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#HE: £ DFT-B3LYP/6-311++G" 7K I 43513k 15 (CH,),S - --HOO F1(CH,),0---HOO FF7¢ T & 5 &2 & Wy #ae
AR ER R SRR AT, SR HOO A B Lk, 2 &Y H10-011 S 4Rk sh A= & AL 8 2 4088,
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Hr LP(S1)*—0"(H10-011) 5 EZAEF, BW LS5 o' (H10-011)F A 24 FREIE N T 37.27 me; #£(CH,),0-+
HOO "5 HEAL A LT 5 RS AEB IR0 /E . ATM 3R 4022 B, S1-+-H10 A1 O1-+-H10 [MIEFA LSS, V()
43514 0.06196 F 0.03745, U X FPAR ELAE A TF 2L 00 BiR0 5 -5 22 8], s T HLVE AL

KR —HEG, RdEBmE; SEHEAY; BAEPLUEHE, HTHETHER
HESES: 0641

Red Shift Hydrogen Bond of Open-Shell (CH;),S(0)---HOO Complexes in
Gas Phase: Structures and Properties

YUAN Kun®  LIU Yan-Zhi LU Ling-Ling
(College of Life Science and Chemistry, Tianshui Normal University, Tianshui 741001, Gansu Province, P. R. China)

Abstract: The optimized stable (CH;),S---HOO and (CH;),O---HOO hydrogen bond complexes were found on the
potential energy surface at B3SLYP/6-311++G™ level. The obvious red shifts of the HI0—O11 stretch vibration in the
two hydrogen bond complexes were obtained by frequency analysis, and the red shift values were 424.21 and 374.22
cm™, respectively. The hydrogen bond of S1(O1)---H10 interaction energy were —24.68 and 31.01 kJ-mol™, which was
calculated with basis set superposition error (BSSE) and zero point vibrational energy (ZPVE) correction at MP2 level.
Natural bond orbit (NBO) theory analysis showed that two kinds of charge transfer exist in (CH;),S---HOO hydrogen
bond complex: (1) LP(S1)'—¢ (H10-011); (2) LP(S1)*—¢"(H10-011), and the natural population of the o"(H10—
O11) increased by 37.27 me. Analogous charge transfers existed in (CH;),O---HOO hydrogen bond complex. Bond
order analysis with nature resonance theory (NRT) showed that H10-O11 bond order decreased both in (CH;).S---HOO
and (CH;),O---HOO hydrogen bond complexes. This agreed with the charge transfer discussion and frequency analysis.
The topological properties of the hydrogen bond structures were also investigated by the atom-in-molecules (AIM)
theory, and the results showed that there exist bond critical points between S1(O1) and H10.
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O ZEH3E, i1 H,S0,---HOO® HNO,:-- HOOY |
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HOO®F1 HOO---CHCIO"4: & A W), 47 & — W JEh
Rt A A o SRS A EAE A B PSR A
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FH© PR AT — B - A 4R A 3 A A A
FHRA L.

1£ MP2 il B3LYP /K-S 8RR PRI 145
— AL LA OCRE, Hodh MP2 D5kl DI AT
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L ELRRIM, SRR SIRA e fLRE, {2 BBLYP Jrikitk
WERATE JLIA B AL, G dd X S A B Y 45 i3t
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AL FERE [, 28 MP2 K¢ 1F JE2H 1 & 1% 22 (basis set
superposition error, BSSE) 1f ¥ 1148, SRIGAI B AR
FHfE. SR H AR EEHLIE FRE (NBO) A3 1 v (1 5
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% Gaussian 03"F2 7 52 Ji; NBO S8 )7 43t it
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Fig.1 Optimized geometries of monomer and open-
shell (CH;),S:--HOO and (CHj;),0---HOO hydrogen bond
complexes



