΔ͍αΠτͰΫϥελʔͷ R(O-O)มԽ͠ͳ͍ͨΊαΠτʹґଘ͢Δৼಈ
γϑτ͖ىͳ͍ͱ͑ߟΒΕΔɽͦͷͨΊɼ2585 cm−1 ͱ 2549 cm−1 ͷϐʔΫɼͦΕ

ͧΕᶃ,ᶄͷΑ͏ͳΏΔ͍αΠτʹัଊ͞Εͨ (D2O)2 ͱ (D2O)3 ଐ͢Δͷͱͨ͠ɽؼʹ
Ұํɼ2 ྔମ༝དྷͷ 2597 cm−1 ͱ 2606 cm−1 ͷϐʔΫͱɼ3 ྔମ༝དྷͷ 2561 cm−1 ͱ

2570 cm−1 ͷϐʔΫɼᶅ, ᶆͷΑ͏ͳ۶ځͳαΠτʹัଊ͞Εͨ 2ɼ3 ྔମʹΑΔͷ

*9 ୈ 1ষ 1.2.2Λࢀরɽ
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ͱஅͨ͠ɽ

ਤ 5.14 XeϚτϦοΫεதʹ͓͚Δ̎ྔମͱ̏ྔମͷัଊαΠτͷࣜਤɽ



91

ୈ 6ষ

தʹͨ͠ਫ-ϝλॖڽΨεر
ϯෳ߹ମ

6.1 D2O-CH4 ෳ߹ମͷ֎εϖΫτϧ

ArϚτϦοΫεதͷ D2Oͱ CH4 ͷ֎ٵऩεϖΫτϧΛଌఆͨ͠ɽD2Oͷ ν3 ৼಈ

ྖҬΛਤ 6.1ʹࣔ͢ɽ(a) CH4 Λؚ·ͳ͍߹ͷεϖΫτϧͰɼࢠൺ Ar : D2O :
CH4 = 3000 : 10 : 0Ͱ͋ΔɽҰํɼ(b)ͷεϖΫτϧ CH4 ΛؚΈɼࢠൺ Ar : D2O
: CH4 = 3000 : 1 : 15Ͱ͋Δɽਤ 6.1 (a)ʹݱΕͨٵऩϐʔΫɼશͯ D2Oͷ୯ྔମʹ༝
དྷ͢Δɽ2770 cm−1 ͷϐʔΫ nrભҠʹɼ2782 cm−1 ͱ 2793 cm−1 ͷϐʔΫ rભҠʹ
Ҽ͠ɼͦΕͧΕى 000 → 101 ͱ 101 → 202 Ͱ͋Δɽ·ͨɼCH4 ΛؚΉ (b)ͷεϖΫτϧ
Ͱ্هͷϐʔΫʹՃ͑ͯɼ2776 cm−1 ʹ৽ͨͳϐʔΫ Εͨɽ͜ͷϐʔΫݱ͕(ҹࠇ)
 CH4 ΛՃ͑ͨ͜ͱʹΑͬͯݱΕͨͨΊɼD2O-CH4 ෳ߹ମʹΑΔͷͱஅͨ͠ɽ

ɹ࣍ʹ ArϚτϦοΫεதʹ୯ͨ͠ D2O-CH4 ෳ߹ମͷ֎ٵऩεϖΫτϧͷԹґଘ

ੑΛଌఆͨ͠ɽD2Oͷ ν3 ৼಈྖҬΛਤ 6.2ʹࣔ͢ɽਤ 6.2(a)ɼਤ 6.1 (b)ͱಉ͡εϖ
ΫτϧͰ͋Γɼ(a)Λଌఆͨ͠ޙɼج൘Λ 15 Kʹ্͛ͯอͬͨ·· (b)ͷεϖΫτϧΛଌ
ఆͨ͠ɽͦͷޙՃΛΊɼ࠶ͼ 5.6 Kʹྫྷ٫͠ɼेʹ͔ͯͬܦ͕ؒ࣌Β (c)Λଌఆ͠
ͨɽ nr ભҠʹ༝དྷ͢ΔٵऩϐʔΫͷڧঢԹͯ͠มԽ͠ͳ͔ͬͨɽҰํɼ r ભҠ༝
དྷͷϐʔΫڧɼՃதͷ (b)Ͱখ͘͞ͳΓɼ٫ͨ͠ྫྷ࠶ (c)Ͱ (a)ͱಉఔ·Ͱ
Δͱ͍͏ՄٯͳมԽΛࣔͨ͠ɽ͜Εࢠͷճస४Ґͷ༗͕ϘϧπϚϯʹै͏ͨ

ΊͰ͋Δɽ5.6 KͰɼ΄ͱΜͲͷࢠͷճసঢ়ଶجఈͷ४Ґʹ͋Δ͕ɼԹͷ্ঢʹ
ͬͯɼΑΓճసྔࢠͷେ͖ͳ४ҐΛ༗͢ΔΑ͏ʹͳΔɽD2O ͷടಈΤωϧΪʔ
ճసΤωϧΪʔΑΓେ͖͍ͨΊɼ nr ભҠ༝དྷͷϐʔΫͷڧԹ্͕ঢͯ͠มԽ͠
ͳ͍͕ɼr ભҠ༝དྷͷϐʔΫڧԹґଘੑΛࣔ͢ɽD2O-CH4 ෳ߹ମʹ༝དྷ͢Δͱ

அͨ͠ 2776 cm−1 ͷϐʔΫڧɼrભҠ༝དྷͷϐʔΫͱಉ༷ʹԹʹରͯ͠Մٯతͳม
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ԽΛࣔͨ͠ɽ͜ͷ͜ͱ͔Βɼෳ߹ମΛߏ͢Δ D2Oճస͍ͯ͠Δͱ݁ͨ͠ɽD2Oͷ
rભҠͷৼಈͱͷൺֱͱԹґଘੑ͔Βɼ000 → 101 ભҠͰ͋Δͱஅͨ͠ɽ؍ଌͨ͠
D2O-CH4 ෳ߹ମͷϐʔΫͷৼಈͱͦͷؼଐද 6.1ʹ·ͱΊͨɽ

ਤ 6.1 D2Oͱ CH4 ΛؚΉݻମ Arͷ֎ٵऩεϖΫτϧɽD2Oͷ ν3 ྖҬɽTs = 5.6
KɽAr : D2O : CH4 = (a) 3000 : 10 : 0, (b) 3000 : 1 : 15ɽ
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ਤ 6.2 Ar ϚτϦοΫεதͷ D2O ͱ CH4 ͷ֎ٵऩεϖΫτϧͷԹґଘੑɽD2O
ͷ ν3 ྖҬɽAr : D2O : CH4 = 3000 : 1 : 15ɽ(a), Ts = 5.6 KͰࢼྉޙॖڽʹଌఆ; (b),
(a)ͷࢼʹޙྉΛՃ͠ Ts = 15 Kʹอͬͨ··ଌఆ; (c), (b)ͷޙʹՃΛࢭΊ 5.6 K·
Ͱྫྷ٫͔ͯ͠Βଌఆɽ

