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2 WMaFFEZEA(S\2) RIS
2.1 S\2 RNHE

XTI (S 2) R AR TE R BT F b
JF ) R AL BRI A o3 R e A= S B i A8 4k
(WTFNA ) RIS oy 3R S S5 T 7+
AL, a0 F- 5 CHy Br J I, DR Ry i
A, RGN F- N CH, Br 5 10 #E X0, [ — 2
SER, WA AR IR 1, T8 T s R, W fEl 4
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H H H

N A B

B & H_/C_Br ==l (I: """ Br | —= F—C\—H + Br
H H H

B4 WHFREIRK S,2 FE AL

Bl BN R4 T, SRR BT ol C R
BN Bro B WAl TR — B FLC RS H=
A HEF WL T A —Fm, JF 5 FeeCoeeBr
TV LA B AR B F I R AR R AR, B
b F MR ) A [Fe-CHy - Br] ™, 24
Q359730 G RN /3 R e o A el O R T - 9
Br 2AEH HZHL e ol C T, o i — X
PR L BT, B Br” 85 SO A AR H 3
SEAC YIRS R, e CR ER =AY H
JE LR ) F 3, R R A T e R I
R Walden ##%% , Spzat f v, C-Br BRI K 2L 5
F-C SR A R 61T, RAFE— A ad P2
2.2 S\2 REFEASHMERLE RESSIN

TP AR TE R RE T b SO R A Y RE
IR R A )N RE B AR I R S A
YR 4ER . A< ORI Gaussian 09 Hf DFT Blig, %
FHAEHIURE IE % FE 1z v B3LYP -D3 D1 i — 2y 5 ifh
(BI) FHLJE R ERN SMD ¥ AL ALY 6-311++4G
(d, p) FELL™ 06F BB 4y 7= 4 R i A 3ok U S
FEATARBRAE UL o ZEAR R AT g0 T
T, SRS AN ) Ay e /N (O JESAL) it
PERZS i (1 REAI) , ik 9 25 4 1 A vy 30 g
AMHIE'S,

Sy2 BB i PE A HE R R TR A R AR 7 P
N, E R R T2, BrS (CL Al F6 5o 2k
PESSHE , CH, O IS5 AE I 5 A7 2 1, ik 1 ad
WS AR, SESEHP F--C 8K 2.07
ALCooBr i 2.34 A, ARG X IS N B
NEABAR (IRC) BRE , X 8 A S Y B8 AR R 4T 0
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(IRC Hy ASCAFAN IR 6) o TRC Mt 45 # %f 1 —
A BN AR — N BE R, DL BEHE vs SOV ARTR 45
gt £ 18, an &l 8 7R, 7E Gaussian H1 g D)
IRC AL 55 W) 6 4l Al (i PS5 49 ) AR D S i Ak
PRI L A SN ) — M S B A A Ry B, A ) —
AR Ay T (P A AR ) o A AR AR B
J2 amu'”? Bohr,amu 4% atomic mass unit, J&7F i
FABFR T o IRC AP S st 2 #5525 1)
zE4e) B Wi F---CH,Br A1 F=4 FCH,---Br™,
IS 2 8 T LA il 5 90 2 B SOy AR B AT S

%nprocshared=5

2mem=5GB

# opt=(calcfc,ts,noeigen) freq b3lyp/6-311++g(d,p)
scrf=(smd, solvent=benzene) em=gd3bj

Title Card Required

B5 R ASMELHALH

%nprocshared=5

%mem=5GB

# irc=(calcfc,maxpoints=50,1ga) b3lyp/6-311++g(d,p)
scrf=(smd, solvent=benzene) em=gd3bj

Title Card Required
=1 2

1.28327708
1.37080208

0.00139905
1.05477205
1.37298908 =0 895
1.37475808 0
-1.05521992
3.35428708

-0.00198675
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R R R Z 2P e &2, DR
M52 AW (F---CH,Br) Z5 4 i R 5y O VESEME, AT
DA o S B B i 292 3.38 keal/mol , BV 34
2,7 (FCH,---Br ) e A —23.02 keal/mol , fI§;
TIONYIRE R, SOV REIRI#HTT, — Mk, =
TERES/NT 21 keal/mol WA AR A, i I
ARSFS N IR SN AEHA Tl B BRI 285
[l —IH A S X — i WS . AR 2 fE7E B
1 ERW T IS ALAE Ea 9SIR'
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. - A A ST 9 Przs o BT SN A6 45 IRC i
o (=@ 2e]x| B0l alx (@ (e e]e]si] AR — &R 5 (i) 19 NBO 8 F
N AR FTIAL 24T DA NBO %y i SC 4 (|81 10)
AL HARBE . X BB A I i AE
AIREE: S AE B T2 Lewis 7 NBO #JLiE i (HL+
251K) 5 H A~ non—Lewis % NBO #i& j (T2
) ZAFAE R ALY E A (B B 3 i 7
HERAER, S LA AR , S BUA R AR
PIREARAE . E2 B R UL #LIE B & 745, NBO fig
A 22/, NBO HLiE A B /E A 5w an & 11
Ji7R o

