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. Introduction to Quantum Mechanics

4 d 71 % (Since 16th century)

Galileo

0% T )
(since late 19th century)

e R ‘ (since 20th century)
Schrodinger Dirac Heisenberg Hawking
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Introduction to Quantum Mechanics

TEFAVRHERDZHESNE AN AR RS OKEFo DS E
“#E AR TS

B RAERHE: ATEFAFP, RO KEIKERE AT KEZ
BOEZELER BB ARKEAL G- THEKE.

B Esnrs: KEMMHAOGTAEGHE -~ DPNEUB 2T, wFTHEM
TRLGITAH, WETHBER— 4 M. REENEHAGH K
AT MELFLE—KEGWRARLGE W2 THHRIE, B
FREAZEOLSALRES K GE A

B ks #gLEeH: TF2FAFA—RAMNA T T —N
ERGERE, CHET—ATHRLEAGARAL SR, AL RAMNEN
GELNGHE, KEFBOFFTREAEARLTHRGHILT £ A
& L&,
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Wavefunction

T F 2 % Aok & # (wavefunction) £ £ £ F @K Ko R P HA
4% (r) Fo 8 i8] (t) 69 5 & £

Lf\ ok &0 h T 4T QR
Vi

SN A | sk errmhh etk A

A

F 9 Lk
(wlw) = [v'ydr =1
B & BRT Rt
Wiew = V1 Y5
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The Schrodinger Equation

AEFTAGPHAMALFRATANEGE SRS 7%
#1926 F 2L 0. KBE 2 FH4, P TACTF L4 2 G EF
PAorFais. BAAS>F AL AGAR

Time-dependent form:

T ——i P (x xX)¥(x
i (x,1) ===V (x,0) 4V (1) (x,1)

Time-independent form:

oY

+ V(x)SU Erwin Schrodinger
2 ]

2m Ox (1887-1961)
Winner of the Nobel

Prize in Physics
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Eigenfunction

BrBsRA-ANAEFR: KBAEFTRAATAHE—~ 47 A
&R, @ ATk — 4 35 A

eigenfunction

/
Af =rf
/ A
/ \
operator eigenvalue

A BFE AP OEMRET A QAR EH R Z T PIEE
AN R AT ERDAERDE AR R H L1426 D

df

2
2 =4 > lex]:=—k2(ACOSkx+BSinkx):—k2f

DL B RERIfR N f = AcoSkx + Bsin kx
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Atomic Units

& F # 4% 4| (atomic units, au) 22—, B2 s A TF A F HIEZ.
L2 HEFT OV FFTOELELE4H, aARCTORAERAHE A
BAA T iZo

2

The absolute charge on an electron e=1.60219 x 10"° C
The mass of an electron m, = 9.10593 x 103! kg

£ B The radius of the first orbital in Bohr’s a, = h?/4n’m_ge?
(Bohr) treatment of the hydrogen atom

e

it T The interaction energy between two E, =e?/4neya, =
(Hartree) electrons separated by the Bohr radius 4.35981 x 1018 )

AT Planck’s constant h=2r thush = 1.
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The Hamiltonian Operator

&R % & 46 € A 44k AHamiltonian(H) , A AMEH kA4 4 S KA
Pt B E o

2 2
he oY
+V(x)Y=EY — | HY =FE¥
2m ax?
N > n
ﬁ _1 fi 2
A A<B i
I The terms are: © P o I
© = Kinetic energy of nuclei
@ = Nuclear-nuclear repulsions
-1
@ = Kinetic energy of electrons - 2 2 aVAN VI E € r
© = Nuclear-electron attraction i<j
@ = Electron—electron repulsion (4] (5
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Solving the Schrodinger Equation

HY =E¥
-

Jy*Hydtr = EJy*wdt = <ylHly>= E<yly>
L

<ylHly >

<yly>

E_
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Solutions to the Schrodinger Equation

I E(WRELTHRL B FITRGLER, LA
#_ & # (wavefunction) .

Hy =Ey

dFakF@as.
H:_h_zvz_e_z
2m "4
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H.*: Why does a Bond Form?

0.4+ £ B Geometrical terms for H,"
- ‘f! E /
£ -
0.2+ & SN A
| = o0 0%
< ] kY ;,,-**'*r
—0.2- \ A = 1s orbital of a hydrogen atom
—04- v F B = gerade state (g), bonding orbital
o6 C = ungerade state (u), anti-bonding orbital
—4.0 =2.0 0 2.0 40
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H.*: Why does a Bond Form?

