Cwﬁﬂmb 7)':?*}%—"? |\

V,‘jZV(.“’,‘j)=% . (11)
thvﬁd{ng&_/}ﬁﬁ\
ay = 7 %Y (1.3)
ot
H(r,t) = H(r)
U(r,1) = U(r)e E/" (1.4)
H(r)¥(r) = E¥(r) B B (T
H=T+V
T= ZN: T, = -ZN: zﬁ—Vf EPprAIF—
i=1 i=1 !
2 62 82 1 5)
- (7o) |

BE Wzl 23 Fo Ha m;‘ﬁ‘]m iav
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y=0, i#j
v e\, IR I (e By BIAT=E0) (T
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W = Epr 12N
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1
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2 ", VeV
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Figure 3.1 Avoided crossing of potential energy surfaces for LiF
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(ala) = (BIB) =1
(alB) = (Blay =0 (3.18)
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Sedter 433174,

¢1(1)  ¢a(1) ... ¢n(1)
?1(2) ¢202) ... ¢n(2)

G1N) 62(N) . Gu(N)

1

q’SD = 3 (¢’l|¢,{> = 61}' (320)

2l

@-}[ S Py
=E¥

l ¥ = single determinant

HF equations

Additional Addition of more
approximatic':/ \determinants

Semi-empirical Convergence to
methods exact solution

Fignu;e 3{.52 The HF model as a starting point for either more approximate or more accurate
treatmen
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for density matrix

|

Form Fock matrix —e—— JWo-électron

integrals

|

lterate Diagonalize Fock matrix

l

Form new density matrix

Figure 3.3 Illustration of the SCF procedure

(1) Calculate all one- and two-electron integrals.
(2) Generate a suitable start guess for the MO coefficients.
(3) Form the initial density matrix

(4) Form the Fock matrix as the core (one-electron) integrals + the density matrix times

the two-electron integrals.

(5) Diagonalize the Fock matrix (see Chapter 13 for details). The eigenvectors contain

the new MO coefficients.

(6) Form the new density matrix. If it is sufficiently close to the previous density matrix,

we are done, otherwise go to step (4).

Corwes I 1R ab witFTR 23 2

™

3/4
Galt)= (EE) o —H(r—Rp)?
Fia

Ga(r)Gg(r) = Ke —(r-R.)?
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a+pf

2 3;2 3/4 ] 2
K= ; (aﬁ) / e “arilRa—Rg)

3/4
GA(I') — (gg) e‘—ﬂ'(r—-R‘)E

(3.59)
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| |
F+-|
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el

RHF UHF
singlet doublet doublet

Figure 3.4 [Illustrating an RHF singlet, and ROHF and UHF doublet states
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Fock T3 E s
0

NDBDO =Ty =
S h =—b, V.
Fup=hu+ Z D [(uv|Ao) — (u\|vo)] (talhlva) p ; (kalValpa)
Ao

(3.71) = (3.77)
5 (ulhl) (1alValpa) is independent of orbital type (s or p)
ur = v
B R (IU'AVBlACJD) = 6}(,\/\.353430'0 (,U'AVB!NAVB) 3.78
Neglect of Diatomic Differential Overlap Approximation (NDDO) (uavs|iavs) is independent of orbital type (s or p) (3.78)
ydjbr 7, Suw = (palve) = 8,648 (3.72) ~
@ }4‘-’3)} . g (navalpava) = (papalpara) = vaa ’3 Coulep b8’ (3.79)
: 7! (LAVB|AVE) = YAB 'F.—_‘"'mj‘,]a‘,j
= X2 a
__\%_}m%r h=—{v?-)" TR -V -3"v, (3.73)
i ‘ Complete Neglect of Differential Overlap Approximation (CNDO)
(nalhlva) = (ual - 3V? = Valva) = D (kalValva) NDo 1= 3Li= L
l‘—'- a#A z
= %—3%{73 (kalhlvg) = (pa| —3V2 = V4 — Vg|vp) (3.74) (1avB|Acop) = 6acOBDO uAO o (1LAVB|1LAVE) (3.80)
(1a|Vglve) =0 (C5A,B) (uavs|uavs) is independent of orbital type (s or p)
—1y2 _V,lva) =6, B L 375
(mal 2 Alva) " N 2 Alla) ( ) Parfser—Pople—Parr (P Pp)ﬁ
:‘%%f\ (1avB|AcoD) = 6acOBD(1AVE|Aa0S) (3.76) i % ‘%‘}‘7) ‘37'752‘/7:; CNDOZ,
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Modified Intermediate Neglect of Differential Overlap (MINDO)

(ualhlvp) = (ua| —1V2 = VA —Vg|vp)
:SpuﬁAB(!p"'lv) (381)

Yy

S;,w = (nU'A|VB-)\’_4 R}Tﬁ 1= 7\;.(‘

MINDO/3 has been parameterized for H, B, C, N, O, F, Si, P, S and C, although
certain combinations of these elements have been omitted.

Modified NDDO Models
The MNDO, AM1 and PM3 methods*

I hlva) =6,U, — Z! (aSa|lvasa)
v (palhl A) o ; a (3.2)

Uy = (ual —1V2 = Valua)

(ualhlvg) = (ua| —1V% =V, — Vglug)

=SwiBu+8,) (3.83)
Suw = (ualvs) R37 T Wiz (T
( C§. MINDO)

(ss|ss) = G
(splsp) = Gsp

(sslpp) = Hyp (3.84)
(ppIPP) = Gpp
(pp’lpp’) = Gp2

Each of the MNDO, AM1 and PM3 methods involves at least 12 parameters per atom:
orbital exponents, (,/,; one-electron terms, U/, and ﬁsfp;_ two-electron terms, G, Ggp,
Gpp» Gp2, Hyp; parameters used in the core—core repulsion, «; and for the AMI1 and
PM3 methods also a, b and ¢ constants, as described below.

.8

Modified Neglect of Diatomic Overlap (MNDO)
VnMnNDO (A, B) —, Z":&Zi‘3 (SASBls ASB>(] =1 e_“ARAB i e—f?BRnn ) (385)

Interactions involving O—H and N-H bonds are treated differently

Ven(AH) = Z\, Zy(sasulsasu) (l +

e AR

= +e—°‘HR'~") (3.86)

(s = (, for some of the lighter elements.

MNDO has been parameterized for the elements: H, B, C, N, O, F, Al Si, P, S, Cl, ZfL,
Ge, Br, Sn, I, Hg and Pb. The G, Gp, Gpp, Gp2, Hp parameters are taken from atomic
spectra, while the others are fitted to molecular data. Although MNDO has bt?en
succeeded by the AM1 and PM3 methods, it is still used for some types of calculation
where MNDO is known to give better results.

MNDO»FEE.

(1) Sterically crowded molecules, like neopentane, are too unstable.

(2) Four membered rings are too stable.

(3) Weak interactions are unreliable, for example it does not predict hydrogen bonds.

(4) Hypervalent molecules, like sulfoxides and sulfones, are too unstable.

(5) Activation energies for bond breaking/forming reactions are too high.

(6) Non-classical structures are predicted to be unstable relative to classical structures
(for example ethyl cation).

(7) Oxygenated substituents on aromatic rings are out-of-plane (for example
nitrobenzene). .

(8) Peroxide bonds are too short by ~0.17 A

(9) The C-X-C angle in ethers and sulfides is too large by ~9°.



3.10.4 Austin Model 1 (AM1)

MNDO
e Z; Z"
Vin(A,B) = VW&B} e ;ABB

= —cea)? 2 ~bis(Ras—cis)’
% Z apae bia(Rap—cea) + age (R a
k %

(3.87)

(&,_ =2\W0o “/FD\E 2?%.’ A 4‘3?)

e

parameterized for the elements: H, B, C, N, O, F, Al, Si, P, S, Cl, Zn, Ge, Br, I and Hg.
s s P
AU 0=FER. - .
(1) AMI does predict hydrogen bonds with a strength approximately correct, but the
geometry is often wrong. . _—
ivation energies are much improved over M - e
8; ﬁ;tplr;?v:;gnt moglecules are improved over MNDO, but still have significantly larger
errors than other types of compound.
(4) Alkyl groups are systematically too stable by ~2 kcal/mol per CH, group.
(5) Nitro compounds are systematically too uAnstable.
oxide bonds are too short by ~0.17 A. i ,
g; g?lgspLor compounds have problems when atoms are ~3 A apart, _[;;oquc1gg
incorrect geometries. P4Oy¢ for example is predicted to have P-P bonds differing by

A i i ical.
0.4 A, although experimentally they are 1del_1t1ca
(8) The gauche c%mformalion in ethanol is predicted to be more stable than the trans.

3
3.40.5 Modified Neglect of Diatomic Overlap, Parametric Method Number
(MNDO-PM3)
U A

s )
2RI e AL

] N

( 1 i A UL "J_Z'.;,_. \'d _"'h.,.,"\

PM3 has been parameterized for the elements: H, Li, C, N, O, F, Mg,
Al Si, P, S, Cl, Zn, Ga, Ge, As, Se, Br, Cd, In, Sn, Sb, Te, I, Hg, Tl, Pb, Bi, Po and AL
Parameters for many of the (additional) transition metals are also being developed under
the name PM3(tm), which includes d-orbitals.

"4

= =t “f
H‘B") TIES
(1) Almost all sp>-nitrogens are predicted to be pyramidal, contrary to experimental
observation.

(2) Hydrogen bonds are too short by ~0.1 A.

(3) The gauche conformation in ethanol is predicted to be more stable thz'm the trans.

(4) Bonds between Si and Cl, Br and I are underestimated, the Si-I bond in H3Sil, for
example, is too short by ~0.4 A. ‘ .

(5) HoNNH;, is predicted to have a C,, structure, while the expenmgntal is C,, and
CIF3 is predicted to have a D3y, structure, while the experimental is C»,. .

(6) The charge on nitrogen atoms is often of “incorrect” sign and “‘unrealistic”
magnitude. : -

MNDO AM \ f}M 3 H\PoixP.E
Some common limitations to MNDO, AM1 and PM3 are:

(1) Rotational barriers for bonds which have partly double bond character are
significantly too low. This is especially a problem for the rotation around the
C-N bond in amides, where values of 5—10 kcal/mol are obtained. A purely ad hoc
fix has been made for amides by adding a force field rotational term to the C—N
bond which raises the value to 20-25 kcal/mol, and brings it in line with
experimental data. Similarly, the barrier for rotation around the central bond in
butadiene is calculated to be only 0.5-2.0 kcal/mol, in contrast to the experimental
value of 5.9 kcal/mol. 3

(2) Weak interactions, such as van der Waals complexes or hydrogen bonds, are poorly
predicted. Either the interaction is too weak, or the minimum energy geometry is
wrong.

(3) The bond length to nitrosyl groups is underestimated, the N-N bond in N 203, for
example, is ~0.7 A too short.

(4) Although MNDO, AM1 and PM3 have parameters for some metals, these are often
based on only a few experimental data. Calculations involving metals should thus be
treated with care. The PM3(tm) set of parameters are determined exclusively from

geometrical data (X-ray), since there are very few reliable energetic data available
for transition metal compounds.



MNDO, AML, BM2 ot B

Table 3.1 Average heat of formation error in kcal/mol (number of

Table 3.4 Average heat of formation error in kcal/mol (number of compounds)

10

compounds) Compounds MNDO  AMI PM3 MNDO/d  SAMI SAMI1d
Compounds: MNDO AM1 PM3 Al (29) 2.1 10,5 16.4 49
Si (84) 12.0 8.5 6.0 6.3 8.0 11.2
E'(%SI;J' 9@ s e L P (43) 87 145 17.1 7.6 14.4 15.0
All normal valent (607) 24.3 148 11.2 S o o - 1 2
Hypervalent (106) 104.5 62.3 17.3 r4(2 se% 5 e . : .
All (713) : 46.2 27.6 11.6 L(42) ' : - 4.0 6.6 6.6
Zn (18) 21.0 16.9 14.7 49
Hg (37) 13.7 9.0 ¥ A 2.2
AL:Si, P8, Cl, 29.2 15.3 10.0 49
Br, I, Zn, Hg (488) .
Table 3.2 Average errors in bond distances (A) Si, P, S, Cl, Br, 1 (404) 314 16.1 95 51 9.3 8.2
Bonds to: MNDO AMI1 PM3
H 0.015 0.006 0.005
C 0.002 0.002 0.002
o o oo o A O L 0 BHE L 1S HAT-O % SROBED L
F 0.023 0.017 0.011
i 0.030 0.019 0.045
o TEE (keal/mol)
a5 F STO-3G®  3-21G? 6-31G** MINDO/3¥ MNDOQ®  AM1?
BEOMAETE 1.7 6.9 6.1 9.0
5T a4 44 45 45 45
Table 3.3 Mulliken charges in formamide with different methods ab aitioE. # ;?535
0= @ %@é
MNDO AM1 PM3 HF/6-31G(d,p)  MP2/6-31G(d,p) e \
037 0.26 0.16 0.56 0.40 The apparent accuracy of 5—10 kcal/mol for calculating heats of formation with semi-
8 ~0.39 —0.40 —0.38 —0.56 —043 empirical methods is slightly misleading. Normally the interest is in relative energies of
—0.49 —0.62 —-0.13 —-0.73 —0.63 different species, and since the heat of formation errors are essentially random, relative
N P

AH¢(molecule) = Egje(molecule) — Z E¢jec(atoms) + Z AH¢(atoms) (3.89)

atoms

atoms

L e 3 (REEB AN —3 00=FB 3nsd)

S Bt R,

energies may not be predicted as well (two random errors of 10 kcal/mol may add up to
an error of 20 kcal/mol). This is in contrast to ab initio methods, which usually are
better at predicting relative rather than absolute energies, since errors using these -
methods tend to be systematic and at least partly cancel out when comparing similar

systems.
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Figure 5.1 A double zeta basis allows for different bonding in different directions
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Figure 5.2 Segmented and general contraction

