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AHA-H---X) &b . A, PORSER R bR
T Ak AN AR EAER. VR F N
[l i) —Fh L AT RIAH BEAE (A = C, N, O, E, S, Cl, Br,
I, -3 X = R (nucleophile)), HAS G AWEFH 7 2 5.
EONR e AR Ty, 38 HA A S0 1) MR R
SR R 41 N el 1 0] 3k A 22 18] g fe e AR A A,
HAFFE SR B B 22V o, i o .
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KT AHMFE, NE TR L& A W)
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Hih TREA G 22, WEILE S, b St
AR BRI ) A J,  HME A& A 70 AN W 75 21 90 i A1
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FEMGIE, e bl e n kR — IR AR,
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fw.
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Figure 1 The centennial history of the hydrogen bond

1 A LRIy
1.1 1900~19304F: ZBEME2 R4

19 ZE R AT 01 2 227 B B R 2l o ] RE LA 4
4 (association) T IAFTE. 19024F, Werner M FERFFY
NH CUSCEER IS 77 U H TN - - - H—CLIX PR iR 1) B B 7
3, IR R N HN---H]CL Ay NH; 2
— RN BHCIH I SR IR 1L/, OddoFlPux-
eddu T 19054 FH S — 407 P VR, FH AR
THEW R — AR M AN E R ERT, 1910 4F,
Hantzsch!'5| A “Nebenvalenz”— i) $#i & 2> F N &5
19144F, Pfeiffer! ' Jf]“Komplexsalzbidung”—ial ik
SrFIREEE. 19124F, Moore fIWinmill e fF 5 — F 4L
A LB (CH,)sNH OH S5 PR, 15 Al H “weaku-
nion”—1i], FFAr44 4T A)Hk & A“association”. X—Ff
BOR LT VR 2 5 A TR 2R ) R AL A PR B A R
J AL SR N B T AR

P 58 BN R B R B A A AR A R R )
19204F, LatimerFfIRodebush! & 3 T HA K KR 71
PERTCRA . A S 2 G YWHF . HoONINH 7
TE i s S B, A4 U Pl U A (D
J& K R B ) R AN A A )2 - i e
TR R —A S AR . 54525, Huggins!"1F1922
ETECR A5 — P e . — IR AT Y IR A%,
HMZEPAEHEF, 5D HI R4S,
AT AT il — 55 %E. 1 H Huggins A A A FLatimer Al
Rodebush# it 7 &S, Kk, PaulingihMLati-
mer., RodebushFlIHuggins = A\ L[] #2 H T A HEAIHES.
Lewis! e [f]— A2 H T A:H: X — 4 S (bivalent hy-
drogen) H TR &0 15 S 89/ 1 4.
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19314E, Pauling! " ERFFE[H:F:H] B 85 -2 [A] 140
HAERE, B TS (hydrogen bond)—1id]. Fifi
Jii, Huggins7ERFFTH FIOH FE/K S HP AT M,
T ], Al S SRR SR IE B T H
¥ (hydrogen bridge). ML )5, ZEEAIHEEHE F L
.

1.2 1930~19404F: Z{8a LRhe S1ERE

HER19314FPauling L 842 1 T “hydrogen bond”,
(B E R 194041 5 2k S AR 2z ). filn, 76
19404 5% LB e CH;CHL SO NH R R, DL K
1931~19404F 5 TR SUKAYRRFE H, S —inl g/ D bk
P ke, RUTA MBS R AR S HARC R P Ak 22 M i
B ETN R RN Z S5 A B .

19364F, Huggins! “ERFFEK Sk B SRS, 15 8h
TR 4% 35 1) Grotthuss ILFE (18064F ) B IR HH T
“Ji BRI (proton  jumping)AUHES, I ELAER: THTE
KW SR, BRILZ b, sty TiF2 L
O-H. N-H}JFFZ5 14K (proton donor)f &5, WF5E T
X B A AR E MR s, FF LR A AR Y
Ko EAEZEH.

19394, FEPauling h AR AYEAE (A28 A9 AR T )
h, A SRR OB BB 2 TR, A (1) &
FHE— U [R] B f B AR i A i 1 5 [
TR g5 (2) TR HA—11s Pul, LA
REIE A Sl AL e, DR SR A TR R Y 2 el
FrE A B AR S, 19494F Paulingff B T S 95
R AR RN T AT EN. X
A R ) 5 PR TA TR B 1 S8 P 7 B FEL ARS8 (simple
electrostatic model, SEM).

