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Fig. 1. The diagram of high-resolution supersonic jet infrared absorption spectrometer.
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Fig. 2. Energy levels of Ar-D,O in the v, bending region of
D,O. Black arrows represent the bands detected in the
present work, red arrows represent the bands!'', blue ar-

rows represent the bands2.
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Fig. 3. The spectrum for X (1g1,v2 = 1) < II (101)band of
Ar-D,0O: (a) Observed spectrum; (b) Simulated spectrum.

Line marked with an asterisk is from the D,O monomer.
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Fig. 4. The spectrum for X (1g1,v2 = 1) < II(110)band of
Ar-D,O: (a) Observed spectrum; (b) Simulated spectrum.

Line marked with an asterisk is from the D,O monomer.
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F 1  Ar-DyO TEIELIAMNX IR BRI A EH LA (S0 MHz) »
Table 1. Refitting of transition frequencies of Ar-D,O in the far-infrared region (in MHz) 2.

Assignment II(1p1) + X (101)" II(110) « X (101)" 3 (111) + X (000)° II(111) « X (000)°
P(15) 593671.56(—85)
P(14) 594125.10(89)
P(13) 594617.34(63)
P(12) 595159.22(-50)
P(11) 595761.68(-81)
P(10) 596438.86(-22)
P(9) 286151.60(1) 380426.47(0) 597208.18(5)
P(3) 290294.16(~2) 383658.52(1) 598095.30(5)
P(7) 294584.78(0) 387168.84(0) 599137.41(19)
P(6) 299029.93(-1) 390958.16(1) 600387.39(59) 529456.94(-55)
P(5) 303635.47(1) 395026.72(2) 601924.22(95) 538944.20(-44)
P(4) 308406.24(0) 399374.40(0) 603862.02(-15) 548068.80(41)
P(3) 313346.09(-1) 404000.86(0) 606374.16(-75)
P(2) 318457.69(-2) 408905.45(1) 609688.76(68) 564472.24(-33)
P(1) 614050.94(-94)
Q(1) 329209.16(0) 419686.25(0) 576854.64(14)
Q(2) 329225.88(0) 419967.95(2) 576845.60(10)
Q@3) 320249.43(0) 420389.80(-2) 576832.02(8)
Q(4) 329278.03(0) 420951.17(1) 576813.78(2)
Q(5) 329309.36(0) 421650.90(0) 576790.88(1)
Q(6) 320340.61(-1) 422487.66(1) 576763.12(—4)
Q(7) 329368.59(0) 423459.73(0) 576730.48(-3)
Q(8) 320389.75(1) 424565.04(0) 576692.81(1)
Q(9) 329400.26(0) 425801.07(0) 586649.90(-1)
Q(10) 576601.72(3)
Q(11) 576548.01(-4)
Q(12) 576488.93(5)
Q(13) 576424.08(-2)
Q(14)
R(0) 334830.48(0) 425278.22(1) 626461.13((64) 581244.48(-50)
R(1) 340629.81(2) 431284.54(-2) 634322.63(-7)
R(2) 346594.45(1) 437562.59(-1) 642975.68(-31) 587181.98(—24)
R(3) 352719.13(1) 444110.37(1) 652188.92(—61) 580211.88(44)
R(4) 358997.30(0) 450925.49(-2) 661789.14(-50) 590861.04(70)
R(5) 365421.36(5) 458005.35(-1) 671655.74(25) 592246.68(33)
R(6) 371982.39(-4) 681704.80(21) 593449.38(99)
R(7) 378671.09(-2) 691879.92(-12) 594518.75(-43)
R(8) 385477.11(4) 702141.48(-1) 595494.34(-90)
R(9) 392389.53(-2) 712459.36(2) 596401.33(-39)
R(10) 722811.14(14) 597256.58(-2)
R(11) 733178.48(-15) 598073.14(10)
R(12) 598861.05(8)
R(13) 599628.49(43)
R(14) 600380.64(31)
R(15) 601122.42(7)
R(16) 601856.02(~96)
R(17) 602584.84(46)

iSO (SRR E- T E) < 10%

b S LR F T SCHR[2];
© SCEMIE LA B T OCHK(T].
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# 2 Ar-D,0 7 DyO HIA v, 75 ik SR I S LI B AU i 22 (FAL: cm !

