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Abstract Geometries of complexes HXeBr:C¢HsX (X=H, CH;, NH,, N(CH3),, NHCH;, OH, OCHj;, CN, F, Cl, Br, 1,
COOH, SO3;H, CF3) and its monomers are optimized with MP2/aug-cc-pVDZ (aug-cc-pVDZ-PP for Xe and I). The
aug-cc-pVDZ-PP is a small core pseudopotential basis set. It ignores 28 electrons for Xe and I atoms. Two types of weak
interactions, n***H bond and bifurcated hydrogen bonds, are analyzed in detail. The effects of substituting group of the ben-
zene ring on the weak interaction energies are investigated. Their effects on 7***H bond are different from that on bifurcated
hydrogen bonds. As for the complexes with 7***H bond, electron withdrawing groups reduce the interaction energies while
electron donating groups increase the interaction energies. However, for the complexes with bifurcated hydrogen bonds, elec-
tron withdrawing groups increase the interaction energies while electron-donating groups decrease the interaction energies.
The effects of substituting groups on geometrical parameters of HXeBr are also analyzed. As for 14 complexes of HXeBr-**
C¢HsX with bifurcated hydrogen bonds, it is found that their weak interaction energies have very good linear relationships
with dipole moments of C¢HsX, bond length changes of Xe—Br and H—Xe bonds, vibrational frequency changes of H—Xe
bonds, and the sum of two interpenetration distances of Van der Waals surfaces of bromine and two hydrogen atoms which
are connected to the bromine atom by hydrogen bonds. It is also found that the weak interaction energies of 14 complexes
above have very good linear relationships with the sum of electron densities (), the sum of V2p and the sum of electrostatic
potentials at two critical points of bifurcated hydrogen bonds, and with the electron density, V*p and the electrostatic poten-
tial at the ring critical point which is inside a ring formed by the bifurcated hydrogen bonds and two carbon atoms of the
benzene ring. As for the complexes with bifurcated hydrogen bonds, the weak interaction energies between the monomers
can be understood approximately as dipole-dipole interaction.

Keywords rare gas; HXeBr; benzene; n-*+H bond; bifurcated hydrogen bonds
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Figure 1 Electrostatic potential (ESP) maps of monomers
(a) HXeBr; (b) C¢Hg
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Figure 2 AIM molecular graphs of five geometries of HXeBr-+*C¢H, complexes
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Table 1 ADCH charges (Quxepr, a.u.) of HXeBr in complexes HXeBr-+*
C¢H, and their interaction energies (AE, kcalemol ')

Complex OtixeBr AE
@) —0.1176 —7.04
(b) 0.0055 —6.45
© 0.0226 —0.65
) 0.0640 —19
@ 0.0102 —041

%2 HXeBr MIE &4 HXeBre+- Colle #4 T [{ B AT
Table 2 Bond lengths (R, 0.1 nm) and vibrational frequency (v, cm ") of
HXeBr and complexes HXeBr+**C¢Hg

Complex Ry—xe Rxe—r VH—Xe VXe—Br
HXeBr 1.6916 2.8357 1822.69 185.70
(a) 1.6860 2.9014 1830.15 165.91
(b) 1.6783 2.8606 1881.48 177.74
(c) 1.7063 2.8235 1744.11 193.25
(d) 1.6895 2.8386 1833.64 188.86
(e) 1.6934 2.8348 1821.39 185.41

HXeBr---C¢Hg (a)Fll(c) ™ Xe—H # A Xe—Br #4575
KW T A EAE R, Xe—H 8 F1 Xe—Br #1338 1
Inag, S Ryxe M1 Rxepe IS, AH R IR BN A K AE TR
. 155 HXeBr+CqHg (b)H, Xe Al Br Ji 71 n B
T =HHERM o BT = RKE o M EER, S8 Xe
JEF L f I HE i 25 5 FAARG, Xe—Br 884055, Ry, B Y
I, PSR K ELFR. £ HXeBr-+CeHe (d), Br 57K
W EAHLEH N SR IR O UA A (B 2), Xe—Br #
2R T HIE, Rxe s BEIE 0.0003 nm, $HRIIHZEJLFEA
A5 (EE AW HXeBr-CgHy (), B4R 1] A0 EAE
FAEH#59. Al HXeBr MLk, &%+ HXeBr MK
Ry—xe» Rxe—pr ARSI J LT AE.
3.2 EAH HXeBr--CeHsX HEJ 1---H $E5 4