No.5 =R AP ITSER(CH,),S(0) - HOO 1755 Ui A 5 W 9 25 Ky 15 4 ot 863

T S JEF1Y van der Waals 2484 0.180 nm, O J&
T4 4 0.152 nm, Rowland®™ 336 T H B9
van der Waals 2425 0.109 nm, 23 S1---HI10 &
SR K 0.2199 nm, O1---H10 A8 K h 0.1693
nm, A UL, X PR EE S ER B /N T e AT L Y PR
ANE T van der Waals 242 22 Fl. (CH,),0+--HOO
S E A5 Y M £L011H1001 iy 173.5°, 1
(CH,),S*-*HOO 8 &5 W rh i /1 £ O11H10S1 Hy
T 15 °F- 11 19 164.9°, A UL 5 32 5 S B L) S1.
HI10 F1 O11 =AM JEF AN —EHZ b, X 551t
TRTN3Z A _EAH S W BILTE 2 [a] T AR B X R A [R) A
K J3AN, FEPIAEE G, (CH,).S Fl(CH,),0%5
P AL TC I R 70 S 550 5 LB R AR L 0 A 1) i Y
A4k, 1 HOO 454 Bt H10-011 8K A8 {1k g
2, Rano-omy 23 I3 K 70.0022 F1 0.0021 nm, F52 -
XASE AR R LR S A W Y ) B R
i, LR AR LT /M R Y N
2.2 Mk IRNER S EEEIERRE

% 2 51T B3LYP/6-311++G™ /KF FitE Ry
RTINS GRS A IR S OGTE, xS R iR 3l
it T IHJE. AR T LUE H, (CH;),S -HOO
AW, S1-C2 1 S1-C6 P 4R shifi 4 5 2
TR EAR LA B 284k, X 558 G (CH,).S HL
JGAY S1-C2 il S1-C6 FHEK &A= T /Nl AR 1Y)
gE A —30 5 ¥4k HOO M, A8tk it hy B 35 1Y
A H10-011 {45 3= sl 1 45 % E e, et
ANETE R LR, LR E Ik 424.21 cm ™. FE
(CH,),0---HOO & # & 5, HL0-O11 #fii 4 i
SR R T B B LTS, LLA5 M N 374.22 cm™.
[AIHATE 2 5, (CH,),S---HOO & & 44+ H10-
O11 11 45 41 5l 4 3 & >~ 997.4 km -mol ', i 5L {A
H10-O11 45 ¥ 3h ()58 B 4~ 27 km -mol ™!, 2L
I/NTHT#, 7E(CH,),0---HOO At & & Wbt fs
FESSAL AT DL, 3 J2 (R R 20 i i 5 W AR A AR
Pl )i E X R T A, TR A
Y SR, R AL, H e A TR
A7, ff H10-O011 it — 25 Ak, SRl Ab % 46 5]
JEFOr B = AR T SR R, DRI il 2T 415 B 2
B, 534, 2 2 ARSI T AN A W A RS
Fa F0E 5T % VT4 O 9 H10—O11 8 78 H10011012
ST N PR IR S TR AR, S5 R HOO
Ee, EATTERI B & AR SR RS, W RS (E /il 96.33
112156 cm™, X & H T S-+-H fil O---H KT

1E, ¥R T H10-011 7653 V1l N 3h i 1%
B, NI A AR EE RS, X AT DA A A 2 B AR [ £7
TE AR BAE RS TR 2 —.

% 3 451 T35 i B3LYP/6-311++G™ 1 MP2/
6-311++G" Ik AR B R A Y b S A A
FARE(AE™) A4 BSSE #% 1F & & 5 IR sh BERE 1E )5 1Y
S HAE FHRE(AES, AETE) MP2 J5 1% gt #f
b A B SRR ] B (B BRE O B T35 S (B RER 43
1), W3 3 aJLIE H, R4 BSSE #:IERT, i B3LYP
D7 R4S 2 I S AH BAE B8t MP2 7 45 21 &
AN HAE I RE/D, 13X 5 Hobza "5 1 E A 4516 — K.
SERTAH EE, 48 BSSE £ 1FJ, B B3LYP )5 i%:15
S A EAE BB (AED) LA K, i MP2 5645
I i AR EAE I BE(AE®) B 2 722 /)N, 6B 115340
HAEFRERT, #E1T BSSE M IEJ& T/ B . R4

