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Program (19th Symposium on Molecular Spectroscopy)

Mar. 26, 2019 (Tue.) Room B202, Faculty of Science, Shizuoka University

08:55 OPENING REMARKS
[chair: Toshiaki Okabayashi]
09:00 LOI Resolution of abundance anomaly of C4H using the revised dipole moment
(Tokyo Univ. Science / Gunma Univ. / Nihon Univ. / Sophia Univ.) Takahiro Oyama,
Hironori Ozaki, Yoshihiro Sumiyoshi, Mitsunori Araki, Shuro Takano, Yoshiaki Minami,

Ayumu Ohsugi, Aya Ubagai, Nobuhiko Kuze, Koichi Tsukiyama

09:20 L02 Studies of the OH torsional vibration in 1-butanol and its deuterated species
by the rotational spectra
(Kanagawa Inst. Tech. / Graduate Univ. for Advanced Studies) Yoshiyuki Kawashima, Eizi

Hirota

09:40 L03 Millimeterwave spectroscopy of the vdW bands of the H>-HCN complex
(Kyushu Univ.) Kensuke Harada, Keiichi Tanaka

10:00 L04 FTMW spectroscopy of '*C-tropolone, observation of tunneling transitions
(Kyushu Univ. / National Chiao Tung Univ. Taiwan) Keiichi Tanaka, Kensuke Harada,
Yasuki Endo

10:20 LO5 Microwave Zeeman effect of methanol I
(Univ. Toyama / NAO / SOKENDALI) Kojiro Takagi, Shozo Tsunekawa, Kaori Kobayashi,

Tomoya Hirota, Fusakazu Matsushima

10:30 BREAK
[chair: Kensuke Harada]
10:50 L06 Millimeter-wave spectroscopy of vibrationally excited states of NaSH and ab
initio calculations

(Hiroshima City Univ. / Okayama Univ.) E. Kagi, J. Tang, K. Kawaguchi

11:10 LO7 FTMW spectroscopy of methyl-vinyl-Criegee intermediate
(National Chiao Tung Univ. Taiwan) Yasuki Endo, Chen-An Chung, Yuan-Pern Lee



11:30 LO8 Are linear molecules bent?!
(Jet Propulsion Laboratory / California Institute of Technology / Okayama Univ.) Takayoshi

Amano, Kentarou Kawaguchi

11:50 LO9 Chirality of peptide molecules,
dedicated to the late Jon T. Hougen
(Graduate Univ. for Advanced Studies) Eizi Hirota

12:10 LUNCH
[chair: Haruki Ishikawa]
13:40 L10 Infrared spectra of (CHs")-He;
(Okayama Univ. / Nagoya Univ. / Hiroshima City Univ.) M. Topfer, P.C. Schmid, H.
Kohguchi, K.M.T. Yamada, S. Schlemmer, O. Asvany

14:00 L11 Toward spatio-temporal observation of ammonia inversion motion
(Tokyo Inst. Tech.) Kazuki Ueno, Kenta Mizuse, Yasuhiro Ohshima

14:20 L12 Frequency control of a single mode Ti:Sapphire laser by an optical comb
(Fukuoka Univ. / Univ. Electro-Communications / Kobe Univ. / Kyoto Univ.) Masatoshi

Misono, Sho Yamasaki, Akiko Nishiyama, Shunji Kasahara, Masaaki Baba

14:40 L13 A dispersive direct frequency comb spectrometer for rapid and broadband
spectroscopy
(JILA / Canon Inc.) Kana Iwakuni, Thinh Q. Bui, Justin F. Nidermeyer, Takashi Sukegawa,
Jun Ye

15:00 L14 Quantum cascade lasers and spectroscopic applications
(Hamamatsu Photonics K.K) Naota Akikusa, Tadataka Edamura

15:20 BREAK
[chair: Toshiaki Okabayashi]
15:40 SO1 Invited Talk
Development of time resolved electron paramagnetic resonance method to
observe primary light energy conversion process
(Kobe Univ.) Yasuhiro Kobori



17:15-19:15 BANQUET

Mar 27, 2019 (Wed.) Room B202, Faculty of Science, Shizuoka University

[chair: Shunji Kasahara]
09:00 L15 IR spectroscopy and photochemical study of isoprene-related species in Ar

matrix

(AIST) Fumiyuki Ito

09:20 L16 Absolute intensities and photolytic behaviour of methyl mercaptan (HS-CH3),
ethyl mercaptan (HS-CH>CH3) and dimethyl sulfide (CH3-S-CH3) in solid Ar
and in CO

(Institute of Physical Chemistry of the Polish Academy of Sciences) Joanna Zapala,

Thomas Custer, Marcin Gronowski

09:40 L17 Coherent vibrational two-photon transitions of solid parahydrogen
(Okayama Univ. / SPAN collaboration) Yuki Miyamoto,

10:00 L18 Line shape and assignment of dopant-induced Q1(0) and its satellite lines of
solid parahydrogen by high resolution IR laser spectroscopy
(Tokyo Inst. Tech.) Akira Nakaigawa, Hideto Kanamori

10:20 BREAK

[chair: Hideto Kanamori]
10:40 S02 Invited Talk

History of spectrum: From “specter” to “colored band”
(Tokyo Inst. Tech.) Yoshimi Takuwa

11:40 LUNCH
[chair: Masaru Fukushima]
13:00 L19 Production of cold molecular ions in superfluid helium droplets

(Kitasato Univ. / RIKEN) Arisa Iguchi, Susumu Kuma, Toshiyuki Azuma

13:10 L20 Infrared spectroscopy of CHs-(pH2)x clusters at 0.4 K
(RIKEN / UBC) Susumu Kuma, Takamasa Momose



13:30 L21 Radiative cooling of NoO" in the cryogenic ion storage ring RICE
(Saitama Univ, / Rikkyo Univ. / RIKEN) Ryo Igosawa, Yuji Nakano, Susumu Kuma,
Takayuki Yamaguchi, Toshiyuki Azuma

13:50 L22 Infrared spectroscopy on the electronic excited state of phenol-alkylsilane
dihydrogen-bonded clusters (1): Franck-Condon-like band patterns in
infrared transitions
(Kitasato Univ. / Shizuoka Univ.) Takutoshi Shimizu, Masaaki Uchida, Yoshiki Kigure,

Yasutoshi Kasahara, Yoshiteru Matsumoto, Haruki Ishikawa

14:10 L23 Infrared spectroscopy on the electronic excited state of phenol-alkylsilane
dihydrogen-bonded  clusters (2): Duschinsky effect on the
Franck-Condon-like band patterns
(Kitasato Univ. / Shizuoka Univ.) Masaaki Uchida, Takutoshi Shimizu, Yoshiki Kigure,

Yasutoshi Kasahara, Yoshiteru Matsumoto, Haruki Ishikawa

14:30 BREAK
[chair: Fumiyuki Ito]
14:50 L24 High-resolution laser spectroscopy of 4-X transition of NO, radical
(Kobe Univ. / Kyoto Univ.) Shunji Kasahara, Takumi Yoshizawa, Michihiro Hirata, Kohei
Tada

15:10 L25 Vibronic structure of the NO3 X ?Ay' system
(Hiroshima City Univ.) Masaru Fukushima, Takashi Ishiwata

15:30 L26 Analysis of infrared emission spectra of the CS @°A- *% band
(Okayama Univ. / Bhabha Atomic Research Centre) Kazuhiro Nishiguchi, K Sunanda, M.

D. Saksena, M. N. Deo, Jian Tang, Kentarou Kawaguchi

15:40 L27 Analysis of absorption spectrum of I> observed by copropagating double
resonance spectroscopy

(Tokyo Inst. Tech.) Hidekazu Muramatsu, Hideto Kanamori




16:00 L28 Detection of non-emission vibronic bands of thiophenoxy radical by
absorption spectroscopy
(Tokyo Univ. Science) Haruka Sato, Mayu Negishi, Mitsunori Araki, Takahiro Oyama,

Koichi Tsukiyama

16:20 CONCLUDING REMARKS






S01

FRAEEFRAE VM EOERTEEFBET AT RILXT—THRBEDORRA
(MEXDF7+ k) O/MNERER

Unveiling Primary Photo-Energy Conversion Mechanisms by Transient Electron Spin

Polarization Imaging Spectroscopy

(Kobe Univ) Yasuhiro Kobori
ykobori@kitty.kobe-u.ac.jp

In initial events of the photosynthesis by higher plants, the photosystem II (PSII) generates photoinduced
primary charge—separation (CS) state composed of reduced pheophytin (Pheop; ™) and oxidized special
pair (P™) in chlorophylls a (Chla) Ppi/Pp> in the D1/D2 heterodimer, ultimately leading to the water
oxidation at the oxygen—evolving Mn4CaOs cluster by P™ with the very high quantum yield. Similar to
the natural photosynthesis, the primary CS plays a crucial role on the organic solar cells (OCS)
employing blend thin films composed of two kinds of organic semiconductors for the photoactive layer.
However, molecular mechanisms of the efficient primary charge-generations and conductions are poorly
understood. We herein introduce our novel developments of transient electron spin polarization imaging
(ESPI) method based upon the electron paramagnetic resonance measurements to precisely obtain image
views of the molecular geometries and motions of the primary CS states in the plant PSII and in the
bulk-heterojunction interfaces of the photoactive layer of OCS using spin anisotropies in the transient

CS states.
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History of spectrum: from “specter” to “colored band”
(Institute for Liberal Arts, Tokyo Institute of Technology) Yoshimi Takuwa

The first usage of the term “spectrum” as “the colored band into which a beam of light is decomposed
by means of a prism or diffraction grating” was in Isaac Newton’s paper in 1672. It is not surprising that
Newton, the person who created the modern concept of light that a color and refractivity correspond to
each other and are both properties of a ray, created the new meaning of “spectrum”. However, it is known
that René Descartes explained the prismatic colored band in 1637, and many other historical scholars
tried to explain colored phenomena such as rainbows and soap bubbles. This presentation explores the
mathematical and quantitative aspects of Newton’s experiments on colors that made his works

distinguished from previous scholars.
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Resolution of abundance anomaly of C4H using the revised dipole moment
(Tokyo Univ. of Science?, Gunma Univ.?, Nihon Univ.¢, Sophia Univ.%) Takahiro Oyama?,

Hironori Ozaki®, Yoshihiro Sumiyoshi®, Mitsunori Araki®, Shuro Takano®,

Yoshiaki Minami®, Nobuhiko Kuze®, and Koichi Tsukiyama?

C,H molecules are relatively simple linear carbon chains and are crucial for tracing of young
clouds. However, their abundances occasionally show anomaly. The main reason for this has been
supposed that the permanent dipole moment of C4H is underestimated. In a simple theory, the X"
ground state of this molecule has the small dipole moment of 0.87 D. However, the mixing of
wavefunctions occurs between the ground state and the low-lying *II excited state having the large dipole
moment of 4.4 D, giving a large dipole moment to the ground state. In the present study, we re-
calculated the dipole moment of C4H by the multi-reference configuration interaction (MRCI) level of
ab initio theory. The new dipole moment was derived to be 2.10 D, which is 2.4 times higher than the
value of 0.87 D used so far. Reported lines of C4H in dark clouds, low-mass star-forming regions, and
a circumstellar envelope were analyzed to revise column densities by using the new dipole moment.

Revised column densities are one order of magnitude lower than those in the previous works.
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Studies of the OH Torsional Vibration in 1-Butanol and its Deuterated Species
by Using Rotational Spectra
(Kanagawa Inst. Tech.? Grad. Univ. Adv. Studies Yoshiyuki Kawashima? Eizi Hirota®

[Abstract] The a-type R-branch transitions, A, =1 of the (s) state and A, = 0 of the
(g) state, were found oppositely shifted with each other by repulsive interactions
between the two, for the 77g form of the deuterated 1-butanol (1-BuOD). The spectrum
of the 77t form of the 1-BuOH was observed, whereas that of 1-BuOD could not be identified.
We explained these anomalies and compared the (s)-(a) splittings observed for the 77g
of 1-BuOD with those derived by quantum chemical calculations.