1.3 1940~19604F: Z{ B AR Pl 4 Jé

I 5 0 ST XL AR A PR 2 i, 9 A Tk
SRR TR BT H T PR . 2T 2l
Ror R R B FE TR, BT R T E A TR
SEHME . AN, BRSO . XBHEATE . T
S RESATURIC FN A i MR S AR )z T
FYEURE. X B SIS RAE R, BRERATRENS
R S R | AR R G SR, ek
Hiy T2 TN SR R (1 B A

19534F, WatsonFlICrick! " F FHX ST TSt AR
UCHE T DNAXSUZ eSS FASER, I 48 Hh & 24



ISk

HEMEEAHEAEH, 2RI AR5 19624F
W DURA BRAF B2z 22, R HES)) T A= dn b2 4 )
K.

19574F, FE R HTHL e 0 A AT /R EARZE 90 1T 4 — i
EFPR AR S, T EEAAT, S HY 323U A 53
S PFR, —F s Coulson®52- 4 #2 Y, Al TIA Sk Sk
A b A R RE AN R R 5 | e A", Coul-
sonift — A5 B R T B A SRR A T O B R B R DA S
RN PECHEAREAEN . BBy . HERF D&
Londonf®# 11, PAZKr T ZBRIRH,0), R #, HFAH
HAEH FEZE A O-HEII 5 ) — AR I
7 1) B (AR AE EAE FH, 30 ol it L 007 368 5 {051 1] T i
IR S, TR0 BN, O-HERI
R IEF, W] —SE I 7, 8T
f, TN 2 R AL PR A F p A S S, e i g e ]
M ATE R R =B, TSRS I .
SV AAE R HE R O E R T PaulibE R, X—1EHA
BRE . B, BN T A A —H - X
AR BT InaE. Ak, RO LA R
AT T R F i 23 BRI S B e Ja S A (AR e 1 5%
[, (AfERE, BT REFRIEEE, e s
M S 5 T A AE— 2 R IR RS, i pnad, 55—
R Pauling AR FIR, A EAR FE—1E
Jiri 7] B 08 PR A1 B 7 P AR 5 7 i 55 | T T P e
fan, FEKIETE K G IRRLI(H,0), 1, AR+
s e 1 fL B PR AR SR A SRR T S, I AR T AR
KT

1.4 1960~20004F: Z(BEPRE Iy P 5 g

PERETH AN AR ST 8T 122 i b oA
Jr B R R, I T2 T SR B bR A R O A
HERRCNITRE. AEIX B, FETF4r T3l (molecular or-
bital, MO)EHE FIr4# (valence bond, VB)HHE ) J7 18k
BT Hb R FH IR AR ZR B B A 4 1) USR5 4
568, A 28 T2 A AR S SR LR
R AW €/ T I Dl =22 €/ TR S Ik ) A e 764 By N 2
TRARAE.

2042 504E4L, TsubomurafICoulsonZ: 8¢ vk
WP (VB)EFNITAL TG n SR AR, 8 i
S5 FH e A TR AN J L 4 i Mo 5 USRS 191
ZY PG, MR R o R A-H- - X SR
RO ARSI EIN, IR TR:

Ya-ne--x = ay, t by, ey tdy,tey, (1)

H, wA-H-X)M% %A -H I 0 85G35,
YA —H---X)FIPA —H - XU FRA—HE T8 5%
PREL, WAA —H- XOREEA- - X2 8] Hfaf 5 8% 10 10k b
B, P(A-H - XOCFEH - X2 ] HL T 5 14 % R B
HAIXTO—H- - OFS A RIEAT T RER /115, KM
TE LAY ) IS S KO- -0 2.8 A LA FH Ak
RN, e T R R AY65%, X R T AR
e AR EAEH.

19604F, PimentelFIMcClellan" g Y3 75T
BAHL AL A B 0 E (MO) LS I A SRR il
il % e =N R PR L el &, BBk A R
FLHARFZ IR (R A 2p-T0 R A FIX) 1) 2p, i L
DI — AR T LsEE, M T =0 FHuE. 75X
— BRI SR TE AR R E LA N DDA, T
B Ja— A RO VR S ol R L . X — =
O VU HLF(3c—4e) U AL N 25 MO RIE 25 &
Hartree-Fock it ¥ JJ % J7 W 5% S0 AR o 1 B v
TAE.