%1 B3LYP/6-311++G" 7k _E B{K K (CH;),S(0) -
HOO S#E &5 WHHEIS#

Table 1 Optimized geometrical parameters of the
monomer and (CHj;),S---HOO complex at B3LYP/

6-311++G™ level
Compound Bond length‘ B3LYP .. Opt-BSSE" Exp.
or bond angle* 6-311++G
(CH;).S S1-C2 0.1825 - 0.181
S1-Co 0.1825 - 0.181
£ C2S1C6 99.7 - 98.9
((CH,),0 01-C2 0.1413 - 0.141
01-Co 0.1413 - 0.141
£ C201C6 112.7 - 111.7
HOO H10-011 0.0977 - -
011-012 0.1328 - -
£ H10011012 105.9 - -
(CH;).S--*HOO H10-011 0.0999 0.1000 -
011-012 0.1328 0.1328 -
S1-C2 0.1828 0.1828 -
S1-C6 0.1828 0.1828 -
S1---H10 0.2199 0.2214 -
£ H10011012 104.8 104.9 -
£ 0O11H10S1 164.9 165.5 -
£ C2S1C6 100.1 100.9 -
(CH;),0:--HOO  H10-011 0.0998 0.0996 -
011-012 0.1329 0.1329 -
01-C2 0.1426 0.1424 -
01-Co 0.1426 0.1424 -
O1---H10 0.1693 0.1719 -
£ H10011012 104.8 105.1 -
£ 011H1001 173.5 175.3 -
£ C201Co6 113.2 113.3 -

*for atomic number, see Fig.1; *Opt-BSSE are the results of the complexes
obtained by the CP-corrected gradient optimization method at
B3LYP/6-311++G" level. bond length in nm, bond angle in degree
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% 2 B3LYP/6-311++G" 7k L (CH;),S---HOO. (CH;),0---HOO S8 & ¥R H B MHEXIRIIAE v(cm™)
Table 2 Calculated stretching frequencies of monomer, the (CH;),S:--HOO and (CHj;),0---HOO complexes at

B3LYP/6-311++G™ level
Complex Vibrational mode V' v Av® Approximate description®
(CH;).S---HOO v 3600.67(27) 3176.46(997 .4) -424.21 H10-011 stretch
v, - 636.12(73.3) - O11-H10 rock out plane
Vs 677.76(3.23) 672.32(3.36) -5.44 S1-C2 stretch
vy 1156.49(28.89) 1180.62(17.2) 30.13 011-012 stretch
Vs 1422.7(30.03) 1519.03 (27.08) 96.33 O11-H10 rock in plane
(CH;):0:--HOO v 3600.67(27) 3226.45(1041.58) -374.22 H10-011 stretch
v, - 797.66(83.79) - O11-H10 rock out plane
vy 934.44(42.28) 915.08(63.32) -19.36 01-C2 stretch
vy 1156.49(28.89) 1183.24(19.96) 26.75 011-012 stretch
Vs 1422.7(30.03) 1544.26(23.06) 121.56 O11-H10 rock in plane

“Infrared intensities (km+mol™) are in parentheses. "AV=vcompex—Vmomomer; ‘Dased on the calculated atomic displacements
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S A B VR F BB (AES2VE) B 08/, {H(CH,),S -+
HOO FI(CH;),0---HOO & & AW b i1 A 5 A B
YE FRE (AESVE, MP2) 435l i5 8] T —24.68 F1-31.01
kJ-mol™, P IAPANIL G 4 b ) SUHAH B R0