ද 6.1 D2O-CH4 ෳ߹ମͷ ν3 ྖҬͷٵऩϐʔΫͷͱͦͷؼଐɽ

Vib. Trans. Gas [4] Solid CH4 Solid Ar D2O-CH4

ν3 101 → 202 2793
001 → 101 2782 2776

nr 2788.05 2762 2770
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6.2 D2O-CH4 ෳ߹ମͷزԿֶతߏ

Ίͨ̎छͷٻͰࢉܭࢠྔ D2O-CH4 ෳ߹ମͷৼಈͱ֎ٵऩڧͷؔΛਤ 6.3ʹࣔ
͢ɽൺֱͷͨΊ D2OɼCH4 ͷ୯ྔମͷ݁Ռซͤͯࣔͨ͠ɽࢉܭϨϕϧશͯ B3LYP /
6-311++G(d,p)Ͱ͋Δ*1ɽ

Ͱͷܥཱݽ CH4 ͷ ν3 ৼಈࡾॏॖୀ͓ͯ͠Γɼ3132 cm−1 ʹେ͖ͳ֎ٵऩڧΛ

͢Δ͜ͱʹΑͬͯͦܗͰɼD2Oͱෳ߹ମΛߏͱWAߏɽͦΕରͯ͠ɼWDͭ࣋
ͷॖୀ͕ղ͚ɼCH4 ͷ ν3 ৼಈʹ͏ࢠۃϞʔϝϯτͷมԽͷํ͕ෳ߹ମ࣠ͱฏߦͳ

ৼಈͱਨͳৼಈͷ̎ͭʹͨ͠ɽࢠۃϞʔϝϯτͷมԽํ͕ෳ߹ମ࣠ͱਨͳৼ

ಈ͕ೋॏॖୀ͓ͯ͠ΓɼͲͪΒͷߏҟੑମʹ͓͍ͯɼଆʹγϑτͨ͠ɽWDߏ
ͷ CH4 ͷͨ̎ͭ͠ͷ ν3 ͷ֎ٵऩڧͲͪΒಉఔ͕ͩɼWAߏͷ߹
ೋॏॖୀͨ͠ଆͷํ͕େ͖ͳΛࣔͨ͠ɽܥཱݽͷ CH4 ͷ ν3 ͔ΒͷͣΕɼWA
ͷํ͕େ͖͘ɼ13ߏ cm−1 Ͱ͋ͬͨɽCH4 ͷ ν1 ৼಈৼಈͷରশੑ͔Β֎ෆੑ׆Ͱ

͋Γɼ֎ٵऩΛ͜͞ىͳ͍ৼಈͰ͋Δɽܥཱݽͷ CH4 ͷ݁ࢉܭՌ͔Β ν1 ৼಈ֎

ෆੑ׆Ͱ͋Δ͜ͱ໌Β͔͕ͩɼෳ߹ମͷ CH4 ͷ ν1 ɼD2OͷࢠۃͷిʹΑͬͯ
͠ۃɼΘ͔ͣʹ֎ੑ׆ͱͳΓɼWDߏͰ 1 km/molɼWAߏͰ 5 km/molͷ
ͰɼCH4ߏΛࣔ͢ɽWAڧ֎ ͷ H͕݁ࢠݪ߹ʹؔ༩͍ͯ͠ΔͨΊɼCH4 ͕͠ۃɼ

ν1 ৼಈͷରশੑ่͕ΕͨͨΊʹɼΑΓେ͖ͳٵऩڧΛͨͬ࣋ͱ͑ߟΒΕΔɽWA ߏ
ͷ CH4 ͷ ν1 ͷ֎ٵऩڧ͕ 5 km/molʹରͯ͠ɼೋॏॖୀͨ͠ ν3 ͷ͏ͪଆͷ

ৼಈͷ֎ٵऩڧ 64 km/mol Ͱ͋ΔɽWAߏΛܗ͍ͯ͠ΔͷͰ͋ΕɼCH4 ͷ

ν1 ͷٵऩϐʔΫ͕ ν3 ͷ 10 ͷ 1 ఔͷڧͰݱΕΔͱ༧Ͱ͖ΔɽD2O ͷ ν3 ͱ ν1

ɼෳ߹ମΛܗ͢Δ͜ͱͰଆʹγϑτ͠ɼWDߏͱWAߏͷͲͪΒͷ ν3 ͱ

ν1 ʹ͓͍ͯɼܥཱݽͷ D2O͔ΒͷৼಈͷγϑτWDߏͷํ͕େ͖͔ͬͨɽWD
খ͘͞ͳΔߏɼ୯ྔମͱൺͯେ͖͘ͳͬͨͷʹରͯ͠ɼWAڧऩٵ֎ͷߏ
݁ՌΛࣔͨ͠ɽ

ɹෳ߹ମͷߏΛಛఆ͢ΔͨΊɼArϚτϦοΫεதͷ D2Oͱ CH4 ͷ֎ٵऩεϖΫτ

ϧͷ CH4 ͷ ν1 ྖҬʹͨ͠ɽਤ 6.4ʹࣔͨ͠ͷɼCH4 ͷ ν3 ͼٴ ν1 ྖҬͰ͋Δɽ

CH4 ͷΈͷ߹ͱɼD2O ͱ CH4 ͷ྆ํΛؚΉ߹ͷεϖΫτϧͰݱΕͨ 3031 cm−1

ͷٵऩϐʔΫɼCH4 ͷ ν3 ৼಈʹ༝དྷ͢Δɽ2820-2830 cm−1 ۙͷٵऩɼCH4 ͷ ν2

ͱ ν4 ͷ݁߹ԻʹىҼ͢Δɽ࣮ݧͰಘΒΕͨεϖΫτϧͱ DFTࢉܭͷ݁ՌΛൺֱ͢ΔͨΊ
ʹɼεέʔϦϯάҼࢠΛ 0.968ͱͯ͠ɼDFTࢉܭΑΓٻΊͨ CH4 ͷ ν1 ͼٴ ν3 ৼಈͷৼ

ಈΛεέʔϦϯάͨ͠ɽͦͷ݁ՌΛද 6.2ʹࣔ͢ɽࢉܭϨϕϧB3LYP/6-311++G(d,p)

*1 ৄ͍͠ৼಈͱ֎ٵऩڧୈ 4ষͷ 4.8Λࢀরɽ
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(a) CH4 ͷ ν1 ͼٴ ν3 ྖҬɽ