19704F, NoblefllKortzeborn ¢y ¥k i153 45 %)
HF, 1 B3 A S HERE 40 keal/mol. Fififi, 7£1971
4, KollmanFlAllen®2 34 HiHF, ~ FlIHsO, " Hh iy & fl e
e/ 252135 keal/mol. 19754F, Morokuma > 42 1
F—FhRE R ME T, SKitaura AR RE RN
FrHL I 5| fE (electrostatic, ES). Ak (polarization,
PL). A3t H J%fE(exchange-repulsion, EX). Hifij4%%%
fiE(charge transfer, CT) LA} —~#5 Tl (coupling, MIX):

Ent = Egst Egx tEppt Ecr T Evix- 2

B TKM (Kitaura-Morokuma)BE & /3 ik 2 4h,
REWFFEA R T TP R A I8 B s PSRy
AR RE R %, 140, NEDA (natural energy
decomposition analysis). GKS-EDA (generalized
Kohn-Sham energy decomposition analysis)., LMO (lo-
calized MO). SAPT (symmetry adapted perturbation
theory)fIEDA-NOCV (energy decomposition analysis
in combination with the natural orbitals for chemical
valence) 7 1:5¢.

bR T SRR REEE M AT T IR Z AN, BT A
Ak, LRGEh J2e h e A5 T Bei A oR R ik 1 U
FELSITSY. Baderid 484>+ H 1) T #i8 (quan-
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tum theory of atoms in molecules, QTAIM)H T S5 HY
FBRAE. RIS AN [F] £ B X SR A VR F AR
HBETIAR, HES 1R SR BT A TR PR

SR AR ESEA BT A A F IR, KREZEr
FEIN N GRS 251 T SR h e A A ik 3,
TEFL LI OL T (1) an 5 i USRI 95 B 2 1) SR ) FEL A
MRS I BAE T AT RE IR SR LU, o Hh AU
H—E R IR, SENEA T, O
vk, JUHIEAE R A 2R b > SR ) B R A A o
B SRR, SUHEAT 3 L SR

1.5 2000~20254F: Zie SCHIPRBN P

20114F, EBRAfiE S R LA 22 (IUPAC) >
BT EEERRE S: “The hydrogen bond is an attractive
interaction between a hydrogen atom from a molecule or a
molecular fragment A—H in which A is more electro-
negative than H, and an X atom or a group of atoms in the
same or a different molecule, in which there is evidence of
bond formation.” EI“ZHIE/r T80T F BtA-HH 1Y)
A F P AR B APER TH) SR80 [F 511 iy
X a8 —2H 7 Z (B A WS | AR EAE R, HAIE
PRI R A AR T8, XRS5 & 2N
AR E A, 154 T AR TR0, s ek
L far IR B BT, SR OL T, 0 S At e 1
kA R —RIOTRWIN . OBKF. b, MRYEIU-
PACE X, EHE AT UMAFLE TorFssrF W, Jf HERD
oy B g BIAME BLAb, ) U e e E
f&F5~6 kcal/mol.

FF B SR #LIE (natural bond orbital, NBO)Z-#T,
Weinhold"**Hi tH TUPACE T2V 158 SUAFAEANHER 2
Ab, JFEEERI T S A SR A T A
H--- X5 #r (Lewis) R BlAR 74 (1) 45 1R -3 {A& (donor-ac-
ceptor) F5fb2E 5, FEAESTFRIMA-H X & A:--H-X
SEHR(ED3-rut/4- g 7 B3, AR ), TR
K H B SR LR P18 (natural resonance theory, NRT)##ik.
AT ORI T X T BRI s 5 A
HIY RS BB (0% a1« nx) TR IRRISZ R Z [H] 1)
MEAEH, B Lewistifi i 9IXT L Fnx Ml LewisfR AU E 1k
Y BB o* o p Z [ o —ntH EAEH]. 3X—JE T 1
FENBO 7 M7 (4 BRI X U Y 1 — 2D R e B4t 1 EE 211
BEnh, b PR AR E A SR IR R AE I 28E T
P HEAL.
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ZE LR, HETACH SR A A A 32 B STk
ROUEH RN . BRI ER . AR
VEFHAI M IS, N A ) U 22 8] A Ok 9 AH A
FH, dnE 2R,

2 FUEESE R

2.1 SEUGHESY

N EEEE SR DOk, BRERADFR T KR
AT SR SEIORE ST, BN, 20134F, o ERMF b
FAKBLE 0 3B D A 2 P8 3 T )
HUE MR TR, P T A s el i AR, M
AR DX 8 T 1002 4F 1Y ) U4 T B W
(RS, WE 3R,

B T20164F, dbat K2 T B aF AT i g >
R T IKBIRZ R0, M AH A R R T /KA
B AT PR U A AR S R R AR T
Bir= R PRV 4 . SR TR TR A
IO 26 1) SUREAH FAE FHIER T THBIE, XK i 4544
FIE R P2 A T 2 R )