Hyt o F TR OH AR R A - T & T 346 (7,) 1% 7
Bk BAMNKRLG ATk, %eaTF P AL (V)RR

S

0.6

o

—

o
1

Energy (Hartree)
o

Internuclear distance, r (Bohr)

B4t FedhitaeottE:Bhs: Hit o FHEA-NREAESE
g, uEFROGETHa KO T AME A LR ¢gMorse 4 & #o
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Solving the Schrodinger Equation

AARG TR FPHARRE 2 FFTRIUFART
e, B KBHLAIINEBH AL, $HLLELERRAN
&7k

Hy =Ey

W Akt & ok (ab initio): Hartree-Fock, MP2
WM £ 434 & (semi-empirical ): PM3, AM1, MNDO
B £ £ 2 & 7 &% (density function theory) : B3LYP
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The ab initio Molecular Orbital Theory

The term “ab initio” means “from first principles” ; it does not
mean “without approximation”

B Born-Oppenheimer approximation: it allows the wavefunction of a molecule
to be broken into its electronic and nuclear components.

‘P — Wnuclei X l//electron

B The orbital approximation: The total wavefunction is considered as a product
of one-electron wavefunction known as orbitals.

V= v.(D)yp2) y3) oo v, (m)
<y ly,>=1 <yly,>=0

B The non-relativity approximation
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The VVariational Theorem

# /& 32 (The variational theorem) : # & +% o %2 €4 4% 4T & 4«
BTt THRARL EESORETELS.

& & Rt Ak 4 gHamilton 4 4 AH, £ & —/NVa—iLd
RLBHAY, MA

<ylHly >
<yly>

susbE) A4 REGR T AAZVEHHE AL REGR
L#H iR, FHE=E,

E = E>E,

RET B, XN THUE LRI B HGLETE
AR LGALEKE
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The VVariational Theorem

BAAEF—~NE BB OATINEFAS BT A G AR # 04
Hms, X HAMIBERELER)2—G,

d=) cy,

cwr\Hlhir> = Fecwurlur>
"‘Yl.‘.-..'Y’ Al ‘YIY’

M4 b sHEGTONE@AR.

v
(@)~ Tew e, )~ EE(cmlEfv.)
= ZZC:CmEm<V/n ‘/’m> = Z C, 2En

n

o ZAE B A A AR EE, ARFAAPAEE, BAE,>E,
(n>0), 2 LAT 6% Tt EAKT % TS,

(AH|g)> e, By = E,
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The Hartree-Fock Equation

P T ERGE BB TREELETFELT R D EG R
PrFREEZBANNECTF, AN HGE & T R & Ho
st F A NEQF K L, M AR THartree-Focks 42 .

Fock Operator One-electron orbital

/
[Hﬁ - (21~ K;) | vim) = 95 (m)
J

[N

Core integral Coulomb integral Exchange integral
(one-electron integral) (two-electron integral) (two-electron integral)

kinetic energy of election & electron-electron repulsion
electron-nuclei attraction
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The Hartree-Fock Equation

A% 6% fe T ELTILE R,

Ei. =22€ — 22 (ZL','_K;']')
]

\
\. J

Y

This correction must be made otherwise each
electron-electron repulsion is counted twice.

Left: Prof. Douglas R. Hartree (1897 - 1958)
Right: Prof. Vladimir A. Fock (1898 - 1974)
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The Self-Consistent Field Theory

AR 2. 4o 4T K #EHartree-Fock 7 42 7

18 3 9 & 4 32 4 (self-consistent field, SCF) ¢ & 32 5 &, # 4N & F
WaFh Ao FAHE ARG H P ED. $HAFGFAZ LT GHE
% & F 4o

|:Hf:‘ + 2(2]1';‘ - Kij)}’yi(m) = £;y; (m)
Jj

. ’ﬁ‘;uzﬁ'amd""g‘ﬁ&‘!ﬁvlo;

. MBI BB BB L IR ) A% o Fe KA 45

. K#Hartree-FockF #, ##f—f ek 2ty ;

. TE S B2F3, AERLGERETRERM. RETL 24
2, bR B HEHEARKEARL EAESGR K.
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Linear Combination of Atomic Orbitals

B Ko F F AT 2 R XA 452

LCAO-MOz i¢: ~F i h A F i i@ s dma, k(A
BPFMBGEFRBISG AR A AR EGE ALK

&,
W = > Cix O
k T~

™ basis function (£ & %)

SASFRE(y) HLEST AENET 64T
(Bl Ttk dobimbd fe rThEGELET AT A
B F #uit 6 % o
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Basis Sets: Slater-Type Orbitals

One choice would be simply use the wavefunctions of the
hydrogen atom adapted for other atoms, which is called
Slater-type orbital (STO).

Sen (1, 60,0) = Nxr""e " Y,"(0,p)
H_J H_J

TRERS AERE

It is unfortunately difficult to evaluate the
| complex two-electron integrals (J and K)
John C. Slater .
(1900-1976) with STOS
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Basis Sets: Gaussian-Type Orbitals

A popular alternative is to use a set of Gaussian-type
orbitals (GTOs) to represent atomic orbitals.