- k \
x(CGTO) = Z a;xi (PGTO) (53)
6
x1(CGTO) = > a;x: (PGTO)
i=l
9 (5.4
X2(CGTO) = ) _ aixi (PGTO) )
=7
10
X1(CGTO) = > " a;x; (PGTO)
i=1
10
x2(CGTO) = " bix; (PGTO) (5.5)
i=1
10
x3(CGTO) =} ¢;x; (PGTO)
i=l1
Segmented General
CGTO-1 CGTO-2 CGTO-3 CGTO-1 CGTO-2 CGTO-3
PGTO-1 : - e
PGTO-2
PGTO-3
PGTO-4
PGTO-5
PGTO-6
PGTO-7
PGTO-8
PGTO-9
PGTO-10

12

Table 5.1 Correlation consistent basis sets

Basis Primitive functions Contracted functions

cc-pVDZ 9s,4p,1d/4s,1p 3s,2p,1d/2s,1p

cc-pVTZ 10s,5p,2d,1£/5s,2p,1d 4s,3p,2d,1f/3s,2p,1d

cc-pVQZ 12s,6p,3d,2f,1g/6s,3p,2d,1f 5s,4p,3d,2f,1g/4s,3p,2d,1f

cc-pV5Z 14s,9p,4d,3f,2g,1h/8s,4p,3d,2f,1g 6s,5p,4d,3f,2g,1h/5s,4p,3d,2f,1g

cc-pVoZ 16s,10p,5d,4f,3g,2h,1i/ 7s,6p,5d,4f,3g,2h, 1i/
10s,5p,4d,3f,2g,1h 6s,5p,4d,3f,2g,1h

\

ﬁ"i?? )72 >~ ( Effective Core Potential Basis Sets)

Ugcp (r) = Z a;r™ e~ (5.10)

;’C‘EUEL T 2w LTI

EERGELZEE
( Basis Set Superposition Errors )
/%@;@iﬁv

AEmmpln::mtiorl = E(AB)ah o E(A)n = E(B]b (5'1 1)

AEc = E(A);, +E(B)?, — E(A); - E(B); (5.12)
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Figure 4.1 Excited Slater determinants generated from a HF reference Hy — E Ho, s Hy; ap 0
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Figure 4.2 Convergence to the exact solution
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Figure 4.3 Forming configurational state functions from Slater determinants



| (RolHI®]) = (dilhiga) + D (($:18116a0)) — (:8116;64))

\ (@o[HIRDL) = (:6|bads) — (bidi|656a)

rl““‘“i"xf CUlhS A ﬁ@ ﬂ%:llﬂ;'f
(@ilblga) + > ((idsldats) — ($iti|d16a)) = (#ilF|ga)
J

Fqﬁa = €a¢a
($ilF|¢a) = ea(dil

<3, 1A

a) = Eaéia (49)

>=0 (Be[lewso 23R

Consider a small system, H,O with a 6-31G(d)
There are 10 electrons and 38 spin-MOs,
L i TBNAD f:r 10

A4

f

Number of SDs = " Ko, - K K il (4.12
2 10,0 " Kogn = K3g 10 = 101- (38 — 10)] 12)
(4.7)
Table 4.1 Number of singlet CSFs as a function of excitation
level for H,O with a 6-31G(d) basis
Excitation level Number of nth Total number E'Dr*é
n excited CSFs of CSFs S PIA
1 71 71
(4.8) 2 2485 2556
3 40040 42596
4 348 530 391126
5 1723540 2114666
6 5033210 7147876
7t 8688 680 15836556
8 8653645 24490201
9 4554550 29044751
10 1002001 30046752

In the general case of N electrons and M basis functions the total number of singlet

00336865893 <« e {{AT LI .

0.0003662339

Clmatri D, @ feid D P
Lt oo 2 o z - = CSFs that can be generated is given by
Pyr Enr 0 0 0 0 0 M!(M +1)!
Ps 0 0 0 0 Number of CSFs = e L) (4.13)
®p 0 0 ﬂlﬂ.}rl ] _E[M_E+1 ]
By 0 0 2/)°\2 i 2 2 '
Dq 0 0
®a ) 5 g . For H,0 with the above 6-31G(d) basis there are ~ 30 x 10 CSFs (N = 10, M = 19);
with the larger 6-311G(2d,2p) basis there are ~ 106 x 10° CSFs (N = 10, M = 41). For
= i i i ~ 12 = =
igire 44 Strchie.of tie CT matrix H,C=CH; with the 6-31G(d) basis there are ~ 334 x 10'< CSFs (A;;: 16, M = 38).
. Table 4.2 Weights of excited config- { 4 AN
_@%\—EEQ “"_“'. ,'\ I g) urations for the Neon atom [? . : :
g ALY 1%
(il i i Excitation level Weight SE g
h|¢;) Cai cgi{Xalhlx )
j ' Coi Ixs 0.9644945073
sf (4.10) 0.0009804929

a
M M M

¢ ¢J|¢k¢’f Z Z Z Cai Cgj Cyk €1 XaXBlX'rX&}
@ o ]

(¢ ¢'J|¢'lc¢£

o 6

g
Zcm( Cﬁ;( ) o (Z csi(XaX8lXyX5)

CO~Ihn b W — O

)

0.0004517826 KD
0.0000185090 1%
0.0000017447 ~
0.0000001393 (LR D
0.0000000011




e = T By = 102k 1 2) +x8(2)) = xaxa + xBXB + XaXB + XBXA e,
T k’_r'*nl'“*ﬁéf--'/”)ﬁﬁéfgyﬁ ""’Hﬂ/’ﬁ) 0o = (xa(l) +x8(1))(xa(2) + xB(2)) = xaxa B /
i . @1 = (xa(1) = x8(1))(xa(2) — xB(2)) = xaxa + XBXB — XAXB — XBXA
Pao ARBEES 3, (AR B ——
¢l :NI(XA+XB)
$2 = N2(xa — XxB) (4.15) B, '0i(,) M@ —B)(D,)  JBu(T,) @2+ )Y, *0s(X,)
: ¢1(1)é1(1) T ' -
o o p . 80(%,) 0 g .
HF SBBBR *0=| 4,06, B 10, 0 ° 4 :
Here N; and N, are suitable normalization constants, a_nd the bar above thp MO (g, -®)(32,) o 0 g 0 v
indicates that the electron has a § spin function, no bar indicates an « spin function. 304(3,) 0 0 : )
(B2 +82)(5,) 0 0 :
0 0 0

o D Q Antibonding MO $®5(3,)

Figure 4.6 Structure of the full CI matrix for the H; system in a minimum basis
s \

LEbt'SZ HFRED B1R3E0T B \VzRELTI )

'y Bonding MO
Ve =ao®o+a1®) =ao(di1¢1) +ai(p26) (4.19)
Ve =(agp+a + + (ap —a + '
Figure 4.5 Molecular orbitals for H, a=(a 1 (xaxa XeXs) + (a0 1) (xaxs XBX4)
B, — ®2(1) 52(1) N The wrong dissociation limit for RHF wave functions has several consequences.
$2(2) $2(2) —
1) ¢o(1 )
b, = $1(1) qu( ) - (1) The energy for stretched bonds is too high. Most transition structures have
?'(2) $2(2) partly formed/broken bonds, thus activation energies are too high at the RHF
_ | #1(1) 2(1) 4 level.
Py = |0 : (4.16)
$1(2) $2(2) b (2) The excessively steep increase in energy as a function of the bond length causes the
o, — $1(1) ¢o(1) 4 minimum on a potential energy curve to occur too “early” for covalently bonded
= $1(2) $2(2) o systems, and equilibrium bond lengths are too short at the RHF level.
$1(1) & 1) (3) The excessively steep increase in energy as a function of the bond length causes the
Py | VIV L T2 [i’ curvature of the potential energy surface near the equilibrium to be too large, and
$1(2) $2(2) vibrational frequencies, especially those describing bond stretching, are in general
too high.
Bo=1(1)d1(2) — &:1(1 2) — 28— B (4) The wave function contains too much “ionic” character, and RHF dipole moments
0= #1(161(2) = $1(1)1(2) = ¢161(cB - 5 ) (4.17) (and also atomic charges) are in general too large.

D1 = $2(1)$2(2) — $2(1)$2(2) = ¢202(af — Ba)



i 2D .. 22 S '] = 5_;:
HE 880 Bk i
¢1=N(xa +cxp)a
$1=N(cxa +x3)B

PUHF _ é1(1) $1(1)

$1(2) $1(2)

The six RHF determinants can be expanded in terms of the AOs:

®p = [xaxa + xBXxB + XaxB + xsXxal(af — fa)
®; = [xaxa +xBXB — XaXB — XBXaA|(af — Ba)

100 -

(4.20)

31
o
I

Energy (kcal/mol)
o
T

@, = [xaxa — xsxsl(aB — Ba) — [xaxs — xexal(af + Ba) (4.21) sl

®3 = [xaxa — xsxs)(aB — Ba) + [xaxs — xxal(aB + fa) -

®4 = [xaxs — XBXA](a0) fob L

®s = [xaxs — xBxal(80) i

oo e [XAXA e o) (4.22) Displacement from equilibrium (A)

3, =@, + @3 = [xaxs — xXal(aB+ Ba)
Figure 4.7 Bond dissociation curves for H,

T = c[xaxa + xBXB](aB — Ba) Energy
+ [xaxsaB — c*xaxsBa] (4.23) 1
+ [e*xBxaaB — xBXABA]
— . ForBEEEA ROHF
25" = [c(xaxa + xBX8) + (xaxs + xsXa)|(af — Ba) (4.29)
+ (1 —c?)[xaxsBa — xxach|
L——~—-—--—-—-———-——I-—-_-_'_'—.
2 g
°3 o-Bp
l(I)UH:F = ]q)RHF +a33‘I)R0HF+ﬂ55‘I’ROHF 4. (425) n‘lUHFn
'RHF
+ (0]
T
O% \0“ E *0 o > Reaction
—, Figure 4.8 Resonance structures for ozone T Reactant TS Product

: 4 . - . .
Ll _ . g o v ) .« ; s i 2 ixing of inglet and triplet states may generate artificial minima on the UHF
RHRZ S 3< Bt TR —Frhass) "Eti2oaily= | Tiemredd Mixing of purs singlct and tip
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Table 4.3 Number of configurations

~ . Adl o S NEALT generated in a [n,n]-CASSCF wave
Ompicle Maive ospaCe/oun function
n Number of CSFs
2 3
4 20
6 175
8 1764
10 19404
12 226512
14 2760615
‘p P
/L \ /l‘ ‘;\ / “\

lFigure 4.11 Important configurations for a bend acetylene model

Table 4.4 Natural orbital occupation numbers for the distorted acetylene model in Figure 4.11.

Only the occupation numbers for the six “central” orbitals are shown

Many-Body Perturbation Tkeo:y_(MBPT)

H=H+ \H'

Ho®; =E®;,i=0,1,2,...,00 (4.27)

HY = W¥ (4.28)

IfA=0,then H=H,, ¥ = ®pand W = E,.

W= 2A"Wo 4+ AW, + X2W, + A3W;5 + ...

4.29
U =200+ A0 + A20, + 230, 4. 529

(T]|®o) =1

(To+ AT + A2y +...|®g) =1

(Wo|Do) + A (L[| Po) + A2(W5|®g) +... =1
(Wizo|®o) =0

(Ho + AH) (A% 4+ A1) + 2205 +...)
(A'Wo + AWy + X2W5 4. ) (A0 + AN + X205 + )

ns neg ni ng ng nio )\0 . HQ‘I»"(] = Wnll’o
RHF 2.00 2.00 2.00 0.00 0.00 0.00 AViHU, +H'T o = Wol, + W, T
UHF 2.00 1.72 1.30 0.70 0.28 0.01 A2 HoUy + H'T | = Wolly + Wi U, + Wallg
5 [2,2]-CASSCF 2.00 2.00 }.23 g.gg 8.(132 g% 5
4,4]-CASSCF 2.00 1.85 ! i s : . ) B -
[10.10]-CASSCF 1.97 1.87 171 030 0.13 0.02 A" HoW, +H'Y, =) Wil

i=0

The [4,4]-CASSCEF also includes the two out-of-plane -
orbitals in the active space, while the [10,10]-CASSCF generates a full-valence CI wave
function. The unbalanced description for the [2,2]-CASSCF is reminiscent of the spin
contamination problem for UHF wave functions, although the effect is much less
pronounced. Nevertheless, the overestimation may be severe enough to alter the
qualitative shape of energy surfaces, for example turning transition structures into
minima, as illustrated in Figure 4.9. MCSCF methods are therefore not “black box”
methods like for example HF and MP (Section 4.8.1); selecting a proper number of
configurations, and the correct orbitals, to give a balanced description of the problem at

hand requires some experimentation and insight.

((I'OIHUPI"J = <‘P,|H0!¢)U)*E 'i‘;r-_:?.

n—1

(RolHo| W) + (Do|H|W,y) =) Wil®o|¥ui) + Wa(Po| o)
i=0

ED(‘DGI‘DH) =+ (q’ﬂlH"lpn-—l) = Wn(‘t'ﬁl'l’ﬂ)
Wy = (@o[H'[¥,-1)

(4.

30)

(431)

(4.32)

(4.33)

,» 1t can be shown that knowledge of the nth-
order wave function actually allows a calculation of the (2n+1)th-order energy.