3 Ak, FRAA ) A AR 5 B B /N AT LA 3E 2
NBO #1153 2] Fa g fLRE EXok A F:. NBO Hlig &
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2.3 NBO KEBFSHT
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K 2.73 kJ-mol™; 1M sp'¥ Z&4b B LP(S1) JR5F HL
¥, HAE R 3 p BUBGE 9 ME R, B AR B s
J& SRt k7 B AR TH S (8] 2(b)). 73 4h, LP(S1)* 1Y
sp™ AL S o (H-C)HLIE [H] 14 fE 2% (0.65a.u.)
BN, AT R AR BSR I AR, H EQfA &5 49.73
kJ+-mol™. LP(S1)" #l LP(S1)? [fi] " (H10-O11)#/1 1 %%
BB g RS o’ (H-0) 1 A SR A Jm 50 mn 1
37.27 me. %f(CH;,),0---HOO 8t &¥), IR FEAEAE
O1 FHymixt I By, 711 o (H10-O11) i 55 7%
(B 3(a, b)), XPXII T4 512 sp*™ B LPO1)!
Ml sp™ B LP(O1), BEA1S o' (H10-O11) ¥ A
HAEH P R R fLhe E@4r 70 10.42 F
45.74 KJ-mol™, ELIYHL A # F5 1E h 24.78 me. BLZ,
PLE WP L AT R S AR S5 T o (H10-O11) 5, i H:
SRS AR R, RPFIH PO, AN ) )8 5
/N, FEARNINRLF.

NBO 43#rid kW, S1 5 C2 f Co Wit HAk
b7 AL BAR(CH,).S 43 F H R sp™™, 7E(CH,).S -+
HOO &85 &bk sp>, B S1 244k )7 R &
A WL A ek, s BN S TN T 1.34%, AT
SI-C2(C6) HH JLT- A 2l 28 i 7E(CH,),0---HOO
[HEGYh, o1 244k )5 X i H 4k (CH,).0 Hiy
sp*® BFARAL R sp*®, He s AT 7.84%, AR
1 Ol-C1(C2)# K2y T 0.0013 nm. 73 5b, 7E M

£ 3 (CH;)S:-*HOO ¥ (CH;),0:--HOO E&5 ¥ Bk ESEBEIERLE
Table 3 The interaction energies of the the (CH;),S---HOO and (CH;),0---HOO hydrogen bond complexes

B3LYP/6-311++G"™

MP2/6-311++G™

Complex
p A Elm A E‘CP A ECP+ZPV'E A Elnt A E(P A ECP+ZPVE
(CH;),S*--HOO -35.12 -35.11 -29.15 -37.26 -29.88 —24.68
(CH3),0---HOO -43.20 -43.02 -34.22 -48.15 -38.51 -31.01

AE“ is the total interaction energy, AE? is the interaction energy with BSSE corrections, and AE®*"F is the interaction energy
with both BSSE and ZEP corrections. The energies are all in kJ-mol™.
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Fig.2 3D images of the interactions between natural bond orbits of (CH;),S and HOO in hydrogen bond complex
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WA BB AR L. 5540, (HAS B A2, 7654 (CH,).S
t, C2 5 H4 BUBEET 09 22 AL AR sp?, T 7E 44
(CH,),0 1, C2 5 H4 AUEERT 284 IR S sp>®, AT
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5 OOH iy O11 Z[AIJE L =S, 1 (CH,).S WA fE

i C2-H4 5 OOH #1011 Z [)JE i A 5.

# 5 /& NBO 5.0 T ¥ {8 2L 4R 3 2 (nature
resonance theory, NRT)2U# @i 525 . R rpm] DA
F i, A WY(CH,),S--HOO H1(CH,),S 45 5ic
) S1—C2 S i 8 (i 5 LR 4+ S1—C2
FAVEEE (R b, LA B 40 0 B8 7 0 0 D,
g i 1.0142 98/ 0.5070. 7E 2 A 91(CH,),0
" HOO WA ZEZ UG . X i F-HE{& HOO Tfif
7, 011—012 W7 JL-T- A A8 4k, il O11—HI10
S B S, B R I R, B
{8 0] Hy 24K HOO i1 0.4952 43 53 /N3] 0.4776
1 0.4842a.u., 25/ T 0.0176 F10.0110a.u., X5
H10—O11 B KA SR —2. BN, BTN E S
Yyrh S1---H10 #1 O1---H10 B A8 IE i, S1 5
HI10 Z [AFF7E 0.0160 a.u. AHFE, HhE 7 as
A 0.0152 a.u., LR T A 853 170.0008 a.u.; O1 5
HI10 Z [HHLAETE 0.0007 a.u. FOEEFAE, Hid 8+ ik
53°70.0006a.u., 1M HILH 514 0.0001 a.u..