G(V) — N XXlYmZne—al’z

A

N\

- 1 1 I LI 1 I -

STO GTO

Integrals that must be evaluated are much easier to
compute with GTO:s.
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Basis Sets: Gaussian-Type Orbitals

L2 F 4%+ 4 P44 AGaussiand! £ & #0428 2
Gaussian Product Theorem: z## F & NP @542 F 2
a) 4’@/\&}%6{7 & L egGaussian & £, © 41642 T k.
TA Pz TFX@mNS 6t L LY 4o AR /NGaussian
& 5 4] Fro Fa o

dosbid X, wPawie gk TILEMA L TFRFa

o /\ tl b X P e N\ 2
2 ptiode, A FAPRL/ATUAEA—FSHMLAHZL TR

b anfe g oo, HiE ASTOME /£ 4 £ & #dask, %
N#F LT ERATHE R REAHI~OINE T Lo
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Minimal Basis Sets: STO-3G

STO-3G is a minimal basis set, in which each STO is
represented as a linear combination of three Gaussians.

¢; = a,G; + a,G, + a3G;

A

Add all three together Resembles STO

HelpLul The coefficients before those Gaussians are optimized to fit
TS experimental data.
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Extended Basis Sets

Another common basis set is 3-21G, which uses a linear
combination of three Gaussians for each core atomic

orbital; while each valence atomic orbital is split into two
functions (J; & ;)

split valence
basis set

&
T
9, = ¢y + ¢p<;

Ji=a;G,+a,G, O =azG;

®
Split valence basis sets are used to account
for diffusion of atomic orbitals, i.e. the

change in size.

Ethyl cation
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Extended Basis Sets

The most popular basis sets in QM for studying simple to
medium-sized molecules today are 6-31G(d) and 6-31G
(d,p), i.e. 6-31G* and 6-31G**,

One six-fold contracted 3+1 split valence functions
core function

~ /
6-31G(d.p)

\

One set of d polarization
(% Q functions on heavy atoms,
N 2l | — % &

one set of p polarization

s functions on hydrogen atoms.

Polarization of orbitals: change in shape
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Full Extended Basis Sets

The more complex basis set below is applicable to H to Br
atoms.

One three-fold contracted tight valence functions,
One six-fold contracted & one loose valence function
core function /

63 1++G(3df,2pd)

One set of diffusion valence Three sets of d and one set of f

functions on heavy atoms & polarization functions on heavy

hydrogen atoms atoms; two sets of p and one set
of d polarization functions on
hydrogen atoms.
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Basis Sets: An Example

Question: 4o % 4% A6-31++G(d,p) £ 44 % s 22CH, 2 F,
Mg AR BGREBAER S I

Answer: H: 1s1s’2s2p (1+1+1+3=6)

C: 1s2s2s’2p2p’3s3p3d (1+2+6+1+3+5=18)
Total: 4 X6 +18 =42
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Summary: The Roothaan Procedure

B AL ERGEPEBEATAL LT A D H G RR

W s A6 5% 5 ok b K#MHartree-Fockx 42, 4+ —45 &
@ F R HEGRLEBR

[Hif s 2(2]:';' - Kfj)} y;(m) = £;y; (m)
Jj

BTt A>T AKRAH LT T @& M0
4 A (LCAO-MO).

B T5@FR)EH, ENATHER T A—
£-Gaussian & # % % & (8pbasis set) o

Prof. C.J. Roothaan
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Problem in the Hartree-Fock Method

4,18 & 42 (Orbital approximation) : 8 & F 692 s R I 2 6§, 4
4R e AkTAS TR LT R BEG R, N-F
Hamiltoniani N4~ £ &, F Hamiltonian4, %, N-4 F Schrodinger
7 72 # N ANFock 7 42 4%, %,

V= Wa(l) |x"b(z) Wc(3) eoe Wn(m)

Hartree-Fock i #& & F = i ¢4 /& A 432
AL QT Fo O F A A FHEH 2
W e R & F &F & a2 QG 4B
= (electron correlation), & # & 4z 4 32 7
kB kAR £
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Electron Correlation

&, F & 7 = 9] 4 #8 4~ (electron correlation) & — #F 4. & 4K %
Mg HFF % 2% T3 M# s, RHFF & & & @ik
4 2R EEZRASZT AL LM

E L L 00
corr — Y“exact HFEF

& F £ L% T (correlation energy)bp 2 L A4 & i T
ﬁ,'-{ﬁvfoHFﬂvHiﬁl Rt LRI AT IRGEMA

-

HelpLul Correlation energy is typically around 20 kcal/mol per
Tips electron pair.
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Post Hartree-Fock Methods

AT &Mk b AL O FBAKE > GAA ik, BN LTI
5B R A

B Configuration interaction (CISD)

B Coupled cluster (CCSD)

B Mgller—Plesset perturbation theory (MP2, MP3, MP4)
B Quadratic configuration interaction (QCI)

B Quantum chemistry composite methods (G2, G3, CBS)

Van der Waalsta 2/ AA R L&A —F & F BA#E,

i HsuHF 7 ok 20 L Xk & AT 432VDWia Z /£ A K & 4

HelpfUl ks s dn T4 M. CISD, CCSD, MP4 o ik T 52 st 52
TP | wtAazth A
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MOT versus VBT