Wangr = (U, [H'|T,) — Z": W2n+]—k»-L('I'k|lI’f)
=1
<)

(4.34)



— JREEBD

‘I’1= 2 C,'(I),'

(Hn - WO)(Z C,'(I),') + (H" - W])‘;'(] =0

Wy = (®o|H'|D0) |

| (@H'|20)
L7 Eo—E

(4.35)

(4 36 21

(./_r jq)
= RIS
U, = Z di®;

(Ho - Wo) (Z d;‘I),‘) + (H‘r — W) (Z ng),-) — WP =0 .
i i “. 3¢)

) ' m‘i}i d )
ﬁ,& =) ci®o|H'|®;) = > (ol I‘E‘))_(E!H |®o) g

e e e Gl i M e
N (Qj[H|2)(2i[H! Do)  (D;[H'|Do)(Po[H'|Do)
% Z (Eo — E;)(Eo — Ej) : (E:— {-)) : @39

i#0

Meller=Plesset Perturbation Theory

| =i (4.40)
H =H—H0=Vee—ZZ(Jsj Kj) Ve —2(Ve)
i=1 j=I
N N N N
:Zzgu_’zz; gg)
i=1 j>i =l j=

Wi = (®o[H'|®g) = (Vee) — 2(Vee) = —(Vee) (4.41)

N
MPO0 = E(MP0) = Z s

MP1 = MPO + E(MP1) = E(HF)
(VB po X239 X MP2pL)

(@o[H'|®f) = (®o|H — i Fj|®f)
=

N
=3 (@olFl0f) 4
j=1
= (Qo[H|®]) — ,(Po|®?)
Cd )
occ  vir (@GIHFI,I,ab {q)abll:[f’cbo

= (@o[H|2F)

W, =
2 ; aZ{b ED _ Eab (444)
fj Z [(¢id)ldats) — (Didildsda)]’
e 2 ST (4.45)
Property
A
SCF
MP3

/\ > Limiting value

Figure 4.12 Typical oscillating behaviour of results obtained with the MP method
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et S el T - IT ;;HJL) 1m2 173 12 1 2, 1Lm4
Ao =E R0 i} el = 14 Ty + (T2 +3T}) + (T2T1 +4T3) + T2 +3T2Ti + 2 TH) +
l - 4.55
T=1+T+§T2+%T3+.._=Z%Tk (4.46) - (4.55)
i — B[R E e

Wh . i
ere the cluster operator T is given by , - 9 3
(®¢H|(1+ T, + (T2 +1T}) + (T2T1 +§T7)) Po) = Ecesn(2;,|T1%0)

T=T1+T;+Ts+...+ Ty (4.47) -
byay(®¢ |H|@%)
o [H|Bo) + Y 18(@¢,H| DY) + P 1ft) — 171])(@ 5 HI2G
'ﬂul_f,éi— (@7, H] Z ;
‘occ  vir + .+ I,‘f' (‘i’e lHl‘I’,k ) ECCSD‘:,
TJ‘I’&):ZZII?@? ;,%;c : )
i 4.56
vir (4.48) _ (4.56)
T &0 = Z z; ol — B R B &
i<j a<
(@ [H(1 4T, + (T2 +3T3) + (T2T +4T3)
12
T L T4 (T2 +%T?) i (T3 T 4 é'r?) +( T3 +5T2T7 +5;T1)) @o) = Ecesn(®7,[(T2 +3T1) o)
(4.49) (,I,ef |H P a ab {4
1 1 T H@o) + > 1 (@F H|ST) + Y (157 + 2fe] — 1717) (@7, [H| @)
(T4+T3T1+2T2+2T2T2+214T4)+ Z uza;
+ Y (et 4 ) (D H| D)
jkabe
HeT(I) :E6T¢ 4.50 ;
’ ’ = + ) (et e 0 ) (R, HI D)
ijklabcd
(@o|HeT|®¢) = Eoe(®pleTd Eee = (®o[He™|®0) (4.5]) 3
|He"|®o) (®ole” @) e Bl 4384l 45 (457)
Eec = (®o[H|(1+ T 4 T2 +3T7)20) \ R e e
e Ry, asy  EIFBR 0 FEy
— a.b a
Eee =Eo+ Z Z QUJH[@ + Z ; (t i r — { (® |H|®ab Table 4.5 Limiting scaling in terms of basis set size M for different methods
i<j a
Scaling Cl methods MP methods CC methods
occ  vir
- B B a M3 MP2 CC2 (iterative)
Eee =Eo+ Z Do (5 el — ) (bidslbats) — (Bidildsda)  (453) a6 CISD MP3, MP4(SDQ) CCSD (iterative)
) e=n M’ MP4 CCSD(T), CC3 (iterative)
o M8 CISDT MP5 CCSDT (iterative)
— &3 IRBLA & ﬁi’ CISDTQ NPT CCSDTQ (iterati
(@), 'H equ’n) = E(®;, leT®,) Q (iterative)
(@4 |H|®o) + (D5 [H|T Do) + (2, [H|T2D0) + 3 (25, [H|T]®0)
e £ T,®¢) + L (@ [H|T @) = Eco(®%|T @
+(®5,[HIT3®0) + (27, [H|T  T2®o) +§ (27,[H|T;20) = Ece(®5[T12o) HF < MP2 < CISD < MP4(SDQ) ~ CCSD < MP4 < CCSD(T) (4.72)

(4.54)



As an example? the G2(MP2) method?® involves the following steps:
A g step

(1) The geometry is optimized at the HF/6-31G(d) level, and the vibrational frequencies
are calculated. To correct for the known deficiencies at the HF level, these are scaled
by 0.893 to produce zero-point energies.

(2) The geometry is reoptimized at the MP2/6-31G(d) level, which is used as the
reference geometry.

(3) A MP2/6-311+G(3df,2p) calculation is carried out, which automatically yields the
corresponding HF energy.

(4) The energy is calculated at the QCISD(T)/6-311G(d,p) level. This automatically
generates the MP2 value as an intermediate result, and the difference between the
QCISD(T) and MP2 energies is taken as an estimate of the higher-order correlation
energy. The G2 method (not G2(MP2)) performs additional MP4 calculations with
larger basis sets to get a better estimate of the higher-order correlation energy.

(5) To correct for electron correlation beyond QCISD(T) and basis set limitations, an
empirical correction is added to the total energy.

AE(empirical) = —0.00481 N, — 0.00019 N 5 (5.6)

(it is assumed that the number of a-electrons is larger than or equal to the number
of (-electrons). The numerical constants are determined by fitting to the reference
data. It should be noted that this correction makes the G2 methods non-size-
extensive.

Table 5.2 Computational levels in the G1/G2 models

Method Gl G2 G2(MP2) G2(MP2,SVP)
Geometry MP2/6-31G(d)  'AP2/6-31G(d) MP2/6-31G(d) MP2/6-31G(d)
HF and MP2 6-311G(2df,p) 6-311+G(3df,2p) 6-311+G(3df,2p) 6-3114+G(3df,2p)
Higher-order MP4(SDTQ)/ MP4(SDTQ)/
correlation 6-311G(d,p) 6-311G(d,p)
MP4(SDTQ)/ MP4(SDTQ)/
6-311+G(d,p) 6-3114+-G(d,p)
MP4(SDTQ)/ MP4(SDTQ)/
6-311G(2df,p) 6-311G(2df,p)
QCISD(T)/ QCISD(T)/ QCISD(T)/ QCISD(T)/
6-311G(d,p) 6-311G(d,p) 6-311G(d,p) 6-31G(d)
Thermo HF/6-31G(d) HF/6-31G(d) HF/6-31G(d) HF/6-31G(d)
[scale factor] [0.893] [0.893] [0.893] [0.893]
Empirical factors
for electron yes yes yes yes
correlation
MAD error 1:5 1.1 1.5 1.6

Geometry: level at which the structure is optimized; higher-order correlation: method(s) for estimating
higher-order correlation effects; thermo: level at which the thermodynamical corrections are calculated
[vibrational scale factor]; MAD: Mean Absolute Deviation for reference data set in kcal/mol.

e,

)

(1) The geometry is optimized at the HF/6-31 G(d') level (d' denotes that the e_,xpogea O
for the d-functions are taken from the 6-311G(d) basis), and the vibrational
frequencies are calculated. To correct for the known deficiencies at the HF level,
these are scaled by 0.918 to produce zero-point energies. _

(2) The geometry is reoptimized at the MP2/6-31G(d") level, which is used as the

reference geometry. : : ‘
(3) A MP2/6-311+G(2df,2p) calculation is carried out, which automatlcally‘ ylfalds the
corresponding HF energy. The MP2 result is extrapolated to the basis set limit by the
pair natural orbital method.

(4) The energy is calculated at the MP4(SDQ)/6-31G(d,p) and QCISD(T)/6-314+G(d )

levels to estimate the effect from higher-order electron correlation.

(5) Corrections due to remaining correlation effects are estimated by an empirical

expression.

2
AE(empirical) = —0.00533 Z (Z Cm;) |5|f;
i "

(5.7)

where the sum over C; is the trace of the first-order wave function coefficients for
the natural orbital pair i, [S|,; is the spatial overlap between the absolute values of

MOs i and j, and the factor d

This empirical correction is size extensive.
(6) For open-shell species the UHF method is used, which in some cases suffers from
spin contamination. To correct for this an empirical correction based on the

deviation of (S?)

from the theroretical value is added.

00533 is determined by fitting to the reference data.

AE(empirical) = —0.0092[(S?) — 5,(S, — 1)] (5.8)
where the factor of —0.0092 is derived by fitting.
Table 5.3 Computational levels in the CBS models
Method CBS-4 CBS-q CBS-Q CBS-APNO
Geometry HF/3-21G(*) HF/3-21G(x) MP2/6-31G(d") QCISD/
6-311G(d,p)
HF 6-311-++4+G(2df,p) 6-311++G(2df,p) 6-3114++G [6s6p3d2f
(2df,2p) /4s2p1d]
MP2 6-314+G(d1) 6-314+G(d1) 6-3114+G [6s6p3d2f
(2df,2p) /4s2pld]
Higher-order MP4(SDQ)/ MP4(SDQ)/ MP4(SDQ)/
correlation 6-31G 6-31G(d") 6-314+G(d,p)
QCISD(T)/ QCISD(T)/ QCISD(T)/
6-31G 6-31+G(d1) 6-311+G(2df,p)
Thermo HF/3-21G HF/3-21G HF/6-31G(d1) HF/6-311G(d.p)
[scale factor] (0.917) (0.917) [0.918] [0.925]
Empirical factors
for electron yes yes yes yes
correlation
Empirical factors
for spin contamination  yes no yes no
MAD error 2.1 1.6 1.0 0.5
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Tuelg) = Ce [ o (0

Kplp) = _ij p*(r)dr
R e (6.2)
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e
Kshn -Sham 4 %ﬁﬂb
- S (61-4vi0) (6:4)

Slater |
T Evrrlp] = Tslp] + Enclp] +71p] + Exclp) (6.7)

Exelp] = (Tlp] — Tslp]) + (Eeelp] — J[p]) (6.8)

—
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Laf-&'fahg:ah

N
L{p] = Eprrp] - Z Nil(piles) — 8l (6.9)

N
hisdi =Y N
i

1
hgs = —§V2+Ve;f (610)

Veff(l') = Vne(r) + J‘I';.O(_L?,ldrf + Vm(l')

Kehn—Sham A8

hgspi = i (6.11)

Exclpl = Ex[p] + Ec[p) = jp(r)sx[p(r)]dl' -+ jp(r)&'c[p(r)]dr (6.12)

Vaew) = e — et + ot
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Ex[P] = E:c:[pa] +Ef[pﬁ]
Eclp] = E¢®[pa] + EP[pg] + E®[pa, pp]

O€ xc(r)
op

(6.13)

(6.14)

P=patpp

a__ p 4
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%ﬁ’rﬁ&?}?ﬁﬂ& C .Local Dgr:.!sity APproximation (LDA)

ELPAlp] = -

ex " [p)

Cx [ o2 wyar
= —Cp'?

(6.16)

BFRCCBBEM  Local Spin Density Approximation (LSDA)

2173 4/3 4/3
EPPAp) = G J[p + p3]dr th
ELSD‘A[p] = _21;‘3(—: [pl{3 1,1’3]
LSPA[] = —1C,p' A1+ O + (1 -0 (6.18)
NE A
ex,[p] = —}aCyp'" (6.19)

Vosko, Wilk and Nusair (VWN)

eX™N(r5,0) = eclrs,0) + eales) ] 1 = €41+ clry 1) = el O OC*
_(1+9*+0-9* -2
fO= 307 =) (6.20)
x2 286 _ 0
In X® +§tan y (Zx+£)_
c/al¥) = A £x0 (x —Jrg)2 2(¢ + 2xp) tan=1 ( 0 )]
X (x0) X(x) 0 x+4 (6.21)
x=\/rs
X(x) =x>+8x+¢
= Vde—4*
The parameters A, x,,

b ¢ and ¢ are fitting constants, different for €c(rs,0), ec(rs, 1), and
all's)-

PW!