KT ALK VKGR 023 [R50 45, Sciencef®
BIRN2S FAERERI, 2 H A 125 S BBk R RO RL 2
2 — AL KSR, A TR
45K, 20204F, HERREBEE ML 2E Y BRI T A
W VLA BN S AN A1, ST REM LR E
P E T — R G HoK AFER LTSGR, SEF 9050
NG BT R BT K501 R AT 1f S B A
IKERFE, I H & BKF B\ BRI B R E /Y
SEJTIREER. T RAA A AT, &P STy
PREEAE e E MR TR T A B Bk = D L F(Be
—2e)fEH, WE4fR B0 20204E L)k, ATREIZH 5T
. BRI, g5 AR LE BT
SCHGLLAMNEE TR T — 25 56 Tk BIFE I #F 9T T4E,
IS E3EIR T KR (HL0),(n = 2~10) A0 205 R 45 25
F, I SR Y 3c—2e Bl TR 5 44l R 7k 1 7
L P AT 25 2 G F B RO A

G —J5 T, K LA X T S ) iR AU (short
strong H-bonds, SHBs)KIHXELLE LG SL 50 ML T
FEL RS 1 TR THER A, WEISETR, iR
S EA UM B E T, A B 55
Ay FIRWE AT X 43, AHRAnfal i ORI S sR &
AT M AT T I A — AN R 20214F, 2 aFR2#
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X X 4 — O
3 - — & S ’ o
5 -— — & OQ —H—l < //
2B e l
(c) Pauli H} (d) BEYER
/7 \
,/ \\ 5 =t = 5
: -
+ N + = )—H— OC BRER
Op Oua

B 2 SHAHEAERIEE SR, () MR, (b) AT IR,
(c) Pauli HE/F; (d) tAEL7EH

Figure 2 The dominant interactions that contribute to hydrogen
bonding™’!. (a) Electrostatic interactions; (b) charge transfer
interactions; (c) Pauli repulsion; (d) dispersion

(a)

Bl 3 Cu(111) 23RO AFMIN i IR, IR AL ST 20 PR
AT ARSI 15 (o, ) B HL AR A5 IR (e, )P

Figure 3 AFM measurements of assembled clusters on Cu (111).
Constant-height frequency shift images of two typical molecule-

assembled clusters (a, b) and their corresponding structure models (c,
d)[28]

Tokmakoffiff 7% A1 AP i CFb —4ELT SN2 &
TN TR R S [ F-H-F] & 1. #15%%
GERRW], FEIXFP RS B 1Y) =5 (charge-assisted  hy-
drogen bonding, CAHB)H", 51 & SANE IO T PF B8
TR LIFRPIANF & 3 [F-H-F &1
B P45 ] LA VR [F—H - F 1 MI[F~---H-F]Fi 3%
P 28546 Y S AR S, L S B8 A RE T E A B — A/
i, PPk ST R TR
AFFEAGGERE S LML, A58 2455 AT 5

o%{g :; f;

" = ’>| D, isomer Ring isomer
. Jx‘ 0.00 (0.00) 1177 (+11.64)
Oy, isomer Ring isomer

0.00 (0.00)

~70.87 (-74.44)

4 JKAIE(H,0)sFICHg JLA -5 HL T 4544 K AH X fiE i (keal/mol) (¥
it B

Figure 4 Comparison between geometrical, electronic structures and
relative energies (in kcal/mol) of water cluster (H,O)g and CgH;BY

LA X IR TS, ARG B S S AN
SRR R, A S ) S U SEPR R
HELER. X EWRE LA R XA i 5 S A A
BRI AR X 1.

[F4E, BonnHIHunger™ 38 i % H /K& 5§ H9 Zun-
del® TH'(H,0), M[F—H—F] &1, I 7T —1 50
fi#. AATIAR[F—H-F]" & BIER KB AR
Zundel# FH (H,0), W FRARALARAIH (F7),. X — A%
AL T Xt Zundel B F 25 AT RE R BR A, 1 HLoA
TR ZR 8 T 1 S A T oA T B A

2.2 FEENORE SRR

HRAE 12 # B A BRI iR 27 38, T A
SR TR R, A RO AR T
WINZ Y. ME6HTR, MRS AS T4 AR
F oS F o S (R T+ )R 10 T B F 9
B, 7638 F B e T DAL R AR i R, Rl
AL 3 S P

20234F, Wager™ & H T —Fh 3L T HL 1 B 24400 1Y
SR, D ST AL RT LA 5E 4 i SR
T r BT S AR Y L A S 2 B AR R i
FEIX AR rp U v ) ) SR T e
M FRE AR, ARSI R FARX. ET it
PR, A - HATH- - X7 [ FE B 50 HRES, &9
BN U (A - He -+ X), DA AR S8 S22 1] )
HFREZE. SA-HAHLL, BEEH--- XI5 a2 A,
DRI SATH - -~ X% 25 5 ot 5 T 85 B S F 8 B0 TR, &
BEA—H--- XK. T PR, A
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Figure 5 Traditional hydrogen bonds and short strong hydrogen
bonds"®!