e H 82 EEY) HXeBr---CeHy T ke sE 45,
AR UG HXeBr 55 CoHg M HATAEMIE B
1) we--H SR, 755 5% HXeBr--CsHsX (X=CHs,
NH,, NHCH;, OCH;3, CN, F, Cl, Br, I, COOH)*', DA n-+-H
HOVFHE AR B E S Wi i =38, WK 3 Hi(a),
OYFI(e) T, 43 5Z R HXeBr H A H SHUREE X b
C J5¥, PAEABALANAL C IR PR E &Y. T
EVERREL, B EEW A @), (b) M (o) H)—MEk
Pifh. 2459 HXeBr--CeHsX o HXeBr UK, =50
A BAE FHRESBIBIAESRR 3 .

HEE 3 ATLLE KA 2600 H BAE R se b8 ft
B, WM E SV 2RERN. /£ 3.1 T,
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Figure 3 Pictorial illustration of the geometries of HXeBr--*CqHsX
complexes with n**-H bond

(a) X=CHj, CN, F, Cl, Br, I; (b) X=CHjs, NH,, NHCH;, OCHs, CN, F,
COOH; (c) X=F, Cl, B, I

R 3 HEY BrXeH - CHsX HIBKABZE, UL EWIAHEAEH
it

Table 3 Bond lengths (R, 0.1 nm) and vibrational frequency (v, cm ') of
BrXeH:+*C¢H;sX, and interaction energies (AE, kcalsmol ') of complexes

Complex Ru—xe Rxen Vixe Vxen AE

BrXeH:-C¢HsF(a) 1.6867 2.8834 1838.99 170.46 —5.68
BrXeH:--C¢H;sF(b) 1.6878 2.8866 1827.09 169.49 —5.76
BrXeH:-+CsHsF(c) 1.6892 2.8896 1818.10 168.38 —5.59
BrXeH:--C¢H;sCl(a) 1.6875 2.8882 1835.65 168.52 —6.10
BrXeH:--+C¢H;sCl(c) 1.6884 2.8820 1826.72 169.75 —5.78
BrXeH:-+C¢H;sBr(a) 1.6882 2.8907 1830.24 167.30 —6.28
BrXeH:-+C¢H;sBr(c) 1.6883 2.8804 1827.95 168.48 —5.90
BrXeH:--Cg¢Hsl(a) 1.6892 2.8940 1819.86 164.46 —6.59
BrXeH:--C¢Hsl(c) 1.6881 2.8810 1828.51 174.86 —6.15
BrXeH:-C¢HsCN(a) 1.6893 2.8694 1835.05 174.82 —4.62
BrXeH:-CsHsCN(b) 1.6906 2.8709 1820.05 174.21 —4.62
BrXeH:--CcHsCOOH(b) 1.6898 2.8893 1810.14 167.47 —6.05
BrXeH:--C¢HsCH;(b) 1.6938 2.9158 1765.72 160.74 —7.96
BrXeH:+-C¢HsCH;(a) 1.6941 29156 1767.02 160.29 —7.94
BrXeH: -+ CsHsNHx(b) 1.7067 2.9385 1668.15 152.87 —9.09

BrXeH:-+-C¢HsOCHjs(b) 1.6954 2.9158 1754.88 160.57 —7.89
BrXeH--*C¢HsNHCH;(b) 1.7143 2.9574 1584.41 147.70 —10.44

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Figure 4 Pictorial illustration of the geometry of HXeBr:**C¢HsX com-
plexes with bifurcated hydrogen bonds, X=H, CHj;, NH,, N(CH3),, OH,
OCH;, CN, F, Cl, Br, I, COOH, SO;H, CF;