(b) D2Oͷ ν3 ྖҬɽ

ਤ 6.3 DFTࢉܭΑΓٻΊͨ D2OɼCH4ɼٴͼ D2O-CH4 ͷWDߏɼWAߏͷৼ
ಈͱରԠ͢Δ֎ڧͷؔɽB3LYP / 6-311++G(d,p)Ϩϕϧɽ
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Ͱ͋Δɽෳ߹ମͷ CH4 ͷ ν1 ৼಈɼ2920-2930 cm−1 ۙʹݱΕΔͱ༧Ͱ͖Δ͕ɼε

ϖΫτϧ͔Β CH4 ͷ ν1 ৼಈʹΑΔٵऩݟΒΕͳ͔ͬͨ͜ͱ͔Βɼෳ߹ମWD
Ͱ͋Δ͜ͱ͕ཪ͚ΒΕͨɽDFTߏ ΑΓ༧ଌ͞Εͨࢉܭ CH4 ͷ୯ྔମͱɼෳ߹ମͷ

CH4 ͷ ν3 ͷৼಈࠩ 8 cm−1 ͕ͩɼεϖΫτϧ͕ࣔ͢ٵऩϐʔΫͷ෯ 40 cm−1 ఔ

͋ΔͨΊɼͰ͖ͳ͔ͬͨɽ

ද 6.2 CH4 ͷ ν1 ͼٴ ν3 ৼಈͷৼಈɽࢉܭϨϕϧɿB3LYP/6-311++G(d,p)ɽׅހ
֎ٵऩڧΛࣔ͢ɽExp. ࣮ݧͰಘΒΕͨৼಈΛࣔ͢ɽεέʔϦϯάҼࢠ :
0.968.

Vib. Exp. Mono WD WA
ν3 3031 3032 (78) 3024 (42) 3020 (64)
ν1 - 2930 (0) 2924(1) 2922 (5)

6.3 ϚτϦοΫεதͷෳ߹ମͷัଊαΠτ

D2O-CH4 ෳ߹ମʹ༝དྷ͢ΔٵऩϐʔΫɼD2O ͷ 000 → 101 ભҠʹ༝དྷ͢ΔϐʔΫ
ͷ 6 cm−1 ଆʹݱΕ͕ͨɼnr-୯ྔମͷଆʹݱΕͳ͔ͬͨɽرΨεݻମɼ
Ұൠʹ fccߏΛͱΔ͜ͱ͕ΒΕ͍ͯΔ͕ɼ࣮ࡍͷ fcc݁থதʹɼछྨͷܽؕαΠ
τଘ͢ࡏΔ [138]ɽD2Oͷ୯ྔମʹ༝དྷ͢ΔϐʔΫɼr-ɼnr-୯ྔମͷ྆ํ͕؍ଌ͞Εͯ
͍Δ͜ͱ͔ΒɼCavanaΒ͕ใͨ͠ࠂΑ͏ʹɼD2O ArϚτϦοΫεதͷෳͷαΠτ (
Substitutional holes (S)ɼTetrahedral holes (T)ɼOctahedral holes (O) )ʹัଊ͞Ε͍ͯΔ͜
ͱ͕Θ͔Δ [138]ɽҰํͰɼArͱ CH4 ͷ vdWܘͦΕͧΕ 1.88 Åͱ 2.24 ÅͰ͋Δ͔
Β [138]ɼCH4  ArϚτϦοΫεதͷ Tͱ OͷαΠτʹัଊ͞ΕΔͱ͑ߟ͍ɽͦͷ
ͨΊ CH4 ɼArϚτϦοΫεதͷ S ʹͷΈัଊ͞ΕΔͱஅͨ͠ɽArͷ fcc݁থதͷ
Ar ɼ3.75ڑؒࢠݪ Å Ͱ͋Γ [144]ɼDFT ΊͨWDٻΑΓࢉܭ ͷߏ C-O ͕ڑؒ
3.75 ÅͰ͋Δ͜ͱ͔ΒɼArͭ̎ࢠݪΛஔͨ͠αΠτͱෳ߹ମͷେ͖͞ಉఔͰ͋Δ
ͱ͑ߟΒΕΔɽͦͷͨΊɼArϚτϦοΫεதͷ D2O-CH4 ෳ߹ମɼͦΕͧΕͷ͕ࢠճ

సͰ͖ͳ͍Α͏ͳ֨ؒࢠαΠτʹೖΒͣɼਤ 6.5ʹࣔ͢Α͏ͳ Arͭ̎ࢠݪΛஔͨ͠
Sʹัଊ͞Ε͍ͯΔͱ݁ͨ͠ɽ͜ͷ݁ɼnr୯ྔମʹਵ͢Δෳ߹ମ༝དྷͷϐʔΫ͕
Εͳ͔ͬͨ͜ͱઆ໌͕ͭ͘ɽݱ
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(A) CH4 ͷ ν3 ྖҬɽ

(B) CH4 ͷ ν1 ͼٴ ν2+ν4 ྖҬɽ

ਤ 6.4 Ar ϚτϦοΫεதͷ D2O ͱ CH4 ͷ֎ٵऩεϖΫτϧɽTs = 5.6 KɽAr :
D2O : CH4 = (a) 3000 : 1 : 15, (b) 3000 : 0 : 30, (c) 3000 : 10 : 0ɽ
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ਤ 6.5 ArϚτϦοΫεதʹัଊ͞Εͨ D2O-CH4 ෳ߹ମͷ̎ࢠݪஔαΠτͷࣜਤɽ
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6.4 HDO-CH4 ෳ߹ମͷ֎εϖΫτϧ

ཹͷܥମಋೖؾ H2OʹΑͬͯ HDO͕ੜ͠ɼࠞ ʹମதؾ߹ HDOؚ·Ε͍ͯͨ
ͨΊɼHDO༝དྷͷٵऩϐʔΫ؍ଌ͞ΕͨɽArϚτϦοΫεதͷ HDOͱ CH4 ͷ֎

ऩεϖΫτϧͷٵ HDOͷ ν1 ৼಈྖҬΛਤ 6.6ʹࣔ͢ɽਤ 6.6 (a)ͷεϖΫτϧʹݱΕͨ
̎ͭͷٵऩϐʔΫɼͲͪΒ HDOͷ୯ྔମʹ༝དྷ͠ɼ2707 cm−1  nrભҠʹɼ2724
cm−1  rભҠͷ 000 → 101 Ҽ͢Δɽ·ͨਤىʹ 6.1ͱಉ༷ʹɼ CH4 ΛՃ͑ͨਤ 6.6 (b)
ͷεϖΫτϧͰɼ2718 cm−1 ʹ৽ͨͳϐʔΫ ग़ͨͨ͠Ίɼ͜ͷϐʔΫΛݕΛ(ҹࠇ)
HDO-CH4 ෳ߹ମʹΑΔͷͱஅͨ͠ɽ࣍ʹɼArϚτϦοΫεதʹ୯ͨ͠ HDO-CH4