£ 4 MP2/6-311++G"” 7K _E(CH;),S---HOO X (CH;),0---HOO S# £ 54 NBO 247
Table 4 Natural bond orbit analysis for the (CH;),S---HOO and (CH;),0---HOO hydrogen bond complexes
at MP2/6-311++G" level

(CH;).S---HOO (CH,),0---HOO
E® LP(S1)'—0¢'(H10-011) 2.73 E® LP(01)'—0¢"(H10-011) 10.42
E® LP(S1)*~0'(H10-011) 49.73 E® LP(01)*~0"(H10-011) 45.74
Ao’(H10-011) 37.27 Ac“(H10-011) 24.78
Ao —255.4 Ao 13.92
ARu-on 0.0022 ARuo-on 0.0020

A%s(S1) 1.34(sp>*—sp>*) A%s(01) —7.84(sp*P—sp>®)

A%S(Oll)m 1-H10
A%s(O11)on-on

5.05(sp*“—sp*®)
—().69(sp'1-°3<—sprl.rm)

A%S(Oll)m 1-H10
A%s(011)o1-on

6.01 (sz.blespiiol)
—0. ()(sprﬁz(isprl.rlrl)

LP represents lone pair electrons; the stabilization energies (E®) are in kJ-mol™; A ¢ is the occupancy increase (me); the nature charge change (Aq) is
in me; the change of H10-O11 bond length (AR) is in nm; A%s(S1) and A%s(O1) are percentage changing in s-character; A%s(O11)oy_u is the
percentage changing s-character of O11 hybrid orbital in o"(O11-H10) on the complexation; A%s(O11)o;1012 is the percentage changing s-character of
011 hybrid orbital in 0" (011-012) on the complexation.
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Fig.3 3D images of the interactions between natural bond orbits of (CH;),0 and HOO in hydrogen bond complex
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) . A2 Hessian K5 P19 3 N AAEAE K P 1E—
i, i8R (3, +1) A 55, FRON R 5 (RCP), & B &
RAFTEIRIRGE L. SH A 1Y p (r) 388 55 FH R H iR 5
PSR B2, — MR UL, p(r) B, 32 Ak B 1 it A R
Laplacian i V %o (r)ifl # FR A R A 22 S 1R 5T, 457
Vp(r)<0, S8 s A HL far v AR O FLIZ(E B B, T2
SN PEBRSR 45V 5 (r)>0, B A0 AT A HL, I

HizfH#oR, fh2@d 0y e 7 o . AIM g 2 &
Bl B 3 10 FH T 22 R ) 41 8] 55 A0 B A R AR 2R
BB 5 H 224, Popelier 45 20 5E F Hi % B 41 Fh 43
Br, JECT 8 BRI A E IR R = A A A
Lipkowski 8¢=ME— 2545 H b 3 NMFRiE 2 i
HAJERRY, BIFE X H- Y (KRR, He-- Y (A f77E
5, HoE 7% B R Laplacian &V 2o (r) W1 50 A 7E
0.002—0.04 F1 0.02-0.15 a.u.7E FEl 4.