Table 2. Newly observed transition frequencies and fitting residuals of Ar-D,O in v, bending region of D,O (in cm )2
Assignment 3 (000) X (111) Y (0go) «— II(111) ¥ (101) + II(110) ¥ (1o1) - II(101)
P(13) 1157.9570(5)
P(12) 1157.9810(0)
P(11) 1158.0070(4)
P(10) 1158.0340(3) 1164.6769(-2)
P(9) 1158.0627(0) 1161.7230(-17) 1164.9049(6)
P(8) 1158.0939(-3) 1161.9839(2) 1165.1281(-3)
P(7) 1158.1287(-2) 1162.2345(-1) 1165.3492(3)
P(6) 1158.1681(~1) 1162.4770(-2) 1165.5657(2)
P(5) 1158.2135(-3) 1162.7108(-7) 1165.7774(-5)
P(4) 1158.2685(2) 1162.9371(-2) 1165.9857(-1)
P(3) 1158.3354(-2) 1163.1541(-5) 1166.1901(11)
P(2) 1158.4209(-4) 1163.3632(-1) 1166.3873(1)
P(1) 1158.5331(-1) 1166.5815(10)
Q(1) 1163.7504(2)
Q(2) 1163.7416(1)
Q(3) 1163.7289(3)
Q4) 1158.6820(-3) 1163.7117(4)
Q(5) 1158.6835(-3) 1163.6902(3)
Q(6) 1158.6853(-2) 1163.6645(3) 1166.7712(0)
Q(T) 1158.6874(-1) 1163.6348(4) 1166.7728(-1)
Q(8) 1158.6899(0) 1163.6005(0) 1166.7752(0)
Q(9) 1158.6927(1) 1163.5627(1) 1166.7782(0)
Q(10) 1158.6957(1) 1163.5207(-1) 1166.7821(1)
Q(11) 1158.6991(1) 1163.4753(1) 1166.7868(0)
Q(12) 1158.7028(0) 1163.4260(0) 1166.7927(0)
Q(13) 1158.7070(1) 1163.3730(-3)
Q(14) 1163.3171(-1)
R(1) 1157.5857(8) 1167.1275(0)
R(2) 1157.6960(2) 1159.3539(-3) 1164.2752(0) 1167.2987(-4)
R(3) 1157.7804(3) 1159.6412(0) 1164.4305(-5) 1167.4657(2)
R(4) 1157.8455(0) 1159.9463(1) 1164.5782(2) 1167.6264(0)
R(5) 1157.8977(2) 1164.7160(0) 1167.7819(-4)
R(6) 1157.9401(0) 1164.8454(5) 1167.9332(0)
R(7) 1157.9762(2) 1164.9655(5) 1168.0803(10)
R(8) 1165.0767(6) 1168.2210(2)
R(9) 1165.1766(-17) 1168.3581(1)
R(10) 1158.0580(0) 1163.2720(2) 1168.4914(3)
R(11) 1158.0795(-5) 1168.6204(1)
R(12) 1158.0994(-6) 1168.7455(-4)
R(13) 1168.8687(5)
R(14) 1158.1360(-1)
R(15) 1158.1528(2)

FES T (52

BAE-TTFE) x 101

013401-6
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%3 ArD,0 %R TR T2

Table 3.  Molecular constants of vibrational sub-states of Ar-D,0%

Parameter Ground state D,0O (v, = 1) excited
¥ (000) Ref. [7] This work This work
v/em! 1177.92144 (32)
B /MHz 2795.93 2795.86781(44) 2797.88(11)
D /kHz 78.137 77.7551(54) 77.16(46)

H /Hz 2.406 2.930 (19) -2.930(19) *
¥ (111) Ref. [7] This work Ref. [11]
v/cm ) 20.669081(11) 20.6690759(17) 1199.84075(22)

B /MHz) 2808.409(30) 2808.36099(61) 2835.137(51)
D /kHz) 136.24(89) 136.328(14) 137.005(33)
H /Hz) -23.3(69) -20.27(10) —

L /Hz) 0.084(18) 0.09110(29)

