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Background 

•  The UV absorption spectrum of many small 
aromatic hydrides is dominated by π-π* 
promotions 

•  For molecules including X−H bonds, a low-lying 
πσ* states plays an important role in returning 
molecules to the ground state, and/or induce 
X−H bond fission 

•  This requires a accurate descriptions of specific 
portions of multiple potential energy surfaces to 
understand the observed photophysics 



Four Example Studies 

•  All 4 examples explore the ground and excited state 
properties of para-Y thiophenols (p-YPhSH) 

1.  Ground state torsional potential surface 
using CCSD(T)(F12*) 

2.  Excited state torsional potentials and oscillator 
strengths using EOM-CCSD 

3.  Potential energy surfaces outside the Franck-Condon 
region with CASSCF and CASPT2 

4.  Model excited state absorption spectrum of phenol 
in aqueous solution 



Case I: Ground State para-substituted 
thiophenols in the gas phase 

•  Microwave spectroscopy has demonstrated that the barrier 
to rotation around the C−C−S−H bond, ϕ, of para-Y 
substituted thiophenols is shallow (>60 cm-1)  

•  Barrier is dependent on the para-substituent  
(Y = H, CH3, F, MeO), due to changes in 
π-conjugation 

•  The calculated torsional barrier height is 
very sensitive to the electronic structure 
method used 



Theoretical Approach 

1.  Increment ϕ by 15° between 0 and 90°, optimise the rest of 
the para-Y-thiophenol structures with MP2/aug-cc-pVTZ 

2.  Use these geometries as input geometries for single point 
energy calculations using the following methods: 
•  DF-MP2 
•  CCSD 
•  CCSD(F12*) 
•  CCSD(T)(F12*) – gold standard for chemical accuracy 
Use appropriate density fitted/RI basis sets 



Case I: Ground State para-X thiophenols 
•  DFT and MP2 predicts the incorrect value of ϕmin for Y = F, MeO 

•  Coupled cluster methods only accurately predict the correct structure 
•  CCSD(T)(F12*) is the only method to accurately reproduce 

experimentally determined barrier heights 

Oliver et al., J. Phys. Chem. A, 116, 12444-12459 (2012).  

•  aug-cc-VTZ basis sets, 1 x 10-6 a.u. gradient convergence criteria  



Example CCSD(T)(F12*) SPE input file 

Oliver et al., J. Phys. Chem. A, 116, 12444-12459 (2012).  

Cartesian geometry input from 
MP2/aug-cc-PVTZ optimisation 

Basis sets required: 
1) Standard, 
2) Density fitted 
3) Resolution of the identity 
complementary auxiliary basis 
set 

Hartree-Fock calculation – do not use symmetry 

CCSD(T)-(F12*) calculation with defined DF, JK and RI auxiliary 
basis sets 



Resolution of the Identity Approximation 

Jensen, Introduction to Computational Chemistry, 2nd Ed. 2006 

•  Apply an internal double projection onto an auxiliary basis k: 

  

Value = f O1O2 g

I= ki Mijij∑ k j

Value = f O1 ki Mijij∑ k j O2 g
   
Mij = ki |k j

•  When the auxiliary basis is complete, the result is exact 
•  The key advantage is it permits a computational problem to be separated 

into two less complex problems 
•  E.g. Four-index two-electron integrals can be approximated to three- and 

two-index integrals 
•  Calculations scale with number of basis functions: Pn4  

•  RI does not change the scaling, but the pre-factor (P) by a factor of 5-10 



Case II: Excited State Torsional Barriers 

Oliver et al., J. Phys. Chem. A, 116, 12444-12459 (2012).  

PhSH p-CH3PhSH p-FPhSH p-MeOPhSH 

•  Excited state torsional potentials were calculated using EOM-CCSD/
aug-cc-pVTZ at the optimised S0 geometries 



Example EOM-CCSD input file 

•  EOM-CCSD single point energies and oscillator strength calculations 
•  Example given removes Cs symmetry of system 

Extra d-function used on S atom 
to account for any Rydberg 
character 

Hartree-Fock calculation 

S0 CCSD calculation 
Calculate the energies of the first 
5 excited states and Sn-S0 osc. strs. 

•  trans =1 tag triggers right-eom program for oscillator strengths, but 
doubles the computation time 

Oliver et al., J. Phys. Chem. A, 116, 12444-12459 (2012).  