VBT prediction

B

Four equal energy C—H bonds
from sp? hybrids on C predicts a single
valence ionization potential

Cls
1a,
Ki

|
s
|

|
1
i

' o
I A L

|
'3 |

T T ‘1' T L T
1190 1200 1460 1470 1480 eV
Kinetic energy

- The Methane Molecule

MOT prediction

s
_H_

MOT gives a low energy MO and three
degenerate MOs, leading to two valence
ionization potentials

lonization potentials of methane measured by
photoelectron spectroscopy
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Computational Costs of ab initio Methods

2t F A ¢gHF ab initioit &, 4 & § 5n* A E (nHh o
Fod A AOERBRAEH) o BT OELE S K142, Mt
B FAn &g K2 = 1643

cholesterol

A regular organic molecule: ~30 atoms; A mediume-size protein
molecule: ~3000 atom:s.
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Semi-Empirical and Approximation Methods

HF-SCFH 45t P MaAA T HEAROF 00 &K) o AT %
AHHEE, ~LAMF L% T bl FLiEAGRAKE
K H 1% A2 4o

B Methods such as CNDO/2, INDO and NDDO that were introduced by John Pople.
The implementations aimed to fit, not experiment, but ab initio minimum basis set
results. These methods are now rarely used but the methodology is often the basis
of later methods.

B Methods that are in the MOPAC and/or AMPAC computer programs originally from
the group of Michael Dewar.These are MINDO, MNDO, AM1, PM3, RM1 and
SAML1. Here the objective is to use parameters to fit experimental heats of
formation, dipole moments, ionization potentials, and geometries.

B Methods whose primary aim is to calculate excited states and hence pred
electronic spectra. These include ZINDO and SINDO.
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Density Functional Theory (DFT)

L24

Hohenberg-Kohn:z 32 (1965)45 & : 4 4 £ A ¢4 &
MARERA GO F g regl i rt T B EL
A o P9 — o

E

\

p = glxy.2)

B EIE & A OTF F AR KL A KL AR %
KETOEZT. 30T A BHEA SN AEEZTN H&F
#), HOFBE (p) ARAENTETHLH, LALRA
WMhLLRAEFRE A PAHEFTMELE
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Density Functional Theory

BRBEBEZRIEZR, RLAOZLRETTUS,HRA .

EXC = EX(p) + ES(p)

E= ET-I- EV + E] + EXQ—\ Exchange-correlation
ol f X term

[

Electron Nuclear-electron Electron-electron
Kinetic energy  potential energy repulsions

-
welpkdl B Hartree-Fock & R B, DFT=z ik Ak k& Lt
Tps AATOLFRBEMEKE
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Density Functional Theory

DFTx 2kt d #4285, RAACEA-NE
¥ ¥ 42 o kK A & F Coulombiz 2034 B A — N2 & (V)
FAREREF G T XIB—5BE42 4

{ iy Zze Ip () df’2+VXC(71)}w,(Ia) ey, (11)

2m sy o

/
p(r) =Yl ()

Coulombs 4~ @F RB-RBAR S

/Ah\ﬁﬁMWﬁ%$%%&ﬁ%£%ﬁ&%%%ﬁﬁo

R ERIER LS EHAEMER Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences



An Example of DFT Method: B3LYP

The B3LYP (Becke, three-parameter, Lee-Yang-Parr) method is a
hybrid DFT/HF method. B3LYP calculates the HF wavefunction and
uses its exchange energy as part of the DFT exchange energy.

. X The energy function of the B3LYP method

+ (L= a)(Ejps + Epge) + PEpgs +1E: +(L=y)E"

The LYP correlation functional is derived to reproduce the correlation
energy of the He atom.

LYP _ CI HF
EC _EHe _EHe
/! ™~

Energy calculated with high-level ab initio method with Energy calculated with HF method
consideration of electron correlations.




How Good is Density Functional Theory?

DFTz#adtagFHFHATHE S RORMA, &
ATATREHGHE T k) T &A %o

B DFT methods predict good structures.

B DFT methods often underestimate activation barriers
(2-5 kcal/mol).
B DFT methods often overestimate frequencies by 1-5 %.

Errors:  Epr> Epwyr > Emp2 > Egarye ™ Eciso > Eqcisp > Eccsp

CPU time: tccsp > tocisp > toisp ™ tupo > tearye > the > towos
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Quantum Chemistry Methods

W Akt & ok (ab initiomethods): Hartree-Fock, MP2/MP3/MP4,
CISD and etc.

BT ENEABEHEFLE AT oMbk, FAIINL
ChM; KBFRPHEFGE LT, ——FRTHE, FARMEM
G EEBAK A4 eHamiltond 4 @442 & F U A 43 K 2
& F 6 7T #o

B £ 4 3% 4 ot (semi-empirical methods) : MNDO, AM1, PM3

4t 2t Hartree-Fock-Roothaan #2, & ok & #. Hamilton % # fo 4=
rEHLZANERELBTHA BRAGEHREAL, FETE2E A

B % £ i3 & 12 +# (density functional theory, DFT) : B3LYP

RO TEEBRKBRLBEMAMEIAL R ETOE ST, AL
BERE B P D F 1@ 432,
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Nobel Prize to Quantum Chemistry!