(F] bhbnlE C,7ILa—ILEFA—IILOEEERAREIA IV OEIHEICEYAELT
Ef, "HEEIL -T2 FF—I)L(1-BuSH) &1V T B > F A —)L (isoBuSH) DEIEER RS
LEAFLTSHERER UMIESHZEBE L. 1-BuSH RELFERED 772 TIE a B REERHEER
EFH J= SEETRKRITELDARY FLFTRMORELTNDIEZRE L, SHEER
CHIRBIDEMAIIREE TTg & TT¢ D o RILHHRICERT S E2MHELE, Y
FILDRLEz(KREL (D KEOEDEBZREL., MKEEZESORGHEFTZTo>THY
PR HEERBBITRELRE Lz, AHORKE1-T42/ —)L(1-BulH) TH#AZF I b, =
MREKEBHRAIE 1-BuD D 28 REEER., (DIREA =1 & (@KEEA =0, MWK <E
BUZ K BEFEHEDNORESTNEZEERE L. CORREFHLMNZT S EEHIZ, 1-BulH
TIXBAREICEA SN TWS TTEARY FILA1-BulD TIFBHEHIATWAEWNWEEDHFERZ AW
ELTERMEFITo 1=,

(#EREER] 1-BulD @ 77g TRAIESNT=(s) & (DIRED a B REE (U+1 < J) BT,
BIESNF-BRBZEEHETFH(J +1) TEI> TROE-EMRETEHZ Fig 11277,

1-BuOD rrg 1-BuOD TTg 1-BuOD TTg
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Fig.1 The atype A-branch transition frequencies in MHz, divided by J+1, observed for the

(s) and (g states of the 1-BuOD 77¢ form.
Fig. 11&. (QHKBD A, =1 2)—XL(QKED A =02 —XBBEEVIRELTWNSI L
ZRL TS, 1-BulH & 1-BulD TIREFILFEHEIZLVEEIND FORILADHRDE
18000MHz & 1000MHz T&HSM . T UA UYHEEEATLRE 1-BulD DEEZHRHAT H I L(F
H#ETHD, (KRED A =1L (DREDA=0N/EAELTIVAIVHEEERALTWLD LTS
L. 0D EECHIRBID b o RILHEHEH 15400MHz (LR ITHIER SR, DS A—4
ZAWG) . (DRBZECEBRZRBHENTL-IGEORERZL0.30MHz TH 1=,

1-BuOH 77t form MAR%Y k)LIZEAREICERAl. FEEFES N TULVSHA. 1-BulD TIEEHE I T



WAL, BEFEPHEICLDE 1-BuOH @ 77t OFHEBFE—A > MEy, =0.053 D, y, =
1.722 D, ¢, =0.000 D T. u,DEHIEHT/INEL, OH EOEKRLICLZEEHTHOE
AT 0.7 T, u, DEZKRELEZBIZEF+HTHS, OH - 0D [THESHEEE—
AU PDELERERSPTHD. UTFITRT L SI12, EFLFEE NP2 TIX 1-BulH i 77¢
Z TTekUBWI LITHBETARETH S,

EFIEFETEIZK D 1—BuOH @ OH ERNEREIERRT > o v ILE#RE Fig 2 ITRT ., b b
B-EAHEZ Table 1 2R Utzo Fig2 A, am) 2ouon 7o
MP2/6311++G(d,p) & cam-B3LYP/6311++G(d,p) T
Tig& Tt DEEEDIEFEARL S Z ENDMD
DFTSETIX Tt M TTe K YIEWLWHA MP2 35 TIXETH
BMP2ETIE TTEA TTe L YBWIZEhh b ST,
1-BuOH MEHEIL 77t i/ e B, LA L 1-BulD
DEHEEE TTe et TWS, CORKRE ™
Table 1 1257, DFT EDRF S v LEEHT V0
E% 31.5 om " EBIZT B & 1-BulD O k >R ILHE
ADIEIX 3200z Z#x. ZRDO o RILHH

15.4GHz (2R3 T 5, BRI T—2 ZHBAT 510, Fig.2 The potential functions of
RTUov LB ESLIZELLERE LTS, the OH torsional motion in the 77g
and 77t forms of 1-BuOH.

Table 1 Eigenvalues AE, and tunneling splittings Av for the 77¢ and 77t forms of 1-BuOH and
1-BuOD using quantum chemical calculations: cam-B3LYP/6-311++G(d, p) and MP2/6-311++G(d, p).

cam—B3LYP/6-311++G(d,p) MP2/6-311++G(d,p)
1-BuOH 1-BuOD 1-BuOH 1-BuOD

L/ uk? 10 20 1.0 20
AE/ecm™ AV/MHz AE/cm™ AV/MHz AE/cm™ Av/MHz AE/cm™ Av/MHz
E, 0.0000 0.0000 0.0000 0.0000 859.8

E, 22.8813 18123.1 19.1775 10134 8.6661 16743.1 0.0287

E, 23.4859 19.2113 9.2246 4.0799

E, 1741174 135.4585 161.5721 122.0890

E; 216.2143 173.2330 237.6280 183.0133

E; 235.3979 174.3380 252.4950 183.8000

[XHER] [11% 8 EHNFHLHEE (#F)2008. [2]%5 2 B4 FRISEHS (156[) 2008 1D18.  [3]1%&
2 EHFRFE RS (ERE) 2008 2P085.  [4]1% 9 @A FHXARE (F1U)2009. [51% 12 BHFRF
iR (12RE) 2018 1A16.
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Millimeterwave spectroscopy of the internal rotation bands of (0)H2>-HCN

(Kyushu University) oKensuke HARADA and Keiichi TANAKA

The ortho- and para-H>—HCN complexes have different structures, H; is attached to the nitrogen and
hydrogen end of HCN, respectively, for (0)- and (p)-H2 complexes™ 2. We have measured the j=1-0
internal rotation band of (0)H>-HCN, where j is the quantum number for the HCN internal rotation. We
assigned most of intense lines to the X1-Xo and IT;-Xo bands using the double resonance of the internal
rotation transitions and the ground state rotational transitions, although some assignments were still
tentativel®l. In the present study, we have confirmed the assignment using the double resonance of the

internal rotation transitions and the rotation transitions in the
internal rotation excited states.
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FTMW Spectroscopy of *C-Tropolone and Proton Tunneling
(Kyushu Univ., NCTU) OKeiichi Tanaka, Kensuke. Harada, Yasuki Endo
Abstract Tunneling-rotation spectrum of “C-substitutes of Tropolone has been observed by FTMW

spectroscopy to determine the tunneling splittings AE;; for the 5 substitutes, C-21, C-37, C-46, and C-5,

together with the differences in the zero point energy 4;; between the BC-i and PC-j substitutes.
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2 HIRE) 72 C-46, C-37 TlE %<
DIRFIEERD LELS, B . 2
DEEIE T L CHEE S & L o |
TOMWKEZ®RD S C-21 TIE, LV 0 0 1'.0 2.0 3:0 cm=‘;
R T B B % RS A; ——

JE(1kHz) CREHT 5. 3 ZE DZE A LIRREBESOHEE

:(,'2

C-46 |

1) K .Tanaka, ef al. J. Chem. Phys. 110, 1969 (1999). 2) S. Takada and H. Nakamura, J. Chem. Phys.102, 3977 (1995).
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Microwave Zeeman Effect of Methanol III
(Univ.of Toyama2, NAOJ/SOKENDATIP) K. Takagi?, S. Tsunekawa?, K. Kobayashi?,
T. HirotaP and F. Matsushima?

We already observed microwave Zeeman effect of methanol with uncertainties of
about 5% and determined four diagonal elements of rotational g tensor including the
effect of internal rotation of the methyl group [1]. In that study Zeeman effect data were
analyzed in the approximation that the a-axis in the internal axes system is coincident
with the symmetric axis of the CHs-group.

In this presentation we have examined the appropriateness of this approximation;
observed data have been analyzed by introducing off-diagonal elements of the rotational g
tensor, gapand gza. We have confirmed from this analysis that the approximation so far
assumed is appropriate.

1. ¥

BAEETICAZ )= VORMA =Y —HOY—< RPBHIS TN D, T b 2R
ZEM TOMS 2 R ET HI12IE. 2D OB T 5 glFBUETH S, HiElE T
DIFFET 5% DR TZNARIE LT2d, ZOBE, WIEEREIED a i & A F /L o5 Frih
PN—BLTWD, LWk na Lz (1], 2ok, ZoREOZSEICER) S D
EWVIHIERN D 5T, KV EE BT ER O ZEHNI T WA DT, g7 v Y LDIE
ﬂ%ﬁi“ gab & gha « BTG AT DMENH D, RE TILINEBRE LRI 217

RO Z 8 M2 G 2,

2. gab & gra D ATz gRF,

AR T 2 gRFIFRATH 5,

9 = 1(1+1) ——[9aalP?) + Gup{PE) + gec{P?) + gu(PaD') + Gan{PaPp) + Jpc{PpPs)] (1)

P P, P. : REAAERE, p' @ WA ED &, [2]
AETORYPNTIIRED 2N 2ho7z, 22T () I1ZZORETOFEET z
ZCAPPy) =(PyP) THDZDT g'op=Gap+9pa E LT gap{PaPp) + goalPoPa)
= g'ap(PPp) EET D
& 51 CAUREDIREE v COREERIREE (], v, o, K) (ZB1T 5 g W11X

giz=b +](J +1) [2K? + xK(p"Yyox + c(PZ — P?) + y(PyPp)] @

EEITDH, 22T (Aio=0,E:0=1) T, b=1/2)(gpp + Yec) 2= Gaa — 1/ 2)(Gpp + Gec),
x=gx, ¢=1/2)(gop—Gec) Y=Gg'a» TH%

aiEl [1] TiX, biTv=0, Alg; —0gg PE—~ U HHNOEHEED 2 x,¢ D3 DOD/NT A —
=13 28 F DEBOT — X IO/ FIETE O, SREITHTZIC y 2 M T, 4 /37 A—H%—
DI/ N FRIEFRNT 21T
3. 4T A—F T X BfFHT



28 &% d | HFH D Zeeman A OB M(») % Eq.(2) MW T

M(@) = A(i, Dz +AG, 2)x + A, 3)c+ A, 4)y 3)
EERT, AG 1), AG, 2), A, 3) Xz x, ¢ ICBATHRET, AT TICEHE L TH S 1],
AT 724D (ISR LT (P Py) 25RO T y ICBT 2185 AG, 4) 2k (—EFRIIKT),
z,x, ¢ \ZBT D885 (k=1,2,3) TIX|AG, k)| 1% 1~0.1 OA—F—DfE (FEIC0DLDOLH
%) ThHDH, |AG, 4] 1Ti=1-25 OFT—HX TIX|AG, 4)] <0.001 THDHDTAG, 4) ITER L
BT, LML 3T DT —% i=2627,28 (Ziidv=0, E2, -2, E3, -3, E4,—4; T&H5D)
T, A, 4) 1 ZENZEH —0.018, —0.064, —0.090 &K E L, MOT—HD z x,¢ D
f%2#5 L comparable THDHDT, ZD 37 1F 4 /37 A —X —Df/N LTI 5,
4837 A =R — X DITIC OV THE 2 DT — X D 0- c DFERITEAMET D08, 38T A—H—D
FER (1] EhEDETRY, SN g T YNERLIORT, KOO AS ETITHELILE
3NRNT A= —DFES: [1] % Lankhaar = O abintio DFER: [3] b OHT-,

#K1CH,0H g tensor 4 IRT A —=H—DfE R
LEETDIINT A—
385 A—8—2 4,85 A—H—1 Xk [30° B—DHDL RS L
g, 0.305 (0.006) 0.307 (0.006) 0.325 g' PO TIEREERIR
g, -0.425 (0.003) -0.425 (0.002) NT—HLTW5, g,
£ -0.059 (0.004) -0.059 (0.004) -0.056 TREZEIIRE VD3RO
Zs -0.039 (0.004) -0.039 (0.004) -0.033 HENTE,
2., — 0.134(0.104) 2,, 0.139° Lankhaar 30 ab
g,, 0.027° initio FE L T 5
g, 0.224(0.006) 0.226 (0.006) b, 0.346 & Gaa, Gbb, Jec 1T
g, 0347[8])  CIHILWMEAHTN D,
Notes 9 ap 13 ab initio
"BELAEICEYBLNE g TUYLOIE Dgap + gpa & FAHIH
( ) FIZFitting h S 4T 8% TIE—H LT3,
g, + &, =8, £ETBE. g,,=0.166 gy DIEIRKEL B2
2% Lankhaar 13 ab initio TIIFHHE CT& 9 CHsNO2 OfE/NHHEE L TWD [4],

4. &9

ANTA=F—L BNTA=F—DfERE S D LI EEI1T72 < 5%RREDRE DY
WTIL 3T A—=F—TL\, BIb, ZZCTCHWEZERTIWI ER o7z, g'ap OEITIRZE
IEIREWVWRNGRDDLZENTELDOT, SBOMRICEY . X VEEOEVMENS B D 6
MR dH %,
References
(1] EAR. FIIL AR B, S, 2 Fatitsts (2018)
[2] C.C.Lin & J. D. Swalen, Rev. Mod. Phys. 31, 841 (1959)
[3] B. Lankhaar et al., Nat.As.2, 145 (2018)
[4] L.Engelbrecht et al. Z.Naturforsch. 28a, 709 (1973)
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Millimeter-wave spectroscopy of vibrationally excited states of NaSH and ab
initio calculations

