











Table 11.1. H,0 geometry as a func-
tion of basis set at the HF level of theory

Basis R OH (A) X HOH

cc-pVDZ 0.9463 104.61
cc-pVTZ 0.9406 106.00
cc-pVQZ 0.9396 106.22
cc-pV5Z 0.9396 106.33
cc-pV6Z 0.9396 106.33

Table 11.2 H,0O geometry as a function of basis set at the MP2 level
of theory

Basis Rou (A) Q HOH AR oy (A) Ao noH
cc-pVDZ 0.9649 101.90 0.0186 —2.71
cc-pVTZ 0.9591 103.59 0.0185 —2.48
cc-pvVQZ 0.9577 104.02 0.0181 —2.20
cc-pV5Z 0.9579 104.29 0.0184 —2.04

cc-pV6Z 0.9581 104.36 0.0185 —1.97




Table 11.10 H,O 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-pvVQZ 2.008 1.904 1.890
cc-pV5SZ 2.003 1.895

cc-pV6Z 1.990

aug-cc-pvVDZ  2.000 1.867 1.848
aug-cc-pVTZ 1984 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-pCVIZ  1.983 1.857 1.843

Table 11.12 H,0 dipole moment (Debye) as a function of DFT functional and basis set; the
experimental value is 1.847 D

Basis SVWN BLYP BPW9I1 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-pV5SZ 1.856 1.799 1.798 1.855 1.852




Table 11.7 % electron correlation recovered
by different methods 1n the cc-pVDZ basis

Method % EC
MP2 94.0
MP3 97.0
MP4 99.5
MP5 99.8
CCSD 08.3
CCSD(T) 99.7
CISD 94.5
CISDT 95.8

CISDTQ 99.9



Table 11.8 Total energy (4—76 a.u.) as a function of basis set and electron correlation
(valence only)

Method cc-pVDZ cc-pVTZ cc-pvVQZ cc-pV5Z cc-pV6Z  cc-pVooZ
HF —0.02677 —0.05713 —0.06479 —0.06704 —0.06735 —0.0676
MP2 —0.22844  —0.31863 —0.34763 —0.35860 —0.36264 —0.368
MP3 —0.23544  —-0.32275 —0.34939 —-0.35815 —0.36094 —0.364
MP4 —0.24067 —0.33302 —-0.36104 —-0.37051 —-0.37357 —-0.377
MP5 —0.24120 —0.33159

CCSD —0.23801  —0.32455 —-0.35080 —0.35952 —0.366
CCSD(T) —0.24104 —-0.33219 —0.35979  —0.36904 —0.376
CISD —0.22997 —0.31384 —0.33922  —0.34765 —0.354

Table 11.9 Total energy (+76a.u.) as a function of basis set and electron correlation
(all electrons)

Method cc-pCVDZ cc-pCVTZ cc-pCVQZ cc-pCV5Z  cc-pCVooZ (%EC)
HF —0.02718 —0.05731 —0.06490 —0.06706 —0.0677 (0.0)
MP2 —0.26855 —0.37486 —0.40758 —0.41939 —0.430 (97.4)
MP3 —0.27638 —0.37984 —0.41012 —0.41978 —0.430 (97.4)
MP4 —0.28194 —0.39079 —0.42240 —0.43268 —0.440 (100.0)
MP5 —0.28239 — 0.38907

CCSD —0.27897 —0.38154 —0.41144 —0.42104 —0.428 (96.9)
CCSD(T) —0.28226 —0.38978 —0.42096 —0.43105 —0.438 (99.5)

CISD —0.26898 —0.36799 —0.39675 — 0.40599 —0.412 (92.6)




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(2d)
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
BPWOI1 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
B3PWO91 1.229 1.254 1.217 1.517 1.491 1.524

Table 11.20 sourced from Ref. 15.