560 x 441 182.5/461.4 Mb:  8/5 ma
%nprocshared=5
oo # :
B7 SELS [F--'CH3--'Br] ZEH tmem=5GB
# b31lyp/6-311++g(d,p) scrf=(smd,solvent=benzene) em=gd3bj
POP=NBOGRead
f+brch3 NBO
HH
= I $ -11
ll~ s Bl’] c
l H 1 1.0817
H 2 1.7926 1 33.9574
Ll H 1 1.0798 2 112.2465 3 126.9694
-.' -. Br > 3:D221 2 106.5089 3 243.4472
wnant® 'q P 4 2.5741 5 133.4883 3 30.9147
\
nhfj l"-"'('lh_Bl' A SNBO file=38_nbo archive SEND
% \
N -
\
-
. o o s
. B9 NBO # H i AN A4
..'H-.
F—CHyBr
SECOND ORDER PERTURBATION THEORY ANALYSIS OF FOCK MATRIX IN NBO BASIS
T T T T T T T Threshold for printing:  0.50 kcal/mol
-6 -4 -2 0 2, 4 6 8 10 (Intermolecular threshold: 0.05 kcal/mol)
N E(2) E(NL)-E(L) F(L,NL)
R kR Donor (L) NBO Acceptor (NL) NBO keal/mol  a.u.  a.u.
from unit 2 to unit 1
6. CR(1)F 6 31, 80°( 1) C 1-Br 0.10 24.34 0.043

28. B0*( 1) C 0.06  1.49 0.008

A8 Mo HFEIK S2 B 5 Hhed 2. te (1) ¢

i
wawN L

29, B0*( 1) C H 0.05  1.29 0.008
20. LP (1) F 30. B0*( 1) C H 0.05 1.49  0.008
20. 1P (1) F 31. BO*( 1) C 1-Br 0.52 1.1 0.021

20. LP (1) F
23.LP (4) F
23, LP (&) F

3 REzi#ER) NBO 54 nehe

3.0 RE#REBHHEEEER
TR PR ) A T KT, A B g

T NBO J1451 F R ALHR FE 36 (NRT) 4347, NBO

File Edit Display View Iools Plugins Macros Help

(@] (m[@]?|e]x| [Folaax] (@ [¢]e]s]s]n]

1
1
1
1
1
32.RY (1) € 1 0.06 1.87 0.010
28, 80%( 1) C 1- H 0.1  0.69 0.008
1- H 0.09  0.69 0.007
1 0.09 0.70 0.007
1 4.59 .31 0.033
1 0.19 1,07 e.013
1 0.05 1.95  0.009

29, BD*( 1) €
30. 80%( 1) C
31, BD*( 1) ¢
320 RY (1) €
35. RY ( 4) €

s000a0r00n e
w e wN

B 10 NBO #3875 E2 #y b 4

Orientation: (
Axis | Plane | Lines |

) Atoms ® Jmol

\Desktop\{_br_NBO |38
folder

Camera
. Br S(cx)
. Br 5(cx) 2. c1-H4 Enteing Mok =i
use ! irc.log
15. Br 5(cx) 27. c1-Br5 luse. slog
16. F 6(cr) 28. € 1-H 2% use irc.log
17. Br 5(1p) 29. € 1-H 3% use.a 38.47
18. Br 5(lp) 30. € 1- H 4% use.a 28.47
19. Br 5(1p) 3. c1-Br 5+ Zﬁs:%:; |
20. F 6(1p) 32. ¢ 1(zy) e 25 47
21. F 6(1p) 33. ci(xy) use.a 27.47
22. F 6(1p) 34. ¢ 1(zy) use.a 1.47
23. F 6(lp) 35. ¢ 1(xy) use.a 38.47
24. c1-H2 36. ¢ 1l(zy) jsave.g 38_nbo
\~Model Saved-- il
|| C:\Users\jyc00\Desktop\f_br_NBO\3| |/
\Entering View !