UnBiRk—8 e e LK) # AR 70 B fE°, )0 ZRAR®
(Hiroshima City Univ? Okayama UniV) E. KagF, J. Tan§, K. KawagucHi

Pure rotaional transitions in the=1 (bending) ands#1 (Na-S stretching) vibrationally
excited states were observed in a high-temperature cell and analyzed by taking into account
the Corioilis interaction between the two states. Ab initio calculations predict the centrifugal
distortion constants and Coriolis coupling constant, which are very helpful for the analysis. In
the analysis, the energy difference has been determined to bé*3ghich is smaller than
the ab initio value of 64-116 ch

[F] NaSHix, #had-7=2r 7 (92°) Z# 6 5. 1997491 THiEFR A7 R LS
ENn7z[l), o, BHREREDE (IRC+10216 TOEERE D IRAM 30m EFR LimssE 4 v
TREINED, BEIN TV W2, £T7 ~ZiEE TOBMITH 20> TV,
FTMW 23 Y6 Clid, ZEERRED K=0I23 1T 2 BB N HE STV H[3], ABFZETIL., NaSHD
EAREFIEIRAE, vo=1, & Na-SHHEIRENFHEDIRRE va=1 TEUIHI S 72 AT N IVBROfiFdT %
1Tolce £o. 2 OoOREMREBMIC=2 VA VHAEER RS LD T, TOREE, =HLF—
ZERED D722 ab initioft B 21T > 72D THET 5,

[/ 3E8R] V) — AZEFHAL I U P45 Y685 C 322 -393 GHAEI CTHlllE L 72, NaSHIZ NaZk &k

(350°C) H.S (5 mTorr), Ar (30mTorE &% DC Jix#E CTHARL L 7=,

[ab initio#t ] B3LYP-aV5ZatHEIZ L v . FHFIRE$w,=384,0,=322 cmi', FEFHFNIEE 8 ¢
V,=439,v3=322 cnt, % 7= FL IR BE o0 [H1#A E 2% Ai=291589 [292833]B,=5985 [6065] C=5852
[5927] MHz ([] NILEERfE) | sreducedz.[»/]7E A E$I% D;=0.0087[0.0085]P=0.618
[0.675],d,= —0.179 [0.206 K103, d,= —0.181 [F0.292] x10*, H,«=0.201[0.587]x10°,
Hk,;=0.158[0.381Kx10° MHz L& Hi, [EHEEHIT 1 % DT, £, mONEEKHE
BRIEE —F LT 5, o OL0HEEE. Hy He, hy, hy, gl ZFEBRFNIZIZIHRE > TWRWOD T,
ab initio FHAEFE R Z R T OITEANET 5,

Vo310 = U A U G E$K135=0.1432 Observed

LEbN, UFOREIC AV, V=1 v,=1

[ET] B 1ICBRICHE LT 2Bk 79907

RED J=28-2TEBRBATUT D A7 FLi % -0.081

T, AT MASRE—NTEL D K- “ai0-

&S atype T, K=4LLETIiX K45 _0.330p00 332000 33U000 336000
UM SN o te, BERELVE ool ground state
JETBR R BERIC N D A7 b 006

VR A ZAVENVES . iEIRE R E R R ~0:08 | }‘ ' | ‘
IZBIT5ERICFE L., BEREDX -0

/\07 }\/V/{)&"_‘?/%EIZT?@@#E) - k L, 330000 ' 332‘000 ' 33UIOOO ' 336‘000
L v=10 K28 3 B o fE 4 foER 1.NaSH ¥28-27 @ I U I AT kL



IESICRBETE -, K=31Z3MHBROEMINRDHE L > TSN, 2V FVFHAEE
I NRTGA—2—D, FERWLLTORRIZE LT, [4]

<V2 1V3'1H Cori |V2 '1’V3 >=DJ c + O atJ b+ J n] c:

R K OFEBEREIL, 2 VA VHEAEEHODENRRKE S, RERIOZ X LF—ZEITL DK
BT D, 2 ODRENIRER O T R L X —F(AE) & AL LIZBOHE D AT h L34
— & 21277, AE=61 cm” & AE=116 cm™ | ab initio 7+ & TOTAEE (ZH EHFHFIRE).
JEFRRIRENER) 7208, RN = EFHBATE R o7, BEBIICIZAE=38.4 cm™” T TX 72,
ZOEFNF—ETIE v=1 O K2 EMO TR VF—0HAERT S vi=1 O K=3 LK< 72
B, AE=45 em™ DL ETIXEL 220 HAEHOBRT N KRE BT 5,

w
-
o

o
o

| J —' —‘_L_ ._ ‘ Obs. spectrum

| | 1 |‘ | (a) AE=38.4 cm’

0.05

0.00
1

-0.05

{ | | ) | | & 6lcm’

-0.10

| | | |l | () 116 cm’
{

-0.15

T T T T
334000 334500 335000 335500 336000 336500

X 2. v=1J]=28-17 DR AT hv b a) A VMEMERZEATEHEART ML
(MHz Bi7) AEIE vo=1 & vs=1 DT FLFX—2% RHLEWVENREE 5 2 588
1ZX(@) TIX K=0 T, (b)(c)TILK=2 Th b, *iLvs=1 D K=1

vo=1,vs=1 TORIE L7z 94 KD A7 MVEEOMENTIZ LD | BEREH, =0 EER
(sreduced) #IE L1z, %E TliL LKS, LK DEROBENLET, BHIEHICEITHAD
FEFFEIC LD EBbns, 2V AV EEEHIE D=1900 MHz [ZEE L. F=-286.2(2.7)
MHz &R bz, HohEEESIL, BEimatEIC L2 PEL Y, 72-74MHz (~1.1 %)
KRERMEIZ o7 GEEIRBEL R UMEHM) , ZDOE DV, LvsEEIE D7 38 em ! IXIEEN DI
FAFMEE ZRE L7 EME 116 cm? & &> TVl o F5E MP2/6-311++G(3df,2pd) Th
v2=398 cm’!, v3=320 cm ' GAFIIRENH0) 23 A STV CLZEIL 78 em T 5 [3],

[Z2%3CHk] [1] E. Kag, K.Kawaguchi et alApJ 491, L129 (1997). [2 E. Kagi, K. Kawaguchi
unpublished.[3] M. P. Bucchino, P. M. Sheriden, J. P. Young, M. K. Binns, D. W. Ewing, L.
Ziurys, J. Chem. Phys. 139, 214307 (201%. [4] T. Tanaka, Y. MorinoJ. Mol. Spectrosc. 33, 528
(1970).
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FTMW spectroscopy of methyl vinyl Criegee intermediate
(National Chiao Tung University, Taiwan) Y. Endo, C. -A. Chung, Y. P. Lee

Pure rotational transitions of the methyl-vinyl Ciregee intermediate have been observed.
Among four possible isomers for this species with energy less than 3 kcal/mol, only the lowest
energy isomer, the syn-frans isomer was detected. Thirty rotational transitions with internal
rotation splitting for the methyl top were observed. The observed frequencies were analyzed
by the XIAM program, yielding the internal rotation barrier to be 702.8(28) cm™', which
reasonably agrees with that of an ab initio calculation 680 cm™ at CCSD(T)/cc-pVTZ.

F) RR,COO Do+ NTRENHLEWIT, IRALKKZDAY VAT AR T DR AL LT
KA ZTEIELRKRENZRI-TLELT, 204V VALK G DOFEE DL HiZ B, 7)) —F —fh
R EIEIXALTND, T A ILTAVE CTRFIRL KR BRI N TR A IRBED 4 HORETHEREDR
WBLATL | A SRR (RS A R O AFTE LE RO AT L E D N BIHAFRRE D K& S/ LA BB L
TETo, LILRLINE TSN RALK R EHRIL T X TRMRILKFEDOR ThHoTz, &
WTI1Z72 5T Lester D7 /L—"7" 1,3-diiodo-but-2-ene DI fREEA: M) Lk TR ED i TAF /L&
SIVEBRI )= —E LKL TR T I al RIS INZE DAL B Z e RE LT
W5 (1), LWL E, B0 FEER T CH MfEIREND 2 55 2K fifRE TELIIL 72D THY, =D
HEIEZREIZ O W TOFERIZRFE RITFDN TR, 53 FRUEFHRIZED . 2053 F12iE 3 keal/mol
FTOTRVF—FEIIT 4 SOMEIE RIERPFET DIERHON TN D, 4 RIFH 4 1L FTMW 57
HeVEEZ W TZOnF L, 4 DO RMEROM R AR ELRETHZEL BIELT,
FTE) DFT 3RICED 4 SO RMEEROHEEE DRI = 2L F =N RII T3 (1) ,
<~ A7 A E D TR ET D720 CCSD(T)/cc-pVTZ LUV D EEITV, [Al#EE K
Xt R X — AR R LT, £, TR0 BAEKRIZOWTAT VIO N AL fERE D R E S
EBNG - — A PDRESHLEE LT, 205 71X, 50+ (CH,=CH) C(CH3)00 tFETILNTE,
00 L= )V EDOFR IR M EICEY trans-& cis-D BN, EHIZ 00 & CH; D mEIzIENF
S syn-& anti-O BAEAREFFO, AODRBMEROFFEFEREZR IR T, RTRLEBY, 2055
VISR T syn-trans BAER DO ZETE TH Y, syn-cis. anti-trans., anti-cis 73 Z DA T & =R L¥F —
D EMEEREL THFETE

ERAN F1l. AF /N =)L 7 J—X—D4oDFRMEME
Symtrans Symcis anti-trans anti-cis

FEER) Lester HbiX F Toalmol 1 5 5
1.3-diiodo-but-2-ene E /kcal/mo 0.0 .86 85 .86
O e 7 B 22 R M b Vi/em™! 680.3 871.2 494.5 279.2
0, L& LS HTA A /MHz 8716 6573 5574 4792
F-e=L 7Y — B /MHz 2364 2760 2967 3632
F—HrARLZ, &R

C /MHz 1881 1967 1960 2093

FEERTIZZ DBy
FLO&T T Ha/Debye 4.26 3.27 4.44 2.11

mRLTRA KR u, /Debye 1.14 2.60 1.76 3.59




TV ANRE ) AV THREL T, BMOZ)—F — ik a 4
DT LI LTz, ZOBLG FITIX, ZAKRE E-RO oD HEM
(RBFELEL . Z-R 23 2 keal/mol 227 T 5, 4 Bl AV zikk}
L Z-RDOLDTHD, ArF1120.2% D O, AR LIzl B < A % |
AR D(Z)-1,3-diiodo-but-2-ene = AFLIZFEHBE B LZ1Z 12
PIVATRE ) ANVNERZETF 2 N — B EEY = LT
WEHL, Y=y FOMHIZFEMIL TRV RAMEEITOZETH
Dy FaEAER LTz, ZNZho BRI L TrHlEnz
ERBE B O 500 MHz O T, 7V A EZ LIZ A
TNV EREE Y S T2 AR MV EZENENBIIIL, A 1. AF LB =)L 7 —F —
DEBEBOIE L, ZOICL TBIIIES NI AT ML b syn-trans FEVEIR O G

KA syn-trans FBYERD ARV ERR VT LN TE
7o BIHILTEASRT IV O—fl %X 2 1R T, ZRENDE
BIIATF VEONEEELIZLY 2 RIZHREL T, KT
K& HT, Ko7 T =530 LD DT, /NS5y Edn

WA R I L DB D TH D, ZO BRI LTI, 12-25
GHz OFEIE T 30 AOEBZBIHILT,

fRTEEE) BUNILIZERIT XIAM 7 0r J 53y r—
D(2) &AW TN RlER A 5 o T/ A %ﬁﬁﬁbf:o R
L7ep FREBZR IS, F0 B E UL, 4 7L
ERHHEORRLR KL, ZOAXI a2 H 2 THDHD
23 syn-trans ;@e‘@ﬁif‘%é*k%ﬁ%ﬁé'ﬁ‘é’kﬁif‘%f:o EJN
T L T2 PN R (Bl i R BE D K& 36 43 7 #LE B A O fE R &
BL—EL T35, X 2. #HHlEi7z 303202 B

D 3FEDAEIE IR DRIELRATH, A B O KBRS TIEEN BB TERD o7z, MG
B DEENLIL, A E VL Z(2)-1,3-diiodo-but-2-ene 2>5 1% cis- IR I LR T 503, trans-RITE B
ITAERL72NWEB 2 BIVD, trans-IRD DAL, cis-KBBIS N2> 2B HIT L Tldze
W, —J7, 3 keal/mol [ZE = RLF—ENETN
2 ZORED anti-IRBRIRFICAERL THR WS

12642.8 12643 12643.2

#2. &% (in MHz)

EZONDN, ZNHEH ST, syn-1RE Present ab initio
anti-IR D BMEALOFEREIL 7 keal/mol BEHV-D 4 8686.8162(14) 8716
A OFEFNTALZDITN =8 | anti-trans RDMBLHIE B 2367.9794(4) 2364
MRS TeDIX, syn-RIZEHEA anti-IRO A B 2h 3% C 1882.1355(3) 1881
PRNTZD TIEZRWnEE 2 bILD, 4 IEI .z-k A 0.000165(5)
DBy F o ANT=0 E-RE VWA B R Ak 0.00195(3)
DAEFRDNCEALDR DD E DT, %@i)ﬂiﬁ Ax 0.0046(3)
FRAigim 5 L CHIBRZEN, Oy 0.000020(3)

e 0.00127(16)
(1) V. P. Barber, S. Pandit, A. M. Green, N. v, 702.8(28) em™ 680 cm”!
Trongsiriwat, P. J. Walsh, S. J. Klippensrtein, and M. F 5.37 cm!(fixed)

I. Lester, J. Am. Chem. Soc.. 140, 10866 (2018). 5 1.402 rad (fixed)
(2) H. Hartwig and H. Dreizler, Z. Narturforsch. A
51, 923 (1996). o 2.5 kHz
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Are Linear Molecules Bent?!