F 4 HEEY HXeBr--CeHsX [FAHEAE M RERIAAT A4 (K 5 E
Table 4 Dipole moment (Debye) of benzene derivatives and interaction
energies (kcalemol ') of HXeBr-+CsHsX complexes

Complex Dipole moment  Interaction energies
HXeBr-+*C¢HsNH, —1.4556 —1.54
HXeBr-+*C¢HsN(CHs), —1.1846 —1.59
HXeBr*C¢HsCH; —0.3829 —1.75
HXeBr*C¢Hs 0.0000 —1.90
HXeBr-C¢HsOH 1.2839 —1.93
HXeBr-++C¢HsOCHj; 1.3593 —2.00
HXeBr-++C¢HsF 1.6187 —2.41
HXeBr+++C¢HsCl 1.7531 —2.58
HXeBr-++C¢HsBr 1.7513 —2.62
HXeBr-++C¢Hsl 1.6329 —2.64
HXeBr+C¢HsCOOH 1.9540 —2.66
HXeBr-+C¢HsCF; 2.9548 —3.01
HXeBr-+C¢HsCN 4.5052 —3.38
HXeBr-+C¢HsSO;H 4.8566 —3.60
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Table 5 Bond lengths (R, 0.1 nm) and vibrational frequency (v, cm ') of
HXeBr and complexes HXeBr-++C¢HsX with bifurcated hydrogen bonds

Complex RxeB:  Ruxe VxeBr Vi Xe

HXeBr 2.8357 1.6916 185.70 1822.69
HXeBr-+-CsHsNH, 2.8363 1.6911 189.39 1825.08
HXeBr:-+C¢HsN(CH;), 2.8366 1.6911 189.38 1825.07
HXeBr:+-CsHsCH; 2.8376 1.6904 189.14 1829.16
HXeBr-+-C¢Hg 2.8386 1.6895 188.86 1833.64
HXeBr-+CcsHsOH 2.8388 1.6894 188.76 1834.45
HXeBr:+CsHsOCH; 2.8393 1.6892 188.72 1835.22
HXeBr:++C¢HsF 2.8419 1.6872 187.98 1846.02
HXeBr-++CsH;sCl 2.8429 1.6866 187.70 1849.00
HXeBr:++C¢HsBr 2.8432 1.6864 187.57 1849.98
HXeBr-++CgHsl 2.8432 1.6864 187.46 1850.03
HXeBr++CcHsCOOH 2.8435 1.6861 187.56 1851.95
HXeBr-++C¢HsCF5 2.8456 1.6848 186.99 1858.69
HXeBr-+CeHsCN 2.8480 1.6833 186.47 1866.77
HXeBr+++C¢HsSO;H 2.8493 1.6823 185.87 1871.75

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

x5 Ha TR AR E S HXeBr K
MIRBNHR. WK 5 HATLAE H, 1 HXeBr MHEL, H&
Vb ) HXeBr HJJURZEURAE T, Rxese K,
Ru—xe WD, vxene JUPFBA A, vixe K. FATRKIL
AR 0 2 1) A2 A B 5 A BLAE F RE (AR) FEAEBUEF
IZMEIC R, BRI T:
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AE=—1.4498—157.7497AR,, .. ©)
AE=—1.4415—230.0647AR,, .. 3)
AE=—14417—0.0434Av,, @)

H AR B, ARy-—xe M AV 73 MR E S 1) HXeBr
HI8H Ryepr Ru.xe MIRBIANR vy x #HXTF HXeBr 7
TR AIR AR ) . A EAEHBRAE 5
ARxe iy ARy —xe P AV -xe IR VEAH IC 22 E053 719 0.9999,
0.9980 F1 0.9980.