‘“TFHFEGELERA S KAFREAG L, KL
FENT N A X NFAKL, £EF 2
BELRAUART 2 TFHRELGOHA. LWERAIT AR LAY
RERFT

— 1998 % 4 g RAMF I N RIFERLF AL

Left: Prof. John A. Pople (1925-2004)
Right: Prof. Walter Kohn (1923-)
Winners of the Nobel Prize in Chemistry in 1998
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Software for Quantum Chemistry

AN EFHETEAMOEELA L~ SLFHLLMAE P,
BAAAE RS2 AT 8k A
B Gaussian 09 (Gaussian Inc.)

B Spartan (Wavefunction Inc.)
M Jaguar (Schrodinger Inc.)
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1. Essentials of Computational Chemistry

312 4 41% (Theoretical chemistry) & Al 4932 % 69 £ A &
BEERBNULEAEL, IR EZRNUFEEREETTE, B
ERAEFAZGAARL LB ANE M, 2bLSGH
RLBALELCTF LN B, REAGH D FHa 0 FHR L
Bt A FEF

1t & 4% (Computational chemistry)
thoit EAuA LA R B ANZ M. 115
A AR F @Gk, it EAudz A
#ARN, AFTHA>rTFHRLG4#H. #
,;, yA BB ff': . The Free Encyclopedia
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A Revisit to Potential Energy Surface

Potential energy surface (PES): Graph of the potential function,
which is a mathematical function describes how the potential energy

changes along with the internal motions of a molecule.

What can we do on a potential energy surface?

O £sa0itd

D % :#&"9 % '{t‘ reactant
O 3£ 5047 % 47
O3#455TEA

product
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Single Point Energy Calculation

Single point energy (¥ £ 4% ) calculation is the prediction of the
energy and related properties for a molecular system with a
particular geometric structure.

B Total potential energy (1 hartree = 627.51 kcal/mol)

SCF Done: E(RHF)= -113.863697598 A. U. after 6 cycles

Outputs produced by the Gaussian software are
used as examples on these slides.
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Single Point Energy Calculation

B Molecular orbitals and orbital energies

Molecule lies in o plane
Molecular Orbital Coefficients perpendicular fo the page
1 2 3 4 5 ()===c.ﬂ“’i
(A1) --0 (Al1)--0 (Al)--0 (Al)--0 (B2)--0 WH
IGENVALUES — -20.58275 -11.33951 -1.39270 -0.87260 -0.69717
1S 0.00000 .99566 -0.11059 -0.16263 .00000
2S -0.00047 .02675 0.20980 .33995 .00000
2PX 0.00000 .00000 .00000 .00000 .00000
2PY 0.00000 .00000 .00000 .00000 .42014
2PZ -0.00007 .00066 .17258 .18448 .00000
1S .99472 .00038 .19672 .08890 .00000
2S .02094 .00025 .44186 .20352 .00000
2PX .00000 .00000 .00000 .00000 .00000
2PY .00000 .00000 .00000 .00000 .32128
2PZ .00153 .00029 .13538 .14221 .00000
.00002 .00210 .03017 .17902 .19080
.00002 .00210 .03017 .17902 .19080

o
o

o

|
OO O OO0 0O0O0oO
CO O OO OOO0OO0OO0OO

|
OO O OO0 0O0O0DO0OO0OC O

6 B
(Al)--0 (Bl )~~0 (B2)--0 (Bl1)--V
EIGENVALUES — -0.63955 -0.52296 -0.44079 0.13572
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Single Point Energy Calculation

Population analysis: To derive atomic
charge distribution, i.e. partial charges

B Mulliken population analysis (MPA)
B Natural bond orbital analysis (NBO)

B Atoms in Molecules analysis (AIM)

B Methods based on molecular electrostatic potential

(e.g. CHelpG, RESP)
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Population Analysis

The partial charge on the hydrogen atom in the HF molecule as
computed by different methods.

RESP NBO

Level Mulliken Electrostatic Natural
HE/STO-3G . 0.28 0.23
HF/3-21G"* . 0.49 0.5
HEF/6-31G* : 0.45 0.56
HF/6-31G** . 0.45 0.56
HE/6-311G** . 0.46 .54
6-31+G* . 0.48 (.58
60-311++G** . 0.47 (.55
MP2/6-31G* . 0.45 0.56

One should be careful to compare the absolute values of partial charges!
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Single Point Energy Calculation

Dipole and higher-order multipole moments can be
computed from atomic partial charges.

atomic charges:

.388420
.156442
.507090
.170180
.173519
.183866
.165399
.179494
.179495
um of Mulliken charges= 0.00000

