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What’s it Good For? 

• Computational chemistry is a rapidly growing field in chemistry. 
– Computers are getting faster. 
– Algorithms and programs are maturing. 

• Some of the almost limitless properties that can be calculated 
with computational chemistry are: 
– Equilibrium and transition-state structures 
– dipole and quadrapole moments and polarizabilities 
– Vibrational frequencies, IR and Raman Spectra 
– NMR spectra 
– Electronic excitations and UV spectra 
– Reaction rates and cross sections 
– thermochemical data 
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Complete Basis Set Limit 
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All possible 
configurations 

Interaction between basis set 
and correlation method 
require proper treatment of 
both for accurate calculations. 

Need to specify method and 
basis set when describing a 
calculation 
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Computational Cost 

– A MP2 calculation would be 100x more expensive than HF 
calculation with same basis set. 

– A CCSD(T) calculation would be 104x more expensive than HF 
calculation with same basis set. 

– Tripling basis set size would increase MP2 calculation 243x (35). 
– Increasing the molecule size 2x (say ethane→butane) would 

increase a CCSD(T) calculation 128x (27). 
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Why not use best available correlation method with the largest 
available basis set? 



Overview 

• Different choices of methods and basis sets can yield a 
large variation in results. 

• It is important to know the errors associated with and 
limitations of different computational approaches. 

• This is important when doing your own calculations, and 
when evaluating the calculations of others. 
 

• Don’t just accept the numbers the computer spits out at 
face value! 
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 CHITEL 2015 – 26th-31st July, Torino, Italy 

Main Results  

l H35Cl   D35Cl   T35Cl   H37Cl   D37Cl  T37Cl 
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ΔECASSCF-MRCI =7.33 eV (169.203 kcal/mol), 
ΔEMRCI-MRCI+Q=0.379 eV 
(8.748 kcal/mol 

MRCI+Q/aug-cc-pV5Z para el ión CF+ versus 
la curva calculada con el método Rydberg-
Klein-Rees (RKR) 

 CHITEL 2015 – 26th-31st July, Torino, Italy 

Results  
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Be (Gruebele)  
 Y01 = 1.72041 cm-1. 
 

Be = 1.71662 cm-1 (MP). 
Dunham Coeff.  
Y01 =1. 71013 cm-1 

Results  
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N.Inostroza, J.R.Letelier, P.Fuentealba, M.L.Senent,  
Spectrochimica Acta Part A-Molec. and Biomolecular Spectroscopy, 71, 798 (2008). 

304.2 [GHz] 

203.1 [GHz] 

102.0  [GHz] 

Our results  Obs.  

102.6 [GHz]  

205.2 [GHz] 

307.7 [GHz] 

Rotational transitions 
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Results  



Silicon Carbon Molecules 

Molecular Astrophysics: 
Silicon carbon molecules 
have been identified in gas 
phase. (Si is a major 
constituent  of   interstellar 
dust ) 
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N.Inostroza, M.L. Senent, M. Hochlaf, Astronomy &Astrophysics 486, 1047 (2008) 

IRC+10216 

Cernicharo, J., Goicochea, J. R., & Benilan, Y. 2002, ApJ, 580, L157 
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N.Inostroza, M.L. Senent, M. Hochlaf, Astronomy &Astrophysics 486, 1047 (2008) 



  

SiC3H-     isovalent to  C4H- 

C4H- 

 has been one of the first anions detected. 
Cernicharo, J. et.al, ApJ. 2002 

 
Neutral C4H  was detected 20 years early.  

The hydrogen-bearing silicon carbide radicals SiCnH are 
isovalent to Cn+1H species. 