Takayoshi Amano® and Kentarou Kawaguchi®
@ Jet Propulsion Laboratory, California Institute of Technology, Pasadena,
CA 91109, USA °Department of Chemistry, Okayama University, Okayama, Japan

I. BACKGROUND

In the past several years, Hirano and coworkers
published several papers[1-4] in which they advocated
that linear molecules in their bending vibrational states
look like “bent”. More specifically the “expectation
value”of the bending angle as defined in Fig.l is not
zero but takes some finite value. As one consequence,
Nagashima et al. argued that linear molecules were
supposed to possess permanent dipole moments, and
calculated the b-component of the permanent dipole
moment of COy [8].

The purpose of this presentation is to point out
their confusing (erroneous) arguments. They utilized
a modified theory originally developed by Hougen,
Bunker, and Johns [5], and Bunker and Jensen [6, 7]
for tri-atomic molecules (in particular for quasi-linear
molecules). Their method treats molecular rotation
and vibration simultaneously, and applied successfully
for CHy and other quasi-linear molecules. Hougen,
Bunker and Johns formulation was also applied to linear
molecules.

II. LINEAR TRIATOMIC MOLECULE

Although the quantum mechanical theory on two-
dimensional harmonic oscillators is well known, here
we will summarize some important points to clarify
the problematic discussions made by Hirano et al. To
compare the Hirano formulation later, we use the

cylindrical coordinates for a degenerate isotropic
harmonic oscillator,
Ga = Q coso (1)
@ = Q sing, (2)

c

A

P

FIG. 1: Definition of the bending angle, p.

where Q = \/q2 + g2 and ¢ = tan"'(gy/q,). The ranges
of the variables, Q and ¢, are 0 < @ < oo and 0 < ¢ <
2.

In the cylindrical coordinates, the Hamiltonian is given
with harmonic approximation as

N 109, 0 P19 1,
1= "2000"%0q) " mgar t2* 0
The eigenfunction of the Schrédinger equation,
HY(Q,¢) = EV(Q,9) (4)

in terms of ) and ¢ are given by associated Laguerre
polynomials and the usual angular part,

U(Q.6) = Nuee 5°QULY 1 (0@?)  (5)

where N,, is the normalization constant, and a =

\/ uk/ h2. The eigenvalue is given as

E =hw(v+1) (6)

where w = \/k/u and v — |[¢| =0,2,4, - - -.

This function is of course equivalent to the linear
combination of the products of the eigenfunctions for the
harmonic oscillators in the Cartesian coordinate system.

III. FORMULATION BY HIRANO AND
COWORKERS

Hirano et al. claimed that the variable p and the angle
X, defined to be the rotation of the molecular plane
relative to the “space fixed”coordinates, obey the same
wave equation as eq. (3) with harmonic approximation
with the potential energy defined as

1,
U= Efpz. (7)

1ot 1,
=2 - Sr2 8
2000 00 " appoe alm ®

A 1o, 0

See eq. (36) in Appendix of Ref. [3]. Note here that
we have used a different notation g instead of u used by
Hirano et al. , because this quantity is the moment of
inertia associated with p, not the reduced mass. The
Hamiltonians given as eq. (3) and as eq. (8) look
exactly same. Then they claimed that the eigenfunction
should be given the same function obtained by using the



standard cylindrical coordinate formalism, given in eq.
(5),

_ i _a52 V4 _
Wi (p,x) = Njge' e 8751000 (0p®),  (9)

where 0 < p < 7 and 0 < x < 27. However, we should
carefully examine if the function given as eq.(9) is really
the eigenfunction for the Schrédinger equation given in
eq. (8).

We really have to go back to elementary courses of
quantum mechanics. The range of the variable p is
0 < p < m, as given in their papers. Remember that the
eigenfunction given in terms of the Laguerre functions
given as eq.(5) is obtained by imposing the boundary
condition that the function should tend to zero as the
variable ) — +oc0. The range of p is restricted to 0 <
p < 7. As a quantum mechanical problem, consideration
of the range of the variables and the boundary conditions
are very important. Therefore the eigenfunction for the
standard two-dimensional oscillator given in terms of the
Laguerre polynomials cannot be the eigenfunction for
the Hamiltonian used by Hirano et al. Also the Hirano
formulation cannot yield the eigenvalue for the bending
vibration correctly. Hirano and coworkers wrote, “the
wavefunction values are negligibly small for @ > n,
and hence the size reduction in @-interval makes no
discernible difference.”[2, 3] (Q and 7 are defined to be
Q = /pp and n = \/pum, respectively.) This statement
indicates that they treat the quantum mechanical theory
in quite casual fashion. Consequently we should cast
doubt on their logic and their claim of “non-linearity of
linear molecules”.

Hirano et al. made a statement that “Conventionally,
the (Q,0) expressions® are generally used by
spectroscopists for a basic treatment of the doubly-
degenerate bending motion since these expressions
produce the justification for labeling the bending energy
states by the quantum numbers v and ¢.”[3] This

comment on spectroscopists and the quantum theory
of doubly degenerate isotropic bending vibrations of
linear molecules is hard to accept. Do they believe that
their calculation that contradicts the well established
quantum mechanical theory is correct? Do they assert
that the standard quantum mechanical theory of bending
vibrations is incorrect?

* Here the (Q,0) expression means the formulation
with the cylindrical coordinates Q = \/qg—i—q% and
0 = tan""(¢y/qa)-

IV. CONCLUSION

Despite elaborate discussions made by Hirano et al. ,
their claim that linear molecules are ( look ) bend in the
bending vibrational states ( including the ground state? )
sounds quite puzzling at best. If the potential energy for
some molecules has minimum at the linear configuration,
the molecules are linear.

We would like to encourage everyone to read, for
example, Introduction of ref. [3]. We cite here only
the last sentence of the Introduction, “We show that, in
terms of averaged bending angle, any linear molecule in
any vibrational state will necessarily be observed as being
effectively bent. ” Afterward, everyone would understand
how different view on the molecular vibrations, in
particular, on the bending vibrations of linear molecules
they have, and their idea about the bending vibration
seems to be worth more critical discussions, or simply
ignore it.

Final comment. If we calculate the expectation
value of @ = \/¢? + ¢}, it yields positive value. The
expectation value of the scalar positive physical quantity
should be positive. However, it does not mean the
molecule is bent. Never attempt to observe the b-
component of the permanent dipole of COs. [8]

[1] T. Hirano, R. Okuda, U. Nagashima, and P. Jensen. J.
Mol. Spectrosc., 250, 33-43 (12008 ).

[2] T. Hirano and U. Nagashima. J. Mol. Spectrosc., 314,
35-47 ( 2015 ).

[3] T. Hirano, U. Nagashima, and P. Jensen. J. Mol
Spectrosc., 343, 54-61 ( 2018 ).
[4] T. Hirano, U. Nagashima, and P. Jensen. J. Mol

Spectrosc., 346, 4-12 ( 2018 ).
[5] J. T. Hougen, P. R. Bunker, and J. W. C. Johns. J. Mol.

Spectrosc., 34, 136-172 ( 1970 ).

[6] P. Jensen. Comp. Phys. Rep., 1, 1-55 ( 1983 ).

[7] P. R. Bunker and Per Jensen. Molecular Symmetry and
Spectroscopy. NRC Research Press, Ottawa, Ontario,
Canada, 1998.

[8] U. Nagashima, H. Li, P. Jensen, and T. Hirano. In
Paper 1E13, The 12th Annual Meeting of Japan Society
for Molecular Science (Fukuoka, Japan), 2018.
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Chirality of Peptide Molecules
dedicated to the late Jon T. Hougen

(The Graduate University for Advanced Studies) OEizi Hirota

Presented at the 19th Molecular Spectroscopy Symposium
Shizuoka University
26 March 2019

Several new experimental methods such as flash photolysis, lasers, and so on, appeared in
1950’s and 60’s and generated hitherto-unknown exotic molecules, which led to a new category
in molecular structure and spectroscopy for classifying them. Such epoch-making movements
in molecular science could be brought about by young bright peoples; they gathered at a few
centers of research in the world.  Just after getting PhD from Professor Moffitt at Harvard, Jon
Hougen joined Gerhard Herzberg (GH)’s group at NRC, Canada in 1960, where he set up
theoretical frameworks for molecules newly detected by the GH group, as described in detail
in the GH’s third volume: Molecular Spectra and Molecular Structure. Symbols, notations,
classifications, and so on for new molecules were invented by scientists who investigated the
new species, and Jon was one of such pioneer peoples. After these brilliant experiences in
Ottawa for seven years, he returned to one of the other best molecular spectroscopy centers in
the US: National Bureau of Standards (NBS), which is now National Institute of Standards and
Technology (NIST), where he spent the rest of his lifetime as a leader in molecular spectroscopy
and molecular structure all over the World. His interest has been spread over on most
fundamental aspects of molecular sciences, particularly on the couplings between the overall
rotation and low-frequency and/or large-amplitude motions like internal rotation, inversion,
puckering, and so on.

Jon and his associates at NIST and Yoshiyuki Kawashima, Nobukimi Ohashi, and their
collaborators in Japan focused particular attention to molecules which act as the central
backbone units in biological systems and related areas, such as those named peptide molecules
XC=0O-NHY with either X — C and N — Y in trans or cis. It should be pointed out that the
simplest peptide molecule: formamide is planar at the equilibrium, with the lowest-frequency
out-of-plane bending mode accompanied by an anomalously large anharmonicity, and is hence
achiral, in spite of the fact that it is regarded as a most typical “biological” molecule. In order
to obtain chiral systems, we need to extend the molecular skeleton; one example is N-acetyl-
alanine N’-methylamide: CH3;CONH—C(CH3)-CONHCH3;. We may also link two or more
peptide molecules to generate helix chains.  See the following paper for more details:

Y. Kawashima, T. Usami, N. Ohashi, R. D. Suenram, J. T. Hougen, and E. Hirota, Acc. Chem.
Res. 39, 216-220 (2006).
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Infrared Spectra of CH3*—He,

( Univ. Kolna, Hiroshima Univ.b, AISTc )
Matthias Topfer, Philipp C. Schmid, Hiroshi Kohguchi,

Koichi M. T. Yamada, Stephan Schlemmer, and Oskar Asvany

In the previous study we reported pure rotational spectra of the cluster ion CH 3+—He
(Me*He) stored in a cryogenic ion-rap [1], where IR-MW double resonance spectroscopy
was employed in combination with the IR photo-dissociation (IRPD) spectroscopy. As a
natural extension, we have studied the weakly bound CH3+—He2 complex (Me+He2),
which is most likely a symmetric top of Dg;, symmetry, i.e. He—CH3+—He. In contrast to
CH3+—He (Me*He) of C3, symmetry, the complex has no permanent dipole moment, and
therefore we could not apply pure rotational spectroscopy. Therefore, we have examined
its v fundamental band (C—H deg. str. ) by the conventional IRPD. Figure 1 shows the
infrared spectrum of Me He, observed for the first time.

Relatve Intensity

! | | ! | L
3120 3130 3140

: : 1
Wavenumber in cm

o
8
=
S

Fig. 1: Infrared spectrum of Me+He2 observed by IRPD in the 4K ion trap.

Me" ions are created in a storage ion source from methane (CH 4> 99.9%) by electron
impact ionization. By mass-filtering (m = 15 u) with a linear quadrupole a pulse of
around 20000 ions is guided into the 22-pole ion trap of 22-pole mounted on a closed-
cycle 4 K cooler. A few ms before the ion pulse reaches the trap, He buffer gas is injected
into the trap housing via a piezo valve, in order to the cool the ions by collisions with the
buffer gas. During the trapping period (1.7 s) the trapped ions are irradiated by narrow-
band cw infrared light, leading to excitation upon resonance and the destruction of the
complex within a few ps. Then the ions are mass-filtered for Me+He2 (m =23 u) by a
second linear quadrupole and counted by a Daly-tpye detector. The IRPD spectrum is
recorded by counting the number of Me+He2 complexes as a function of excitation
frequency as shown; the resonant absorption of IR photons is seen as a dip in the
Me+H92 counts.