22

correlation functional

|
PW 2
= —2ap(l In (1 6.22
Scfa (%) epllonie) n( +2@(31I+ﬁ2x2+5313 +ﬁ4x3)) (6:22)
Here «, a, By, B2, B3 and 34 are suitable constants.
P) ﬁ 7% Gradient Corrected Methods
- Generalized Gradient Approx;matmn (GGA) methods
pwas QR
E:wsa = E&DA(I +ax? + bxt +st) 1/15
i [Vp| (6.23)
PrE
B or B88 T IR
Efss - E;IE.DA 4s Asfss
6.24
ABSS 6,0]'(3 _L_ ( )
1 + 6fBxsinh ~'x

The [ parameter is determined by fitting to known atomic data

Becke and Roussel (BR) W
EBR = 2 == 26_“6 = aﬁe_“‘ﬁ
% 4b
a’e~ = 8mp
2 i
alab D)= b___v p—2D (6.25)
V
PwWA4| ﬁzv?ﬁ
£PWOl _ _LDA 1+ xa;sinh™! (xa2) + (@3 + 0,48—.&:2)};2 (6.26)
X ¢ 1+ xa;sinh ™! (xa,) + as5x?
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e
LYP _ Al 7

=3 i AV (p] = p(Ho(t, rs,C) + Hi (2, s,
E¢ a(l +dp_[;’3) adg(l +a’/p—lf3)p8;‘3 c [,0] ,0( 0( rs C) l( :'2 21“4
8/3 AL FS G = LA
18(223)Cr(p8/3 + p%°) — 18ptw Ho(t,rs,Q) =47 £(()"In [l teT Az 1A%
B 2
+pa(2t% + V?po) + pp(2ty + Vipp) 16 A
e " ! (6:27) Hi(t,75,¢) = (— ) (37%)'[C(p) — df(¢)*rPe =4/
e ™ (630)
L o2 Q=3+ +01 -0
1/6 v |
I 7 = (ﬂ) _Vel
'w=3g (T — Ve w2 ) 2f(C)p"/6
_ . = fe—CectrsOFQ® _ 1171
where the «, £, ¢ and & parameters are determined by fitting to data for the helium A=ale g 1]
The ty functional is known as the local Weizsacker kinetic energy density. where &(rs, ) is the PW92 parameterization of the LSDA correlation energy functional
(eq. (6.22)), x and C(p) are as defined ; 6
N suitable constants 11 €4s- (6.23) and (6.29), and , 4, ¢ and « are
BrRoLT '
Lye _ il PoPB
B = 4@92{1_'_@,‘0—1;3) .
14427 Ce(p + Py ) + (47 = 76)| Vil B9S ARSI
Palp 2 2 “1(11 - 6)(palV |2 +p |V,o,3|2)
— atwd 18 L—-(5=8)(IVpal® +|Vpsl") + 207 ( PalVPal” +Pp

2 2. 2 2
+2p2(|Vpal’ + [Vpsl* = Vo) = (p2IVPsl" + P5IVPal ") eB% — ¢824

~1_PW9l,08
e-cp™ 5?’6 =1+ a,(xi +I?3)] EE 2 (631)
W= = D A
(14 dp I/S)pl#i‘r £ — 1+5x2]_2__0_51)w91.aa
St (6:28) = e
=cp (1+ &p~'3) DEDA s, 25}3650?3
ps6. ABEPR
gP86 — (LDA | A P86 Here o runs over « and 3 spins, x, and D, have been defined in eqs. (6.23) and (6.25), «
£ ¢ fie and 4 are fitting parameters, and e?V! is the Perdew—Wang parameterization of the
APS6 — e®C(p)|Vpl LSDA correlation functional (eq. (6.22)).
: f(Q)p™7
/3
L =y
€)= 2””\/ (T) s (6.29)
_ o)Vl
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52907 Hybrid Methods

‘ the Adiabatic
Connection Formula (ACF)? and involves an integration over the parameter A which
“turns on” the electron—electron interaction.

1
B, = J (T 5[V (V)T 2)dA (6.32)
0
Exe 2 3 (Wo[Vc(0)[Wo) + 4 (W1 Ve(1)| 1) (6.33)
Half-and-Half (H+H)
B =B + 1 (EPA + ECPA) (6.34)

Recke 3 para;ﬂeter functional (B3)

ER = (1 — 2)EFPA + 4E™ + 6AE® + EDPA 4 cAEJA (6.35)

Table 6.1 Comparison of the performance of DFT methods by mean absolute deviations
(kcal/mol)

Method G2 LSDA B88 BPWOI B3PW91
Atomization Energies 1.2 35.7 39 57 2.4
Ionization Potentials 1.4 6.3 11.2 4.1 38
Proton Affinities 1.0 5.6 24 1.5 1.2

BSS%R RR2UP BI VR
+ P4l 8@ +PwlliBR

IR

¢.-=icm-xa (FERBER) (536

hK3C =SC¢g
hap = (xalhks|xs)
Sap = (Xalxs) (6.37)
hgs = —§V2 4+ Vi + j |f£r2=| dr’ + Ve
HT< 3T
[x@Vsclow), Vote s wrar (639

$uBFB >

G
JX&(")VW[P("): Vo(r)]xs(r)dr ~ Z Vielp(ri), Vo(r)lxa(r)x s(rie) Vv
=1

LSPA™

Table 6.2 Comparison of the performance of
DFT methods (kcal/mol)

Method ‘ Mean Maximum
absolute absolute
deviation deviation
G2 1.6 8.2
G2(MP2) 2.0 10.1
G2(MP2, SVP) 1.9 125
SVWN 90.9 228.7
BLYP 7.1 284
BPWOI1 7.9 32.2
B3LYP o | 20.1
B3PW91 3:5 21.8

BLYP B2+ LYPFAB
BaYP B3 ¥+ LNPIRiR

(6.39)
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0=

i 2)@’?1(2)1

1= la+ ) (7.1)
1 XA T XB)X
3= laat XB]ﬁ//i i
o= ¢ — 191 = ($191)[eB — Ba]
&0 = (xa+ x8)(xa + x8)[eB — Ba (7.2)
@ = (xaxa + XBXB + XAXB + XBXA)[0S — pal
| P—
Ht H- H* H°
_ b2(1) $2(1)
$2(2) $2(2)
‘sz = (xa — xB)a (7.3)
$2 = (xa — x8)B
®; = (xaxa + xBXB — XaXB — XBXA)[aB — Ba]
Yo =ao®o+a1® = ((ao — a1)(xaxs + x8XxA)
+ (ﬂo+al)(_XAxA+XBXB))[aﬁ—6Q] (7.4)
E Heitler—London (HL) function,
% ®y.(cov) = (xaxs + xsXa)[eB — Ba] (7.5)
\%\ @y (ion) = (xaxa + xBxs)[eB — fa] (7.6)
I%\ Py = a(}‘I’HL(COV) +a|tI)HL(ion) (??)
Coulson—Fischer (CF) type.
Pcr = (pads + Pda)laB — B
éa=Xxa+cxs (7.8)
$B = XB t+ XA
(Palds) = (1 +c*)(xalxs) +2c({(xalxa) + (xslxs)) (7.9)
(PaldB) = (14 c?)Sas +4c ’

When ¢ is variationally optimized, the MO-CI, VB-HL and VB- CF
wave functions (egs. (7.4), (7.7) and (7.8)) are all completely equivalent.

QSCVB RS &spYmiEeH) Crolzig
BEE o= A[¢:¢1¢2¢2¢3¢3¢4¢4]
" Z - (7.10)
H, 14 4.-'3 (x
q)\-c':alence-SCVB = ; aa‘A{[¢i¢2¢3¢4¢5¢6¢?¢3]9g;} é?’g"] }Eg
M (7.12)
i= Zl Cai X o
Eors oy (BN e85 4S)
f_?! _ (25 + 1)N! (7.11)

4(_'_)/(—’—+) =)
s 5 R ety

Figure 7.1 Two possible schemes for coupling four electrons to an overall singlet

Table 7.1 Number of possible
spin coupling schemes for achiev-
ing an overall singlet state

N o

i 2

: : | R

10 42 H

14 99 \ __H
A
H

Figure 7.2 A representation of the dominating spin coupling in CH,
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Figure 7.3  Molecular orbital energies in benzene o » \%ﬁ\t @'ﬁ: (mmﬁﬂ '"') » @9{ P@
~ 5% ~| %%
' L. ' . E= J BEV(E) dr (102)
O O I:lj @ S E=qV—pF—}QF —... (103)
Figure 7.4 Representations of important spin coupling schemes in benzene Here g is the net charge (monopole), p is the (electric) dipole moment, Q is the

quadrupole moment, and F and F” are the field and field gradient (OF/dr), respectively.

GV/B (gerelised wellence. bond) 3 E i3

p= (¥|r|¥) (10.4)
Q = (¥[rr'|¥)
H
\C R B=po+aF +1BF 4 LyF? 4 . (10.5)
7
" O
Figure 7.5 A representation of the SCVB wave function for diazomethane E(F) = E(0) + g_iF g %%Fﬂ 4 é% F3 4+ z_it% F'4... (19.6)
H
/c‘———N.:_-N' E(F) = E(0) — poF — aF? — 1pF> — LyF* — (10.7)
H

Figure 7.6 A representation of the GVB wave function for diazomethane
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/
E=-mB—... (108) o 2 92E 2
; ; IR Intensity o (,_E) x (-—-——) (10.13)
the orbital angular moment operator L and the total electron spin S. dq OROF
= L{W|L S|
L=(r—Rg) xp Raman Intensity o (ﬁ) o ( E (10.14)
) - 9q OROF? :
Here Rg is the gauge origin
= g
de=2 ‘:’w‘?’ NMR Shielding o (;m) (10.15)
‘ OE 10°E
EB)=E(0) - —B—-——B? -
& 2FB (10.10) —FR.I=
E(B) = E(0) — mB _2_#0'532 - e : Qretnstntng
b T S s
3*1&%‘3'{ ;L/l\ Property OcaFﬂFaanalmaRﬂn (1016)

The second derivative is the magnetizability & (the corresponding macroscopic quantity
1s called the magnetic susceptibility 7).

B A et

1 8’E
E(I;,Iz,...}=E(0)+8E g

I+ +...

oL, ' T2ame1, 2T
E(I[,Iz,...) ‘:E(“)"l'gll +hJL I +...

The first derivative is the hyperfine coupling constant g (a_s mf:asured by ESR), .the

second derivative with respect to two different nuclear spins is the NMR coupling

constant, J

: N 14
E 18%E

13) 3
— Rl ) Eapt i) ———(R—-R
E(R) = E(Ro)+ 7R (R Ro) + 23R? 6OR> (R 0)” +

E(R) = E(Ro) + (R — Ro) + 3 H(R —Ro)* + cK(R—Ro)” + ...

- (10.11)

3
(R—RD)2+16

(10.12)

The first derivative is the gradient g, the second derivative is the force constant (Hessian)
H, the third derivative is the anharmonicity K etc.

Table 10.1 Properties which may be calculated from derivatives of the energy

ng g ny ng Property

Energy
Electric dipole moment

Magnetic dipole moment

Hyperfine coupling constant

Energy gradient

Electric polarizability

Magnetizability

Spin—spin coupling (for different nuclei)

Harmonic vibrational frequencies

Infra-red absorption intensities

Circular dichroism

Nuclear magnetic shielding

(first) Electric hyperpolarizability

(first) Hypermagnetizability

(cubic) Anharmonic corrections to vibrational frequencies
Raman intensities

Magnetic circular dichroism (Faraday effect)

Infra-red intensities for overtone and combination bands
(second) Electric hyperpolarizability

(second) Hypermagnetizability

(quartic) Anharmonic corrections to vibrational frequencies
Raman intensities for overtone and combination bands
Cotton—Mutton effect

NMNOORAR—=NNODOWO—=—OoOO0OoONCOOD—~O
NMOCOCPOO—HOOWO—H—-OOONRNODOO—OO
CO0CO0O0OOCOOO—=O0o0ONCOO~=OOO
CSCRHALACONO—=WOoOOOO=MNOoODODOoO~OoOoOO
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— 1)

RE_ 5 0*v F A 52 v
H = Ho+ AP, + %P, .S (10.17) e S\ o e ‘I’> +4<5X1P1+2)‘P2 ‘I’>
e iy (10.26)
Wi = MN¥o[P1|¥0o) +2<8)\ Ho + AP, + A°P2 6)\> +2(T|P,|¥)
Wo Py | W) (TP | P (10.18
Wy = A2 (‘I‘olel‘I’u)+z< 0[P )_( ‘| 1|%o) ) i i o
5 Eg— E; it . i) o%o
i#0 3 =2 Ho(¥o ) +4 Py Ty
A2, Y Y (102
27)
av ov
—ﬁ%& R\ 3R +2< 6)\0 Hy 6/\0> +2(Wo|P2|¥o)
E(X) = (T(A)[Ho + AP; + A?P,|T())) (10.19) d’E K 23_29 <% - > +2( 3211,0 .
OE ov 2 . ] o2 A=0 IAN2\ aC I\ 3C2 Ho|¥o
o <3/\ Ho+ AP, +A"P; >+(KI'|P1+2/\P2|‘I’)+< Ho + AP + AP, 8A> +4( )<3‘I’0 v >+ (3C) <3‘I’g " %, (10.28)
(10.20) axJ\ac [ 7" ac | °|ac
35| v, +2(Wo|P2| T o)
x| = (YolP1|To) + 2< Ho ‘1’o> (10.21)
0 7 S = Bhp1I TSRO = 7
¢ 0¥ 9V ) BB -PT3 >4
¥ ar - oy g,\ gwg@- e Gz OE| _5(%lp |y
" Cox |, _, ax | Vo) +2{To[P2|WTo) (10.31)
b= - L) ok
? s Db TEeAws 733, BE B n?
OE acC <axpo > B‘I'o = o,
= To|P|To) + 25+ Ho|w 10.23 U, q, = (VilPi[¥o)
2 EY = (PolP1[¥o} + 255 3¢ |Ho| Yo a2 Z“ = —E, (10.32)
X
L AT AR HE MCSCRI=n 2R TP BB 2
8E & , L@amn lon & AUERT,
5G = 5 (VIHo+ APy +\?P:|¥) 3 3
v = HF
<3C Ho+ AP + )\ZP?_ ‘Il> (10.24) Lo =Eci+k e (10.34)
OE oV, JE ov
aC|, <ac Ho ‘I’> 0 08 = o (Wai(a, )M Va(a, ) = z( = H%) =0
BECI 0 6\1!.:;. >
Yer(a, c)|H| Y (a,e)) =2 H|W 0 10.33
Variational wave functions thus obey the Hellmann—Feynman theorem. B (Yar(a, c)[H|Yr(a, )} < ac a)# ( )

)
o5 (UH|T) = <¢,

OH
a“‘>

~ dc
(1025) 5o = g el o) = 2( 25 ol ) —0

2;8



L_qaraua‘\a.m NB 0 ({R3)
3LC] aECI
3é>~——- A7) ¥ T
3LCI OExr C (10.35)
@\__M ofRgL
3Lc1 - 9Eci i & K%EZE =0 (IO.BE)

T ,L
Lagange F& (2o ~oeryi somi)

OLa OEa o) (35 HF) (1037)

- ox o\ oc
A oA

P Ll

v ov
= (\I’CIIPIJ‘I'CI) | K<—6-EH-F* P] “I’m:> (10.39)

Ui

Hl

OLq
X

JE@es)) Sk
29

M
= ZUji¢j (10.48)
j=1
SR ZIUFE S\
cW =yhcO (10.50)

(balhlds) = (Dalblds) @ + (Salhlps)
(Datsl8ld105) — (Padsleldyds)® + (Padsleldds) "
SR oy T AFR A A% <(CERIMBR X ERE P +Z 5 )

AOUM — g (10.52)