ෳ߹ମͷ֎ٵऩεϖΫτϧͷԹґଘੑΛਤ 6.7ʹࣔ͢ɽਤ 6.6 (b)͕ਤ 6.7(a)ʹରԠ
͢ΔɽD2O-CH4 ͷ߹ͱಉ༷ʹɼHDOͷ nrભҠʹ༝དྷ͢ΔٵऩϐʔΫͷڧঢԹ͠
ͯมԽ͠ͳ͔ͬͨҰํͰɼ rભҠ༝དྷͷϐʔΫڧԹʹରͯ͠ՄٯͳมԽΛࣔͨ͠
͜ͱ͔Βɼෳ߹ମͷ HDOճస͢Δ͜ͱ͕໌Β͔ʹͳͬͨɽ؍ଌͨ͠ HDO-CH4 ෳ߹ମ

ͷϐʔΫͷৼಈͱͦͷؼଐද 6.3ʹ·ͱΊͨɽ

ਤ 6.6 Ar ϚτϦοΫεதͷ HDO ͱ CH4 ͷ֎ٵऩεϖΫτϧɽHDO ͷ ν1 ྖҬɽ

Ts = 5.6 KɽAr : D2O : CH4 = (a) 3000 : 10 : 0, (b) 3000 : 1 : 15ɽ
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ਤ 6.7 ArϚτϦοΫεதͷ HDOͱ CH4 ͷ֎ٵऩεϖΫτϧͷԹґଘੑɽHDO
ͷ ν1 ྖҬɽAr : D2O : CH4 = 3000 : 1 : 15ɽ(a), Ts = 5.6 KͰࢼྉޙॖڽʹଌఆ; (b),
(a)ͷࢼʹޙྉΛՃ͠ Ts = 15 Kʹอͬͨ··ଌఆ; (c), (b)ͷޙʹՃΛࢭΊ 5.6 K·
Ͱྫྷ٫͔ͯ͠Βଌఆɽ

ද 6.3 HDO-CH4 ෳ߹ମͷ ν3 ྖҬͷٵऩϐʔΫͷͱͦͷؼଐɽ

Vib. Trans. Gas [4] Solid CH4 [145] Solid Ar D2O-CH4

ν1 000 → 101 2724 2718
nr 2726.73 2703 2707

ν3 000 → 101 3702
nr 3707.47 3674 3687
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6.5 HDO-CH4 ෳ߹ମͷزԿֶతߏ

ਫͱϝλϯͷෳ߹ମ WD Ͱ͋Δͱ͕݁ͨ͠ɼHDO-CH4ߏ ෳ߹ମͷ߹ʹɼ

HDOͷ OHͱ ODͷͲͪΒ͕ CH4 ͱͷ݁߹ʹؔ༩͢Δ͔ͱͳΔɽDFTࢉܭͰٻΊ
ͨ HDOٴͼ HDO-CH4 ͷߏҟੑମͷ ν1 ͼٴ ν3 ৼಈͷৼಈΛද 6.4ʹࣔ͢ɽHDO-
CH4 ෳ߹ମͷWDߏʹ͓͍ͯɼHDOͷ OH͕ CH4 ͱ݁߹͍ͯ͠Δ߹ΛWDHɼOD
͕݁߹͍ͯ͠Δ߹ΛWDD ͱͯ۠͠ผͨ͠ɽWDH ͷ ν3 ͱWDD ͷ ν1 ͕େ͖͘ํภ

Ҡ͠ɼWDHͷ ν1ͱWDDͷ ν3Θ͔ͣʹ੨ํภҠ͢Δ݁ՌΛಘͨɽ͜Ε CH4ͱ݁߹

ͨ͠ଆͷ OH·ͨ ODͷ৳ॖৼಈ͕େ͖͘γϑτ͢Δ͜ͱΛ͍ࣔͯ͠Δɽਤ 6.6ʹࣔ͢
Α͏ʹɼHDO-CH4 ෳ߹ମʹ༝དྷ͢ΔϐʔΫ 2718 cm−1 ΕɼHDO୯ྔମͷݱʹ rભҠ
ͷϐʔΫ͔Β 6 cm−1 ํภҠ͍ͯ͠Δɽ͜ͷ݁ՌɼWDD ͷ݁ࢉܭՌͱΑ͘Ұகͯ͠

͍Δɽ͠WDH Λܗͨ͠߹ɼHDOͷ OH৳ॖৼಈ͕ํภҠ͢Δ͕ɼදʹࣔ͢
Α͏ʹɼHDO୯ྔମ͔ΒํภҠͨ͠ϐʔΫݕग़͞Εͳ͔ͬͨɽͦͷͨΊɼHDO-CH4

ෳ߹ମΛߏ͢Δ HDOͷ OD͕ෳ߹ମܗͷ݁߹ʹؔ༩͍ͯ͠Δͱஅͨ͠ɽ

ද 6.4 DFTࢉܭͰٻΊͨ HDO ͼٴ HDO-CH4 ͷߏҟੑମͷ ν1 ͼٴ ν3 ৼಈͷৼ

ಈɽࢉܭϨϕϧɿB3LYP/6-311++G(d,p)ɽεέʔϦϯάҼࢠ 0.968ɽׅހཱݽ
ͷܥ HDOͱͷࠩΛࣔ͢ɽ

Vib. HDO WDH WDD

OH 3749 3740 (-9) 3750 (+1)
OD 2722 2723 (+1) 2716 (-6)
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݁

ຊڀݚͰಘΒΕͨ݁ՌҎԼͷ௨ΓͰ͋Δɽ

ɹ ArϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ D2OೱґଘੑΛଌఆͨ͠ɽଌఆͰ
ಘΒΕͨ୯ྔମ͔Β̒ྔମʹ༝དྷ͢ΔϐʔΫͷৼಈઌڀݚߦͷͱҰகͨ͠ɽD2O
ೱ͕͍ͱ͖ɼ୯ྔମʹΑΔٵऩ͕ݦஶͰ͋Γɼr-୯ྔମͱ nr-୯ྔମʹ༝དྷ͢Δٵऩ
ϐʔΫΛ͖ͬΓͱͯ͠؍ଌͰ͖ͨɽ(ࣗ༝)ճస͢Δ r-୯ྔମ ArΛ̍ࢠݪΛஔ
ͨ͠αΠτʹɼടಈ͢Δ nr-୯ྔମ Ar ͷ֨ؒࢠαΠτʹัଊ͞Εͨͱஅͨ͠ɽD2O
ೱґଘੑΑΓɼD2O ೱ͕͘ߴͳΔʹͭΕͯେ͖ͳΫϥελʔ͕ੜ͢Δ͜ͱΛࣔ͠
ͨ. DFTࢉܭͰٻΊͨৼಈͱεϖΫτϧʹݱΕͨϐʔΫͷৼಈͱͷൺֱ͔Βɼ̒ྔମ
ͷߏ Cage ʹͱஅͨ͠ɽ͞Βܕ D2O ೱґଘੑͱྔ͔ࢉܭࢠΒɼ͜Ε·Ͱؼଐ͕
͖ͬΓ͍ͯ͠ͳ͔ͬͨϐʔΫ͕̓ྔମҎ্ͷΫϥελʔʹΑΔͷͰ͋Δ͜ͱΛࣔ͠