 

CHARACTERIZATION of  the anion  
SiC3H- 

Results  
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Results  

neutral µ  anion µ  Ea  

CSi  (X3Π) 0.8831 l-CSi-  (X2Σ+) 0.6885 2.42 

c-C2Si  (X1A1) 2.9587 l-C2Si-  (X2Π) 3.8003 1.41 
c-C3Si (X1A1) 3.8671 

l-C3Si-  (X2Π) 
4.1481 

-- 
2.49 
2.89 l-C3Si  (X3Σ-) 4.4016 

l-C4Si  (X1Σ+) 6.2111 l-C4Si-  (X2Π) 5.9792 2.31 
l-C5Si  (X3Σ-) 6.4927 l-C5Si-  (X2Π) 6.0682 3.30 

l-SiCH  (X2Π) 0.5771 l-SiCH- (X1Σ+) 0.3089 3.88 

l-SiC2H  (X2Π) 1.1201 l-SiC2H-  (X3Σ-) 4.2681 1.32 

l-SiC3H  (X2Π) 1.1074 l-SiC3H-  (X1Σ+) 2.9949 2.70 

l-SiC4H  (X2Π) 1.3061 l-SiC4H-  (X3Σ-) 7.3735 1.69 

l-SiC5H  (X2Π) 0.5122 l-SiC5H-  (X1Σ+) 4.8991 2.98 
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Ea → RCCSD(T)-F12A/aug-cc-pVTZ 



neutral µ  anion µ  Ea  

CSi  (X3Π) 0.8831 l-CSi-  (X2Σ+) 11.5921 2.42 

c-C2Si  (X1A1) 2.9587 l-C2Si-  (X2Π) 5.6931 1.41 
c-C3Si (X1A1) 3.8671 

l-C3Si-  (X2Π) 2.4308 
2.49 
2.89 l-C3Si  (X3Σ-) 4.4016 

l-C4Si  (X1Σ+) 6.2111 l-C4Si-  (X2Π) 2.2349 2.31 
l-C5Si  (X3Σ-) 6.4927 l-C5Si-  (X2Π) 5.2765 3.30 

l-SiCH  (X2Π) 
0.577

1 l-SiCH- (X1Σ+) 0.3089 3.88 

l-SiC2H  (X2Π) 
1.120

1 
l-SiC2H-  (X3Σ-) 1.3651 1.32 

l-SiC3H  (X2Π) 
1.107

4 l-SiC3H-  (X1Σ+) 2.9949 2.70 

l-SiC4H  (X2Π) 
1.306

1 
l-SiC4H-  (X3Σ-) 10.8913 1.69 

l-SiC5H  (X2Π) 
0.512

2 l-SiC5H-  (X1Σ+) 4.8991 2.98 

C4H- 

C2H- 

C6H- 
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Isomers of SiC3H-  

 l-
SiC3H-    

X1Σ+  
c-SiC3H-   
X1A’  
 

l1-SiC3H-   
X1A’  
  
c1-SiC3H-  
X1A’  

c3-
SiC3H-   
X1A’  

l2-
SiC3H 

-   
X1A’  
    c4-SiC3H-   
X1A  

c5-
SiC3H-   
X1A’  

c6-
SiC3H-   
X1A’ 

c7-
SiC3H-    
X1A’  
   

l3-
SiC3H-   
X1A’ 
  

c2-SiC3H-  
X1A’ 
  

Results  
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Results  

Basis set na l-SiC3H- 

Be 

l-SiC3D- 

Be 

RCCSD(T)-F12A 
aug-cc-pVTZ 

8 2598.33 2438.24 

aug-cc-pVTZ 8 2578.13 2419.55 
aug-cc-pVQZ 8 2594.03 2434.29 
aug-cc-pV5Z 8 2599.57 2439.36 

CBSb 2605.16 2444.36 
aug-cc-pCVQZ 4 2603.00 2442.46 
aug-cc-pCVQZ 1 2611.51 2450.45 

a) n=number of frozen core orbitals 
b) CBS =complete basis set (aug-cc-pVZ) 

= 2.9707 Debyes  
CASSCF/aug-cc-pV5Z 

Be
core  17 MHz      Bvib  2 MHz  

B0 (l-SiC3H-)=2620.74 MHz 

Be
core 

= Be(aug-cc-pCVQZ, n=1) - Be(aug-cc-pVQZ, n=8) 
B0 = Be

CBS +  Be
core   + Bvib  

Be=Be
CBS + Be

1 (X+1)-3 + Be
2 (X+1)-5 + ……                       

B0  (l-SiC3D-)= 2459.81 MHz 

Inostroza et al. Journal of chemical physics 133, 184107 (2010) 
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Vertical excitation energies of l-SiC3H- 