LT T ITITXTNOAN

1
2
3
4
S
6
-
8
9
S

Dipole moment (Debye):
X= -0.2982 Y= -0.0310 = 0.0000 Tot= 0.2998
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Geometry Optimization

giiibn T addam LFHLL S, TNEAE
AR AER A, BB St e T oFGiKAEH R

HaC CH,
global maximum__ local maximum

AH
6- H HEH-_.,/
- H

E (kcal/mol)
e

local minimum
",_\_h -'-.___.' .'-Ill I.-' -“'\-- y J /

'

]u.a kealmol ' /

S

0°  60° 120° 180°™\240° 300°  360°
Dihedral angle ..
global minimum
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Geometry Optimization

Stationary point
(s . 5 4):

lmm sadeie point

hﬁﬂ maximym
local minimum glm minimum
Iﬁwal mdriru
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Geometry Optimization & Single Point Energy

ATERH# G E>rTFOEMIMHR, ~FFHAGERR S
A B4t sl RA BRI GRA 2 F &M R ITHANM, %5
Aot tiE B A RAGIEDT EFo B A GRATHE>rFGE S 4

B3LYP/6-311+G(3df,2df,2p) // B3LYP/6-31G(d)
B3LYP/6-311+G(2d,p) // HF/6-31G(d)

MP2/6-311+G(2d,p) // HF/3-21G(d)

f

Method for single point Method for geometry
energy calculation optimization
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Frequency Analysis

IR oA TILAT 3/ 8 ¢h:

B4 E A>T @ LT A A kit E 2 F 2

Bz P LI s @R

gk oTFagmstfods g XA, LEHRHHE
Fo 3% B o

Wit 5 RS Ao 0% B (Bl R 4 Gt Ao Hh)

2 E: RNt EMHAEAGRE AT EFoAALTRY
HALTUATH R R Z A F kfe A4 4aE .
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Frequency Analysis: The Hessian Matrix

1 2090 £ o457 i@ it B AT AR 4 g Hessian4E B £ ot 47

| O°E

OR/

O°E
OR,0R,

5°E

O°E
OR,OR,
O°E
OR;

5°E

O0°E

6R16R3N—6
0°E

| ORyy_¢OR,

Hessian46t4: st F 3 2 F o F 4 %4, A4 a4 Tast T 4

OR;y_sOR,

OR,OR;

O0°E
aR32N—6

#R(=1,2, ..., 3N-6) 69 = 4% F B 4E F5 .
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Frequency Analysis: The Hessian Matrix

W EMESH TAKF —~AfEd4 £, (=1, 2, ..., 3N-6)4
Hessian4e Me 2 A flo shitzt AL L A £ 00 A KT L& 36 2 F Ho

0°F
— 0 0
0¢,
0°E
H = 0] — 0 Force constant, which is
% é: ) related to normal mode
: : . : - frequency
2 &«
a 2 2k v i,
— | 533\?—6 |

pelpLul
Tips REATFAERO—NRETRMEAL, =K H R T Ho
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Frequency Analysis: Normal Modes

F LI B dr & FE Ty i

HadxHmo,

16] ii&"ﬂ"ﬁ*ﬁ"% fﬁ‘t«‘f

A
O
A

CH, symmetric stretch
v=2783 cm™!

Ot

}
W

CH, scissor
v= 1500 cm-!

A
_H H,\\

CH, asymmetric stretch
v=2843 cm!

-0

CH, rock
v= 1249 cm-1

\

CO stretch
v= 1746 cm™!

CH, wag
v=1167 cm™!
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Computation of Energies

Final predicted energies must always include a scaled zero point
energy (ZPE) and the thermal energy correction.

EO = elec + ZPE E= EO + Etrans + Erot T Evib
\ y,

. J
| Y
potential energy Thermal energy

H=E +RT

Temperature 298.150 Kelwvin. Pressure 1.0000 Atm.

Zero-point corrections= 0.029201
Thermal correction to Energy= 0.032054
Thermal correction to Enthalpy= 0..032599
| Thermal correction to Gibbs Free Energy= 0.008244
Sum of electronic and zero-point Energies= -113.837130
Sum of electronic and thermal Energies= -113.834277
Sum of electronic and thermal Enthalpies= -113,833333
Sum of electronic and thermal Free Energies= -113.858087
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Computation of Energies: Scaling Factors

Scaling factors are used to correct the systematic errors produced by

QM calculations.

% 7k 1 & M B T

B & AHEERTF

HF/3-21G 0.9085

0.9409

HF/6-31G(d) 0.8929

0.9135

MP2/6-31G(d) 0.9434

0.9676

SVWN/6-31G(d) 0.9833

1.0079

BLYP/6-31G(d) 0.9940

1.0119

B3LYP/6-31G(d) 0.9613

0.9804
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Computation of Reaction Enthalpies

BB TG LT ETIRETA .

AH298 = AE298 4+ A (PV)
X

\
E=ZPE+E0, +E

+ E,.; + Eip

trans rot

H* + H,0 - H,O*

Thermal Corr. to H??8

Molecule Hartrees kcal-mol!