£l it ¥

Clear | Save Output
in Chun Jiao

639 X461

441.0/620.8 Mp: 19/34 ms
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WNZ SN SN A T I, L i R L
(LPy, ,Lone pair) F#i T C-Br #E1) o S EEHLIE
(o¢p) HHEAEM, G IRC ~ -4 I}, FHEH EAE
MATLAZRR A LPy— oy, , PUIE S50 23531,
E2 4 4.59 kcal/mol (& 10) , IRC = -1 [f,F 5
C I FHEIL, BB % 5 A28, E2 2 19.27 keal/
mol , BT/ FHI 338 . IRC = O W, E2 Jy 42.43
kcal/mol ,IRC =~ 1 B} ,E2 2k 89.63 kcal/mol, Y B}
NI KRAE. T4 IRC > 11}, C-F 2B, C--
Br f LW 2L, B sk i B, B HUE RS

HIEHH S, & Br L 5 C-F 819 o X
BHEMAAEAER, FR N WPy —ol, FliB S
A1 20—31, 41 IRC =2 B, E2 2 24.49 keal/mol,
IRC~8 i, C---Br BERESHI M, E2 24 2.33 keal/
mol , HLEVE IR E . & 12 K IRC = -4 F1 IRC
~ 8 I HLIE FZ A B AE T AT AL ) i
W RELES Y C—H G B S o 1 R 1) B 42, P,
—0 (M LPy—o BB BAE A E . i
PEASI BY BB AR 53— 20 1] B SR LR B 18 ok
iR

LPr > 0 e
IRC =~ -4

LPs: = 0 'cr
IRC =~ 8

A 12 Rm#fePeymit L EihidmaER

32 REHERBARLIRIEIL (NRT) 54

XF R iR T B SRS PRFE S (NRT, Natural
Resonance Theory) 347, i385 145 [ i o 17,
AT DAARAGHA AT TR 20045 Fh ] e i T PR 2548 S AR
H (), LPRHF A58 A DL J& 7EiX 28 Lewis
A Z AP E IR B 12 o A s ) g —
A 1) I AN 2 B — 25 A0 T Ak T s v 4 A
P SIRIE G, IRC < 1 B (R R B, F
--CH,—Br Z5# 8 3, th &4 > & F-CH,---Br 4%
FJ5;1RC > 1 I, B, F-CH,---Br g5#) £, F
--CH,-Br JHfi, & 12 HiE & R EZEEH L
A HAE

i [F---CH,---Br] ™, IRC = 0 [, His2
J& F---CH,-Br(1) ,F-CH,---Br" (1I) [ F---CH,
- Br] (1) =F LRI A1, NRT 25 FL e
HEARZEFIE (B 13) I, & 13 fis,
5k 1 (4) F6, 3R 6 5 F R R4 4 XF R
XL, RS 5, (3)BrS {3 5 5 Br i1
B 3 XX i, BEiE 5 A0 C IR 7 i,
AR 0, = 58.12% , 55 A FLARZ5H R
J& F-C pi, Br 1AM 4 X0 re -, SRR 45
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FIRE oy = 27.91%, 455 11 F/b bR gt
) wy =11.54% , B F 5 Br Z [A] iy 5E (] 13,
II1) , FRZ K Long Bond(LB) '™ F| F*Br %77, it
PRESHTE W, — B T 2R IediR &5 F A iyt SC
i 14,

NRT 52 g ) S gk A% v fg — 20 B &
Pt PR A L5/ AL E, 40 IRC = -2 Bf o, =
83.86% ,w, = 8.59% ,w, = 5.20%, Ffi1%t IRC I
B LA B IR A AR, an &l 16
fii7s IRC = -4 ~ 9 I, & OB AT, 24540 1 28
WD 0 B80S, R TT ) o, 184255 0, TRC =~ 1 i}
RN Lewis Z5H0 I TTRREIE @, : 0, ~ 1,
RIS 5 A B A Al i i, R 1T
WS IN, EraTIsD e ROV A

B 13 idyEA [F---CH,---Br] " #9354 111 A= 111
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Resonance
RS  weight(X) Added (Removed)
1 58.12
2 27,91 (C 1-Br 5), € 1-F 6,8r 5, (F 6)
3 11.54 (€ 1-Br 5), 8 5-F 6, C 1, (F 6)
a 0,48 (C 1-H 2), H 2-F 6, C 1, (F 6)
5 0.47 (C 1-H 3), H 3-F 6, C 1, (F 6)
6 0.47 (C 1-H 4), H a-F 6, C 1, (F 6)
7 9.3 (C 1-H 4), € 1-F 6, H 4, (F 6)
8 0,32 (C 1-H 2), C 1-F 6, H 2, (F 6)
9 .20 {C 1-H 2), C 1-F 6, H 3, (F 6)
19 0.13 (C 1-H 3), C 1-F 6, H 3, (F 6)
others 08.02
100,00 Total
$NRTSTR
STR | Wgt=58,12%; rhoNL=0.23662; D(0)=0,04586

LONE 5 3 6 4 END
BOND S12S13S514S515EN

END

STR | Wgte27.91%; rhoNL«@.52760; D(0)«0.06839
LONE 5 4 6 3 END
BOND S 12S13S14S16EN