Sym Er 
MRCI 

Sym Er 
MRCI 

X2Π 0.0b Χ1Σ+ 0.0d 
2Σ+ 2.01 1Π 3.09 
2∆ 5.66 1∆ 3.29 
2Σ- 5.43 1Σ- 3.22 
4Σ+ 3.43 3Σ+ 2.48 
4∆ 3.82 3Π 3.10 
4Σ- 4.19 3∆ 2.66 
4Π 2.21 3Σ- 2.85 

l-SiC3H l-SiC3H- 

 MRCI/aug-cc-pVTZ c) Ea=-493.205588 a.u.; d) Ea=-403.597248 a.u. 

Ea= 2.70 eV 

Results  
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Vertical excitation energies of l-SiC3H- 
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Relative stability 

Monthly Notices of the Royal Astronomical Society MNRAS 443, 3127–3133 (2014) 

Reaction Channels and spectroscopic constant of astrophysical relevant silicon-bearing  
molecules SiC3H+ and SiC3H 
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N. INostroza, C.cardenas, P. Fuentealba 
Monthly Notices of the Royal Astronomical Society MNRAS 443, 3127–3133 (2014) 

(0.31 eV) 

                        Reaction Channels and spectroscopic constant of astrophysical relevant silicon-bearing  
                         molecules SiC3H+ and SiC3H 
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Reaction Channels and spectroscopic constant of astrophysical relevant 
silicon-bearing  molecules SiC3H+ and SiC3
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 CHITEL 2015 – 26th-31st July, Torino, Italy 

                   Reaction Channels and spectroscopic constant of 
astrophysical relevant silicon-bearing  molecules SiC3H+ and SiC3H 
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Results  
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C2 



Potential Energy Surface PES 

Definition of linear angles  
(Hoy et. al Mol.Phys.1972) 
  

RCCSD(T)-F12/ cc-pVTZ-F12 GRID  
1409 geometries : 
Bond distances  Rref+0.03 Å ≥ R ≥ 
Rref-0.03Å 
Torsional angles  θ re f + 5.0o ≥ θ ≥ θ 
re f – 5.0°  
Planar bending angles=τ+5.0º 
FIT 
R2=1.0, σ=0.4 cm-1 

Results  
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Urea  
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2794 cm_1 (torsional barrier) and 395 cm_1 (inversion barrier)  



Urea I 

113.7 

2.45 
C2 

2.46 

Cs 

114.6 

Urea II 
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 ETW1 ETW2 ETT1 ETT2 ETT3 ETT4 ETT5 

Sym. C1 C2v C1 C1 Cs C2v C2v 

C-O 1.2208 1.2221 1.2158 1.2109 1.2042 1.2100 1.2002 
C-N2 1.3860 1.3709 1.4020 1.4067 1.4442 1.4413 1.4475 
C-N3 1.3685 1.3708 1.4020 1.4067 1.4442 1.4413 1.4475 

N2-C-O 122.75 122.58 124.16 122.44 122.66 123.53 120.67 
N3C-O 122.85 122.58 124.16 122.44 122.66 123.53 120.67 

H5-N2-C 112.48 123.56 117.67 117.67 106.60 106.57 108.80 

H6-N2-C 117.90 116.97 117.67 117.67 106.60 106.57 108.80 

H7-N3-C 123.08 123.55 108.40 111.44 106.60 106.57 108.80 

H8-N3-C 117.32 116.98 108.40 111.44 106.60 106.57 108.80 

θ1 6.4090 0.0 1.247 3.040 270.0 90.0 270.0 
β1 38.120 0.0 33.862 33.358 62.662 62.601 58.161 
θ2 1.0780 0.0 90.0 270.0 90.00 90.0 270.0 
β2 0.000 0.0 55.654 48.895 62.662 62.601 58.161 
µ 4.5140 4.7095 2.8386 4.9981 3.2763 0.2148 5.2990 

Ea -224.90921 -224.90834 -224.89205 -224.88606 -224.86408 -224.85917 -224.85917 

ER 306.4 497.7 4072.6 5388.4 10212.2 10660.9 11290.5 

2.49 2.47 2.60 2.94 2.55 2.96 

111.7 115.1 

2.54 2.57 2.97 

114.7 

2.57 

112.9 118.7 

2.50 

114.3 114.8 

Urea  
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C
2 

Urea  
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Natalia Inostroza , Xinchuan Huang , and Timothy J. Lee. J. Chem. Phys. 135 , 244310 
(2011) 

 The QFFs were used together with second-order 
perturbation theory (PT) (SPECTRO) and variational 
methods (MULTIMODE) to solve the nuclear 
Schrödinger equation. 