ͨɽ

ɹ ArϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷաఔΛௐΔͨΊʹɼ34 KҎԼ
ͷԹྖҬͰΞχʔϧΛ܁Γฦͨͬ͠ߦɽΞχʔϧԹΛஈ֊తʹ্͍͛ͯ͘ͱɼԹ্

ঢʹͬͯ୯ྔମͷ֦͕ࢄଅਐ͠ɼΑΓେ͖ͳΫϥελʔͷ͕؍ଌ͞ΕͨɽΞχʔϧ

Αͬͯɼnr-୯ྔମͷ΄ͱΜͲมԽ͠ͳ͔ͬͨͷʹର͠ɼr-୯ྔମஶ͘͠ݮগͨ͜͠
ͱ͔ΒɼΫϥελʔʹ r-୯ྔମ͕د༩͍ͯ͠Δ͜ͱ͕໌Β͔ʹͳͬͨɽ·ͨɼ֤Ξ
χʔϧԹͰΫϥελʔ͕֬ೝ͞Εͨ͜ͱ͔Βɼ֦ࢄͷੑ׆Խোน͕αΠτ͝ͱʹ

ҟͳΔ͜ͱ͕Θ͔ͬͨɽΞχʔϧʹΑΔΫϥελʔΛఆྔతʹղੳ͢ΔͨΊʹɼٵ

ऩϐʔΫͷੵڧͱ DFTࢉܭͰٻΊͨ Bonded-OD ৳ॖৼಈͷ֎ٵऩڧΛ༻͍ͯ
பີΛੵݟΓɼ֤ΫϥελʔͷଘྔࡏΛൺֱͨ͠ɽ25 KҎԼͰɼ̓ྔମҎ্ͷΫ
ϥελʔʹΑΔٵऩ͕΄ͱΜͲແࢹͰ͖Δ΄ͲͩͬͨͷͰɼ୯ྔମ͔Β̒ྔମΛߏ͢

Δ D2Oࢠͷ૯ d͕อଘ͢Δͱ͍͏ཁʹ͖ͮجɼDFTࢉܭͰٻΊͨ֎ٵऩڧΛ
ิਖ਼ͨ͠ɽͦͷ݁ՌɼDFT ଌఆΑڧऩٵ֎ͰಘΒΕͨ̎ྔମ͔Β̒ྔମͷࢉܭ
Γ̐ഒաେධՁ͞ΕΔͱ͍͏݁ՌΛಘͨɽิਖ਼ͨ͠֎ٵऩڧΛ༻͍ͯࢉग़֤ͨ͠Ϋ
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ϥελʔͷபີΛΞχʔϧԹʹରͯ͠ϓϩοτ͢Δͱɼd͕อଘ͢Δ 25 KҎԼͷԹ
ྖҬͰ΄΅ઢܗͷมԽΛࣔͨ͠ɽ୯ྔମͷ֦ࢄͷΈΛྀ͠ߟɼΫϥελʔͷ͕

(D2O)k−1 + D2Oˠ (D2O)k ͱ͍͏աఔ (k = 2-5)Ͱਐ͢ߦΔͱ͍͏ԾఆͷͱʹղੳΛ͠
ͨͱ͜ΖɼபີͷϓϩοτΛઢͯ͠ࣅۙܗಘΒΕΔ͖Λ΄΅ݱ࠶Ͱ͖ͨɽ୯ྔମͷ֦

Ͱ͖ͳݱ࠶ʹશΛ͖༩ͨ͜͠ͱ͕ɼدΫϥελʔࢄՃ͑ͯɼ̎ྔମͷ֦ʹࢄ

͔ͬͨओҼͰ͋Δͱ݁ͨ͠ɽ

ɹ࣌ॖڽͷج൘ԹͱࢼྉೱΛҰఆʹ͠ɼ0.001-9 mmol/hͷൣғͰॖڽΛม͑ͯࢼ
ྉΛ࡞ͨ͠ɽͦͷ݁Ռɼॖڽ͕খ͘͞ͳΔͱɼαΠζͷେ͖ͳΫϥελʔ͕ଟ͘ੜ

͢Δ͜ͱ͕໌Β͔ʹͳͬͨɽ্ड़ͷΞχʔϧ࣮ݧͰิਖ਼ͨ͠֎ٵऩڧΛ༻͍ͯɼ୯

ྔମ͔Β̒ྔମͷபີΛ͠ࢉܭɼ֤ΫϥελʔΛߏ͢Δ D2Oͷׂ߹Λղੳͨ݁͠Ռɼ
աఔʹ͓͚ΔॖڽͷൣғͰɼॖڽͷه্ D2Oͷ֦͕ࢄΫϥελʔαΠζΛܾ
ΊΔओҼͰ͋Δ͜ͱ͕Θ͔ͬͨ.
ɹ NeɼArɼKrɼXeϚτϦοΫεதʹͨ͠ D2OΫϥελʔͷ֎ٵऩεϖΫτϧΛ
ଌఆͨ͠ͱ͜Ζɼ४҆ఆͷ Cyclic̒ྔମ͕ NeϚτϦοΫεதͰͷΈ؍ଌ͞Εͨɽ·ͨɼ
XeϚτϦοΫεதͰɼ2, 3ྔମͷٵऩϐʔΫ͕ෳʹॏͳͬͯݱΕͨɽ͜ΕɼXeͷ
Δ͜ͱΛࣔ͢͠ࡏఆ͕૬ରతʹେ͖͍ͨΊʹɼ2,3ྔମΛัଊ͢ΔαΠτ͕ෳଘࢠ֨
ͨɽ͞Βʹɼ̎ྔମ͔Β̒ྔମͷ Bonded-OD৳ॖͷৼಈɼϚτϦοΫεΛߏ͢Δ
൪߸͕େ͖͘ͳΔʹͭΕͯํภҠͨ͠ɽΫϥελʔͷࢠݪΨεͷر Bonded-OD৳ॖͷ
ৼಈΛɼرΨεͷྟքԹͷฏํࠜʹରͯ͠ϓϩοτ͠ɼ͜ͷϞσϧ͕ࢠΫϥελʔ