H,O -76.46241| 0.02452

H;O0" |-76.73422| 0.03753

Data computed at the B3LYP/6-311+

298 _ -1
AH*?® = -163.3 kcal mol G(de’zp) level.
Experiment = -165.3+1.8 kcal mol ™!
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Explore Reaction Pathways

B EwtEARLEHLG— UL S (first-order saddle
point)o.

. - or
Transitien & o & Second Order Saddle Point i e 6— = ||
Transitien q;
Structurg B 2
oV
HXfH i 5 <0
Finimum for q,
Froduct & 5
_ o oV
1 Ly ) ~>0
o Minirnum 5(};

i:!iv:;r Product B

wzL K k<0

%mﬁrlﬂw o | I VM,
Saddle Point
Valley-Ridge
Minimum for Reactant Inflection Peoint E A Qv B sk fk A 2
T (imaginary frequency).
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Explore Reaction Pathways

AR B LR RA S RER AN EAT k.

B Potential Energy Surface Scan (% 4 @ 4a 4%)

B Intrinsic Reaction Coordinates (IRC, 4 Z & & 4 4z &
%)

Outputs produced by the Gaussian software are used as examples on
these slides.
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Potential Energy Surface Scan

QST2: Structures of the reactant and the product are
required as inputs.

QST3: Structures of the reactant, the product, and a
guessed transition state are required as inputs.

Saddle point

reactant

e

pelpLul
Tips bt @bt E AT oL LR LA
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Intrinsic Reaction Coordinates (IRC)

IRCx % ¢ A A& %

B2z El; AEALBAELL AANEET G
tRERA TR MEIRIBEAFAELEGANBIME(A
&ty Fa 7)o

l% BLg—HG s R—2sREBE EWio G A
&u»%%gg%%ﬁﬁﬁfﬁ@i%wﬁﬂiﬂ
%iﬁmﬁﬁ%ﬁ g A

B 2t EEFAAMNTIUHTHE LS G EA
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Routines for IRC Calculations

e EAEGLEY. AR EAG HITEML NI FE
A A7, %v}\ﬁﬂ‘-éﬁs\cf' Bt HEBE RS Fo ) FHEM

R E B Fe oyt tE4h . 4 s Hessian4E i # @ 4T
IRCHHE, A tmnat s TRTaFEBAIMA, H

Ry FhrihoF. A EHH>FFo 2 oF
A% H AT LR AA I B AT PR E Ao B B F A
i 255

3. A sty iEiLEs: g 5 Fe 7= i 2% 14
ﬁq$%Lﬁn$5 wﬁ ﬁ A% # A
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An Example: Reactions of Formaldehyde

@ Molecular dissociation
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An Example: Reactions of Formaldehyde

F I — LG F B B B AN HFBE 2

o Y

Transition State

TAKAMNTESGUMHE, R ATFRAR EE
Pt b T AR, AT BLHOHE S A
Hﬂ’ﬁ‘«\ﬁ /\Jfé“ﬁ; 'Gﬁ't’kﬁﬁﬁiﬁﬁ E&tn *l]o
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An Example: Reactions of Formaldehyde

_E'_E_El :M1:¥1 — Display Vibrations Vibrational mode of TS at the imaginary frequency

Inft; ad

—-2186. 31
T54. 40
1053. B2
1306, 40
£143. TR
3256, 46

MMG1:M1:¥1 — Vibrational Spectra
Flaots

IR Spectrum
4000 — — 4000
3500 L 3500
3000 L 3000
O 2500 — - 2500 o
]
= 2000 — 2000 B,
& 1500 1500
= 1000 - L1000
500 - L A - OO
0 - L . L g
IIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|

500 1000 1500 2000 2&00 3000 3500

Frequency (cm !)
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An Example: Reactions of Formaldehyde
: Kk A FH, #TIRCHHE

O
1.14A[ ys0 1.13A | 1.12A |

CL1.6A C s’ ¢ )150°
H o
1.06A \“s8° <j LosA G H @ 1.23A 102 H
\ﬂ’{sa.& HTo

H H7.03A

' TS T

AR ELIFH T NERPBHR LT ALH, TIARE
BEAERKRA B Pabhey; AAS LG T —~NC-Hétds
k. COd%Mmmpmath, £4T Z2HoF-
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An Example: Reactions of Formaldehyde

F3B = E R E

Molecule | SCF Energy| ZPE | Total Energy
H, -1.12683 |0.00968| -1.11716

CO -112.73788 | 0.00508 | -112.73280
Thus, H, + CO = -113.84996

-113.86633 | 0.02668 | -113.83966
=SS

*: Produced at the HF/6-31G(d) level. Energy Ag:;;;n

System (hartrees) (kcal mol™")

Transition State -113.67578

Reactants: H,CO -113.83966 | 102.8 (forward)

‘ Products: H, + CO -113.84996 | 109.3 (reverse)
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An Example: Reactions of Formaldehyde

E_;!“G 1:M1:¥1 - Display Vibrations Vibrational mode of TS at the imaginary frequency