O,

A-H-X

B 6 BETR SEE TR TR SR SR, RSRER IR
WR 2 (AR, AR LIS ZE (L0 (0), PRk 22 (i ()

Figure 6 Schematic diagram of proton tunneling caused by nuclear
quantum effects in hydrogen bonds*!. Vibration level deep tunneling
(black), thermally activated tunneling (red), crossing classical energy
barriers (blue)

—H-- X)TAATE PR R 29, i AHRE 25 2]
ABX(IE [ BE 20, A—H- - XEEA ) & e, 5
RS, ErRR NA™H - XEA-H"-X".
SIAR, MATEX T BIH Y o T 5 (S 1) B 5F)
S A—H- - X5, i & oy v RS, S Bk
R PR SR R AL, Y H - X TR B g s
A, e oEml LLE IS = M T2 BE 22 (Fowler-Nordheimfi%
ZE) LT LL100% AR A A BEE H- - XIAFE IR,
] % 2 MR 25 B B FRAIG, O R BE 28 R AR A — 1
JEXTFRIVBRIE BE 22 h (R ELHERE 2F ). e, M4H - XAEE
BEHRE| e R, SR AR EA—H - XTHLRR
B, TCIEAREAE R ARIX AR, I, B TR 2 A
LR 25 A T REXT U AE B A F
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SR, Wagerdi i (3 T HE 1 % 28 3007 (1) S A 7Y
P FOTREAAE—E P, X—F R T 8T /1%
FSAEAR A A Jm 1, BV T2 sh B R AR 2 )™ 4%
AT T AR BRI AR
FEFZMIRRN ARIES. BTz aaAER b
AIEER PR TR, B, A-H--:X o
Az H-XIARG W AT B R —FHE F oy TR
RN

2.3 SHETEREANREE R SE BT )3 ]

SRR TS A SRA R A B 2
ZHh, AT RIEAL S SN ARV, BN TR A
PSR I TEALARE 1. 20164F, AR TR OIE I o I
Ji SRS B, R BK AT AR S B A 2 S R
i S PR R, KRR TR T AL e
2. HRRE, K 5RE T, RN RIS LRE
40.91 eV, TS — KT MR a5, WHILhE
MIREARH0.56 V. PRI, 7K R] LUE -5 5 i s
W i A PR AR T i) 0 S N PR AR RE, AR T
7.

IEAh, U 45 1) R T 4 T A D R b 2 ]
TP . TR S {51 e K AR S A ) — S
PR A S B IO 45 I Al T 5 B A5 5 8 2 )
FARTY, PG X A A T A EC AR EE . AR
G VTRERHEF BN A G, sl AU
25 EAL SR BIARAL 1 (5 (amidoxime, AO)ZIRELL
LFAERI ARG, RIS AOKE A A C A A1 IR 4R T
FEREMEE A, PERESS RS B SCHRE 1) 2451
RPRE XL T 1 ) SR P O YA B SR e TR
Jrik, KRR AR SR AR SR TR

2.4 Y2 E =Rk

QIRETHTIA, WeinholdJ: T Pimentel 1Y 25 383 - H.05/4-
T (Bc4e)tifl, B TNBOHIS /T, i1 T &5
A-H- X SRAL3-H02- L (3o 2e) MR AL, AR ALA
R A R IR T XA ARSI BB () 5
A-HI R O Z B (0 o < nx) B TR IR Z 1K
2 [ AR AR A0 sk — A A B A i F A LA
FHTCSE S B U R i 2Lk TR, 4R1M, Weinhold &
TSR 3c—2eBi A H 2 T X+ LI B+ 5
A-HI RS FE N ol BAER], #1285 7 HAhZ
AEEEG I A-H P B EEHE 5 X-RRIE S X FEEA 1Y
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Figure 7 Schematic illustration of the promotional role of molecular
water. Solvation-like effect (in black) and water-mediated H-transfer (in
red)*"!

J ¥R A BB Z B A EAE R, DL 2 TX b
AT LI (o) B XRS5 A—HI R
s BUE 2 (A A B .