The A©® matrix contains only unperturbed ©
quantities  ((¢,|h|ds) and
(¢a¢ﬁ|gf¢ bs) (0)) while the B()) matrix contains first derivatives ((¢o Ih|¢p )" and
ﬂ¢ﬁ|g|¢'.r¢6 )

(10.51)

Electric Field Perturbation &%, =3&)

The Lagrange ex‘pression (10.39), on the other hand, contains a set of F—_\p)_;/fe ﬁgbﬁﬁ.&lmﬁzfi? .u.a(;

Lagrange multipliers k which are independent of the perturbation, i.e. we need only

L el b TS OE
solve one equation for x, (10.36). Furthermore, the CPHF equations involve derivatives S;IF = (Wo|r|¥o) (10.55)
of the basis functions, while the equation for k only involves integrals of the same type
as for calculating the energy itself,
Foo &
Coupled Perturbed Hartree—Fock kb&
0?Eyr - v, ol
% FOCO = g0) (0,0 (10.40) JF? OF 0 (10-56)
ct@g@c© — 1 (10.41) _W
—teNIrS h
Beo1a (—»)
FCO  FOCH = scO©® 4 §OCM©® 4 §OCOeM) (10.42) ZI %[r[@',)[ (1057
; o F. :

(F(ﬁ) +SOO)ct = (FM + SO (M 4 (e )CcO

while the orthonormality condition becomes

cliigO O 4 ctoOgcO 4 clOg@c — g (10.43)
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Geometry Perturbations Wz{ (s

9E /. |oH 0%, -
ﬁ‘< an‘l’°> <aR H“‘I’°> (1083)
—

%
i-‘emmun—@u man®

0¥ 0¥ oy oy 9% oY dc
8R Bx OR ' dc OR

~— MO =gt (22 <o)

(10.84)

(10.96)

HR i -wod 3605
 Vvireefck T4
Eue = ZDaﬁkuﬁ g e~ Z DaﬂDvﬁ((XaXﬂXﬁXﬁ) = (XaX'r'XﬁXﬂ)) + Vin
a,ﬁ"}'ﬁ
(10.85)
~RB¥
61:? M i A X aX~lx X
l-[F ZDaﬁ 13 E Z(DQﬁD‘TfS — DaﬁDTﬁ}L"Aﬂ
afvb
OV 4 BSCHB
LY _ZL;W"‘B oA
N
Wap = Ze;cmvr:ﬁ; (10_97)
=]
hag = (xal|h|xs)
Ohag <3X ‘ dh F)
= (Xa|p oh X3 (10.89)
i a Xﬁ> ! <X“ 3/\~X’3> ! <X“'h m)

= (xax~lglxsxs) 3(30

15}
XHX6> e <xu%1 XﬂX6>

(X aX~IX8X5)

g g

0 9Xa
2 txaxalroxs) = (e x,

B P (10.90)
5 <XaX'r 3—§]x;9xa> 5 <XaX']r g ‘;(Aﬁ X&>
ad
+ <xax~; g x,e§>
BRY ol
oh _ 9 _l 2_ _ (Xx—xi)Z
og
ax, 0 (10.98)
6V,m L ZaZy (Xx — Xp)ZiZy
(Z IRq — Rbl) ;; R — Ry|’
RRBt !>
Xa(Re) = N(Xy —x)' (Ve — )" (24 — z)"e~o(r-Ri)®
Oxa(Ry)
_E{:k_ =NXe—x) " (Y~ y)"(Zs - z)" e (R’ (10.99)

— 2No(Xy — x) Yy — y)™(Zk — 2)" e ~or-RY)?

:a?il\‘@&

N2 —§ o653 +22D05D756/\2((X0X7,Xﬁ)(6> (XaX+lxs5x3))
OV a2s M
+———E-— W, ——_“E.;_ .@:“J_Bah“ﬁ
N2 § %) 2 D3N

aff 3
Z_———DTJE((XGXTIX,BXE) — (XaX5lxsx5))

3 Wag Oag

= Tax B (10.100)
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Table 11.2  H,O geometry as a function of basis se

Table 11.1. H,O geometry,as a func-
tion of basis set at the HF level of theory

Basis Rou (A) QHOH
ce-pVDZ 0.9463 104.61
cc-g\/’rz 0.9406 106.00
cc-pVQZ 0.9396 106.22
cc-pV5Z 0.9396 106.33
cc-pV6Z 0.9396 106.33
@qrbﬂ . 0457% \04-42°

t at the MP2 level

of theory
Basis Rou (A) CLHOH ARon (A) Aayou
—-2.71
-pVDZ 0.9649 101.90 0.0186 2
EE—IIJ}VTZ 0.9591 103.59 0.0185 —2.48
cc-pVQZ 0.9577 104.02 0.0181 —2.20
cc-pV5SZ 0.9579 104.29 0.0184 — 2‘82
cc-pVoOZ 0.9581 104.36 0.0185 —1.

Table 11.3 H,O geometry as a function of basis set at the CCSD(T)

Table 11.6 H,O bond angle as a function of basis set with different DFT functionals

Basis

31

SVWN BLYP BPW91 B3LYP B3PW91
cc-pVDZ 102.47 101.81 101.78 102.74 102.68
cc-pVTZ 104.34 103.77 103.60 104.52 104.36
cc-pVQZ 104.71 104.21 103.97 104.89 104.68
cc-pV5Z 104.94 104.47 104.18 105.10 104.86

39?4\[:3%@

Table 11.8 Total energy (+76a.u.) as a function of basis set

Table 11.7 % electron correlation recovered
by different methods in the cc-pVDZ basis

~

Method % EC
MP2 94.0
MP3 97.0
MP4 99.5
MP5 99.8
CCSD 98.3
CCSD(T) 99.7
CISD 94.5
CISDT 95.8
CISDTQ 999

(valence only)

and electron correlation

level of theory i Method cc-pVDZ  cc-pVTZ  cc-pVQZ  cc-pV5SZ cc-pV6Z  ce-pVooZ
: A Rou (A Aayon
Basis Rou (A) CtHOH DR G HF —0.02677 —005713  —0.06479 —006704 —0.06735 —0.0676
A 0.9663 101.91 0.0014 0.01 MP2 —-0.22844 —031863 —0.34763 —0.35860 —0.36264 —0.368
cc-pv?Z il 10358 0.0003 0.06 MP3 —0.23544 032275 —034939 —035815 —036094 —0.364
ce-pV L 055 10412 0.0002 0.10 MP4 —0.24067 —033302 —036104 —037051 —037357 —0.377
cc-pvVaQ Haoh 104.38 0.0001 0.09 MP5 —0.24120 —0.33159
ce-pV5Z : : CESD —0.23801 —0.32455 —0.35080 —0.35952 —0.366
: - P2 level CCSD(T)  —0.24104 —0.33219 —0.35979 —0.36904 =0
as a function of basis set at the M 376
':?l:tllee 91 ;"!ml‘.féﬁggiﬁ“l‘?é?mns .5 ke comelation CISD —022997 031384  -033922 -0.34765 —0.354
Basis Ron (130 aoH ARou (A) AapoH
—0.0005 0.04 Table 11.9 Total energy (+76a.u.) as a function of basis set and electron correlation
coptiDz 0298 o ~ 0.0008 o1l (all electrons)
EE.ECVQZ 032?‘(9) 1133}3 i ggggg 0.12 Method cc-pCVDZ  cc-pCVTZ  cc-pCVQZ  cc-pCVSZ  ce-pCVooZ (%EC)
pCV5Z 0. : :
e HE 002718  —005731  —006490 —006706  —0.0677 (0.0)
. . -on of basis set with different DFT functionals MP2 — 026855  —037486  —0.40758  —041939  —0.430 (97.4)
Table 11.5 H>0 bond distance (A) as a function of basis set wi 2 ot 708 Thiton b 0430 @16
s SVWN BLYP BPW91 B3LYP B3PWOI1 MP4 —028194  —039079  —042240 —043268  —0.440 (100.0)
pas MP5 028239  —0.38907
c-pVDZ 0.9769 0.9799 0.9762 0.9687 0.9663 CCSD —027897 —038154 —041144  —042104  —0.428 (96.9)
cc_pwz 0.9706 0.9716 0.9687 0.9613 0.9596 CCSD(T) —0.28226 —038978  —0.42096 —043105  —0.438 (99.5)
. _pqu 0.9697 0.9703 0.9677 0.9602 0.9586 CISD —~0.26898 —036799  —039675  —0.40599  —0.412 (92.6)
copVSZ 09698 09703 0.9677 0.9602 0.9586

—_—
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Table 11.10 H,0 dipole moment (Debye) as

a function of theory (valence correlation only),
experimental value is 1.847 D

Basis HF MP2 CCSD(T)
cc-pVDZ 2.057 1.964 1.936
cc-pVTZ 2.026 1.922 1.903
cc-pVQZ 2.008 1.904 1.890
cc-pV5Z 2.003 1.895

cc-pVoZ 1.990

aug-cc-pVDZ  2.000 1.867 1.848
aug-cc-pVTZ  1.984 1.852 1.839
aug-cc-pVQZ  1.982 1.858 1.848
aug-cc-pV5Z  1.982 1.861

Table 11.11 H,O dipole moment (Debye) as a function of
theory (all electrons)

Basis HF MP2 CCSD(T)
aug-cc-pCVDZ 2.001 1.868 1.849
aug-cc-pCVTZ 1.983 1.857 1.843

Table 11.12 H;O dipole moment (Debye) as a function of DFT functional and basis set; the

experimental value is 1.847 D

Basis SVWN BLYP BPW9I B3LYP B3PW91
aug-cc-pVDZ 1.853 1.796 1.803 1.855 1.859
aug-cc-pVTZ 1.857 1.799 1.800 1.854 1.854
aug-cc-pVQZ 1.855 1.798 1.797 1.854 1.852
aug-cc-pV5Z 1.856 1.799 1.798 1.855 1.852

Table 11.13 H,O HF harmonic frequencies (cm ') as a

function of basis set; experimental values are 3943 cm !,
3832cm ! and 1649 cm ™!

Basis wi w2 w3
cc-pVDZ 4212 4114 1776
cc-pVTZ 4227 4127 1753
cc-pVQZ 4229 4130 1751

cc-pV5Z 4231 4131 1748

Table 11.14 H,0 MP2 harmonic frequencies (cm~!) as a 2
function of basis set (valence electrons only); experimental

values are 3943 cm ™!, 3832cm ! and 1649 cm !

Basis W wa wi

cc-pVDZ 3971 3852 1678
cc-pVTZ 3976 3855 1651
cc-pvVQZ 3978 3855 1643
cc-pV5Z 3974 3849 1636

Table 11.15 H;0 CCSD(T) harmonic frequencies
(cm") as a function of basis set (valence electrons only)

Basis w w3 w3
cc-pVDZ 3928 3822 1690
cc-pVTZ 3946 3841 1669
cc-pvVQZ 3952 3845 1659

Table 11.16  H,0 MP2 harmonic frequencies (cm ') as a
function of basis set (all electrons)

Basis Wi ws w3
cc-pCVDZ 3973 3853 1679
cc-pCVTZ 3976 3857 1651

Table 11.17 H,O highest harmonic frequency (cm "‘) as a function of basis set with different
DFT functionals; the experimental value is 3943 cm !

Basis SVWN BLYP BPW91 B3LYP B3PW91
cc-pVDZ 3787 3691 3756 3852 3898
cc-pVTZ 3825 3753 3807 3900 3937
cc-pVQZ 3826 3762 3812 3906 3941
cc-pVSZ 3827 3767 3815 3909 3943
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Table 11.18

H,0 second lowest harmonic frequency (cm ™
different DFT functionals; the experimental value is 3832 cm ™~

1

2 as a function of basis set with

Basis SVWN BLYP BPW91 B3LYP B3PW91
cc-pVDZ 3674 3589 3651 3750 3794
cc-pVTZ 3716 3654 3704 3800 3834
cc-pVQZ 3718 3663 3709 3806 3834
cc-pV5Z 3718 3666 3712 3808 3839

Table 11.19 H,O lowest harmonic frequency (cm ') as a function of basis set with different
DFET functionals; the experimental value is 1649 cm ™

Basis SVWN BLYP BPW91 B3LYP B3PW91
cc-pVDZ 1581 1629 1632 1658 1660
cc-pVTZ 1561 1611 1613 1639 1640
cc-pVQZ 1556 1605 1607 1635 1636
cc-pV5Z 1551 1599 1603 1630 1632

FOOR oABE

Table 11.20 Bond distance (A) in FOOF. Experimental values are 1.217 and 1.575 A

—_—

Roo Rro

cc-pVDZ DZP TZ(2d) cc-pVDZ DZP TZ(24d)
HF 1.304 1.308 1.301 1.368 1.362 1.361
MP2 1.210 1.266 1.140 1.581 1.521 1.728
MP3 1.302 1.320 1.301 1.455 1.449 1.450
CCSD 1.276 1.307 1.278 1.494 1.474 1.482
CCSD(T) 1.216 1.261 1.216 1.637 1.571 1.614
CISD 1.304 1.316 1.301 1.416 1.412 1.407
SVWN 1.202 1.222 1.186 1.556 1.536 1.573
BLYP 1.224 1.243 1.207 1.622 1.604 1.643
BPW91 1.211 1.231 1.119 1.612 1.589 1.623
B3LYP 1.240 1.264 1.222 1.523 1.502 1.540
B3PWOl 1.229 1.254 1.217 1.517 1.491 1.524

Table 11.20 sourced from Ref. 15.