ͷ߹ʹద༻Ͱ͖Δ͜ͱΛࣔͨ͠ɽ

ɹ ArϚτϦοΫεதʹͨ͠ D2Oͱ CH4 ͷ֎ٵऩεϖΫτϧͷ CH4 ೱґଘੑ

Λଌఆ͠ɼD2Oͷٯରশ৳ॖྖҬͷ r-୯ྔମͷϐʔΫͷଆʹݱΕͨ৽ͨͳٵऩϐʔ
Ϋ͕ɼD2O-CH4 ෳ߹ମʹؼଐ͢Δ͜ͱΛࣔͨ͠ɽ·ͨɼDFT Ͱಘͨৼಈͱͷൺࢉܭ
ֱ͔Βɼ D2O-CH4 ෳ߹ମWDߏͰ͋Δͱஅͨ͠ɻ͞ΒʹԹґଘੑͷ݁Ռ͔Βɼ
D2O-CH4 ෳ߹ମʹ༝དྷ͢ΔϐʔΫ͕ɼ୯ྔମͷճసભҠ༝དྷͷϐʔΫͱಉ༷ʹɼԹʹ

ରͯ͠ՄٯతͳมԽΛࣔͨ͜͠ͱ͔Βɼෳ߹ମΛߏ͢Δ D2Oճస͍ͯ͠Δ͜ͱ͕໌
Β͔ʹͳͬͨɽD2OΛ HDOʹม͑ͨ߹ʹಉ༷ͷ݁Ռ͕ಘΒΕͨɽ·ͨɼHDO-CH4

ෳ߹ମɼෳ߹ମΛܗͯ͠WDߏΛͱΔͱ͖ʹ HDOͷ OD͕ Donorͱͯ݁͠߹
͢Δ͜ͱ͕Θ͔ͬͨɽϚτϦοΫεதͷෳ߹ମɼArࢠݪΛ̎ͭஔͨ͠αΠτʹัଊ
͞Εͨͱ݁ͨ͠ɽ͜ΕΒͷܥ౷తͳ؍ଌͱߟʹΑΓɼرΨεϚτϦοΫεதʹ͠

ͨਫΫϥελʔͷաఔͷཧղΛେ͖͘ਐΊΔ͜ͱ͕Ͱ͖ͨɽ·ͨɼத֎ྖҬʹ͓

͚Δਫ-ϝλϯෳ߹ମͷઌۦతͳڀݚͱͯ͠ɼࢠΫϥελʔڀݚͷ৽ͨͳہ໘ΛΓ։
͍ͨɽ
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A.1 ౚ݁ؾʹΑΔਫͷਫ਼

ຊڀݚͰ༻͍ͨ D2Oٴͼ H2Oͷؾମɼౚ݁ͨ͠ؾৠཹਫ͔ΒͷৠൃͰಘΒΕΔɽ
ҎԼʹౚ݁ؾʹΑΔਫͷਫ਼खॱΛࣔ͢ɽ

(1) ෦ΛΞητϯ͓ΑͼৠཹਫͰચড়ͨ͠ΨϥενϡʔϒΞμϓλʔW1ɼW2Λ༻ҙ
͠ɼW1ʹৠཹਫΛೖΕΔɽ

(2) ਤ A.1ͷΑ͏ʹഉܥؾΛΈɼDewerළͷதʹӷମૉΛ༻ҙ͢Δɽ

(3) όϧϒ V1Λดͨ͡ঢ়ଶͰɼV2ͱ V3Λ։͖ɼTDUͰഉ͢ؾΔɽ

(4) ਤ A.1ͷᶃͷΑ͏ʹW1ΛӷମૉͰྫྷ٫͠ɼৠཹਫΛౚ݁ͤ͞Δɽ

(5) W1ʹೖΕͨৠཹਫʹ༹͚ͨෆ७Λഉ͢ؾΔͨΊɼV1Λগͣͭ͠։͖ɼTDUͷճ
సͱഉܥؾͷѹྗͷ༷ࢠΛݟͳ͕Β V1Λશ։ʹ͠ɼౚ݁͢ؾΔɽ

(6) ͠Β͘ഉͨ͠ؾΒɼV3Λด͡Δɽ

(7) ਤ A.1 ͷᶄͷΑ͏ʹ W2 ΛӷମૉͰྫྷ٫͠ͳ͕ΒɼW1 ͷౚ͍ͬͯͨৠཹਫΛ
ώʔτΨϯͰԹΊΔ*1ɽ͢ΔͱɼW1Ͱৠൃͨ͠ਫৠ͕ؾW2Ҡಈ͠ɼΏͬ͘Γͱ

*1 ౚ݁ͨ͠Ψϥενϡʔϒʹ͍͖ͳΓώʔτΨϯΛͯΔͱɼܹٸͳԹมԽͰΨϥενϡʔϒׂ͕ΕΔͷ
Ͱҙ͢Δɽ
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TDU�

V3�

V1�

V2�Water� W1�

W2�Liquid N2�

V3�

V1�

V2�W1�

W2�

①� ②�

TDU�

V3�

V1�

V2�W1�

W2�

V3�

V1�

V2�W1�

W2�

④� ③�

TDU� TDU�

ਤ A.1 ਫͷਫ਼खॱɽ

W2 ͷนʹౚ͍ͬͯ͘ɽ͜ͷͱ͖ V2  V3 ώʔτΨϯͰԹΊɼίϯμΫλϯε
ͷେ͖ͳ෦ʹਫ͕ཷ·ΔͷΛ͙ͨΊͰ͋Δɽ

(8) ৠཹਫ͕W2ʹҠಈ͢Δͱɼਤ A.1ͷᶅͷΑ͏ʹͳΔɽ͜ͷঢ়ଶͰɼV3গͣͭ͠։
͖ɼTDUͷճసͱഉܥؾͷѹྗͷ༷ࢠΛݟͳ͕Β V3Λશ։͠ɼౚ݁͢ؾΔɽ

͜ͷཁྖͰɼᶃ͔ΒᶆͷαΠΫϧΛճ܁Γฦ͢ɽ͜ͷۀ࡞ʹΑͬͯW1, W2ͷཹ
ɽͨ͠ؾମɼৠཹਫʹؚ·Ε͍ͯͨෆ७Λഉؾ
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A.2 ӷମ Heྫྷ٫

A.2.1 ྫྷ٫खॱ

τϥϯεϑΝʔνϡʔϒૠೖ࣌ͷΫϥΠΦελοτ্෦ͱ HeλϯΫ্෦Λਤ A.2ʹɼ
ϑϩʔϝʔλʔΛਤ A.3 ʹࣔ͢ɽΫϥΠΦελοτʹΑΔج൘ͷྫྷ٫खॱΛҎԼͷ௨Γ
Ͱ͋Δɽ