20204F, AFUELLE BT AINDP (adaptive natural
density partitioning). PIO (principal interacting orbital)
TR0 HT, 7EWeinhold  (3c—2e) USRI 1 LRt L,
P T AR A2 E = 0 L T (3e—2e) AR
AlLOHD: C“EHEA-H--- XA VAR W3 B A AR
(A°T—H - X)) AR E 2 E =l L (3c—2e)
HERPER, BN F321KX (X =N, O, F, P, S, CI, -5l
B PIORT FEL F5 J F 25 R A-H I I BB o (A—H) 22 [17]
f3c—2e R b, fin b4 iy A IO BLIE B A e iE
555 —TJ7 B (5 ARBESS)2S BUIE = 8] oL 1y e A% Y
L #3c—2ef,

{1 & Z, 7EWeinhold$# iH (W A—H- - X & (1
(0*am < nx)MEAEFREERL L, RO ek
HHUL PR Ge—2e) U IR Y, 8% B T A-H---X
SHEP AN (oan > o*xr. 0Fam < nx(LP’)
Mo*ay < ox R)FZEMAELAE, L5
# 7 Weinholdfo* « nESEEIAL. DK+ R IK
(H,0), 0941, HAFHO—H---OH, i i vl LA A2 B
FHIEAE(O°™=H" -0 )N _b A7 31 U5 T (1 IS

HL - 5 2210 7K 53 F 19 SO LI 0 (O—H) 22 [1] Y Ha oy 2
MBI EAER, TR T 3c—2e80Y. & T X — s
BALMAVER], FEAEA I H, 0% AN E 5 22
H,0 % B8 Z (8] 9V H KPS 7K 43 2Z 1) FLAth 55 74
3c—2efEH.

AN, M EHEA —H - X0 a] B SR FHS 2o
TR FFH B, B R EAT-H - XA e
A-H =X, A”H XA —H =X R K,
X — P iy 4l B ) SRR R S IR, BT T R Y
SR, BN HF (BIF —H —F ) rh A BSR40
keal/mol. FfI T7EB3LYP/aug-cc-pVDZITHE /KT, 5087
THO—-H--X—H (X = OH, F, Cl, Br, I, A)HEIAZRF
F"—H' —F~, H,0:--H'—=NH;, H;N---H —NH;%:[H =
TEPH & 1R R b R el B 2 3c—2e B G, 45
W8T,

3 AR

SRR DURE A R S n B SR A
HE(HO —HT), AR A B T 2 e A
&L BR T H IR S AN, LR ) Sl
RIL, . R E s, O SR R
AL A AT AT —HO ™ X S L G0 S LT A A A
—H - XOTRI A, JB T — P i i S 2 .

3.0 R

BRI S — R AR T AR RN L
PR RBETFa: N, O, F. CIZ)EMMER
PO NS B H R S AL N
KT AR PA-H-X (A, X = N, O,
F. CI), #li: O—H:--O, N—H---0%; A—H-M (A =
N, O, F. Cl, M = &JgJ&F), filal: N—H---Pd, O
—H---Pd4.

3.2 a-MIs Bk

n- AR 2 Y T R R T
Bl (9 SUR T Z R TE B —Fh AU 19464,
Dewar *H T —Fn B S0k, A\ ILHEIAR R nih
TR S b 5 o I R R 524K, H
In B ST AR S =26, E8AHE: LewisfR--n
RISV (I an: H,0- - CeHg) . m-- - m B SRR (] 4
CoHy o CoHy) IEE T+ - RIS (fl N CH,=CH,
—H"-+-C,H,).
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H,0--H-OH  HF-+H-OH  HCI--H-OH
HBr--H-OH HI--H-OH HAt-+-H-OH
(w @) w
HF---H*-NH;  H,0--H*-NH;  H;N:--H*-NH,

~H*-F-  HO---H-OH --H-OH

B8 S3c2esg it iEg. (a) ERRPER = PO THRT
(Be—2e) BRI (b) BB T EUHES TR R a3 c—2e Byl
Figure 8 Illustration of the hydrogen bond 3c—2e delocalized bond. (a)
3c—2e delocalized bonding in neutral hydrogen bond systems; (b) 3c—2¢
delocalized bonding in charged hydrogen bond systems

33 W

W& (dihydrogen bond, DHB)J&4& 43 45 IE 1
(protic) M H i) (hydridic) 2U5 7 Z [ LAY U8, 25
HRATLIFRR N A-H"-HX (A = N, O, F, Cl
4%, X = B, Li, Na, Be. Al Kid¥ESR), #la: O
—H---H—Nal**l XS P 5 A i o o0 A7 0] AR Ol
A°T—H°"--H°™=X°". 19344F, Mooney#Zacharia-
sen“hE AT R B, FENH, HLPO, B AR, 17
TE—FhERR R S EE, Bl HoPO, ™ iyt B Y SR T 0T A
FINH, P IE fL A SUR IR U, BB, Burg! it
LIHMEIESIE % Pl NHs---H;BHI(CH;),NH---H;B,
HiB A 7 L A U5 i) LARINH AR A 1 L ) SR IR
RS, H R AR A P S S . R
19604F, MU A AR 1k, Brown!**hi i1 4
SRS I+ -HsB (L = (CH;)3N, EtsN, Py, EtsP)H?
FEAEIX PR IR A A—H- - H-X S, I H. A 4% N3