SpeyE -4 CO

Table 11.21 Dipole moment (Debye) for CO; the experimental value is 0.122 D

233

aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z
HF —0.255 —0.263 —0.265 —0.265
MP2 0.296 0.280 0.275 0.273
MP3 0.076 0.047 0.036 0.032
MP4 0.220 0.222 0.216 0.214
CCSD 0.097 0.070 0.059 0.055
CCSD(T) 0.141 0.127 0.118 0.115
CISD 0.050 0.023 0.011
SVWN 0.232 0.226 0.229
BLYP 0.187 0.184 0.185
BPWO1 0.221 0.217 0.218
B3LYP 0.091 0.086 0.087
B3PWO1 0.119 0.114 0.116

Table 11.22  Dipole moment (Debye) for CO; the experimental value is 0.122D

e

aug-DZP 10s9p4d2f ANO ANO
[4s3p2d1f] [7s6p5d3f2glh]

HF —-0.273 —0.266

MP2 0.303 0.282

MP3 0.079 0.047

MP4 0.223 0.235

CCSD 0.100 0.071 0.067 0.075
CCSD(T) 0.142 0.130 0.107 0.110
CCSDT 0.140

Table 11.22 sourced from Ref. 18.
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Figure 11.4 RHF, UHF and PUHF dissociation curves for H,O near the instability point
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Figure 11.6 RMP2, UMP2 and PUMP2 dissociation curves for H,O near the instability point
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Figure 11.7 RMP2, RMP3 and RMP4 dissociation curves for H,0
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Figure 11.8 UMP2, UMP3 and UMP4 dissociation curves for H,O
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Table 11.23 Harmonic frequencies for O3 with the

cc-pVTZ basis

Method wi wa Wi
HF 1537 1418 867
MP2 1166 2241 743
MP3 1364 1713 798
MP4 1106 1592 695
CCSD 1278 1267 762
CCSD(T) 1154 1067 717
CISD 1407 1535 816
[2,2]-CASSCF 1189 1497 799
SVWN 1249 1148 744
BLYP 1130 980 683
BPWO1 1177 1047 706
B3LYP 1252 1194 746
B3PW91 1288 1244 762
Experimental 1135 1089 716

Table 11.24 Harmonic frequencies for O3 with other methods

Method /basis wi w2 ws

CCSD/DZP 1256 1240 748
CCSD(T)/DZP 1129 976 703
CCSDT/DZP 1141 1077 705
CCSD/ANO [5s4p3d2f] 1280 1262 766
CCSD(T)/ANO [5s4p3d2f] 1153 1053 718
CCSD/ANO [5s4p3d2flg] 1292 1280 771
[12,9]-CASSCF/ANO [4s3p2d1f] 1100 1039 708
[12,9]-CASPT2/ANO [4s3p2d1f] 1087 998 691
Experimental 1135 1089 716

Table 11.24 sourced from Ref. 20.
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Table 11.25 Energies (kcal/mol) relative to 1 calculated by semi-empirical methods

Isomer MINDO/3 MNDO  AMI PM3 SAMI Exp.
2 ~199 —El 2.1 =13 =88 8.6
3 1:2 2.1 15.8 6.6 158 112
4 —3.4 4.6 72 7.0 2.0 12.4
5 -38 72 7.6 4.7 3.7 13.2
_ _ 6 1.9 8.9 17.7 13.5 15.1 21.7
— HeC———=—=—""CH,¢ | 7 17.8 35.1 48.2 38.2 44.1 25.6
‘ 8 10.1 24.7 34.7 26.3 28.2 31.9
1 2 3 9 20.0 31.6 37.8 29.2 34.2
10 55.6 83.5 84.7 75.9 61.0
11 54.2 84.5 90.3 80.3 80.4
—  CH MAD 17.2 9.3 7.3 7.8 9.3
== _ \2
CHg CHs ﬂ
4 5 6
<> Hac—-q
7 8 'CH, 9 Table 11.26 Energies relative to 1 calculated at the HF level with different basis sets
Isomer STO-3G 3-21G 6-31G DZP 6-311G TZ Exp.
1 3 (d.p) (2d.2p) (2d,2p)
[ = l = 2 —12.8 3.6 7.1 7.8 7.5 7.7 8.6
3 —125 18.0 12.9 13.6 15.2 15.7 5]
- 4 8.5 113 12.9 14.3 15.6 13.5 12.4
3 CHg 5 =53 9.2 13.4 134 13.2 13.4 13.2
10 1 6 5.8 25.6 20.4 21.5 22.8 23.1 21.7
7 11.6 45.7 30.1 31.8 33.8 34.7 25.6
EiguEe TS (CeftyiStacrs ; o L R - - R
10 51.7 83.5 T3 724 74.6 75.3
11 45.0 77.4 70.4 71.3 73.6 74.6

MAD 153 8.0 2.1 27 36 36




Table 11.27 MP2/6-31G(d,p) energies relative to 1, using either
HF/6-31G(d,p) or MP2/6-31G(d,p) optimized geometries

Table 11.29 Energies relative to 1 calculated at the MP2 level with different basis sets, using

Isomer HF/6-31G(d,p) MP2/6-31G(d,p) Exp. MP2/6-31G(d,p) optimized geometries
geometry geometry

Isomer 6-31G 6-311G TZ 6-311G Exp.
2 5.5 4.8 8.6 (d.p) (2d,2p) (2d,2p) (2df,2pd)
3 77 7.9 11.2
4 12.1 12.3 12.4 2 4.8 4.8 5.1 4.8 8.6
5 10.7 10.0 13.2 3 7.9 10.6 11.2 9.4 112
6 16.1 16.4 2147 4 12.3 12.8 12.5 12.5 12.4
7 20.0 20.3 256 5 10.0 9.6 10.1 9.7 13.2
8 29.9 29.9 31.9 6 16.4 19.6 19.5 17.5 N7
9 26.2 26.0 7 20.3 24.6 252 21.4 25.6
10 81.3 81.9 8 29.9 33.0 33.8 31.3 31.9
11 89.5 89.9 9 26.0 29.6 30.0 27.6
MAD 3.2 33 10 81.9 84.0 84.8 83.3

11 89.9 94.0 95.1 942

[.M.S. erTor 33 1.8 1.6 2.6

5 -poi ti kcal/mol .
Tlije 2128, ‘Zeso-poinitsOeey comsHiE (s o) Table 11.30 Energies relative to 1 at different levels calculated with the 6-31G(d,p) basis sets at

Isomer HF/6-31G(d,p) MP2/6-31 G(d,p) the MP2/6-31G(d,p) optimized geometry
2 B —0.6 Isomer HF MP2 MP3 MP4 CCSD  CCSD(T) CISD Exp.
3 - {1}9; - (1}% 2 7.9 4.8 9.1 74 8.5 9.2 7.5 8.6
5 03 —03 3 12.6 7.9 8.9 10.1 10.1 10.6 9.1 11.2
6 0.1 05 4 129+ 123 12% 122 12.2 125 12.1 12.4
7 0.9 14 5 14.2 10.0 14.0 12.5 13.5 14.1 13.2 13.2
8 —06 —02 6 20.0 164 17.6 18.5 18.4 19.1 17.2 21.7
9 —04 0.1 7 29.8 20.3 23.7 252 25.8 26.5 23.8 25.6
10 —17 ~13 8 372 299 322 32.8 333 33.7 329 31.9
11 —08 = 9 32.6 260 285 29.0 29.6 30.1 28.7
: 10 72.0 81.9 78.0 80.3 77.7 79.6 75.7
11 70.1 89.9 88.2 912 88.3 90.6 82.4

MAD 2.1 33 14 1.1 0.9 1.1 1.5




Table 11.31 Energies relative to 1 by combining results from different calculations
e

[somer MP2 A(CCSD(T)-MP2) AZPE Sum  Exp.
6-311G(2df,2pd) 6-31G(d,p) MP2/6-31G(d,p)

2 4.8 44 —-0.6 8.6 8.6

3 9.4 2.7 1.2 13.3 11.2

4 12:5 0.2 —-03 12.4 12.4

5 9.7 4.1 -03 13.5 13.2

6 17.5 2.7 0.5 20.7 217

7 214 6.2 1.4 29.0 25.6

8 31.3¢ 3.8 -0.2 349 31.9

9 27.6 4.1 0.1 31.8

10 83.3 -23 —13 79.7

11 94.2 0.7 -0.1 94.8

MAD 2.0 1.4

—_— Table 11.33 Energies relative to 1 calculated by force field methods
Isomer MM2 MM3 MMX Exp.
2 10.9 10.6 11.3 8.6
3 12.8 12.6 11.5 11.2
4 13.6 12.6 124
5 14.6 14.6 14.9 13.2
6 21:7 21.7

Table 11.32 Energies relative to 1 calculated at DFT levels with the 6-311G(2d,2p) basis set, 7 26.7 27.0 23.9 25.6

using MP2/6-31G(d,p) optimized geometries g 339 31.9

Isomer SVWN BLYP BPWOI B3LYP B3PW91 Exp. MAD (1.5) (1.6) . i g

2 8.9 9.7 8.6 9.3 8.4 8.6

3 5.4 17.0 11.1 14.6 9.8 11.2

4 L) 10.8 10.1 11.3 10.6 124

5 16.2 16.4 16.0 15.9 15.4 13.2

6 13.1 22.1 17.2 20.5 16.5 21.7

T 16.5 34.8 253 31.3 235 25.6

8 29.8 38.3 33.5 37.0 33.0 31.9

9 255 338 28.7 32.6 28.4

10 81.0 84.2 80.6 82.0 79.1

11 92.1 95.8 89.3 93.6 87.8

MAD 4.5 4.0 1.7 2.8 20




3705 (FH83%)

Emr = Esir =+ Ebend + Etors +Evaw + Ea + Ecross

(2.1)

Eq; is the energy function for stretching a bond between two atoms, Eyenq represents the
energy required for bending an angle, E s is the torsional energy for rotation around a
bond, Ey4w and E describe the non-bonded atom—atom interactions, and finally E coss
describes coupling between the first three terms.

Table 2.1 MM2(91) atom types

Type Symbol Description Type Symbol Description
1 ¢ sp 3_carbon 28 H enol or amide
2 & sp -carbon, alkene 48 H ammonium
3 c sp2-carbon, carbonyl, imine 36 D deuterium
4 C sp-carbon 20 Ip lone pair
22 C cyclopropane 15 S sulfide (R2S)
29 C- radical 16 S+  sulfonium (R3S™)
30 C+ carbocatlon 1574 S sulfoxide (R,SO)
38 C sp -carbon, cyclopropene 18 S sulfone (R,S07)
50 c sp 2_carbon, aromatic 42 S sp2-sulfur, thiophene
56 C P 3_carbon, cyclobutane 11 F fluoride
57 &5 sp2-carbon, cyclobutene 12 Cl  chloride
58 C carbonyl, cyclobutanone 13 Br  bromide
67 5 carbonyl, cyclopropanone 14 I iodide
68 C carbonyl, ketene 26 B boron, trigonal
71 c ketonium carbon 27 B boron, tetrahedral
8 N sp-nitrogen 19 Si silane
9 N sp2-nitrogen, amide 25 P phosphine (R3P)
10 N sp-nitrogen 60 P phosphor, pentavalent
37 N azo or pyridine (-N=) 51 He  helium
39 N+ sp —mtrogen ammonium (RyN*) 52 Ne neon
40 N sp2-nitrogen, pyrrole 53 Ar  argon
43 N azoxy (-N=N-0) 54 Kr  krypton
45 N azide, central atom 55 Xe  xenon
46 N nitro (=NO,) 31 Ge  germanium
72 N imine, oxime (=N-) 32 Sn  tin
6 (0] sp-oxygen 33 Pb  lead (R4Pb)
7 (0] spz-oxygen carbonyl 34 Se  selenium
41 0] sp2-oxygen, furan 35 Te  tellurium
47 O~ carboxylate 59 Mg magnesium
49 (0] epoxy 61 Fe  iron(Il)
69 (0] amine oxide 62 Fe  iron(III)
70 (6] ketonium oxygen 63 Ni  nickel(II)
5 H hydrogen, except on N or O 64 Ni  nickel(III)
21 H alcohol (OH) 65 Co  cobalt (IT)
23 H amine (NH) 66 Co  cobalt (IIT)
24 H carboxyl (COOH)

Note that special atom types are defined for carbon atoms involved in small rings, like cyclopropane and

cyclobutane. The reason for this will be discussed in Section 2.2.2.
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where k"B is the “force constant” for the A-B bond.

(2.5)

Here D is the dissociation energy and « is related to the force constant (a = /k/2D)

Energy (kcal/mol)
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Eq(AR™) = k"B (ARAB)2[1 — o(ARAB) + Z a2 (ARAB)?

(2.6)
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Figure 2.2 The stretch energy for CH,4
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Figure 2.4 The bending energy for CH,4
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Evdw(RAB) = Erepulsive(RAB) = (RAB)‘.E‘ (2-11)

6
B R)= E[ 6 660(1-;”3“) —— & : (ERE) } (2.15)
= =

where R, and £ have been defined in eq. (2.13), and & is a free parameter.

Evs(R) = e[(%ﬁ) Y (R—R‘l) 6] (2.13)

where R is the minimum energy distance and ¢ the dept of the minimum.

RY® = R} + R

eAB = \/zAcB (2.17)

H
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X X

Figure 2.11 [llustration of the distance reduction which can be used for E.gy involving
hydrogens

H RAB

En-pond(R) = € [5 (%) 12—6 (%") m] (2.18)

BB HA —Eot

AnNB
Ea(r*®) =22 (2.19)

ZER

Esapena = KAPC(0%PC — 005C)[(RA® — RYP) + (RPC - REC)]

Other examples of such cross terms are

¥

Esu/se = kAPC(RA® — R{®)(RBC — RBC)
Ebend,fbend = kﬁBCD(eABC _ ﬂgBC)(@BCD y ggCD)
Egi/iors = kAP°P(RAB — RAB) cos (nwABCP)

— JABCD (ABC _ fABC)

Evend/tors ABCDYy

cos (nw
Ebend,’tors/bend — kABCD(HABC . QUABC) (BBCD o SgCD) cos (nwABCD)

L=
1.