Although there are a few investigations on Me" and Me"He reported in the literature,
both experimentally and computationally, e.g. Refs. [1-4], we could not find any for the



cluster ion Me+He2. In Fig. 2 the vibrational term values so far known, or predicted, are
illustrated for Me*, Me"He and Me*He,, where the v5=1 term value of Me'He, is that
determined in the present work. Assignments and analysis of the spectra were carried
out by the program tool, PGOPHER [5]. The serious anomaly found for the K=1 levels in
the v3=1 excited state will be discussed.

CH,* CH,*-He CH,*-He,

3108.38

Vs E' 3115.58 3121.76

Vi A{=—— 2903 — 2046.39

V4 E' 1370 ——— 1361 —_—

Vo A)——— 1350 ;547
vV, A, ———— 570 jl:'
Vg E ——— 193 o

EH

Fig. 2: Vibrational energy levels of Me*, Me*He and Me+He2 are illustrated. The
experimental energy term values are given in the right side of the levels in roman, and
those predicted by ab initio calculations are in italic. The modes v, and vg represent the
C—He stretching and bending vibration, respectively.
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Toward spatio-temporal observation of ammonia inversion motion
(Tokyo Institute of Technology) Kazuki Ueno, Kenta Mizuse, Yasuhiro Ohshima

[Abstract]

The inversion motion of ammonia is one of the most recognized large-amplitude molecular vibrations.
We are developing a new experimental setup to track the spatio-temporal propagation of the ammonia
inversion. Here, state-selected molecular samples will be interacted with microwave radiation resonant
with the inversion doubling transition, to create a wave packet for inversion vibration. Then, time
resolved Coulomb explosion ion-imaging will be adopted to probe real-space configuration of ammonia
molecules. A Stark deflector will be implemented to realize state selection by an inhomogeneous electric
field. We performed Monte Carlo simulation for trajectories of molecules in the inhomogeneous field to
check the performance of the deflector.
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Frequency Control of a Single Mode Ti:Sapphire Laser by an Optical Comb
(Fukuoka Univ.?, Univ. of Electro-Communications®, Kobe Univ.¢, Kyoto Univ.%)
M. Misono®, S. Yamasaki®, A. Nishiyama®, S. Kasahara®, and M. Baba®

We have been studied the dynamics of polyatomic molecules by high-resolution
spectroscopy with a supersonic molecular beam or by Doppler-free two-photon absorption
spectroscopy. In these spectroscopies, the determination of the frequency axis is a crucial
issue. In this study, we developed a frequency control system of a CW single mode
Ti:Sapphire laser with reference to an Er-doped fiber optical frequency comb.

[(ZL&HIZ]

BRITBERSFRONEOCRY TS—D ) —ZhFRINDKZELGZEERANT, EEFH
FOERBEANREITOTE, TAETIZ. RUEVPFITFLURBEDINSNVERIKE
EVMOEDBERARY FILERIEL. ChoDBERNET o>z, BEE. -AFLTULSE
VA2 RVAT U RS RYLUEBEEDSBREBTHERIEKFZOSHBEED B ZED
TWd, COLSBH/AFBICEVTIE. PFOEBBREABRBERTICRET S LENEET
Hb, SEIF. Er F—=F 77 A N—XERHL (Eral) ZHEL LT, EEFIEOE—
E—FRFEAUHYIT7A4T7L—Y— (TiS) ORAEHEFHIT IR TLOEAFEZT DT
H|ET 5.

(En1ERIE]

KA LIE 10°H 5 10°°KDE— FA—ERBICHEALEZRY bLELD, E— KM
@ fep EXFXYVT-ZoRO—TF Ty FEBH oo 2B 5E. n BEHOE—FORBRK
UL nfep + foeo ERE D, Tz BEH flase DE—F— FL—F—H AN ZE . BRENERE faom
DEERZE R 7459 — (Acousto-Optic Frequency Shifter, AOFS) [Z3& L TREEH % >
TJhEEd, CORICIK. XOBRBIELLEVWKSICEITINRERET D, LAKEHD
LDEAFE AOFS DH AR EZEREOE T I+ FE A A — RTREZBHETDHEE— A
BHlEhd, COE—FDORAEEE feaa £T 5. CNODERBOMICIZROBEFRAKY L
2,

fiaser + 2faom = (Nfrep + fce0) + foeat.

frep & feceo # Cs [RFRFETHEDRERKHIC

PD
Oyvy3dE. REEHILDE— FEK Er comb - @
ﬂ;ﬂl nf,—ep + fceo lI—F &% 5, &I, foeat AOFS

M—EFERDELIICHETSE, CORD
FllF—FERD, LE=ADT, faom %

L&D E. fumld fon DEALE KR W TiSapphire Spectioscopy
EIZ2EORESTEITHLIZHRZD -

T, faom TR DT fuser ZHITE D Z LA Controller N X %
hh %,



(RE&L R T L]

SENEBRY AT L%EFig. 1125RT, AFETIX. Er ALD fe, (~68.4MHz) & foeo (~
171 MHz) #. GPS B2 I #H Sz Cs RFHHILDEEESICAY Y LIz, £, Ti:S
HAXD—EESIE L., ¥ TIL/NRAERD AOFS ITELTRAEHZL I hESE, COXZE
Er LDENXEERT fhea ZRIE LTzo BRSNS feaa ® TURT—F—T 129 HE L.
EERAEFOBEAICHBERIATAELSIICTISOaIY FA—F—ITREL T,

(#E8]

BEERILEBERER 2 ISRY, TiS HAXDKHKIEH 13264.5cm™ THY . $91442s
DEIZ# 2.664 GHz DX ERBEE DTS 217> CORDEHMIT EEZDHEICL > TK
ELF-EDTHD. LEEIT faoms FERIT foean FERICHERT T 7T 1) — - AO—RHIREF
DBBAEEETT . hon TRV IEDIZEITEY, fo ZINSHENDKEREANEFSIT
5l EITHYI LTz, AL T- AOFS O HEIREE B IL 220 MHz i 5 320 MHZ £ TTH %
=6 SEDBRIEICEHETIL, faon ZiBD ST 252.9 MHz [TE T 57 U fiep/2 = 34.2 MHZ
EMAT=e CHIZEST, BHELTEZILDE—FE, BOE—FAEBHEIEDIENT
x5,

RAEBRE. COVRTLESFREANREZEEZFAL T, SEFERRIL KROS5 HERE
ARG FILVDOAEZHATIND,

[arb. unit]

Cavity Transmission



L13
EELFEHSKICR T =SB RFERAVERI LGSR

A dispersive direct frequency comb spectrometer
for rapid and broadband spectroscopy

(JILA®, Canon Inc.®) Kana Iwakuni® Thinh Q. Bui?
Justin F. Nidermeyer?, Takashi Sukegawa®, Jun Ye?

We have developed a new dispersive direct frequency comb spectrometer with an immersion
grating in the long-wave infrared region of 8-10 um. Owing to the high resolving power
of the immersion grating, we achieved the frequency resolution of 460 MHz, the highest
resolution in this wavelength region with a dispersive spectrometer. This spectrometer
enables us to do precise spectroscopy of transient and large molecules in the long
mid-infrared region.

(Fif)] X LZRAFTORBEELTHES o LEESN] (£, EFETLEFEHARY
ILWESNBEETERETES I LM, BFEREICBAICHARIATVS, X LEESLE
EHYLHLETOEMMGMERIE. YR LERL 100 MHz Z2ETH 10 THz IThfz4 3 LR
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Quantum cascade l|asers and spectroscopic applications
(Hamamatsu Photonics K.K.) Naota Akikusa and Tadataka Edamura

Mid—infrared quantum cascade laser (QCL) and its spectroscopic applications are
reviewed. Commercialization of QCL in industries supports the cutting-edge scientific
technology of extensive research such as molecular spectroscopy. It contributes greatly
to the future development of the optical science.
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IR spectroscopy and photochemical study of isoprene-related species in Ar matrix
(AIST) Fumiyuki Ito

The interaction of isoprene and oxidant molecules (such as 0,) has been studied in an
Ar matrix at cryogenic temperature by using FTIR spectroscopy. Subsequent laser
irradiation after co—deposition of the two premixed samples results in the formation
of photoproducts, and their identification with the aid of quantum chemical
calculations will be presented.

(Bl 1V TLUITHEMDORAERDEIENME LTEHSWIEREMETHY .. IREIZF
ET AP FELTIEARZUVIZRNTEZL, CORNFIIRER_EHEESEZEOLH, BELD
E&1E® (OH. 0,. NO,%) DFMRIGERT 2RI 7AYVIL (S0A) FERL. RN - BEL %
NMLRRDEFNS VRICKELFEEEEIA TS EEALND, BRHATOINALDIE
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DRIGED NS, ERIGIEA VY TLY V=111 TELBE. RUERPMOE—/ (T
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EE1T o712 1= bpwd1/aug—cc—pVTZ LRI DFTETHE LN CT HIEADREER A EZ TS,



EE53600cm I EDRECIRILF—FHFEL. I NI RPTREICEFETEELEER
bbb, AT A THEDBFMAL., ThdlEVWThESYTLIO HMO Nt D
LUMO ~® CT TREILLTWWESENHOMNoTz, Fi=. TD-DFT SHEMNSE 2 DO EMEKREIZTH
FRHIZ CT N RFERTZENFREIN, RILLATZILTE FOREDFEREKFMSE (532~
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Absolute intensities and photolytic behaviour of methyl mercaptan (HS-CH;),
ethy| mercaptan (HS-CH,CH;) and dimethyl sulfide (CH;—S—CH;)
in solid Ar and in GO
(Institute of Physical Chemistry of the Polish Academy of Sciences.?® J. Zapala?,
M. Gronowski? T. Custer?
Contact: jzapala@ichf. edu. pl

This work is an experimental study of HS-CH,CH;, HS-CHs; and CH;—S-CH; for astrophysical
use. All belong to the family of astrochemical COMs (Complex Organic Molecules). Both
mercaptans have been already detected in interstellar medium.

Although IR spectra of all of these molecules in noble gas ices is already known, no
absolute intensities have been reported. Also, such molecules are thought to be born
in interstellar ices consisting of large amounts of CO, yet no studies have been made
in GO ices.

Compounds were suspended in carbon monoxide (CO) and in argon (Ar) matrixes at 6K. From
interference fringes in IR spectra, matrix thicknesses were calculated and from these
thicknesses, absolute intensities values for each vibration in both environments were
estimated.

Deposited matrixes were exposed to UV radiation using an ArF excimer laser (194nm) and
hydrogen lamp (121nm) in separate experiments for each combination of compound / medium.
Photolytic products were similar and consisted of large amounts of CHs,, CS and (with
exception of ethanethiol) CH=S as well as smaller amounts of other C.S, species
Additionally, small amounts of ethane, ethene and ethyne could be distinguished in the
argon spectra.

As a last step of sample processing, thermal annealing at 25K was introduced for each
compound/medium/ | ight-source combination. The emission originating from sulphur
recombination was observed between 12K and 20K
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Coherent vibrational two—photon transitions of solid parahydrogen
(Okayama Univ.) Yuki Miyamoto for the SPAN collaboration
miyamo—-y@okayama-u. ac. jp

We, the SPAN (SPectroscopy of Atomic Neutrinos)

Ve e
collaboration, have proposed to study extremely | ¢ e
rare processes involving neutrinos. The processes W ?_ z y
- . - - 0 - e
are called “Radiative Emission of Neutrino Pair - v
Ve 5

(RENP)”. In the RENP processes, an excited atom or

molecule decays to its ground state by emitting one | =T y

photon and a pair of neutrinos simultaneously. . \PN\‘\ e ofa photon
Examples of Feynman diagrams and a schematic TV energy of
energy diagram of the RENP are shown in the figure | ground state ——Y—— 7 /A nednnepar
to the right. It is relatively easy to observe the

photons, which contain rich information of the neutrino pairs, although almost impossible
to observe the neutrino pairs. The unknown neutrino properties such as their absolute
masses, mass type (Dirac or Majorana), and CP-violating phases can be investigated by
observing spectra of the photons. It is a common practice to prepare a vast number of
targets for observing rare phenomena. However, gathering tons of excited
atoms/molecules is unrealistic. We have planned to amplify the RENP rate by taking
advantage of collective interactions.