I(111) Ref. [7] This work Ref. [11]
vfem ) 19.335135(11) 19.2419471 (16) 1198.12738(22)
B/ MHz 2793.526(22) 2793.46903(54) 2767.084(51)
De /kHz 13.84(74) 13.308(12) 20.806(33)
Df / kiz 79.06(33) 78.7624(73) —

e /Hz 1.49(58) ~17.565(94) —

Hf /Hz ~1.7(13) ~1.902(27) —

Le /Hz 0.140(14) 0.14473(24)

8 /MHz 5141.09(12) 3635.3021(12) 3509.22(19)
¥ (Lo1) Ref. [2] This work This work

v /em! 1177.74889(26)
B /MHz 2729.114(10) 2729.11326(75) 2734.85(98)
D /kHz 52.96(24) 52.965(19) 53.90(42)

H /Hz ~13.5(17) ~13.40(13) ~13.40(13)
I (101) Ref. 2] This work Ref. [12]
v/em! 10.9809467(18) 10.9809468(17) 1189.41215(11)
B¢ /MHz 2815.2130(92) 2815.21185(76) —
Bf /MHz 2733.497(12) 2742.423 (66)

D¢ /kHz 110.24(18) 110.229(16) —

Df /kHz 78.66(31) 78.665(28) 75.65(25)
He /Hz 23.2(11) 23.228(96) —

Hf /Hz 5.0(23) 5.07(21) -
II(110) Ref. [2] This work Ref. [11]

v /em! 13.9945245(20) 13.9945245(19) 1192.86911(21)
B¢ /MHz 2866.584(19) 2866.5846(12) 2855.13(60)
Bf /MHz 2799.615(18) 2799.6154(11) 2793.37(19)
D¢ /kHz 61.65(90) 61.646(40) 47.97(79)
Df /kHz 63.21(68) 63.211(30) 35.08(20)
He /Hz -32(13) ~31.95(37) —

it /Hz -22.2(74) -22.92(22) —

5SRO LA AR G 22

O i S TR AL L
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2B Q N ES T (000, v2 = 1) < II (111) FYFIMI{E
UAHZE 0.4 em !, Jf-H Q SCH P(1) i nd H 8L
WAl PIHE X E— 1+ BRI

(a) *

(b)

Absorption intensity/arb. units

o T

1157.6 1158.0 1158.4 1158.8 1159.2

Wavenumber/cm~!

[gl 5 AI‘—DQO E/‘J % (000,1}2 = 1) — X (111) ﬂ] 2(0007

vo = 1) « I (111)i%H () FEGIE; (b) BHGHE; ®
A0l 2 (0go,v2 =1) « S (111) BRI W H#, ¥ (o
¥ (000, v2 = 1) + I (111) KFEH . 25 Frxn A DO H#
Rk

Fig. 5. The spectra for X (0go,v2 = 1) + X (111)and
3 (0p0,v2 = 1) <= II(111)bands of Ar-D,O: (a) Observed
spectrum; (b) Simulated spectrum. The red is (0o, v2 =
1) + ¥ (111)band and the blue is X(0pg,v2 =1)
IT(111)band. Line marked with an asterisk is from the D,O

monomer.

fili (1) 389 85 BUR 553+ A R 5% 1 i
A1 SPFIT 2 /3 B2, %} Suzuki 55 7 WL ) TT (114,
v = 0) + X (0gg) Fl X (111,02 = 0) < X (000) LA M
ASCM ) 2 (000, v2 = 1) <= T (111) Fl (000, rve =
1) « S (111), I 4 DERITIEAT 99 SRkt iT 1
P E. WA R % JE T (111,02 = 0)
IS (111, v2 = 0) BB Z [ B B HL B AIHE 5 [R] A
VA e hRE N 43T SBT3, LA
2L A0 X R T 400665 B2 43 0l 1A 10 kHz i
0.001 cm . #ALERINFE 1 A 2 s, WG T
15378 21 A0 T 21 A1 X S8 BR AT 19 A 1 Al 22 53 ) 8
0.50 MHz A1 0.0003 cm . #&FEIA4 BEH T
SR TR 3 .