END

STR ! Wgt=11,54%; rhoNL=1.34362; D(0)=0.10908
LONE 11536 3 END
BOND S 125135145656 EN

END

$END

B 14 RIREEMAT ik

Natural Bond Order: (total/covalent/ionic)

Atom 1 2 3 4 5 6

e -<~ 0.7849 0.7848 0.7848 0.3381 0.0758
i --- ©.2070 0.2071 0.2071 0.2674 ©.2133

2. H t 0.9919 0.0033 0.0000 0.0000 0.0000 ©.0048
¢ 0.7849 - 0.0000 0.0000 0.0000 0.0000
i e.207¢ - ©.0000 0.0000 0,.0000 @.0847

1919 ©.0000 0.0033 0.0000 0.0000 0.0047
- ©.0000 0.0000 0.0000
- ©0.0000 0.0000 @.0047

4. H t 9.9919 0.0000 0.0000 0.0034 0.0000 0.9047
C ©.7848 0.0000 0.0000 - ©.0000 0.0000
i 0.2071 0.0000 0.0000 - 10,0000 0.9047

5. Br t 0.6855 0.0000 0.0000 0.0000 3.2791 0.1154
C 0.3381 0.0000 0.0000 0.0000 --- 0.0643
i 0.2674 0.0000 0.0000 0.0000 -~ 0.0511

6. F t ©.2891 0.0048 0.0047 0.0047 0.1154 3.5812

c 0.9758 0,0000 0.0000 0.0000 0.0643
i ©.2133 0.0047 0.0047 0.0047 0.0511
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33 BETH

DO 80 d N | S B TR I WS
EIEOL, AT LUE B T i 2 e SO B
(bond order, b) > fij 5t~ [A] AH B A I HREAE K B
SRR, A RILIR IS AE NRT /M it g BLIE 45
th NRT 882, iy th SR an il 15, s 5 4L R ACE
R o I N R C—F $HFN C—Br B8 % B
KA 17 Fos, vl LAt TR 2 20
I ZR 25 HH 38 Sk R 55 R 1 L BRI B, B A R NE
MREAT, BT IR G5 M AR Y el AR, B by
be p WIEZ M B IRC < 1 B bey< bey, , IRC >
L bey> beyo PSR A0 3 X N 1Y
ILYRAEFIAE KA SR S i A A A — B %)
HARIB G WBER bep+ beoy = 1, MR SF
YRR AT DA et A U Sy2 B
e TR 1) Uiy SRR T B P I I8 [ N 264 T o

4 HiE

ASCAECYT B 27) B PEAS HLE X — 1Y
PR L, DEHCH LA S 2 SR SR A U T S 2
SN, &y B SRR, i i 1 B, 2R
B GRS IR S B, I NBO 7.0 R F
XPHEA BN AR (IRC) AT F AR BEBLIE T, %) S
D ERAR F AR s HEAT NRT 2347, 18 52 g il 7
H BB AR AR T AT IR, SR A AT PSR AL
TEZE R el A AR 0 GS 4R A
FARSEE B8 NBO S0 AT BPF, fag B 1 i 11k
P RTTE BRI R 2 , ST
I, FMIAT PR G P H07 0 R BR A, $
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HEREE P6RR AR ST AR X CBIAE 2) bt
RSB AR R, B A Bl A T R A
B, st s R A A
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Demonstration of NBO Theory Used in Transition State
Analysis in Physical Chemistry Teaching:

Taking the Bimolecular Nucleophilic Substitution (S,2) Reaction as an Example

JIAOYinchun, DENG Shuang, PENG Bin, CHEN Shu

(School of Chemistry and Chemical Engineering, Hunan University of Science and Technology, Xiangtan 411201, China)

Abstract; The transition state theory is an important part of the physical chemistry teaching in universi-
ties, and it is a theoretical explanation of the chemical reaction mechanism. In this paper, aiming at the classi-
cal bimolecular nucleophilic substitution (Sy2) reaction, and combined with related scientific research experi-
ence, the reaction mechanism is theoretically stimulated by means of Gaussian chemistry software, the transi-
tion state structure is obtained, the relative energies and structure information of the reactants, transition states
and products are analyzed. Natural resonance theory (NRT) analysis on each point of the reaction path is per-
formed by natural bond orbital theory NBO 7.0 program and the change trend lines of bond orders of the old
bond cleavage and new bond formation are drawn, in which the whole reaction process is visualized and can be
performed synchronously in physical chemistry classroom teaching. This paper is a supplement of the
theoretical knowledge of transition state in textbooks, and aims at stimulating students’ interest in learning and
developing a scientific vision.

Key words: transition state theory; bimolecular nucleophilic substitution (Sy2) reaction; reaction mech-

anism; natural resonance theory (NRT) analysis
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