34 LREEE

S E AR E S BB E R EZEK, 55
JEF 2 [ A AU filan: 19724F, Maitlis® e Pd
(PPh;),—(CMe-CMeCMeCHMe)Bri fifk i &3 1 C
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—HY5PdZ [AIFFEAH BEAEFIC—H:--Pd. 19814F, Bau%:
NP <4 R A A — T ot U 4B A i 3t
MEeY, KL EE#A-H-M (A = N, O,
F. CI%; M = &J8).

3.5 PAHLTSHE

B AR . SRR S —
RIS L1 R TR R . o, i —
AR T A AT 2R, K SRR
R AR T T A, AR Oy o T A

A—H--*R (A =N, O, F, CI5; R = HH3), #an:
F—H:--«CH;, H-CC—H:--*CH;#1H—O— H---*CH;
%[53].

3.6 LA

19394F,  AlbrechtHflCorey ™ & M 1 £ .0 .
19724F, JonssonFIKvick! 5 i fh 77 S S ESL T %
L ST, 2l SRR E DL =t
= a7 o 0 I AT NE s 5 e =T T Y e
Ml FRZRA T, LA B Lt o+ I8 ks e
AR 000 idn: & = Hpuo SR IS BE AL A P mT 1
HABFIH T AEm1ooR, o FR=Paoa T
TR T I A R ST

3.7 REFHLPEZGE

20094F, Jablonskil® i Hlip i L, R 7
L7 1Y & (hydridic  hydrogen)E il A% A/ 8 (] iiM—H,
H:rPM = Li, Be, Mg, Zn, Cu, Si, Ge%)fENS 5 1% 5 Wik
RAEAEAEH, MWIr=A5rFReEH- . BT
=0 i A e 23R 109 e s A SR T S L i e
FH BT AT —HO XY, S A AT

—H" XTI, T2, JablonskiK iRt U5
A O LA ) U 44 O < SR HL PR SUBEE (charge-in-
verted hydrogen bond, CIHB). 7ER(]3CH &2 XU
JE—FERRIE S RO b U, 2SR AT —HOT
Tl X

20234, CivisFTHobza ™ 3R FH S50 FIHEE T E A
TR SR AETE. AATTLL = F B Ak BE(Me;SiH)
RFFERTG, BT T B Y5 1350 i 2 B ik 2 6]
FHAEAEH. TR R R, =R T
SRS B R A BV DR iU A, JF HSi—H
SR RARIR SN IR, KB IS. b, b1



TR LL AT S BRI IR T Si—HEE &2 T B E,
HEWIHR MR A, UEM T R R
FEPS. 5 — R BRI TR A LR TSR T T
RARIE NS, KPR, HIL, (R TR H 7
P e U AN TSI

HETF U, CivisHIHobza > B T 2B E 3 <&
RSB0 R BA-H AR 5 R — B0 [
TR R IR B 0 )5 U T Z A 5
A EAEH, HrhARH AR Ta/NTFH, —A-
RS AR A MA—H---X=Y, Hf =4 HER
=k

FRAE AFTHR H TR/ NAT DL A i oL 2R
T IE LA (BT 1 S0 VR S U AR (8% 2 307 R ) i
T, VRN S AR (S ). TERT— R
T, A FHXEF AT DU S XL, By
PR F X B X —Y Z (Bl i s 5 I 76 208 A i
o, BRI DR IXCE, Wo-. n-Bin-as 0], B
A BT R B IER R A-HIC R
HER, SZARnT DU R Es X, dnl DU Bealisr
TX-Y, HX5Y#G. R iIE T, AFIXA]
REEARE Y. FERRRERIIEOL T, AMLAFXOEA R,
A—HFNX—HIE Bt A R, S8 o Fib: s

M TS5 S P e A e: . A AR
Iz, SCHRA KRR T A R BRA A PR B ) 4325
Jrik. WA TS S RS B, 55
S 4 (weak hydrogen bond, WHB). 5% (strong hy-
drogen bond, SHB)., B TS ##(ionic hydrogen bond,
IHB)“ | {i%f3; 2 Z 5 (low-barrier H-bond, LBHB), Hi
fay 4l B i) 058 (charge-assisted H-bond, CAHB) . L3R4
BhAY & (resonance-assisted H-bond, RAHB)., 15 %
H#(hydridic hydrogen-bond). & fk4k Bl i Sl (polariza-
tion-assisted H-bond, PAHB)&s, H: 1 —Builf S 2 A il
Y, % H PR SV (charge-inverted  hydrogen bond,
CIHB) M Jz i i &8 (anti-electrostatic H-bond,
AEHB)PUL (M, ML S A SRR 4k S K SR RN 58
.