(1) τϥϯεϑΝʔνϡʔϒૠೖ४උ
ɾϑϩʔϝʔλʔʹ֤νϡʔϒΛଓ͢Δɽ

ɾϑϩʔϝʔλʔͷ྆όϧϒΛશ։ʹ͢Δ.
ɾΨεώʔλʔ༻ϓϥάΛίϯηϯτʹ2*͙ܨɽ

(2) τϥϯεϑΝʔνϡʔϒͷૠೖ
ɾτϥϯεϑΝʔνϡʔϒΛΫϥΠΦελοτʹૠೖ͢Δɽ

ɾχʔυϧόϧϒʢۚ৭ʣΛɼ4.5पดΊΔɽ
ɾ He ΨεϘϯϕͱτϥϯεϑΝʔνϡʔϒΛ͗ܨɼHe ΨεͰஔ͢ΔɽΨεͷϑ
ϩʔؒ࣌ɼ10-15ఔͰΑ͍ɽ
ɾ มΞμϓλ (ۚ৭)Λ༧ΊτϥϯεϑΝʔνϡʔϒʹண͔ͯ͠Β*3ɼHeλϯΫ
ʹૠೖ͢Δɽ

ɾ νϡʔϒૠೖޙɼHe λϯΫѹྗɼ0.35 bar Λҡ࣋͢Δɽѹྗ͕Լ͕ͬͨ߹
ɼλϯΫΛՃѹ͢Δɽ1͙ؒ࣌Β͍Ͱج൘Թ͕Լ͕Γ࢝ΊΔɽ
ᶅ Heྲྀྔͷௐ
ɾ ԹͷԼ͕߱ࢭ·Γɼ҆ఆͨ͜͠ͱΛ֬ೝͨ͠Βɼదͳ He ྲྀྔʹௐઅ͢Δ*4ɽ

χʔυϧόϧϒΛ̓पʢ߹ܭ : 11.5 पʣดΊΔɽดΊ͗͢Δͱχʔυϧόϧϒ͕ด
·ͬͨ··։͔ͳ͘ͳΔڪΕ͕͋ΔͨΊɼ߹ܭͰ 12.5पҎ্ճ͞ͳ͍ɽ
ɾϑϩʔϝʔλʔᶄόϧϒΛԹ͕҆ఆ͢ΔൣғͰดΊͯɼHeྲྀྔΛௐ͢Δɽ
ྃ٫ྫྷ

*2 ΫϥΠΦελοτ্෦͕ౚΔͷΛ͙ͨΊʹώʔλʔͰԹΊΔඞཁ͕͋Δɽ

*3 τϥϯεϑΝʔνϡʔϒΛૠೖதʹมΞμϓλͷ OϦϯά͕ͣΕͯ͠·͍ɼHeΨε͕࿙Εͯྫྷ٫͕
͏·͍͔͘ͳ͍͜ͱ͕͋ΔɽมΞμϓλΛɼHeλϯΫଆͰͳ͘ɼτϥϯεϑΝʔνϡʔϒଆʹऔΓ
͚͓͍ͯͨํ͕ɼ্ݧܦɼOϦϯάͷͣΕ͕͖ىʹ͍͘ɽ

*4 ͋Δఔͷ࣌ྉͷԹΛԼ͛Δࢼ Heྲྀྔ͕ඞཁ͕ͩɼҰ୴ྫྷ͑Εྫྷ࣌٫΄Ͳͷ Heྲྀྔඞཁͳ͍ɽ
͜͜Ͱͷૢ࡞ӷମ HeͷແବͳফඅΛ͑ΔͨΊͰ͋Δɽ
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A.2.2 ऴྃखॱ

(1) ϑϩʔϝʔλʔᶆόϧϒΛดΊΔɽ

(2) HeλϯΫΛճऩϥΠϯʹ͗ܨɼλϯΫͷѹྗΛԼ͛Δɽ

(3) ϑϩʔϝʔλʔᶄόϧϒΛดΊΔɽ

(4) HeλϯΫͷѹྗ͕ेʹԼ͕ͬͨΒɼHeλϯΫଆͷτϥϯεϑΝʔνϡʔϒΛൈ͘ɽ

(5) ΫϥΠΦελοτଆͷτϥϯεϑΝʔνϡʔϒΛൈ͘ɽ

(6) ϑϩʔϝʔλʔͷ྆όϧϒΛશ։ʹ͢Δɽ

(7) ൘Թ͕ج 200 KҎ্ʹͳͬͨΒɼΨεώʔλʔ༻ϓϥάΛൈ͘ɽ
ऴྃݧ࣮

ਤ A.2 τϥϯεϑΝʔνϡʔϒૠೖ࣌ͷΫϥΠΦελοτ্෦ͱ HeλϯΫ্෦ɽ
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νϡʔϒଓՕॴ

ᶃճऩϥΠϯࠨଆ

ᶄγʔϧυଆόϧϒ

ᶅճऩϥΠϯӈଆ

ᶆΫϥΠΦελοτഉؾଆόϧϒ

ਤ A.3 ϑϩʔϝʔλʔɽ
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A.3 ఆࢠମͷ֨ݻΨεر

Թ͝ͱͷ fccߏʹ͓͚ΔرΨεݻମͷ֨ࢠఆ dRG(Å)Λද A.1ʹࣔ͢ [146]ɽ

ද A.1 Թ T͝ͱͷرΨε (Ne, Ar, Kr, Xe)ݻମͷ֨ࢠఆ dRG (Å)ɽ

Ne Ar Kr Xe

T dRG T dRG T dRG T dRG

3 4.46368 0 5.30017 0 5.64587 0 6.1317
4 4.46374 4 5.30017 4 5.64591 5 6.1318
5 4.46388 6 5.3002 6 5.65601 10 6.1325
6 4.46416 8 5.30037 8 5.64631 15 6.134
7 4.46463 10 5.30073 10 5.64687 20 6.1364
8 4.46535 12 5.30136 15 5.64926 25 6.1397
9 4.46637 15 5.30282 20 5.65312 30 6.1449
10 4.46771 20 5.30695 25 5.65814 35 6.1488
11 4.46944 25 5.31252 30 5.66396 40 6.1542
12 4.4715 30 5.31949 35 5.67039 45 6.1599
13 4.474 35 5.32759 40 5.67734 50 6.166
14 4.47693 40 5.33666 45 5.68468 55 6.1727
15 4.48033 45 5.34656 50 5.69236 60 6.1796
16 4.48414 50 5.35736 55 5.70037 65 6.1869
17 4.48836 55 5.36901 60 5.71048 70 6.1945
18 4.49304 60 5.38154 65 5.71759 75 6.2023
19 4.49825 65 5.39506 70 5.7268 110 6.249
20 4.504 70 5.40979 75 5.73645 160 6.351
21 4.51033 75 5.42575 80 5.7465
22 4.51723 80 5.44333 85 5.757
23 4.52474 83 5.4547 90 5.76801