TEF 5 B MRERDEIE , 2068 $(000, v2 =
1) « X (111) 347, #5682 (000, v2 = 1) + I (147)
T, AT DL R BB 4 N SE g i 4 —— X 1. (]
I TR BEARHELE, 2 (000,v2 = 1) + 2 (11)R
HEL N (090, v2 = 1) < T (111)P S A H.HE
B, TR I AR K. T X (000, v2 = 1) + ¥ (111)
P 31 S (00, v = 1) <= TI(111)R SCIEER o3 Al 4]
AR EL AR BE AR /N, RS b U R A~

ARG L A B,

4 A5tk

MF 1A LAk B, A SCX ortho i 7 I1 (111,
vy = 0) + X (0g0) A1 X (111,v2 = 0) < X (000) HY U4
A 2 (0.50 MHz) it K T para §i #7 (11, v2 =
0) + 3 (1o1) ML (110, v2 = 0) < X (Lo1) FI LA T
2z (0.02 MHz). H: 7] fg J&t Ay T1° (111,02 = 0)
¥ (111,02 = 0) BRI Z (B AAAERE L BRIAH AR, 3
ff e Z A B, AT S 30U A 25 A2 K. 7]
Bf, 3R 3 Hal &, ARSCHIL (111, v2 = 0) BEZL AU
HHSEE S Suzuki 1 1B WEFA7E— L2 7.
Suzuki % [ LA 19 Zh AR RE il 19.335135(11)
em L, WAL A BERE R 19.2419471(16) cm'!, —
FAZERIT 0.1 em ', B o™ HEAY 2, Suzuki & 7
PLE I IIE (111, v2 = 0) I (111, v2 = 0) Z [ YL HL
B R4 H 508 9 5141.09 MHz, i A SCLE B A
3635.3173 MHz, — A 4 K%y 1500 MHz 1) 22 {8.
FHZE ML Z R ARG B 2 R BOE LA I E
KES. RMNE 10T LIE ) A SCGE 4R
BB II(111,v2=0) « X(000) FI E(111,v2=0)
Y(000) BRI 1% 26 550R 1A (E AT Suzuki 55 7 1Y
SN EAEAT B AFRLS. R T ISR A R HE
P, B2 E2RME PR I(1n, v =0)7F
¥ (111, v2 = 0) BT H EU € T Suzuki 55 7 1Y
PWAE, B X (000, v2 = 1) RS ER RT3, 25
RERIA FIELM R ERT 1 em™!, LTI
Suzuki LG SEOFAEMERE. H#E—2, FRATHRXT
I (111,v2 = 0) < X (000)F1 X (111, v2 = 0) < 3 (0g0)
PO A I 2L AR 35T A 1 R i AT A, X Suzuki
LMW TAEMATEERE, 258 BRIESHEA
X RE SRR E 3. 5 —JriH, R 3 TR
Li 45 WSS B R Sh L B I (111, 02 = 1) A
Y (111,02 = 1) BE Z [A] A9 B B B RIS A 8 £ 6 R
3509.2206 MHz, 3% 5ASCILG MRS s EARR
3. 25 BRTIR, FTLAHERT Suzuki 55 7 25 0 73+
ST REA HE IR

WmE 2 Frws, A SCILE 15 E] A S (000, v2 = 1)
IS (o1, v2 = 1) REGLRE & 1T LIy BB VER Sl &
A ortho Hl para REGAUAEXTZ . SUEAHE] Ar-
D,O X (0o, v2 = 1) AE 4 1177.92144(32) cm
5 DO HAR Ay 3k (1178.3790 cm ) A AR T

013401-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 72, No. 1 (2023)

013401

# 4 Ar-D,0 S8 5B MRS T RESURI R L AL

Table 4. Comparison between observed and calculated vibrational sub-state energies of Ar-D,0O.
=0 D,0 w=1 excited
Exp. Theo. © Exp.-Theo. Exp. Theo. © Exp.-Theo.
IT(111)" 19.2419 19.4189 -0.177 20.2996 20.4349 -0.1353
3 (111)? 20.6691 20.9706 -0.3015 21.3633 22.0928 -0.6647
II(101)" 10.9809 10.9785 0.0024 11.6633 11.6329 0.0304
I (110)® 13.9945 14.4571 -0.4624 15.1202 15.4173 -0.2971

@ T1(111) FTE (111) RT3 (000) A REZ ] B
b TT (1o1) A TL (110) AT X (101) HYBRELR ARG ;
¢ HS T EESR A F3CHk[33)