Bl 5 S HXeBr-CeHsX 11 AIM 43115
Figure S The AIM molecular graphs of HXeBr-+*C¢HsX complexes

K5 R SR E 4% HXeBr-CsHsX 1 AIM
B EE 5, HXeBr H ) Br JE 15 28 g 4
SR TR AR, 1 A1 2 2 BIRm A S A 5
PN E, 3 KonHhm St A B, K 6 Hh(a), (b)Fi(c) 5l
TR 4 14 DM ERE T A4 HXeBre--CeHsX HIAH
HAEFRE S ARG T s T 2, TR
Laplacian {E.2 R DL i L4 2 FITROE RIEL B 6 Hhiar
LA ELZ.

MEKER 4 14 AR AV EERGEAESH
ANEEIG AT EZ M, TR Laplacian
ZRCL R A 2 Ao BTG, AR R R R

AE=14.8695—1126.9903( p(7: )+ p(7,)] (5)
AE=17.4000—432.2757[V2p(7 )+ V2 p(7,)] ©)
AE=—1.9608—0.0723[V (7)+ V (7,)] (7)

Hrb p(F), Vip(F) RV () o 53RN F AL H BT 5 R,
LT FZ ") Laplacian {HAIEHES, 7 17 00A S B
P I S A B A AR FHBRAE XF p(7)+p(7,) ,
V2 p(i)+ V2 p(7) RV (7)+V (7)) A 1 2 A Ok R 4L
735178 0.9681, 0.9686 F1 0.9987. MK 6(a), (b)Fl(c)H th
AT DUE G B B AR U (R AH G B

Kl 7 Hi(a), (b)FI(c)7r il 4 14 ARG A
2 A HXeBre+CoHs X HIAH HAEH BE(AE) 5 1G5t s L
TR, TS E Laplacian {8 LK i HL 34 126 R
Bl 2 A EL, AR RNT:

AE=16.8671—3618.5622p(%,) (8)
AE=14.4661—826.0108V>p(7,) ©9)
AE=—2.5966—0.1342V (7, (10)
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Figure 6 Relationships of topological properties and interaction ener-
gies of complexes HXeBr+:*CsHsX with bifurcated hydrogen bonds, the
red line is the fitted line. (a) Interaction energies vs. the sum of electron
densities at hydrogen bond critical points; (b) Interaction energies vs. the
sum of Laplacian values of electron density at hydrogen bond critical
points; (c) Interaction energies vs. the sum of electrostatic potentials at
hydrogen bond critical points

Hp p(7), V2 p(i) FV(#) 55 MR 5 7 Ab )
B35 B, HL 95 B2 Laplacian {E AR FE 38 . AR HAF
e E Xt p(7), V2 p(7) FV(#) P& A R 505
54 0.9665, 0.9704 A1 0.9984. M (5~10)fN& Hi A
KA 6 F1 7 B H, IAL G AWM AR

Acta Chim. Sinica 2016, 74, 285—292



1 2

X
X
&

-1.54
-2.0
-2.5;
-3.0

-3.51

Interaction energy/(kcal.mol™")

"40 T T T T T T T
0.0050 0.0051 0.0052 0.0053 0.0054 0.0055 0.0056 0.0057
Electron density/a.u.

-1.54
-2.04
-2.54
-3.0

-3.5

Interaction energy/(kcal.mol™")

’40 T T T T T T
0.0190 0.0195 0.0200 0.0205 0.0210 0.0215 0.0220

Laplacian of electron density/a.u.

-1.5- (c)
204
-2.5
-3.0-

-3.5

Interaction energy/(kcal.mol™")

5320 2 465
ESP/(kcal.mol")

4.0 .
-10 -8

BI7 3Rl 5 R 3k A B AT 6 S A 52 54 HXeBr-++ CoHisX AH
HAERREIIRR, ALAMEMEL. (M BAEH RExT % K,
(b) HEAEFREXT T2 ¥ Laplacian {8 F; (c)FH EAE FH REXT 5 LA K
Figure 7 Relationships of topological properties and interaction ener-
gies of complexes HXeBr+:*CsHsX with bifurcated hydrogen bonds, the
red line is the fitted line. (a) Interaction energies vs. electron densities at
the ring critical point; (b) Interaction energy vs. Laplacian values of elec-
tron density at the ring critical point; (c) Interaction energy vs. electro-
static potentials at the ring critical point

F e 5 S BB I S s AN I AL T, T
(] Laplacian B F1##HAEEAELFMILEXR R, Hh
JUUAAH BAR FH Re S e A 2 1 08 RO B IE.