4 RAgESE

SURE 40T P LA % 43 T PR AR P g — o R 3
Bk, 20T AR L LSk, DA .
B R R R 2 A AT T — A T R 2 ]
T4 SR AR 4T O S5 H R R

Me3Si'H"'I'CF3

9 JUEERMEEREATTH - XTI R R E Y
Figure 9 Schematic diagram of charge-inverted hydrogen bond A°~
_HOt. . xO158]
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ML P (Moller-Plesset perturbation theory, MP2,

5787



A EZ BB 2055128 £70% £34H

MP4)FIEA YRR E 0 FE4H (A16-311++G** B aug-cc-
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Hydrogen bonding, as a relatively weak inter- or intra-molecular interaction, plays a crucial role not only in chemical compounds,
biological structure, function, and conformational dynamics but also in chemical reactions such as proton transfer and catalysis.
Therefore, hydrogen bonding has always been one of the important scientific issues in the fields of chemistry, material, and biology. The
study of hydrogen bonds has a history of over 125 years since the first recognition of somewhat unique properties of certain hydrogen-
containing substances. However, due to the complexity of hydrogen bonding itself, its concept has been continuously expanded and
improved with the development of experimental techniques and chemical theories since its discovery. There is still some mild debate on
the definition and essence of hydrogen bonding in current research, which needs to be further explored with the development of theory.

Usually, hydrogen bonds are roughly divided into weak hydrogen bonds (5-10 kcal/mol) and strong hydrogen bonds (30—60 kcal/mol)
based on their strength. At present, there are a large number of reviews and publications on hydrogen bonding in literature. Due to
limitations of spaces, we will not try to be comprehensive, but rather only discuss some selected important literature. In this paper, we will
briefly review the development history of the hydrogen bond concept over the past century. In 2011, the IUPAC updated the definition of
hydrogen bond as: “The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or a molecular fragment A—
H in which A is more electronegative than H, and an X atom or a group of atoms in the same or a different molecule, in which there is
evidence of bond formation.”

Although there are still different understandings of the nature of hydrogen bonds, most studies converge to the viewpoint that hydrogen
bonds are usually driven by electrostatic interactions, and in some cases (such as short hydrogen bonds and hydrogen bonds involving
ions), charge transfer covalent interactions may account for a larger proportion, indicating that hydrogen bonds have a certain degree of
covalent characteristics. Hydrogen bonds have both ionic and partially covalent properties, especially in strong hydrogen bonding
systems where the bond energy far exceeds that of typical weak hydrogen bonds, resulting in significant covalent bonding properties. It
has more or less reached a consensus that the dominant interactions that contribute to hydrogen bonding include: (a) electrostatic
interactions; (b) charge transfer interactions; (c) Pauli repulsion; and (d) London dispersion. Yet controversy sometimes remains over the
nature and mechanism of hydrogen bonding, which deserves further in-depth exploration.

Among the various models, using natural bond orbital (NBO) theory, Weinhold proposed a localized 3-center 2-electron (3c—2¢) model
for hydrogen bonding A—H:--X, which advances the delocalized 3-center/4-electron (3c—4e) model proposed by Pimentel. This 3c-2e
model suggests that hydrogen bonding essentially originates from, in addition to electrostatic interaction, the donor-acceptor interaction
between the non-bonded lone pair orbitals (1x) on the X atom and the empty antibonding orbitals of A—H (c*_y < nx). This
covalent interaction and electrostatic interaction are the main sources of hydrogen bonding energy. This (3c—2¢) model has
been augmented with multiple (3c—2e¢) interactions between the donor and acceptor fragments in our work.

In summary, this article reviews the historical evolution, current research status, and recent progress of hydrogen bonding research, and
provides a brief introduction to the definition, classification, and characteristics of hydrogen bonding. By selectively reviewing and
analyzing the relevant literature related to hydrogen bonding, the aim is to provide insights and understanding on the complex,
multifaceted nature of such interactions, and promote further investigations on hydrogen bonding theory and application research.

hydrogen bond, weak interaction, definition of hydrogen bond, types of hydrogen bond, 3-center 2-electron (3c-2e)
bonding
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