Case III: Excited State Potential Energy Cuts 
•  For excited state photodissociation of thiophenols, the S-H bond is 

broken and translationally fast H atoms are produced and detected 
•  Product distribution is very sensitive to the excited state potential 

energy landscapes 
X	 Y	 Z	

X	 Y	 Z	

Z	

co-linear dissociation 

bent dissociation 



Case III: Excited State Potential Energy Cuts 

•  Too expensive to calculate potential energy surface with EOM-CCSD 
•  Aim to find the minimum energy pathways on various excited states 
•  Involves regions of potential energy surface close to conical 

intersections; a multireference approach is required 
     Approach 
•  Optimise geometries with CASSCF, single point energies with 

CASPT2 to capture some dynamic electron correlation  
•  Problems with CASSCF: 

1.  Appropriate active space choice can be arbitrary 
2.  Orbital re-ordering or “flipping” 

•  Main problem with CASPT2: Intruder state problems 



Some brief note on CASSCF 

•  Split molecular orbitals into two subspaces: 
•  Inactive orbitals: occupation number = 2 
•  Active orbitals: occupation can vary anywhere between 0-2, 

and all possible Slater determinants (or configuration state 
functions) are allowed 

•  Note: CASSCF gradient program cannot perform calculations on 
anything but the lowest energy state of a given symmetry, i.e. 1a’ 
or 1a’’, not 2a’ or 2a’’. 

•  Use a state-averaged reference wavefunction prior to optimisation 
•  Use CASPT2 gradient program to optimise CASSCF geometries 



•  Some intuition and some trial and error, start by 
inspection molecular orbitals involved in 
transitions of interest 

•  Exploit the symmetry of the molecule to pick 
out specific molecular transitions 

•  For thiophenol, we want to model the ππ* and 
πσ* excited, and S0 ground state potentials 
along the S-H stretch dimension 

•  3 x π, 3px(S), S-H σ bonding (5 occupied) 
•  3 x π*, S-H σ*, 4s(S) Rydberg (5 unoccupied) 
•  Active space: 10 electrons in 10 orbitals (10/10) 

Picking the Correct Active Space 



Input file (1) 

Define z-matrix 
specifying bond to stretch 

Define all variables 

Define values RSH to scan 

Define first value of RSH 

•  Why scan RSH from large 
values to short? 

•  Assists in starting with 
the correct active space 

•  Each iteration passes the 
previous MOs through, 
and normally prevents 
orbital flipping 



Input file (2) 
Reference HF calculation defining 24 a’ and  
5 a’’ orbitals for ground state configuration 
wf gives total number of electrons (24+5)x2, S0 sym, and 
spin (as 2s not 2s+1!) 

Initiate do loop to scan RSH 

occ = HF ref wavefunction + unoccupied orbitals in CASSCF calculation,      
 i.e. add 3 a’’ (π*), and 2 a’ (σ*, 4s Rydberg) orbitals 

closed = HF ref wavefunction - occupied orbitals in CASSCF calculation, 
i.e. add 4 a’’ (π, 3px), and 1 a’ (σ) orbitals 

Final wf card tells calculation to state average over 4 states: 3 a’ (sym 1), and 
1a’’ (sym 2) 



Input file (3) RS2 is the CASPT2 program 
noexc allows us to use the CASPT2 gradient 
program with CASSCF 

Optimise molecular geometry of defined 
wavefunction, ignoring defined RSH  bond distance 

Calculate state-averaged energies for optimised geometry 

CASPT2 with a contracted configuration space - better for large 
molecules, rs2 is otherwise very slow 

 shift = 0.5 introduces an imaginary level shift to remove 
 any intruder states (states that not included in the CAS space) 
 use the minimum value possible, ideally between 0.1-0.3 

state,1,2 calculates the second state of symmetry group 1 



Results 

•  Repeat calculation for all states of 
interest and a few weeks later... 

•  Potential energy surfaces important 
to S-H bond fission are revealed. 

•  Reproduces experimental 
excitation energies to within  
~0.1 eV 

Oliver et al., J. Phys. Chem. A, 116, 12444-12459 (2012).  



Case IV: Excited State Absorption Spectra 

Zhang, Oliver et al., Farad. Discuss., 157, 141-163 (2012).  

•  Transient absorption spectroscopy: 
•  UV pump excites the S1 state 
•  Broadband white light 

supercontiniuum interrogates 
new species formed, or excited 
state absorptions (ESAs) 

•  To model the S1 ESA, need to calculate 
all the Sn-S1 TDMs in probe window 

•  Use EOM-CCSD/aug-cc-VTZ 



Use EOM-CCSD again 

Reference HF calculation 

Calculate EOM-CCSD energies: 
2.1 2nd a’ state 
5.1,-14.1 calculate 5th to 14th a’ states 
5.2,-10.2 calculate 5th to 10th a’’ states 
trans=2, calculate transition dipole moments between all the states 
specified, i.e. Sn-Sm. 
Returns large matrix, pick out Sn-S1 transitions, associated energies and 
oscillator strengths 



Phenol Example 

Zhang, Oliver et al., Farad. Discuss., 157, 141-163 (2012).  

•  Transient absorption spectra for various pump-probe waiting times 
•  Unscaled gas phase EOM-CCSD Sn-S1 ESA spectrum in pink 
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