 The grids for each electronic state consisted of 743 distinct 
geometries and these were used to fit our best QFFs.  
CCSD(T) or RCCSD(T) /cc-pVX Z, X =  3,4,5, 

 scalar relativistic effects  core-correlation correction 

Accurate ab initio quartic force fields  
of cyclic and bent HC2N isomers 
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Natalia Inostroza , Xinchuan Huang , and Timothy J. Lee. J. Chem. Phys. 135 , 244310 
(2011) 

Accurate ab initio quartic force fields  
of cyclic and bent HC2N isomers 
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Accurate ab initio quartic force fields  
of cyclic and bent HC2N isomers 
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 CHITEL 2015 – 26th-31st July, Torino, Italy 

Accurate ab initio quartic force fields  
of cyclic and bent HC2N isomers 
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Natalia Inostroza , Xinchuan Huang , and Timothy J. Lee. J. Chem. Phys. 135 , 244310 
(2011) 

Accurate ab initio quartic force fields  
of cyclic and bent HC2N isomers 



lH13CCN lHC13CN lDCCN lHCC15N 

lDCNC lH13CNC lHC15NC lHCN13C 

ROVIBRATIONAL SPECTROSCOPIC FOR 
 ISOTOPOLOGUES OF CYCLIC AND BENT 

 SINGLET HC2N ISOMERS 

 Natalia Inostroza , R. Fortenberry , X. Huang , and Timothy J. Lee, 
The Astrophysical Journal, 778:160 (7pp), 2013 December  



ROVIBRATIONAL SPECTROSCOPIC FOR 
 ISOTOPOLOGUES OF CYCLIC AND BENT 

 SINGLET HC2N ISOMERS 
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 Natalia Inostroza , R. Fortenberry , X. Huang , and Timothy J. Lee, The Astrophysical Journal, 778:160 (7pp), 2013 December  

ROVIBRATIONAL SPECTROSCOPIC FOR 
 ISOTOPOLOGUES OF CYCLIC AND BENT 

 SINGLET HC2N ISOMERS 
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Electronic excitations energies and oscillator strengths of the quasi-linear ground triplet state 3A′ HCCN 
and singlet cyclic 1A′ c-HCCN isomers were computed using EOM-CCSDT 
B3LYP and ωB97-X , CIS CIS(D) //cc-pVXZ, aug-cc-pVXZ and d-aug-cc-pVXZ (X=T or Q) basis sets.  
Electronic excitation energies : both isomers show intense ultraviolet-visible (UV-Vis) spectra for 
electronic transitions with large oscillator strengths at the B3LYP, ωB97-X, and equations-of-motion 
coupled cluster levels. 
 
 The triplet ground state is a floppy molecule, letting a conjugation between π-electron of the CN bond 
to the electrons of the HC-part. Due to this, it is expected that a mixture of  3A″ and 3Σ- electronic states 
would produce lines in the visible region of the electromagnetic spectrum. 

  

Natalia Inostroza ,P. Bera,  Xinchuan Huang , and Timothy J. Lee submitted June 2016 
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In dust we trust ??  

100K  
ADMP-B3LYP-6-31G 
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BOMD 
30K 

The gas-phase reaction between OH and CH3OH is an 
important contributor to the formation of interstellar CH3O. 
The role of grain-surface processes in the formation of 
CH3O, although it cannot be fully neglected, remains 
controversial 



Astrochemistry school, May 2016  



CALAN OBSERVATORY 

Group of Molecular 
Astrophysics at ICMM-
CSIC, 
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Thanks for you 
attention  
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