Freq iﬁfiﬁ;&ﬂ//,
—£709. 49 108
B4d. 59 15 J
1432, 40 =]

165Z. 04 15

25819. 51
3166, 65 3 J
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An Example: Reactions of Formaldehyde

o St Hn Bk
AT HA

Energy Activation Energy

Svstem ,_
" (hartrees) (kcal/mol)

Transition State -113.67941
Formaldehyde -113.83966 100.6 (forward)
trans Hydroxycarbene -113.75709 48.7 (reverse)
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An Example: Reactions of Formaldehyde

$BE - REBEFEAOL R, A2 LA RER,
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Summary

BitHEE: A48T, 2FE. &F 2F %,

B 20 40/48 &L 5404 GHLTHE

BE 40 £ pdr: $15E A T 2. HEE X ILA
MAFEo

Bt fe&Zioduil, $BAEEELAGLEH
. BEFREHRA
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I11. Disputes on Quantum Mechanics

% % 77 4‘) 7%‘%\4\3%58“;}7 6{7 7H' ? 3 Reproduction rights obtainable from
hZ—, nRA ARG R O
ALk W 3R o & B M AE | .
A4 2 /56100% F 2, AXGH K
HAMF|{EFER T T A FERG
Nz

{a B £ F 4o i TRB YN R G2
FEAABKLFH AT EAIRKGA
B, AMEZREALERF LG
£ 5, LA B

QUANTUM MECHANICS
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Schrodinger’s Cat

Y TR D SN DL C TR DIE L KT L
Mz b2ialt 4z Nihikig LI LMt 2 HGKER?

1935#—%/@5&&: T =% 4% 94 £ % (thought
experiment): # A —_AR#AHF - NEHHELSTF L, &
%2&#*$%ﬁé%@ﬁ%£%—¢&%ﬁ&%o%%
BRTEAERT DB BMNBHNE, B BLHKEFH
FAH BARAEINREFA-NIHAT—ZGBEL LR
¥, —NIHZE ﬁfl‘]ﬁﬁ‘ﬁ% NRK K IA B RTEAL
& & o

R ERIER LS EHAEMER Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
y



Schrodinger’s Cat

%‘? i%ﬁ&: é@#}i#& :;:‘5&6@#2 ‘&"ﬁﬁ'fﬁigﬂu&éﬁaigﬂu&?&% 4/{: 7&*0

A2 aBMNATFETFXABRERALREAR?
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Schrodinger’s Cat

EFAFGOESF R “TASReH SLIHOBRE.

— ANH A F R 4 & TF B 4o & (superposition) , T 34 & 1% 48
4k BB EML, ZRETTFERGAAMNIE. SRMOEALMEAN
#F R4 at, A% ek & L 437 %4 (wavefunction collapse), 4
45 F ALK AT EAH 2 KE

SAHEEM A KGR HAERGRES, MEENAMNET G
4 5 REATFENKAREAEZNL Y. AW, ARMNTFEZHGE
FHAALMNZA, AABLEFRTFEEARARTGARI L, #2
FRLE L TF R AR E GBS

kS

: R f
| e
]
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Schrodinger’s Cat

o REHAA, Ak
TR R R & Hiete.

— Stephen Hawking

warew CattoonStock cor

© Original Artist
Reproduction ri'ghjs-u’hm

-
" DrE 7

“Are you quite sure it is just a
hypothetical cat?”

7*: RSPCARBIRIHAN TS

N
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ME—: IRERBAISEAHE X2 FE

—~ NI E B RO EBEANR K 3B &
AR H LS ORI, AAREZGOAETTFOF
6 12 R Ao li R A B LI F it Ao

»

“Shut up and do your computation!

Niels Bohr (1885-1962)
Nobel Prize in Physics (1922)

‘R F I EFEFR—H, ATEFRRARGEATTFAF, ¥
—~AZ%EFTAFAEFAAARLFPRRLZRGET. ™

--- Steven Weinberg

1979 %4 N Ry 5 4% =
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MEZ: R BBAHIEESCGR TR

ZH—FME AR RRETRAGHEEL, &
PR ERENEAMENE T, RAR AL G A
ik, HEALNAAREREGMER o

“KFAELFARRT.
--- Albert Einstein

Albert Einstein(1879-1955)
Nobel Prize in Physics (1921)
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ME=: NARERHEBELERNIEREN

LA BN EAARSERBATLALHE, 22 2 —~MAE
BhOmIET

On the reality of the quantum state

n ture =
: l waew rature com/naturephysics
*

phySICS Matthew F. Pusey,'*] Jonathan Barrett,> and Terry Rudolph!

\ ! Department of Physics, Imperial College London,
Proximity goes further Prince Consort Road, London SW7 2AZ, United Kingdom

*Department of Mathematics, Royal Holloway, University of London,
Egham Hill, Egham TW20 0EX, United Kingdom

(Dated: April 11, 2012)

Nature Physics, 2012, Vol.8, 475-478
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