MO
PAB = E NiC AiCBi
i

R§® = 1.503 — 0.166p a5 (2.24)
k*® =5.0+4.6pap
V3PP = 15.0ppcBsc

Initial geometry ——— ppp calculation

l

Optimize geometry <e— Assign constants

:

New geometry —— 5 ppp calculation
Figure 2.13
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(2.21)

(2.22)

[lustration of the two-level optimization involved in a MMP2 calculation
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Table 2.3 Comparison of functional forms used in common force fields. The torsional energy,
Eors, 18 in all cases given as a Fourier series in the torsional angle

Force Types Egr Epend Eoop E vdw Eq E cioie Molecules
Field
EAS 2 P2 P3 none Exp.—6 none none a:l;anes
P3 none Exp.—6. none ss,bb,sb, alkanes
EFF 2 P4 s
MM2 7 P3 P2+6 P2 Exp.—6 dipole SE . gezzlr*::
. Exp.—6 dipole or  sb,bb,st ge
e 3 o 7o - ° charge (all elements)
rbons
imp. Exp.—6 charge ss,bb,sb, hydrocai
MM4 3 P6 P6 imp i
CVFF 53 P2 or P2 P2 6-12 charge ss,bb,sb, general
btb
Morse
CFF 48 P4 P4 P2 6-9 charge ss,bb,st, general
sb,bt,btb
5 bt
211{?3898 31 P2 P2 P2 6-12 charge none general
MMFF 99 P4 P3 P2 7-14 charge sb general
COSMIC 25 P2 P2 Morse charge none gcnera{
DREIDING 37 P2 or P2(cos)  P2(cos) 6-12or  charge none general
o EXI:Z_G h none proteins
imp. - charge ns,
el ”? " o 10-12 nucleic acids,
carbohydrates
i 6-12 charge none proteins,
o ! . i e ¢ nucleic acids,
carbohydrates
CHARMM 29 P2 P2 imp. 6-12 charge none proteins
imp.) 6-12 charge none proteins,
SRR P2 . i ¢ nucleic acids,
carbohydrates
ECEPP fixed fixed fixed 6-12 charge none proteins
10-12
Exp.—6 none none metal .
i N . " & coordination
imp. 6-12 charge none metal _
S = o o coordination
ESFF 97 Morse  P2(cos) P2 6-9 charge none all e{ememt.s
UFF 126 P2or  cos(nf)  imp. 6-12 charge none all elements
Morse

Notation: Pn: Polynomial of order n; Pn(cos): polynomial gf order n ifﬂcosini: mto the Efngle; cos{rfgt)’:l:oiu;cE
term(s) in cosine to the angle; Exp.—6: exponential +R ™% n-m: R™" + R ‘;Icili.m."n. t:f:‘ :h‘ﬁgrsior;al' l[;t
improper torsional angle; ss: stretch—stretch; bb: benfi—bcnd; sb: stretch—bend; st: s St
bend—torsional; tt: torsional—torsional; btb: bend-torsional —bend. W
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EAS: E. M. Engler, J. D. Andose and P. v. R. Schleyer, J. Am. Chem. Soc., 95 (1973), 8005; EFF: J. L. M.
Dillen and J. Comput. Chem., 16 (1995), 595, 610; MM2: N. L. Allinger, J. Am. Chem. Soc., 99 (1977), 8127;
MM3: N. L. Allinger, Y. H. Yuh and J. H. Lii, J. Am. Chem. Soc., 111 (1989), 8551; J. H. Lii and N. L.
Allinger, J. Am. Chem. Soc., 111 (1989), 8566, 8576: “all elements” MM3: N. L. Allinger, X. Zhou and J.
Bergsma, J. Mol. Struct. Theochem., 312 (1994), 69; MM4: N. L. Allinger, K. Chen and J.-H. Lii, J. Comput.
Chem., 17 (1996), 642; N. Nevins, K. Chen and N. L. Allinger, J. Comput. Chem., 17 (1996), 669; N. Nevins,
J-H. Lii and N. L. Allinger, J. Comput. Chem., 17 (1996), 695; N. L. Allinger, K. Chen, J. A.
Katzenellenbogen, S. R. Wilson and G. M. Anstead, J. Comput. Chem., 17 (1996,) 747; CVFF: S. Lifson, A.
T. Hagler and P. Dauber, J. Am. Chem. Soc., 101 (1979), 5111, 5122, 5131; CFF91/93/95: M. J. Hwang, J. P.
Stockfisch and A. T. Hagler, J. Am. Chem. Soc., 116 (1994), 2515; TRIPOS: M. Clark, R. D. Cramer ITI and
N. van Opdenbosch, J. Comput. Chem., 10 (1989), 982; J. R. Maple, M.-J. Hwang, T. P. Stockfisch, U. Dinur,
M. Waldman, C. S. Ewig and A. T. Hagler, J. Comput. Chem., 15 (1994), 162; MMFF: T. A. Halgren, J.
Comput. Chem., 17 (1996), 490; COSMIC: S. D. Morley, R. J. Abraham, I. S. Haworth, D. E. Jackson, M. R.
Saunders and J. G. Vinter, J. Computu.-Aided Mol. Des., 5 (1991), 475; DREIDING: S. L. Mayo, B. D.
Olafson and W. A. Goddard I, J. Phys. Chem., 94 (1990), 8897; AMBER: W. D. Cornell, P. Cieplak, C. L
Bayly, I. R. Gould, K. M. Merz Jr, D. M. Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell and P. A.
Kollman, J. Am. Chem. Soc., 117 (1995), 5179; OPLS: W. Damm, A. Frontera, J. Tirado-Rives and W, L.
Jorgensen, J. Comput Chem., 18, (1997), 1995; CHARMM: R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J.
States, S. Swaminathan and M. Karplus, J. Comput. Chem. 4 (1983), 187; GROMOS: W. E. Van Gunsterenm
and H. J. C. Berendsen, Groningen Molecular Simulation (GROMOS) library manual; ECEPP: G. Nemethy,
K. D. Gibsen, K. A. Palmer, C. N. Yoon, G. Paterlini, A. Zagari, S. Rumsey and H. A. Sheraga, J. Phys.
Chem., 96 (1992) 6472; MOMEC: P. Comba and T. W. Hambley, Molecular Modeling of Inorganic
Compounds, VCH, 1995; SHAPES: V. S. Allured, C. M. Kelly and C. R. Landis, J. Am. Chem. Soc., 113
(1991), 1; ESFF: S. Barlow, A. L. Rohl, S. Shi, C. M. Freeman and D. O'Hare, J. Am. Chem. Soc., 118
(1996), 7578; UFF: A. K. Rappé, C. J. Casewit, K. S. Colwell, W. A. Goddard IIT and W. M. Skiff, J. Am.

Chem. Soc., 114 (1992), 10024; C. J. Casewit, K. S. Colwell and A. K. Rappé, J. Am. Chem. Soc., 114
(1992), 10035, 10046.

Table 2.6 Average errors in heat of formations
(kcal/mol) by MM2

Compound type Average error in AH¢
Hydrocarbons 0.42
Ethers and Alcohols 0.50
Carbonyl compounds 0.81
Aliphatic amines 0.46
Aromatic amines 2.90
Silanes 1.08

Table 2.6 is sourced from ref. 32.
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Gaussian 09 Features at a Glance

Features added since the initial release of Gaussian 03 are in scarlet.

Each section lists all relevant features; there is sometimes overlap between sections.

Fundamental Algorithms

e o o o o o o o o

Calculation of 1- & 2-electron integrals over any contracted gaussian functions

Conventional, direct, semi-direct and in-core algorithms

Linearized computational cost via automated fast multipole methods (FMM) and sparse matrix tec
Network/cluster and shared memory (SMP) parallelism

Harris initial guess (much more accurate, especially for metals)

Initial guess generated from fragment guesses or fragment SCF solutions

Density fitting and Coulomb engine for pure DFT calculations, including automated generation of 1
O(N) exact exchange for HF and hybrid DFT

1D, 2D, 3D periodic boundary conditions (PBC) energies & gradients (HF & DFT)

Model Chemistries

Molecular Mechanics: Amber, DREIDING and UFF energies, gradients, and frequencies; standalone MI

Ground State Semi-Empirical

.

CNDO/2, INDO, MINDO3 and MNDO energies and gradients
Newly implemented AM1, PM3, PM3MM, PM6 and PDDG energies, gradients and analytic fregs.,
DFTB and DFTBA methods

Self Consistent Field (SCF)

e o o o o o

SCF restricted and unrestricted energies, gradients and frequencies, and RO energies and gradie
Default EDIIS+CDIIS convergence algorithm and optional Quadratic Convergent SCF

Complete Active Space SCF (CASSCF) energies, gradients & frequencies; active spaces of up to
Restricted Active Space SCF (RASSCF) energies and gradients

Generalized Valence Bond-Perfect Pairing energies and gradients

Wavefunction stability analysis (HF & DFT)

Density Functional Theory

Closed shell and open shell energies, gradients & frequencies, and RO energies & gradients are availabl

.

.

EXCHANGE FUNCTIONALS: Slater, Xa, Becke 88, Perdew-Wang 91, Barone-modified PW91, Gill 9¢
CORRELATION FUNCTIONALS: VWN, VWNS5, LYP, Perdew 81, Perdew 86, Perdew-Wang 91, PBE,
OTHER PURE FUNCTIONALS: VSXC, HCTH functional family

http://www.gaussian.com/g_prod/g09_glance.htm 2011/05/19
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HYBRID METHODS: B3LYP, B3P86, P3PW91, B1 and variations, B98, B97-1, B97-2, PBE1PBE, H:!
MO05 & M06 and variations, X3LYP; user-configurable hybrid methods

EMPIRICAL DISPERSION: B97D

LONG RANGE-CORRECTED: LC-wPBE, CAM-B3LYP, WB97XD and variations, Hirao’s general LC ¢

Electron Correlation:

All methods/job types are available for both closed and open shell systems and may optionally use frozer
are available for MP2, MP3, MP4 and CCSD/CCSD(T) energies.

MP2 energies, gradients, and frequencies

B2PLYP and MPW2PLYP double hybrid DFT energies, gradients and frequencies, with optional €
CASSCEF calculations with MP2 correlation for any specified set of states

MP3 and MP4(SDQ) energies and gradients

MP4(SDTQ) and MP5 energies

Configuration Interaction (CISD) energies & gradients

Quadratic Cl energies & gradients; QCISD(TQ) energies

Coupled Cluster methods: restartable CCD, CCSD energies & gradients, CCSD(T) energies; optic
basis set

Brueckner Doubles (BD) energies and gradients, BD(T) energies; optionally input amplitudes & or
Enhanced Outer Valence Green’s Function (OVGF) methods for ionization potentials & electron a
Complete Basis Set (CBS) MP2 Extrapolation

Douglas-Kroll-Hess scalar relativistic Hamiltonians

Automated High Accuracy Energies

G1, G2, G3, G4 and variations
CBS-4, CBS-q, CBS-QB3, ROCBS-QB3, CBS-Q, CBS-APNO
Ww1U, W1BD, W1RO

Basis Sets and DFT Fitting Sets

STO-3G, 3-21G, ..., 6-31G, 6-31Gt, 6-311G, D95, D95V, SHC, LanL2DZ, cc-pV{D,T,Q,5,6}Z, Dc:
I, Midi!, UGBS*, MTSmall, DG{D,T}ZVP

Effective Core Potentials (through second derivatives): LanL2DZ, CEP through Rn, Stuttgart/Dres
Support for basis functions and ECPs of arbitrary angular momentum

DFT FITTING SETS: DGA1, DGA1, WO06; auto-generated fitting sets; optional default enabling of der

Geometry Optimizations
and Reaction Modeling

Geometry optimizations for equilibrium structures, transition structures, and higher saddle points,
Cartesian, or mixed internal and Cartesian coordinates

Redundant internal coordinate algorithm designed for large system, semi-empirical optimizations
Newton-Raphson and Synchronous Transit-Guided Quasi-Newton (QST2/3) methods for locating
IRCMax transition structure searches

Relaxed and unrelaxed potential energy surface scans

New implementation of intrinsic reaction path following (IRC), applicable to ONIOM QM:MM with t
Reaction path optimization

BOMD molecular dynamics (all analytic gradient methods); ADMP molecular dynamics: HF, DFT,
Optimization of conical intersections via state-averaged CASSCF

Vibrational Analysis

Vibrational frequencies and normal modes, including display/output limiting to specified atoms/res
Restartable analytic HF and DFT fregs.

MO:MM ONIOM frequencies including electronic embedding

Analytic Infrared and static and dynamic Raman intensities (HF & DFT; MP2 for IR)
Pre-resonance Raman spectra (HF and DFT)

Projected frequencies perpendicular to a reaction path

NMR shielding tensors & GIAO magnetic susceptibilities (HF, DFT, MP2) and enhanced spin-spin
Vibrational circular dichroism (VCD) rotational strengths (HF and DFT)

Dynamic Raman Optical Activity (ROA) intensities

Harmonic vibration-rotation coupling

Enhanced anharmonic vibrational analysis

Anharmonic vibration-rotation coupling via perturbation theory

Hindered rotor analysis

Molecular Properties

http://www.gaussian.com/g_prod/g09_glance.htm 2011/05/19
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« Electronic circular dichroism (ECD) rotational strengths (HF and DFT)

 Electrostatic potential, electron density, density gradient, Laplacian, and magnetic shielding & indi

generated grid

Multipole moments through hexadecapole

Population analysis, including per-orbital analysis for specified orbitals

Biorthogonalization of molecular orbitals (producing corresponding orbitals)

Electrostatic potential-derived charges

Natural orbital analysis and natural transition orbitals

Natural Bond Orbital (NBO) analysis, including orbitals for CAS jobs

Electrostatic energy & Fermi contact terms

Static and frequency-dependent analytic polarizabilities and hyperpolarizabilities (HF and DFT); n

analytic 3rd derivs.)

« Approx. CAS spin orbit coupling between states

» Enhanced optical rotations and optical rotary dispersion (ORD)

» Hyperfine spectra components: electronic g tensors, Fermi contact terms, anisotropic Fermi conta
terms, quartic centrifugal distortion, electronic spin rotation tensors, nuclear electric quadrupole cc

» Franck-Condon analysis (photoionization)

* ONIOM integration of electric and magnetic properties

ONIOM Calculations

Enhanced 2 and 3 layer ONIOM energies, gradients and frequencies using any available method
Optional electronic embedding for MO:MM energies, gradients and frequencies

Enhanced MO:MM ONIOM optimizations to minima and transition structures via microiterations in
Support for IRC calculations

ONIOM integration of electric and magnetic properties

Excited States

ZINDO energies

Cl-Singles energies, gradients, & fregs.