23.5 4.52874 95 5.77947
100 5.79144
105 5.80426
110 5.81815
115 5.83316
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A.4 CO2 ϚτϦοΫεதʹͨ͠ D2Oٴͼ HDOͷ֎
εϖΫτϧ

ɹ CO2 ϚτϦοΫεதʹͨ͠ D2O ͷ֎ٵऩεϖΫτϧͷԹґଘੑΛਤ A.4
ࣔ͢ɽࢼྉ࣌ॖڽͷج൘Թ 6.2 Kɼࢠൺ CO2/D2O = 1000 Ͱ͋Γɼ(a)  OD
৳ॖྖҬɼ(b) CO2 ͷٯରশ৳ॖྖҬͰ͋Δɽ6.2 KͰࢼྉΛܗͨ͠ޙɼج൘ԹΛ
22 Kɼ70 Kɼ88 Kɼ114 KͷॱͰஈ֊తʹ্͍͖͛ͯɼͦΕͧΕͷԹͰεϖΫτϧΛଌ
ఆͨ͠ɽCO2  120-140 KͷؒͷԹྖҬͰͨ͠ɽਤ A.4(a)ͷ 6.2 KͰݱΕͨ 2647
cm−1 ͱ 2752 cm−1 ͷϐʔΫɼͦΕͧΕ D2O ͷ ν1 ͱ ν3 ʹɼ2695 cm−1 ͷϐʔΫ

HDO ͷ ν1 ʹ༝དྷ͢ΔɽͦͷଞʹϐʔΫ͕ݱΕ͍ͯͳ͍͜ͱ͔ΒɼCO2 ϚτϦοΫεத

Ͱਫࢠͷճస੍͞ΕΔ͜ͱ͕Θ͔ͬͨɽԹͷ্ঢͱͱʹ D2Oͷ ν3 ਰ͠ݮ͕

͍ͯΔɽD2O ͷ ν1 ͱ ν3 ͷϐʔΫଆʹΛҾ͍͍ͯΔɽΫϥελʔ༝དྷͷϐʔ

ΫɼԹ্͕ঢͯ͠ݱΕͳ͔ͬͨɽ

(a) OD৳ॖྖҬɽ (b) CO2 ͷٯରশ৳ॖྖҬɽ

ਤ A.4 CO2 ϚτϦοΫεதʹͨ͠ D2Oͷ֎ٵऩεϖΫτϧͷԹґଘੑɽৠ
ண࣌݅ʀCO2/D2O = 1000, Ts = 6.2 Kɽ
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A.5 ઃܭਤ

ਤ A.5 ࣹγʔϧυͷઃܭਤ໘ɽ
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ँࣙ

ຊڀݚΛਐΊΔʹ͋ͨΓɼ͍ؒ࣌Λ͔͚ͯͻͱͭͻͱͭஸೡʹͩͯ͑͘͞ڭΓɼֶձ

ൃදͷલʹ͝ଟͷதͰඞͣؒ࣌Λׂ͍ͯ͝ࢦಋͩͬͨ͘͞ߥҰڭतʹ৺ΑΓ

ΓࣀಋΛࢦ෦ʹΓ͝ࡉΛଷ͘ͱͱʹɼຊจͷݴਃ্͛͠·͢ɽ෭ࠪͱͯ͠͝ॿँײ

·ͨ͠ɼᬒڡਓڭतɼߞాؠҰڭतʹँײਃ্͛͠·͢ɽ࣮ݧͷਐΊํจͷߏͳ

Ͳɼ༷ʑͳ໘Ͱʹ͝ࢦಋͩ͘͞Γࢁͨͬͩͯͬ͘͞ٹߛҰॿڭʹ৺ΑΓँײਃ

্͛͠·͢ɽ

ɹ࣮ݧஔͷѻ͍ํΛҰ͔Βৄͩͯ͑͘͞ڭʹࡉΓɼ͝ଔޙۀଟ͘ͷॿݴΛ͖·͠

ͨ۾ਅҰँײʹࢯਃ্͛͠·͢ɽ6ؒͷָۤΛڞʹ͠ɼެࢲͱʹଟ͘ͷܹͱࣔࠦ
ΛಘΔ͜ͱ͕Ͱ͖·ͨ͠ਿຊँײʹࢯݐਃ্͛͠·͢ɽ࣮ݧྠߨɼֶձΛڞʹΓӽ

͑ɼޫΛଟ͍ʹΓ্͛ͯͩͬͨ͘͞খᖒࢯɼഅᔹथࢯɼݪߐಹඒՃࢯɼ㛲ᖒ

Ұࢯɼେसࢯɼ∁େࢯ࢘ɼࢯࢤֶݪ܀ɼখࠑᔨथࢯɼѨݟࠤਅࢯɼੴڮಞࢯقɼ

Ӭຊ༔ࢯɼอઘࢯɼ٢හ৴ࢯɼޱࢁඣँײʹࢯਃ্͛͠·͢ɽߥࣨڀݚͰڞʹ

ੜ͠׆ɼڞʹֶΜֶͩੜͷํʑʹ৺ΑΓँײਃ্͛͠·͢ɽࣄߦͷࡍʹ͚͚ͩͯͭ͘ۦ

͞Γɼ͍ͭྭ·ͯͩͬͨ͘͠͞ OBOGͷํʑʹँײਃ্͛͠·͢ɽೋͷΛཤ͘
͜ͱͱͳͬͨࢲΛܹྭ͠ɼઈ͑ͣࢧԉͯͩͬͨ͘͠͞ਗ਼ઘঁֶӃͷઌੜํͱɼ۶ୗͷͳ͍

সإͰ͍ͭؾݩΛ͘Εͨੜెͷօ͞Μʹँײਃ্͛͠·͢ɽ

ɹޙ࠷ʹɼ͜Ε·ͰࢲΛ͔͋ͨͨ͘ݟकΓɼਂ͍ѪΛͯ͑͘ࢧͯͬ࣋Εͨ྆ɼɼ

ຓʹँײਃ্͛͠·͢ɽʑͷࠔΛΓӽ͑ΒΕͨͷɼՈ͕͍ͭࢲΛ৴ͯ͡Ԡԉ

ͯ͘͠Ε͍͔ͯͨΒͰ͋Γɼ൴Βͷԉॿͳͯ͘͜͠ͷจͷ͋Γಘ·ͤΜͰͨ͠ɽ

ຊʹ͋Γ͕ͱ͏͍͟͝·ͨ͠ɽ

ฏ 31 3݄ 28
ౢ࡚ཅҰ
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