Collective interactions between atoms mediated by photons has shown a variety of
interesting and useful phenomena. Among them, constructive interference effects can be
quite useful for observing rare phenomena because its resultant rate become proportional
to the square of the number of excited particles and can be very large.

As a first step of the project, we have experimentally 104 ' T
investigated the coherence amplification of QED '
processes emitting plural photons, which are
analogies to the RENP processes emitting plural
particles. I would like to present our resent results on
coherent vibrational two-photon transitions I
(two-photon emission and anti-Stokes scattering) § ol

. . . -— excitation pulse duration
from solid parahydrogen. Vibrational decoherence 0.1+ ; -

0 50 100 150 200
time of the solid parahydrogen is longer than that of Mutual timing (ns)
usual solids due to its quantum nature. It is found that emission intensity in the solid
increases even after excitation pulses pass through the solid completely. We also found
that this “coherence feeding” effect depends on the geometry of excitation. The recent

experimental results will be reported although its physical origin is still unclear.

Normalized TPE signal
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Line shape and assignment of dopant-induced Q1(0) and its satellite lines of solid
parahydrogen by high resolution IR laser spectroscopy
(Tokyo Tech.?) Akira Nakaigawa? Hideto Kanamori®

We are interested in how a dopant affects on the spectral line shape of vibrational transition of para-
H: in the crystal. Gaussian and Lorentzian components in the line profile and the spectral frequency may
depend on the number and position of ortho-H; around the dopant. The temperature dependence in the
line profile and peak position is another subject of our research. This time we present some results about
Q.(0) transition of para-H; around the point defect of CHsF doped in a para-H; crystal at the temperature
around 1K.

(F] RSKZHKRPDNSKEDPFPOR—TEINESFORINARY LORRIEE—
18 % ¥ D Lorentzian fl% & A — 4B D Gaussian R MNERESn=FEZ LTS, “h
5DENTREDEALIZH L. Gaussian B EZE L L 42 LV—5 T Lorentzian B2 ERED 4 T
([CEEB L THEEMT HE VWS HERENRE SN TLD[1]. AREICEWNTIH, FHE L TER—
TENTz CHF 2> THERE NN\ KEDRHEBDARY MLIRIBEBRRBL 7+ %
BLT. ARMADBAAMGYEFERZSISHI I EEZBHNE LTS, §EIL CHF DIk
BFHA FBEUVE2EY A MZADTIL FKFEOESKIZE > T, INSKREDARY ML
BREDESICHEEEZZITANEREL.CHIF 2 F—TLTLWEWMEEDARY MLEED
KSICERLBBRABUVETRINEARNz, FTHLETHAER]IZENT, BEMNEIL LEBRICE
ARG FILERIEIZITTHELC, E—VDMEBELELRTHIENHESNTVDSD T, Ffliia
BIZHINTKROBBRAKBDBREKRFEICOVTHIARSLI L E LT,

[EER] CHsF % F—TLIzICHBRT B/835KFD QuO)EREE RN REETERAT 51=6H
(2.24 3298020 DFB L—H—FRAW=RIIRA X ZEITozo CHF [T > THFRINT=/T
KFEDE—V [FFHEEY A FMIH DAL FAKROHMIZIE L TELLIMEBICERAETRT 5,
SHIZENEFNDE—Y DEFEICZIEYTSA4 FE—O D) —XTHEET B[3].
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(R EEE] DE—H Ol 2 0] ;
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IRLTE=A. ChEHREHLENEWNI LMD, Gaussian | K 2. BRRIEOIREZEL,
BEFAMOBFECEZ LOTIER EROBESE L | FOMIERED 4 KT 1
CORH—MIRET 5 L ERELT NS, 7 A ¥ 7T o TR
H21244 Y E—Y DRARY MLRIBOREREYE 3007y
DERERT ., SEIEIC DT, M4/ 85 KR : ;
BLIEREOEAHRZLDOD. BED 4 RIKET
B LEAAREDRRE LTV, COZEF.
IRSIKEDBIBEDEEREEERTT 2WEBREICEH g . :
LT, CHF BHBIE LA E SO0, KHMGER T I s
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WEmWeEEZLND,
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S & 3k
[1] H. Katsuki and T. Momose, Phys. Rev. Lett. 84, 3286 (2000)
[2] K.E. Kerr, T. Momose, D. P. Weliky, C. M. Gabrys and T. Oka, Phys. Rev. Lett. 72, 3957 (1994)
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[4] H. Kawasaki, A. Mizoguchi and H. Kanamori, J. Mol. Spectrosc. 310, 39 (2015)
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Production of cold molecular ions in superfluid helium droplets
(Kitasato Univ.2, RIKENP) Arisa Iguchi?, Susumu KumaP, Toshiyuki AzumaP

Helium nanodroplet isolation spectroscopy has been widely applied to a variety of molecules and
clusters providing a unique quantum environment as a matrix medium. Here, we started a new project
to utilize this cryogenic “nano” laboratory to study molecular ions. We constructed a photoionization
setup for pre-captured neutral molecules in helium droplets. Resonant multi-photon ionization
spectroscopy is performed for the current sample of phthalocyanine.

[FlEIREI A~ D 2T 2% W~ Ny 7 25 6EIE, ZRETEER D 02 DI TAS—|T
S, U AR OB EN M- CBIKIRERBE 0.4 K (ZH T DHIBRIEN A ML AL T
X7, L LZNETORFZER G EIS TS FIZIROENTND, Bz 1, 2O NiEE A4
~EAUBKIRA A B BT A28, M OVER AR OA A E~UT MEVE OF HAEF A58
LT T 7o A R R B 7 o — 7 T 5720 D EBRZ Bl AR LT,

[Ty FIA~ID AHERITIREE 20 K A FIZWEILTeA~ID LT A% S B 2222 e 3528 T
ERREND, MBI RE - SRR R I HIOBFE TIRE 0.4 K ETHEISNZ T/ AXD~IT LR
FZIE, BRICED D TENESELZENE G THY, TONES b EE 0.4 K ETHEISNS,
ARFFECTIZLARTNZBRZE LTz LA X% DT 100 DA~ D AR A S Dk 2 £ R L[],
AT AT, TRV AL — = b0 O NEFIH LT A A E e, iR
HE— A TSR E LA A/ — R EE A E 2R ARA T R OAF AL DBRD N
DR ARETH D,

[EBREEBR]ERTIL, TTV TN THETHOL T =0 ORI AR+ 572012, BEFE D
HEFHEEEEH O —FREENEET-T-, 7Xuar 7= ide—Meb% 380°CI2N
A HZETHEHSNAVY AR ISR S NS, FEE T /8 OPO L — % — (Sunlite EX,
Continuum) ZY6JREL CTHALUAIL 72 15,088.9 cm™ (B — 22 HFD S-S i A7 MU, 7 X2y 7
=PRI SNV CWVD 2 EE R LTS, RIZ T3 A A A I WD SEIR O B 3
IZEF L, 7X0l T =0 DAF ACRT o/ VITKAH T 6.40 eV EHE SN TWDTZ0[2],
OPO L —W—|ZILIE L 7= S IREEN LA A AT B0 DI EEL T, AL /8 Nd:YAG
— =50 532 nm 1775 fE5FE 266 nm ~ZEHAL T, ZAVE TIZZAEHS)EE 40 %, 4 m] DXL A
TS, BUIE, A A AL FEBRICED
ITEYD, AT R OVETFELEMROLEIZ
&0 2N I A A AL AR VR E ~[A]
TG D ET R Th A,
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Infrared spectroscopy of CHs-(pH2)s clusters at 0.4 K
(RIKEN?, UBCP) Susumu Kuma?® Takamasa Momose®

Infrared spectroscopy of CHa-(pH»), clusters was performed at 0.4 K in helium droplets. The s
vibrational mode of methane was measured by a quantum cascade laser with the variable number # of
attached para-hydrogen molecules. Sharp, rotationally-resolved peaks were observed up to n = 18. We
found that the rotational constant changes with n, indicating kinks at specific numbers, although the
band origin shows a monotonic change. The linewidth also changes with n, showing a rich dynamical
behavior of the system. While no sharp peaks were observed for n > 20, broad features of the spectra
enabled tracing further changes in the rotational constant and band origin shift. We discuss these findings
in view of a relation to the possible superfluid phase of para-hydrogen clusters.
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Radiative cooling of N2O* in the cryogenic ion storage ring RICE
(Saitama Univ.2, Rikkyo Univ.?, RIKEN®) Ryo Igosawa?, Yuji Nakano®, Susumu Kuma®,
Takayuki Yamaguchi®, Toshiyuki Azuma®

We studied the radiative cooling process of the linear triatomic ion N,O" isolated in a cryogenic ion
storage ring operating at 4 K. After the injection, the ion beam was stored up to 1,000 s in the ring. We
performed the photodissociation spectroscopy of the stored ion where the neutral fragment traveling out
of the ring was detected. Predissociation upon the vibronic transitions 4 *X* «— X °I1 (Av; = 2) offered
rotationally resolved spectra with high sensitivity to determine the ion temperature. We found that the
vibrational temperature manifested its cooling dynamics in the cryogenic environment in a timescale of
seconds. The rotational temperature was well determined even at the storage time of 200 s, which
reflected the initial temperature and was consistent with a rate-equation simulation of the radiative
cooling. Our storage ring offers a unique experimental tool to explore spectroscopy and dynamics of
isolated cold molecular ions.

(FF] 53 7 AF L 2N BEE CRIFRE - BT 57200 D FIED— 2L TAA L EFEI 7 03
%, BAL AR AT Tl MR ER R A A4 &5V~ (RICE, RIKEN Cryogenic Electrostatic Ton
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Infrared spectroscopy on the electronic excited state of phenol-alkylsilane
dihydrogen-bonded clusers (1)
Franck-Condon-like band patterns in infrared transitions
(Kitasato Univ.?, Shizuoka Univ.?) Takutoshi Shimizu?, Masaaki Uchida?, Yoshiki Kigure?,
Yasutoshi Kasahara?, Yoshiteru Matsumoto®, Haruki Ishikawa?

We have analyzed the Franck-Condon band patterns observed in the infrared spectra of the electronic
excited states of phenol-alkylsilane dihydrogen-bonded clusters. In the case of the
phenol-z-butyldimethylsilane cluster, the band patterns simulated based on the Franck-Condon factors
for the intermolecular vibrational mode have reproduced the observed patterns very well. This

behavior indicates the interaction between the OH stretch and intermolecular vibrational modes.
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Infrared spectroscopy on the electronic excited state of phenol-alkylsilane
dihydrogen-bonded clusers (2)
Duschinsky effect in the Franck-Condon-like band patterns
(Kitasato Univ.2, Shizuoka Univ.P) Masaaki Uchida? Takutoshi Shimizu?, Yoshiki Kigure?,
Yasutoshi Kasahara?, Yoshiteru Matsumoto®, Haruki Ishikawa?

We have analyzed the Franck-Condon-like band patterns observed in the infrared spectra of the
electronic excited states of phenol-ethyldimethylsilane dihydrogen-bonded cluster. In the present case,
we have involved effects of the Duschinsky rotation as well as the displacements of the equilibrium
positions for the von = 0 and 1 states. The analysis involving the Duschinsky effect well reproduced
the band patterns observed. A quite similar behavior has been observed and analyzed for the
phenol-triethylsilane dihydrogen-bonded cluster.
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High-resolution Laser Spectroscopy of A-X Transition of NO2 Radical

Kobe Univ.2, Kyoto Univ.?) Shunji Kasahara?, Takumi Yoshizawa?, Michihiro Hirata?, Kohei Tada®
y

Rotationally-resolved high-resolution fluorescence excitation spectra of the A 2B, <X 2A; electronic
transition of *NO; radical have been observed for 14500-16800 cm™ energy region by crossing a
single-mode laser beam perpendicular to a collimated molecular beam. In the observed region, the 9Rq(0)
lines (k = 0, N = 1«0 transition) were observed for more than 80 vibronic bands, and their
hyperfine interaction constants; the Fermi contact interaction constants and the dipole-dipole interaction
constants were determined. The determined Fermi contact interaction constants in the 14500-16100 cm
region were found to be intermediate in magnitude between those in lower and higher energy region
reported by other groups. On the other hand, a sharp decreasing of the Fermi contact interaction constant
was found in 16 200 — 16 600 cm! region, and it may be caused by the interaction with the other electronic
state.
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Vibronic structure of the NOs X 2A;’ system
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Masaru Fukushima and Takashi Ishiwata
Faculty of Information Sciences, Hiroshima City University

We are studying the X 2A) state of NO; under jet cooled condition, applying the laser
induced fluorescence (LIF) and two-color resonant four-wave mixing (2C-R4WM) techniques.
Electronic structure of NOs3 is thought to be similar to that of BF3, and the latter has been well
studied in some text books [1, 2]. The electronic structure has special characteristics on the
highest occupied molecular orbital (HOMO); i.e. HOMO is localized only on each of three
F’s and has no contribution on the center atom, B. For NO3, the HOMO corresponds to
singly occupied molecular orbital (SOMO), and, in the X 245 state ( A %E’ and B 2E",
too ) of NOs, the un-paired electron is localized only on three O’s and has no contribution on
N, and it is naturally expected the degenerated vibrations strongly affect the electron motion,
which can be referred as ‘“degenerate-vibrationally induced vibronic coupling” on the
non-degenerate electronic state. The SOMO situation of NO3 has been confirmed by
high-level quantum chemical computation [3]. It is thought that all of the characteristic
features of the vibrational structure of the X 2A), state can be understandable adopting the
vibronic coupling mechanism. One of the features is a unexpectedly large spin splitting of 1,
( = Ng ) of the 3vs (a1) level observed by 2D-R4WM [4], and this splitting can be
understandable as the good quantum number behavior of P ( = K, + 2= A+I1+ZX)
derived from the coupling.