Restartable time-dep. HF & DFT energies and gradients

SAC-CI energies and gradients

EOM-CCSD energies (restartable); optionally input amplitudes computed with a smaller basis set
Franck-Condon, Herzberg-Teller and FCHT analyses

CI-Singles and TD-DFT in solution

State-specific excitations and de-excitations in solution

Self-Consistent Reaction
Field Solvation Models

* New implementation of the Polarized Continuum Model (PCM) facility for energies, gradients and

» Solvent effects on vibrational spectra, NMR, and other properties

» Solvent effects for ADMP trajectory calcs.

» Solvent effects for ONIOM calculations

» Enhanced solvent effects for excited states

» SMD model for AG of solvation

» Other SCRF solvent models (HF & DFT): Onsager energies, gradients and fregs., Isodensity Surf
Isodensity Surface PCM (SCI-PCM) energies and gradients

Ease-of-Use Features

» Automated counterpoise calculations

» Automated optimization followed by frequency or single point energy

« Ability to easily add, remove, freeze, differentiate redundant internal coords.

» Simplified isotope substitution and temperature/pressure specification in the route section
* Freezing by fragment for ONIOM optimizations

» Simplified fragment definitions on molecule specifications

* Many more restartable job types

» Atom freezing in optimizations by type, fragment, ONIOM layer and/or residue

» QST2/QST3 automated transition structure optimizations

» Saving and reading normal modes

Last update: 13 May 2010

http://www.gaussian.com/g_prod/g09_glance.htm 2011/05/19
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Normal termination of Gaussian 94. I
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SCF Done: E(RHF) = _76.0098706218 A.U. after 6 cycles
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Gaussian DZELT
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3% QS.2:PDB 7 7y 1 VO E#H
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71 )b : water.pdb ;ﬁ)ﬁf;’ %7) g TIVH ogcﬁmé?é 7201 NewZMat & S BHED Gaussian 12155
o CCTIE. ZO ; =
ho 7 A ERS E o sy |V Caussion DF 27y Lo T WEAYA Y KD X ETOREORMER > TBY, BEDPCK
’ WEW Gaussian &1 > A B—)V L. 71 > RUXIBRTN2HDET 2.

10. KD NewZMat Y K2 #7735
Gaussian DEFED AT FIIRD LI IRbDTH %,

UNIX

% newzmat -ipdb $g94root/g94/tutor/quick/water.pdb water.com Z’Dﬁi’??/);gf;:;;;j REgWiEy 1 7
aussian Y — 2 o

vMS 3 v a 7 DETHE.

$ NewZMat -IPDB ¢ X 24 :[G94.Tutor.Quick]|WaterPDB  [[Water.Com T RTy bOF v R

COAY Y FIZED, FiL W Gaussian T VT b7 7 ¢ WBES TS wAsUA NN ¥ T Al N KR

NewZMat {%, & &L HEHEZ ZEN = .
TRV, EEHNTS B E8B 2. 57 4 )V FOfi (01) : A >OTOTSNTA Y RINF =TT 5,

I FHLWL YT Iyt NBIF 4w FT 5,

5 y b n %Ei3fii§ 5 - C
3—"5‘9%’;’!3 ohic 7;()1/0) ATRER. h—F 7y 'Eklg?ikzmvf Gaussian 94W
CEOTND, DTy (IVELT v bUT, FHEHER Z L AZ2U—YOYA Y RIPT, FIGRUTH 2 & SN2 &Y

U2 A, FhiCREREZRET S, cOY =

- ¥ o v ~ Vs 5

TR VB RN, COVa T3, LERUGREBROTT 79T b Ty AV L4y bFAAY
i = Gaussian 31W
AZa—)N————FFjle Process Ulilities View Help

Ny FTakR | vazavro—i— 1]
2

LTRSS 7 O GHE 2 MER N BT o 7208
' i Erq (il D — AU LD —Y—TGE
gig;; g Fate 0):6% ?ﬁifﬁ'ﬂi N9 FC Conssian @%ﬁ&é;?? AT b I77IN Active Job: CAUSRAAEFRISCH\PROPELL GJF ] OulputFe: [ PROPELLOUT
St RamAlot A g dal ot A e
<\ = g o VMS O —¥—{¥ sutmit XY K 577*7777/4

BHWTNYFTaTELT watercom BEGT S ELNES 5lot NQ:I/\"!; ' | Center  Atomic Coordinates {Angscrous) |
! z |
/
|

standard orientation: ;Qi

?“:gg’h'— k U'Cb)i;:) LJNIX J:'E}ZL Gaussian 94 1IZ A2 T35 subgdd AT Y | Number  Mumber X ¥
Na5&ENn, 22 ZhERT, i |

0.000000 1.289000 0.000000
1.116307  -0.644500 0.000000
-1.116307 -0.644500 0.000000
0.000000 0.000000 0.772000
0.000000 0.000000 0.772000
0.905466 1.870299 0.000000
-0.905466 1.870299 0.000000
1.166993  -1.719306 0.000000

e

% subg94 1 —% h2o.com

|
|

Fa—HBNYFFa—0%i. VaTOrwy

- F 3 BTy FIXEBINIC water.]
S?Z;;f;%}b‘gﬁ;yfn]é: UND(“_[:'N‘I‘-Gaussian YaJix nvi‘ie;o?g
4 R FAFIVFTAONY TSV RCEFT B EH T

2.072459 -0.150993 0.000000
-2.072459  -0.150993 0.000000
-1.166993  -1.719306 0.000000
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% nice g94 <h2o.com >h20.log & 5 543 it
Rp=FRIA% [Computing s 2Electioniriegils

CNT, UNIXEVMSKBT3F 2 — FU PO > . -
I Gaussian %8 5 J=0ic. X— Liii N??%ﬁaéﬁ%?f?& mﬁ‘}%b Zh s OTE & IEEE S THET 2.
Gaussian DY BTy bBBMLTH 3. 2V, I T

ETHERIC L 3% D8R
FETHEETIC kB EF DR xliii
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|Selected 1 file(s) (143 bytes) [Total 43 file(s) (1,882,078 bytes)
Gaussian 94W
| * NURARY DEREETECa T RO0—Rahs
i . . =
| ® U Run Dropped Files 0 preference 2832 XN T3 &, o aZidkrkoy 7

IND LT SIETAMIAI NS,

20. ZOFI=wrERICE—-TLE Water.GJF 17y b7 » 4 VIZINTH S,

Gaussian DT 7 Ty N DRF WS KOHT. =
: 1 - I, ZDOt~ A
DT, TOTShEF—T>LEE, Uy 7’&?%7@“6/0)&7?#{3? FHns

Gaussiantd, )Ny F 70t 2 DhE b it & 2
it 13, 1 @gﬂrgégﬁﬁa):;o HHEEDbETNS, LI, Gaussian

CNT, U1 RO ZHOF 2 — M) 7 )L ik %
% PAYAS \§X-6° \ - ‘
SIEHEEE L TOSERT, 2075 F Ty }\Eﬁf?gdﬁ;gfguman%

lii BT &R IC L 5120875

Gaussian 77 N 7w hDT A w7 —

Gaussian 79I ST SO A DT —

COHTIE. TF4 ¥ —%fio T, E TR TOI I TIVRA T
FNE—FEDOTI R Ty FEHELLRATWZ&IZT %, UNIX & VMS

DA—F—3, TF 4 ¥— %> T holog D7 7 (I EF =TT 2,
Gaussian DL—H—13. EARBRIT 4 ¥—2F>THNNDA, AL 7ayg
5 ADF 2 ®H DEdit Output File D71 2> 27Uy 7 LT, 7V T v b
EA—TLTBIEBTES, T ZOV A 213, Gaussian DY 3 T KT
U7 754 72185,

Edit Qutput File 7 3

#% 0S.3: Gaussian 77 b 7w OV )

ZOTY NSy hOERBEEERTIT LT 2, HFEITT 44— TH
W2 BEBELENS, fSMChrENThOI AT A THLEWN
VN, TR Ty NORREN YATALALZL2THLED D B AN N
A, KERETIEHRN, BEBOW OEENES TV IEbHVEIN, T
OBENIDBEFNUTOSHD TH %D, TN T, Gaussian DIFHRZF 2— b
V7V R A D, FHVE. TN T Gaussian BT 24 DETIALEZ ¥
FRUEFNTE 2 &5,

Entering Gaussian System, Link 0=g94

Input=h2o0.com

Output=h2o0.log

Initial command:

/mf/g94/11.exe /scratch/g94-17042.inp —scrdir=/scratch/
Entering Link 1 = /mf/g94/11l.exe PID= 18580.

Copyright (c) 1988,1990,1992,1993,1995 Gaussian, Inc.
All Rights Reserved.

bz, This is part of the Gaussian 94 (TM) system of programs. It is
based on the Gaussian 92 (TM) system (copyright 1992

Gaussian, Inc.), the Gaussian 90 (TM) system (copyright 1990
Gaussian, Inc.), the Gaussian 88(TM) system (copyright 1988
Gaussian, Inc.), the Gaussian 86 (TM) system (copyright 1986
Carnegie Mellon University), and the Gaussian 82 (TM) system
(copyright 1983 Carnegie Mellon University) . Gaussian is a
federally registered trademark of Gaussian, Inc.

This software is provided under written license and may be
used, copied, transmitted, or stored only in accord with that

written license.
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Ak XKk kK
***************************************

Gaussian 94: IBM-RS6000-G94RevC.3 26-Sep-1995
25-Nov-1995

dhkkkokkkx
*************************************
*

Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

o -0.464 0.177 0.
H -0.464 1,137 0.
H 0.441 -0.143 0.

Z-MATRIX (ANGSTROMS AND DEGREES)

??_???E_étom N1 Length/X N2 Alpha/Y N3 Beta/z J
1 1 0 __: ______________________________________________
;a0 8 _.222880 .177000 .000000
;3 2n : .44 0 1.137000 .000000

.441000 -.143000 .000000

Framework group CS[SG(H20) ]
Deg. of freedom 3

Standard orientation:

Center Atomic i
Nenter oomic XCoordlnatesY(Angstroms)
_______________________________ Z
1 8  .000000  .110843  _gomoon
: h .300000 .110843 .000000
2 ! .783809 -.443452 000000
-.783809 -.443294 000000

ETHERIC & 262D

Gaussian, Inc.

ZOFRY VIR Y BRIV
F—IETFMINE=IRIVF—
%79, ¥ SCF B TONRK
DEFLEATHS. 1@ AT
IESCFIEIZDOVTEDFHFULLIHR
PLTHB.

Mulliken population f#HiA% SCF
TRNVE -t R ROBRICH

<. CORPINTFORNZET
&2 THEITHPDHTH

)

°

Total atomic charges &t & {17

BRI THOENENORTO
LAMNERT. TR, BRI
FRAOAHIERD , —DOKR
ETObTMOEOEN EITHH
LE&->2TWaS,

COBMIBBEETONTOY
A B—=E—AVbEEAD. T
DFAR—IVE—AV PIADY
MR R, TOKRESIE1.69
FNRATHB. BECHE-T, ¥
A B=)E— AV MIIEOERZ
By AHmER., ZONTFORE
Rmicks &, BRETIXEDY
WEcHBELTWS, Zhdy(
RV E— AV FRERETNS
NTFOFEICHEL ZHacidh-o
TWBZEERT.

B DOWIZ#D o 7= Gaussian
a7k, 7U N7y FOKD
DiIcHBIcmEhTwaalb s
va vz OFANT BT
VLTI RENS.

CPU B[l & 7 7 £ VB DOOFHAR
ORI T AEMNTa IO
1A A IV =% (-

Gaussian 79 R 7w KT A w7V T —

Rotational constants (GHZ): 919.1537631 408.1143172 282.6255042

Isotopes: 0-16,H-1,H-1

19 basis functions

5 alpha electrons
nuclear repulsion energy

Projected INDO Guess.

Initial guess orbital symmetries:
Occupied (A') (A') (A') (A') (A")
Virtual (A') (A') (A') (A') (a') (a") (A') (A') (a') (A')
(Aa') (a") (a") (A")

Ccutoffs for single-point calculations used.

36 primitive gaussians
5 beta electrons
9.1576073710 Hartrees.

Warning!

SCF Done: E(RHF) = -76.0098706218 A.U. after 6 cycles
Convg = .3332D-04 -v/T = 2.0027
S**2 = .0000

*************************************************************

Population analysis using the SCF density.

*************************************************************

Orbital Symmetries:

Occupied (A') (A') (A') (A')

Virtual (A') (A') (A') (A') (A') (A") (A') (A") (A") (A')

(a") (a') (a') (A'")
The electronic state is 1-A'.
Alpha occ. eigenvals-- -20.55796 ~1.33618 -.71426 -.56023 -.49562
Alpha virt. eigenvals-- .21061 .30388 1.04585 1.11667 1.15963
Alpha virt. eigenvals-- 1.16927 1.38460 1.41675 2.03064 2.03551
Alpha virt. eigenvals -- 2.07410 2.62759 2.94215 3.97815
condensed to atoms (all electrons):

Total atomic charges:

1
1 0 -.876186
2 H .438090
3 H .438096

Sum of Mulliken charges= .00000

Electronic spatial extent (au): <R**2>= 18.9606
Charge= .0000 electrons
Dipole moment (Debye) :

X= -.0001 Y= 2.1383 Z= .0000 Tot= 2.1383

IR0y a JOBEENLEY - IO Y —

Test job not archived.
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Energy\\0,1\0,0,-0.464,0.177

,0.\H,0,-0.464,1.137,0.\H

,0,0.441,—0.143,0.\\VersionleMfRSGO00—G94RevC.3\State=l—A'\H

F=-76.0098
706\RMSD=3.332e—05\Dipole:O.6868725,0.4857109,0.\PG:CS

[SG(H201) 1\\@€
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