XESHEAERRR, BAR T RAEMIERH, BA1
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HEEERE R E W
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£ 6 HEY HXeBr-CeHsX XML& ¥ Br M4~ H -7
O AR R THAH B 28 3 PR 2

Table 6 The interpenetration distances of Van der Waals surface of Br
and two H atoms in the bifurcated hydrogen bonds of complexes
HXGBI'"‘C(,HsX

Complex Ady“(0.1 nm)%t  Ady"(0.1 nm)]]
HXeBr-++C¢HsNH, 0.6888 0.7115
HXeBr-++C¢HsN(CHs), 0.6897 0.7263
HXeBr-++C¢HsCH; 0.7027 0.7143
HXeBr-++C¢Hs 0.7073 0.7062
HXeBr++C¢HsOH 0.6850 0.7310
HXeBr++C¢HsOCH; 0.7068 0.7184
HXeBr+*+C¢H;sF 0.7089 0.7258
HXeBr+++C¢HsCl 0.7143 0.7382
HXeBr+*+C¢HsBr 0.7128 0.7436
HXeBr*CqHsl 0.7136 0.7451
HXeBr+*+CHsCOOH 0.7324 0.7338
HXeBr+++C¢HsCF; 0.7279 0.7477
HXeBr+++C¢HsCN 0.7330 0.7575
HXeBr+++C¢HsSO;H 0.7395 0.7651

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“The interpenetration distance of Van der Waals surfaces of Br and H at the
lower hydrogen bond in Figure 5; ” The interpenetration distance of Van der

Waals surface of Br and H at the upper hydrogen bond in Figure 5.

M:RA+RB_FAB (11)
H Ry AT Ry M HIRRET A 1 B VEIELEEAR, rap
NIRF AR B Z A EEES. QiR yu e R A B 5 A B
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JOAEARR A L ER S KT, WHHRAE T2
RAETHESEH. R6FIH T 14N BAEEIE &Y
(HXeBr+*+CeHsX)H Br J& 75 X &8 A~ H 57
FE AR A B 28 BB Ady 1 Ady. BHER 7 A DA
EH, A AL R T 2. X R Br i AR5 7
Z AV SEAEE A AR A, BT i AUA S A S A1)
A ELAE P e S BRI S S AN BRI S s A s T B, T
E (1) Laplacian {E A1 B2 BAFELM LR, Bk,
WK 4 14 AR BT E AV EAEHBEAE) S
A H 5 A B 2 A R IR RitAT T LA

AE=26.2765—19.8486(Ad,+Ad,) (12)
SE IR RN AT [AAFTERLUT R PEAR G, RIEM R REL
i% 0.9659.

4 LHip

AT T HXeBr 5ARMERMATEMERE &Y
f LS5, BEE TR E SRS, o H
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b, YRR R A YRR E 1R P A LA R A
Be. Xt neH AL EY), WHETRBARKESY
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SBHTERANAERTEEMREE. 22, XA
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1 5 AR SE AP AR 1
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FIEfL, AR E VT E B AR AT AV SRR
5 HXeBr [MEMRAE BEABAEH ISR, @i ZBUE sl
A, RS &M EAE e 5 KA AT B A
UMt R R, YR RECH 092, XIERERE
AHEAE AR ) B R I0AIE. A4k &9 HXeBr Ml LL, B4
VIR EAEHBEIE S5 H &Y Xe—Br SR
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B AR (Avy—xo) B IEH IF IR R, LPEMC
ZHIIEE] 0.998 LA L.

b, BATKINE A PHIH EAF F I8 5 X0 AU
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