ﬁativ—*f‘—ﬁt’ﬂﬁ'ﬁ;’f (LIF ). B&U, 2B HBASESHE (2C-RIWM ) %
FIFALT.NO; X Ay S RTLDIRFEBEDERAZESHTLVS, NO; DEFHEEIL. BF;
DENEFUEEZOND, LFEREEICEIT BB ETIHRROoN TS [1.2] K5I,
BF; ICKRIND AB; B FD AR FHEICIIKRELGHEELH S, TNIE.ABE S FDx
B G ENE (Highest occupied molecular orbital; HOMO) [X.3 DM B [RFLIZCOH R
L6, RO A RFLEICFBELD, EWVDTETHSD, NO; DIFE HOMO [FRFEF
$15E (SOMO) THY.NO; M X %Ay #KE& (4 %E' & B 2E" 3RABTHD ) (.
FTRAEFN I DOBRREAFLIZOABELEZFESHZEb. PROEBRFEFLICE
DMEBLLEN, EVSTEIZGD, CORRIF.ERFR. BV FHREFELAIL
( MC-SCF/AVDZ-f) TH. EftIFon TS [3], CDT=H. SOMO (FIEHEE R FIE

THY. FREFIE N-O EFHFESICEAELTELT . L,T—b\o'c ITxtEFH O [RFD

BENEBRTHEIIBZICFETES, DFY.NO; X 2Ay VRATLDGE. BERD
[CEYTRREFLBEEETZHY . EFKREINERE Ay EFRETH-TH.( E
F) BLEAEBENELD HLF. COTEREHE ( DN FEHMADHE ) A Z.



MBMEEFKRED A ITHLT Al TRL. COBERBICKVETHIRERBEIER%E
“ EEREBFEREREER 7 LESIEICLS

HAlE. CRETO LIF & 2C-RAWM OEBEND, X 2Ay REOREEECELT.
LD DG ERBRZFZI LS, HITHENGLDIELUTD3IDTHS,

(1) B *E" KEOEOREBEMNSD LIF 587 A45% (DF ) ARJMLIZ vs FBE
REE—FDTOS Ly arh 4,n =012 -+ ELTEA., E5I2, FEBEREE—FD
TO5Lyiav &SICEDREICKEENGL ( BE. MEREE—F D OJO0S Ly
avid  EBRAIZEKY.D.n=0,24 - LEBND. BLLUL. FHD n HENTEH. ZD
BREIC n ICEHTOFBOXRAMELNEND )

(2) B *E" KEQOEOREEMNSD LIF 28T A ( DF ) ARIRILIZ va D3
EE 3w (ar) ~DEBEBRMNEIENDS,

(3) 2C-RAWM ARIKMLTIE,. SDETH a) EFU~DEBOHEASN ., vi EEFD
To (= Ny) EERERMDREVHDRIT, HADEESEEE ( ~004 cm'x2 ) UTTHD
DIZH LT, 3v, (ar’ ) LTI, HEYKREL REVHHIE 027 cm™ THY. EOIRED
EMDAEVHFRELELT 10 FLULEXREL,

NoDFHIE, £ “ MERBFEREREMER 7 . FELGEZTRETHD,

(1) DFE." MERDFEREBEMER 7 12&Y. v IREERMTIE A BEC.L
N COHEBEERANRVV O IRBAEHE ( DL FEHADHTE ) | FRVEFH
( good quantum number ) TIX%HL. K, =1+ A; DEVWEFHELS ( ZIT.8E K =
l+A; TREIND K Z.\BED K LRFNTDH=6 K, E5ELTz Do LI=A2T, v R
AL, va(e) E—FDIRBESR |K,)| vy, 1) ELTTIEGELIREEENL |K;v,, 1) ELT
REES. LLTHENAIEETHD, ik, ELVEZ S L., Herzberg MED Ryryrprryr =
fwvllpvll drvflpe,Melpe”dTe (I18) TL. Reryrernyrr = flpe’v’Mell)e"v” dre, (119) &L
THRYHESIARE, LWLV EITHET D (5]

2) . MEOHE L. BXV., ETHERL. BEIZ, SREFH [6] LDT, BT 5,

Q) DZE. " WERDFEREBEER 7 IZ&Y. R=K,+Z=1+A+2Z HE
WEFHELD, CD=H.3vs (ar’ ) D 1, ZERODRHIT. REV R TIFAL, P-type
doubling &L THEFRAIEETH S,

[1] H. B. Gray, “Electrons and Chemical Bonding”, W. A. Benjamin Inc., New York NY (1965) ; Open Source
Tex Books, https://archive.org/details/ost-chemistry-electrons_chemical_bonding (retrieved July 29, 2016) ;
BAGEN., BHHE=. Z8@HI #R. “DFLES". EZERA (1966).

[2] F. A. Cotton, Chemical Applications of Group Theory, 2nd ed., Wiley-International, New York NY (1971);

BARGEM. RREEE R, “HHROLCEADIGA". AE (1980).

[3] W. Eisfeld and K. Morokuma, /. Chem. Phys. 113, 5587 (2000).

[4] M. Fukushima and T. Ishiwata, 73" ISMS, paper WDO02 (2018).

[5] G. Herzberg, MM 111, D. van Nostrand Company, LTD., Princeton NJ (1967). ( A, X E#IF. XHFTDRES. )
[6] BIZIE. BS. BiE. F15ESDFHAMER. 18, FHEES L13 (2015).


https://www.amazon.co.jp/s/ref=dp_byline_sr_book_2?ie=UTF8&text=%E4%B8%AD%E5%8E%9F+%E5%8B%9D%E5%84%BC&search-alias=books-jp&field-author=%E4%B8%AD%E5%8E%9F+%E5%8B%9D%E5%84%BC&sort=relevancerank

26
CSHF d*A - aTI/NY FOFARKARY FILOBRHT
(X2, R—NRFAFAREE2-)
OWmOM%E? K Sunanda®, M. D. Saksena®, M. N. Deo®, FE@E® JIIOEAER?

Analyses of infrared emission spectra of the CS d*A- a®TT band
(Okayama Univ.? Bhabha Atomic Research Centre®)
Kazuhiro Nishiguchi? K Sunanda® M. D. Saksena® M. N. Deo® Jian Tang? Kentarou Kawaguchi?®

The emission spectrum of CS in the range of 1800 — 10500 cm™* was recorded with 0.03 cm?
resolution with Fourier transform spectrometer (FT Bruker IFS 120 HR), with DC discharge of
mixture of CS, (120 mTorr) and He (2 Torr) in flowing condition. Some new transitions of d 3 A
-a 3Tl were observed, and analyzed to give molecular constants in v=1 of the d *A; and d 3
A ; states.

(] ___ —Am

CSIZARENOI7OVIMRICEELTE Y., £ ezz—
EMMELE LTERESATWEEELSNFTHD. oA
CS HFNEFREZR 1 I1Z7F, d SAKEIE, D
AEVEVEMEBE/ERAES (-50 cm?) #HH5. BEIC
Cossart #[2, 3]I2& 2T d3A,3 D v>3, A1 D v>1 {KEE
(LBEIZ$RE ST D, Choe Z[4)lEE N EEEFT I &
Y, d3A—-a*TTOBBZEHAL. BERBEDREIED
(TTULSH . D FEHITHE L TLVEL, KK TIL.
AR T — ) TEHBSIE Bruker IFS 120 HR %
BWTCSDHFENAFELARY FILFRIEL. d SADIKE
WvHSDERE M 2Av=l—a 32v=1 ZEAILIZE. 2
WwL-OTHRET %,

€59

CS., (120 mTorr) & He (2 Torr) MEBRIADEFRK
BHEITOZETHEIRED CS FIAE/MLI=. Th ° | | | lef* |
[CKBDFELARY ILZESHHERE 0.03 cm™ T 1800 cm™?
A5 10500 cmL E THIFE L=, a®sr-a’ll X1 CS DBEFRIELL
BREODEZ < OIREN/N> KA 8000 cm™ kL
TTHASh, EFREFEOEHZSA
EHBANRIEHRE SN TLVS[5], Choe
FIXRBEDHHREET 9500 cm* KU F
LVEHMMBEEZERALTWNWSDT, COE
DAIFEIFBFHEIZE D, —
[BAIRARY BIL & fEAT] A3-TIo A9-TIo A1-TIo

B 22 v=1-1 DEBAARY bILZER 0.00
il JJ.UJJJ“M.-.MJUHH””"M‘M”“\%

L L A L B L AL B L LI B B R AL B
7200 7300 U400 7500 7600 7700

wavenumber (cm’ )

40000
I

a'Sz+

30000
I

EEL ) et

20000
I

10000
I

M2 #BARARY ML (L8 EHHE -0.05 ,|||HH|\|MW\|
ARY bIL '




9, £ 200 cm? DRERET 3 20D/ FABI STz, S STHREDRE VEEHEBEFRATESHIE
H2eml EREVE=HIZ, AEVEES X L-RERBOESIZ/NE <. AN (Q=1DBFEOH
BRIz, £z, e, T DRIFATL TIX/NES KRB L TULVEMN o 12D DS TILEIZ %1
KEICERT 20RINZBOH NI, BT, BEDNIIL =T UR1ZRAL aSTHRED S
FEHIL a2 - TIDOETIC K YRESNI-EHB]CEE Lz dAKRBEFREVHKA &I
DFEMB D EEZLUTDESITRE Lz(cm BfZ, 10),

A1 As
B 0.6302633(65) 0.627189(26)
Dx10° 0.03584(56) 0.1470(31)
E 8747.4582(12)  8538.0993(39)  (a%I1; v=0/H 1)

E 36330.347(39) 36120.988(39)  (X’Ttv=0h )

B 312 FRia FECHE LI AT MV EBI AT Moz w4, K2R T
5 XA RN BT DB ITBI S T DN EBEIOREN RO b i Th 5,
A1 EAsD BT Ao DR THWI R > TWH DT, FEHIMHE 0.628726(27) cm ™t 1 3THK[3]D
B=0.62794(12) cm™ 1 (23T, F 77, [8]1TIE £=36327,33(5) cm™ £ ME SN TV DD T, Ak
RITEVWPAEICE > TS, AMREOT R LF =3O TRETE 2, 4%, MoiRH)
WO, REVEEREERTHE LTz d3As(~-100cm™), d2A,, d 3A1(~+100 cm™)®D
BEI1 v b, EHEREZEDLIFETH D,

(5%]

[1] D. Cossart, T. Bergeman, J. Chem. Phys. 65, 5462 (1976).

[2] D. Cossart, J. Phys. 41,489-502 (1980).

[3] T. Bergman, D. Cossart, J. Mol. Spectrosc. 87,119 (1981).

[4] Jong-In Choe, Young-Man Rho, Sang-Min Lee, S. G. Kukolich, J. Mol. Spectrosc. 149, 185
(1991)

[5] K. Sunanda, A. D. Saksena, M. N. Deo, T. Fujiyama, K. Kawaguchi, in preparation (2019)
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Analysis of absorption spectrum of I2
observed by copropagating double resonance spectroscopy
(Tokyo Institute of Tech.) Muramatsu Hidekazu, Kanamori Hideto

We are developing Optical-Optical Double Resonance spectroscopy for heterodyne detection in order
to obtain quantum phase of molecular wave function. For that purpose, an intermodulation technique
was introduced in the frequency modulation of the pump and probe lasers, and applied to B-X
transition of I, molecule. Here, we present some results of the new OODR system including analysis
for the spectral line shape and its width.