0.4576 cm . FRHELI IS H Ar-D,0 4k 3hFHE
e, LA S BRSNS A R & T ortho
BE S IL (111) Fl X (111) #H X} F X (000) UL M2 para BE
211 (Lo1) A1 IL (L10) FHXTF X (101) 22 18] %) BE 2% [)
b, Wang 45533 JEF Ar-D,O LS D,O Zitiirahfiy
IEARFRIY 4SRRI, THE T Ar-D,O B8 HMIEUA
BRI ShRED. £ 4 W T SCs MBS 45
R NFHA DA R e s RAN R Z AR 51
B, FHRELA N 0.267 cm !, Vi Wang 2563 (1
B b M= R IS W R O T R (SRR M=K [ERSTEN | N

5 & &

AR ST FH A 1 GO AR 45 G ko le
A F R CIEFARTE DO vy 25 A IR SRR I
= AR T Ar-D,O 19 4 A>3 1998 80 ¥ 8l 1717 -
Y(000,v2 = 1) + X(111), 2(0gg,v2 = 1) «II(117),
Y(1lo1,v2=1) « (110) M X(lo1,v2=1) + II(1p1).
el IR B A 800 288 st i WA DG 1 Hh £ 41
ML AMEL I T N R/l E, B8 TH
BB TR S F 240 T (111, 02=0) Fil
3111, v2 = 0) Z [A] 9B} BL BRI AR B/E FH olcAs T 3%
SR BE A3 AT, PR S g B EOUN 3] (000, v2 =
1) « X(111) F1 E(000, v2 = 1) = II(111) 3% 7 A9 H8 43
WLk, ACARRNF) Ar-D,ORIAE I/ S50 LR
A 535 3 19 43 (] i 1 AN AR 28 2058y Tk f At
2%,

S 30k
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New rovibrational subbands of Ar-D,0 complex
in the D,0 bending mode region”

Li Xiang Liu Yun  Zhu Tian-Xin  Duan Chuan-Xi'

(College of Physical Science and Technology, Central China normal university, Wuhan 430079, China)

( Received 2 September 2022; revised manuscript received 22 September 2022 )

Abstract

The intermolecular interactions involving the water molecule play important roles in many fields of physics,
chemistry, and biology. High-resolution spectroscopy of Van der Waals complexes formed by a rare gas atom
and a water molecule can provide a wealth of information about these intermolecular interactions. The precise
experimental data can be used to test the accuracies and efficiencies of various theoretical methods of
constructing the intermolecular potential energy surfaces and calculating the bound states. In this work, the
high-resolution infrared absorption spectrum of the Ar-D,O complex in the wv, bending region of D,O is
measured by using an external cavity quantum cascade laser. A segmented rapid-scan data acquisition method
is employed. The Ar-D,O complex is generated in a slit supersonic jet expansion by passing Ar gas through a
vessel containing liquid D,O. Four new rovibrational subbands are assigned in the spectral range of 1150-1190 cm !,
namely X (0po,v2 =1) + X (111), X (000,v2 =1) + II(111), X (lo1,v2 =1) + II(110) and X (lo1,v2 = 1)+ II(101).
The first two subbands belong to the otho- species of Ar-D,O, while the latter two belong to the para- species.
The observed rovibrational transitions together with the previously reported pure rotational spectra having the
common lower vibrational sub-states are analyzed by a weighted least-squares fitting using a pseudo-diatomic
effective Hamiltonian. An experimental error of 10 kHz for the far-infrared transitions and 0.001 ¢cm ! for the
infrared transitions are set in the global fitting when using Pickett’s program SPFIT, respectively. The
molecular constants including vibrational substate energy, rotational and centrifugal distortion constants, and
Coriolis coupling constant, are determined accurately. The previous results for the II(111,v2 = 0) substate are
found to be likely incorrect. The energy of the X (0go,ve =1)and X (1¢1,v2 = 1)substates are determined
experimentally for the first time. The band origin of Ar-D,O in the D,O v, bending mode region is determined
to be 1177.92144(13) cm !, which is a red shift about 0.458 cm ! compared with the head of D;O monomer. The
experimental vibrational substate energy is compared with its theoretical value based on a four-dimensional
intermolecular potential energy surface which includes the normal coordinate of the D,O v, bending mode. The
experimental and theoretical results are in good agreement with each other. But the calculated energy levels are
generally higher than the experimental values, so, there is still much room for improving the theoretical

calculations.
Keywords: intermolecular interactions, water complexes, vibration-rotational spectrum
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