Table 11.21

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

aug-cc-pvVDZ aug-cc-pVTZ aug-cc-pvVQZ 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
BPWOI1 0.221 0.217 0.218
B3LYP 0.091 0.086 0.087
B3PWOl 0.119 0.114 0.116




QM/MM Modeling Approach

* Couple quantum mechanics and molecular mechanics
approaches (e.g. QM/MM)

e QM treatment of the active site
- reacting center

— excited state processes (e.g. spectroscopy)

— problem structures (e.g. complex transition metal
center)

Inner Region Outer Region

e Classical MM treatment of environment Boundary Region

- enzyme structure
— explicit solvent molecules
- bulky organometallic ligands




General QM/MM Methodology

* The QM/MM potential energy is implemented via solving the Schrodinger
equation with an effective Hamiltonian

Hejj‘ Yj(r)Ra)RM> - E(Ra)RM) Y/(r)Ra)RM)

e Where Heff and HQM/MM are defined as....

Heﬁ = HQM + H,,, HQM/MM
QM 24 BAM
— _ + T —)
QM/MM Z nY, RAM A M RAM RZ,M

* The total energy is then:

<Y/|HAQM i [:IQM/MM‘Y/>
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Implementations of QM/MM

e Semi-empirical * Pros:
~ AM1 - Fast
~ PM3 - Simpler than ab initio QM
methods
- MNDO _
- In many cases describes
- PDP3 (PDDG/PM3) system(s) correctly
- PDMN (PDDG/MNDO) e Cons:
- SCCDFTB

- Reduced accuracy

— Only restricted
wavefunctions (caveat...)

- Parameters
— Ground state methods

- Only valence electrons
treated explicitly



Implementations of QM/MM

* ADb initio * Pros:
- HF - Accuracy
_ DFT * Much better description
of wavefunction (e.g.
* Pure: BLYP correlation)
* Hybrid: B3LYP ~ Flexibility
* Rl methods e Cons:
- MP2 |
- Performance
* Local methods Speed
* Rl methods ° opee
_ CCSD * System size limitations

— More complex than semi-

- Multireference methods empirical methods

* CASSCF
* Spin-flip
* EOM



Additional Implementations of QM/MM

* Empirical Valence Bond  SCCDFTB
(EVB) g L
— Empirical approximation to
- Approximates QM DFT (B3LYP)
Interactions - QM/MM implementation
- Mixes valence bond via CHARMM
configurations

- Approximately the same
* Must define bonding cost as AM1, PM3

patterns in "QM’ * But better accuracy

system Activelv b develoned
- Requires parameterization B Ctgeé .elng evelope
e Q. Cui

* M. Elstner



Additional Implementations of QM/MM

e ONIOM: Morokuma et al.
- QM/MM, QM/QM, QM/QM/MM and QM/QM/QM

- Subtractive method

NIOM?2 __ ioh
EO T Ehlg R E]nodel T E]eal

model 1

EONIOMS Ehlgh Enedlum Enecl ium o

small model small model intermediate model

oW oW
| | + E

intermediate model real

- Pro: Easy to use!
- Widely available: Gaussian, Q-Chem 3.0



Additional Implementations of QM/MM

e CPMD: Car-Parrinello Molecular Dynamics
- Employs DFT
* Mostly restricted to pure DFT functionals
- QM wavefunction is propagated through the dynamics
— Electronic motion can become coupled to the nuclear motion

* Should not happen in the Born-Oppenheimer
approximation

- Employs plane wave basis functions

* Needs a lot of them to describe the wave function
accurately

- Employs Effective Core Potentials (ECP)



QM/MM Boundary Treatments

m Electrostatic interactions:

— Mechanical Embedding

<+ in vacuo QM calculation coupled classically to MM via point
charges at QM nuclear sites

— Electrostatic Embedding

+ MM atoms appear as centres generating electrostatic
contribution to QM Hamiltonian

— Polarised Embedding
+ MM polarisability is coupled to QM charge density



QM/MM Boundary Treatments

* Single Link Atom (Singh and Kollman)
* Double Link Atom (Brooks and coworkers)

- Gaussian Blur

* Generalized Hybrid Orbital (GHO) Approximation
- Gao and coworkers

* |Local Self-Consistent Field (LSCF)

— Rivail and coworkers

N
MM region Y\ QM region
Fi

* Frozen Orbital Approximation 4 -
- Friesner and coworkers w V4

 Pseudobond Methods ”{' s
- Yang and coworkers : )
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