[FiR] RMAREAESNz 2 KD L——ZRWE=ZEXRESICIEIDFOKEIBI SO 14812
THRBBNEENTNEIDN, CNERAETOICEXEATOSA VRELIBRELLD, T
HHH, pump Jt & probe K ZFEIRFICHEER GBI FY—) ICAST SEEREFRDOERREE
TORENIDEEL D, SHEH. COLIBATAFA VREZIRETHEHDOTT. —&F
HIBESZ2ERXETHRHET 52FKE LT Intermodulation technique[1]IZERBER %= EHT 5
HAZEITo. COFEE. ZRKDODALR CRHEFRICADD T, F3 v/N\—IZKDHERALE
ABWESHBATHERAIN, SEITFavN—ZERLYIESVEEBTOERINES
CEML, FYBREGREELELGAZENTFEIND,
SHEITEBMEBEEZETSAVRSFICHLTIOFEZERAL., ZEHBRINARY L
FRDHAZEITHIIL. ARY MR OERZT 21O THRET 5,

[RE] EREEN IOV I EERLISRY, 2 — S\t i,
50 DFB FEBARL—H—[FhiEREN 1,064 L o 1

Current
source

[ror |

Current | SWEEP
FG
source .

IFAN—THAYINT B L CRBRANE g o ' R
ﬁlﬁiﬁ t L/ T: o ¥é§=1$ l/_.|j;‘_ (j: L\f*l, :b II:EI jj /_)§ = oscilloscope Lock-mn amp.|

3ImwW BETHENSXAZFITS>LTHaTIEE ~
LWDT., ChEIF7AN—FTT2WET

pump probe

532nm . ~10mW

i%mg L/ N 3F%ﬁﬁ2%$%§%(PPLN)': J: 2 —C SHG | A-meter | |F1ber amp. H SHG |—/—\—'ED_,
HEERLIZ.EFoMN=532nm DRXERALT, 2w b cell
ADFD B-X /N2 FOZEHIESJ[pump : Bl —EHRIGHOAERBRITAVIE

R(40) 32-0, probe : P(40) 32-0] 1T o 1= RAIREIREIE. 7200230z RL—FMBbD=
AREFERL—Y—OBERIY FO—SONRERETHFICANTEIILTITL>THY.
& L—Y—0ORKEHILERET(High finesse WS7) TEZ42—L TL\ 5,

FIRMERAL, 27092302 RL—42(FGL, FG2)D sin ik f1, , ZFNEFhDFEKRL
—H—DFEABRIC+ SV RENLTER LTz, F7= double balanced mixer % {# > TZE I E K
B(f, L)OMBAK L) RUVERKF-L)ZER L, SERAWNV-Ov 40T TOSEES
DLERM100kHz TH-DTH=T0kHz,f,=30kHz &L. /N> F/XX T4 )LZIZK Y
BiR fi+f,=100kHz 28)YH L TSREST L L. I RETEAL =,



[(EREEZEE] Bon=2EHEARY MLIFK
2DESITHY | ZRWHERZELTVWSI LN
Hhd, —fIZ. ARBERATHEONLESIL I
BRR TIE— R R 2f 1B TIEZ R M7 K
EhFon b [2]H5. 4 EIE pump F & probe JED
MAICENENERTENTTLNDO U HEKT
LIDEIBZRMABREDEEN GOz L
EZbNB, HEFEMIZIX, Lanbert-Beer ;5R|IZHE
S>THELE-EBNEBEZ. AEBERAZELE: —

£ L—F—EEH orootasinaft) (wo: HUlyE 18807490 18807492 18807494

— probe (P(40)32-0) N

-1
B, a: ZRAOFRI)OZEHEHKELTTA wavenumberjcm |
2: ZHELEB R [ L
S—EEIT 5 L. WILRMD = RS DR & . b '
HBCEEBH L, pump {iZ{& 18811.092 cm™
SEER L1=EIZIX 15 AN BMMmEENTE S —
EL.H3@DAHTRENDE 5% Dopplerig | (a)

ThER->TWS, —RRICZEXBLXTHE LN
BHE—Y DOE Lamb-dip EZFEKZY ., Thib
DBMMEER S Z &1 pump SN BEERS
NELGDHILEEETDVLENHD, HICSE
DEI3BERARADEREBETHRIETIE. Zh
SDBMMEEILERCEELTHASINAS ) ..
t(:f;éf:&)‘ ?%lahf::i-#\:u'%1§%( Z)Iiitﬁ 18811.06 18811.08 lSSlllil‘Ol o ‘IISISIIIEI‘Z
WEBENRDPBLG SO THRALTVDEERD [ oo ]
nd, =fZL. FiBHMHHEED Doppler 1&(% 440 | (b) |
MHz F2E T pump DT AR TOEMMEEED F | ® i
v TS—IBRICASTWAHIFTEREL, pump | @
MEBIZE > TZEXBESORRKIZTEST S8 _\ﬂ,,_,, -
MHEEILLEDHS, FC T, pump LB ZEL S
BHACBON-ZFEXRBRESDHENTZIT
f-o ZEHRBESICHFST IBMEEEL, LGS —r—
~ < ,}\fd: < 7‘;%) ct 5 fd: pump ﬁll:lﬁ( 3(b)@)-t‘”'?%af 18807.46 l8X(Zaliinmnber[clr:i??,5() 18807.52
SN ZERBESH SBHMAMEE LRLY oo im0 Lambedip %<2 b4
DIRIBIEB L Z 6.7x10% cm? THAHZ LMD i —oolE#BmHED kv 77 —1% GH5)

R

Motz SE. WFAOL—F—LEHAORS O BRI P
41 m I L pump fiZf& (D18811.070 cm™ (218811.086 cm"
aild 1.2x10%cm? FBEIZERELTH Y. Lamb- (318811.098 cm™ @18811.112 cm'®

dip DIRIEAH 35%x10% cm? EHE->TLVEHD
T. SNOoDMMNRIEE LTHAISh TS E
EZbhbd,
SEOHERNS., RERAR CREBICAF LN ZEXRESEMYHT I LK
WL, ZEEBIADATOSA VIRED-ODEBEMEMHIT S ENTET,

[1] Demtroeder “Laser Spectroscopy 2™ p.446-448 (Springer)
[2] Demtroeder “Laser Spectroscopy 2™ p.372-375 (Springer)
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Detection of Non-Emission Vibronic Bands of Thiophenoxy Radical
by Absorption Spectroscopy
(Tokyo University of Science) Haruka Sato, Mayu Negshi, Mitsunori Araki,
Takahiro Oyama, Koichi Tsukiyama

Thiophenoxy radical is a promising candidate as an origin molecule of diffuse interstellar bands (DIBs).
The gas-phase optical absorption spectrum of the 24>—-X 2B, transition of this radical was observed in the
discharge of thiophenol by using cavity ringdown spectrometer. The strongest features appear as
vibronic bands rather than the origin band. The observed vibronic bands were assigned to the 6a and 6b
modes based on the previous works and our quantum chemical calculation of B3LYP/6-311++G(d,p).
These bands may firstly appear as DIBs, if a sufficient amount of this radical exists in interstellar

medium.

(53] FEiZefliciz, KER~Y 7 LD H 2 LEEROH A CEMRFEIEL TWw 5,
INOLDORBYEPET 2 L TEPBKIND, ZD—D% Diffuse Cloud TH %, £ DH
Doy FIC X 2 WINHR 2 Diffuse Interstellar Bands (DIBs) & L C#is X 41T % BE £ TIC DIBs
E AL ORI DTIRICH 72 ) 600 AREEBE S T2, L2l XDk E 2550 T
X7 7 =L v AFF Y (CoH)IRIE TN TR, 2 Z T, 41T DIBs DFEED 72T,
Cavity Ring Down (CRD)/) )¢ % Fi > T DIBs DEHH > T DRI A = 7 + L DHIE % 1T > T
3, —J. DTEBICBVTRY V= F UL (CHCN) B EOEF R X Nz [1]. & T EMS T4
DRYEYFEETHY, 77 LV AFAVERERAOEBNTCH S, L7z, B
DTDLEIRHE S)ZEATHEZ Erb, RABRAILRVEVFBERTHLF A7/ *
VI YANMCERL

F4 7 x /¥ 7Y ANMCEAT BEITHZE TIE. 500 nm Fi2ICHIN 2 24,-X 2B, BT BRI
DWT, EFRREDWINA R 7 P L[ & HNIFEA =T P A[3]|D 2 OBHME I N T WD, Hi
HTR, REANYFS LEY—27HBHRE SN TV 22, BEOERIZA CIRIED £ 7715
TRV, BETIE, IRE Y FIMEEEENCBE X, AV P vy B (00) & 0 58 RE
RNy FERoNR G, —J7, EUNTFTHE 72/ FL TV NNDRINA~Y b AT, F

VYAV FEDROIRESY FABREINTVWB[A], 2hit, F47 =/ F2 59 ALT
R OIRBPEN, CIBETEBREAK I o TR Z LR RBL TS, TNHDI b, F4
7 F VTV ANTORINARZ PATEFERRICA Y v oy FXYRGIRE NV P38
NpLEZLNDL, ZITARIMETIE, FA7 2/ 32 7V NNDIREIAN Y FOREEEZTT-
726

[75i]) HIGE 2 12 CRD 2% Fv 72, S OEIR. 2 RO ERNED 3 5 —BTlkts%
A E A, BB bR - IS & A < 2 P ARG FETH S, FAT
XY TINNE, BEELENEF v T4 —HICEF Y ) TH R (He) LK (F4 7 =
J—)BEAL, SAAREICIVER L, /28y bV RFZEBS I 201, ERL
FAERCHHAIL TEBEIT- 72,

(iR - £4]) 473 —-519nm OFIPHICE T 2, T4 7 2/ X2 TV IV DRINARZ b L%
IR, SEATiE[S] & B TLAEEHHE (B3LYP/6-311++G(d,p)) Z F i, 136 N7z iRE)N v F %



6ao's 6a’ F L W 6a" +6by' (n=0,1,2,3)07urLyravichwELZ, ThbbRvIL
TOIEATIZE[6] & FIfkIC, ZEHER C©H 2 IERXNFFE— F D 6b DIRENE — F 2R T % 7z,
FAT7 2 ) FLITIANDESEMIEL TWDE 24 BFREOERZ AALF—HlICIZRrIre
FRRICH ) —DODBETIRENTFET S, 2070, FRKOIIREHMAIERICX > TEEHER O
6b DIRENE— P BNz FEZON DL, 7z, IREIED LR T 6b OIREIE— FUSICZ
WY FIFEL RV,

INLDIEEIE., BT 77 7 A D0 bR TE 7z, HIERE L HRREBoETRED
ﬂﬁﬁi%ﬂ%ﬂB&g@@%éfb EXE — F TR 7 v 7 7 4 Vit btype B &
7%, Lo L. ZEMERS TR O NFRED Bl & 72 5720 atype IS L 725, T4b i
%%ﬁ%a#ﬂb\%%E%—F@MEK%Euﬁwo

RIT, 6a"+6by! NV FDn=0 ¢ 1 IKOWTEBERE L MEEERDOREEIT-o72 (F 1. K
2)e TNDH DT X —XH b Diffuse Cloud IC Z D9 FFFE L 725 A DRI 7' 1 7 7 4 A2
HETZ 2, HEDL Z AT % DIBs [FHE I N T, %O KB B W T
FUVIPUANY R TNHIRE ANV F2E /17 DIBs {&ffi v F L7 3,

wavelength (nm)

o 510 500 490 480
E 8 N 1| T T T
o 6ap+ 6bg 0 1 2 3
e I ‘
9' 6 [~ 6&3 1 H 2 H
€ 5}
k9]
o a4
t H
8 st
S ‘
S J
o 1r
§ 0 M&WWM w . . . .
© 0 200 400 600 800 1000 1200 1400 1600 1800 5040 5045 5050 5055
wavenumber (cm~) wavelength (nm)
K1 FA727F> 7V HNVDORINRART v
F1 FA727FTIANDHTER (MY
Ground Excited state
Constant state A
B.[7] ’
Origin
6b! 6al+6b!
[7]
T 0 19327.7 19815.3  20214.4
A 01893 01966 01935 02070 4940 4945 4950 4955 496.0
(B+C)l2 00485  0.0468  0.0460  0.0455 wavelength (nm) -
B2 #xFE-Y v FolElig
B-C 00122 00105 00105  0.0105 T4
o 5EER

[Z%%jcrﬁjﬂ Ry Iial—vayv

[1] McGuire et al., Science, 359,202 (2018). [2] HILIEE, 43XEWF9E, 26 %, 535 (1977).
[3] Shibuya et al., Chem. Phys., 121,237 (1988). [4] Araki et al., Astronomical J., 150, 113 (2015). [5]
BEM, HADEHESTESR, 125(2005). [6] Fukushima ef al., J. Chem. Phys., 96, 4224, (1991) &
93, 8448 (1990). [7] Araki et al., Astronomical J., 150, 113 (2015).
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KAkZEFE (Jet propulsion Laboratory)
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(L1 H A — (PEZEHANF A ZERT)
%1 E S FaeiFgtes(2001)  HUK KT 5118 AR (2011) AR TN RS
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