% 6 41 i T (CH,),S---HOO }% (CH,),0---HOO
BEYh AR T EERIMER. NRATLE
S BN E AT S1---H10 F1 O1---H10 Y HL %5
& 1Y Hessian % [ ASfIE{E #5  — IE WG fi, (R AT X
AN S1---H10 [A]F1 O1---H10 [A]#R L7 it o, i AL
S1---H10 F1 O1---H10 % p(r) F Laplacian & #f 7%
1£ Lipkowski %5 A HEI ) & 880 BN, ] AW E I
e HI(CH,),S(0)---HOO & &Y s A7 7E S A AR H.
S1---H10 1 O1---H10 S §#[Y Laplacian 1= V % (r) 57>
4 0.06196 Fi1 0.03745 a.u., HZAR/NE TEAE, 80
R ELAE FHA T B A R 2 (0], e T

%5 B3LYP/6-311++G™ 7k F_E(CH;),S---HOO X (CH;),0---HOO S ESWHEF ST
Table 5 The natural bond order analysis for (CH;),S---HOO and (CH:),0---HOO hydrogen bond complexes at
B3LYP /6-311++G™ level

Complex Bond Covalent content Tonic content Total
(CH;),S---HOO S1—C2 0.4809(0.9354) 0.0261(0.0787) 0.5070 (1.0142)
S1—C6 0.4809(0.9354) 0.0261(0.0787) 0.5070 (1.0142)
011—O012 0.7439(0.7103) 0.2596 (0.2932) 1.0035(1.0035)
O11—HI0 0.2199(0.2484) 0.2577(0.2467) 0.4776(0.4952)

S1---H10 0.0008 0.0152 0.0160
(CH,),0--*HOO  01—C2 0.3116(0.6468) 0.1993(0.3797) 0.5109(1.0265)
01—Co 0.3116(0.6468) 0.1993(0.3797) 0.5109(1.0265)
011—012 0.7400(0.7103) 0.2628 (0.2932) 1.0028(1.0035)
O11—H10 0.2150(0.2484) 0.2692(0.2467) 0.4842(0.4952)

O1---H10 0.0001 0.0006 0.0007

Bond orders of monomers are in parentheses.
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Table 6 The topological properties on hydrogen bonds’ critical points of the (CHj;),S---HOO and

(CH:),0---HOO complexes

Complex Atom pair p(r) A Ay As Vp(r) &
(CH3),S*--HOO S1:--H10 0.029319 —0.03678 -0.03626 0.1350 0.06196 0.01447
(CH3),0---HOO O1---H10 0.013419 —0.01505 -0.01482 0.06732 0.03745 0.01562

p(r) is electron density of hydrogen bond’s critical point; A; is Hessian eigen value; V*p(r) is density Laplacian; ¢ is ellipticity of hydrogen bond;

p(r) and V’(r) are in atom unit (a.u.)

YEH, X5 FISCEE P o M i 25 R — 3. 7340, 76 AIM
e, & W SCHIERIZE, HA e=(A/Ay)-1. & B
/N, o BERRPE R, X BB EUREEY e #RAIN, 25
k1 0.01447 1 0.01562, BB EATERA — & FE B 1 4L
W o SRR

3 & i

(1) (CH,),S }2(CH,),0 #B87] L15 HOO H H LT
AR E I RILL RS SV 5 W), 45 MP2/6-311++
G” KT 1 & BSSE M2 5 4R sh BEAL 1E (A B
VE TTRE 43 51 1 —24.68 F1-31.01 kJ -mol ™, $i 1 & &
W e P4 A A A P A AT A .

(2)NBO 73#15&M, 1£(CH;),S---HOO HI(CH;),0-
HOO Z 4 & W, 5 5.4k HOO MLk, o (H10—
O11) 1y H 2R A FE BTN T 37.27 me il 24.78 me;
NRT it %5 52 &9 0 87 73 #r i 32 W1, H10—O011
SEEBLH 5.

(3) AIM HLig ¥ /W], ZEI AL 5
. S1---H10 [[] Fl O1---H10 [ #£E 76 F e i, 17 HL
S1---H10 F1 O1---H10 & ## Y Laplacian & V (r) 5
B4 0.06196 F1 0.03745a.u., # AR /INK TEAE, 169
CFP AR AR P T 2L Bl R 2 ), T
LR,
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