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OUTLINEOUTLINE

• Prebiotic molecules: relevance for astrochemistry
(motivation)

• Non‐rigid molecules (theoretical aspects) (tool)

• Our codes ENEDIM and FIT‐ESPEC (tool)Our codes ENEDIM and FIT ESPEC (tool)

• Some examples: ethanol, acetic acid, glicolaldehyde
and methyl formate (applications)and methyl formate (applications)

• Recent studies: DME and Ethyl‐methyl‐ether 
(applications)(applications)



Astrochemistry (motivation)

New observatories
ALMA

R di tRadioastronomy
MW ( > 2012)

HERSCHELHERSCHEL
FIR (2009)

1) “The Molecular Universe: an interdisciplinary program on the physics and chemistry of molecules in space”, 
Commission of the European Communities: Marie Curie research training networks, Contract nº MRTN-CT-2004-512302.
2) COST Action CM0805 “The Chemical Cosmos; understanding chemistry in astronomical environments”.



Complex organic molecules: relevance for
h iastrochemistry

• The molecular gas in our galaxy represents 10% of its massThe molecular gas in our galaxy represents 10% of its mass.

• The dead of stars ejects C, O and other elements (N, S,…) to ISM clouds.

• The consequence is the formation of many species containing H, C, O and 
N (important rol of gas phase reactions (↓Ea) and dust grain chemistry)N (important rol of gas phase reactions (↓Ea) and dust grain chemistry)

• Many organic molecules have been astrophysically detected (ISM and y g p y y (
CSM).

Th d i f i l l i ll l i h i• The detection of certain molecules is really relevant given their
connection with the problem of the origin of life (glycine, 
glycolaldehyde………)

etc……etc



Our non-rigid molecules (before 2003)



Recent studies

                                           

Acetic acid 
Abundance= 1 
E = 0 kJ/mol 

Methyl formate 
Abundance=26 
E = 72 kJ/mol

Glycolaldehyde 
Abundance = 0.5 
E = 118 kJ/mol 

E  72 kJ/mol

Ab initio determination of the torsional spectra of acetic acid, M.L.Senent, Mol.Phys , 2001
Ab initio determination of the torsional spectrum of glycolaldehyde, M.L.Senent, J.Phys.Chem, 2004
Ab initio study of the rotational torsional spectrum of methyl format M L Senent M Villa F J Meléndez andAb initio study of the rotational-torsional spectrum of methyl format, M.L.Senent, M.Villa, F.J.Meléndez and
R. Domínguez-Gómez, Astrophys.J., 2005.

Dimethyl-ether
and
Ethyl-methyl-ether

CCSD(T) study of the FIR spectrum of EME, Senent , Ruiz,  Dominguez-Gómez, and Villa, J.Chem.Phys. 2009
CCSD(T) study of FIR spectrum of EME isotopic varieties, Senent, Ruiz, Villa, and Domínguez-Gómez,
Ch Ph 2010Chem.Phys., 2010
CCSD(T) study of the FIR spectrum of DME isotopomers, Villa, Carvajal-Zaera, Alvarez, Domínguez-Gómez and
Senent (in preparation)



Non-rigid molecules: theoretical aspects
Many organic molecules of radio-astronomical interest can be classified as 
non-rigid molecules

1) Definition: PES presents various minima (interconvert throught
“feasible” internal motions).

2) Large amplitude vibrations (LAM): inversion and torsional modes interconvert 
the minima.

3) Levels corresponding to the LAM are populated at very low T

4) Interesting and complex FIR (tunneling effects; MS groups)) g p ( g g p )

5) Important organic molecules for radioastronomy: (ALMA and also Herschel)



Our codesOur codes

Th ti l Ch i t T I E t t d l M t i CSIC M d idTheoretical Chemistry Team: I. Estructura de la Materia, CSIC, Madrid
http://tct1.iem.csic.es/PROGRAMAS.htm



Theory (enedim)

2 reference systems (origin=c.d.m.) O(x,y,z) rotating with the molecule
O’(X,Y,Z) space fixed

Kinetic energy in internal coordinates (matrizG code):

Inertia matrix

+ Podolsky “trick”  



Theory (enedim)

Quantum mechanical operator for J=0:

Quantum mechanical operator for J> 0:

Intensities: 



Theory (enedim):
But ………variational calculations in 3N‐6 D are not realistic for complex molecules.But ………variational calculations  in 3N 6 D are not realistic for complex molecules.
What do do?

1) The n large amplitude vibrations  (LAM’) are supposed to be independent on 
the remaining 3N-6-n coordinates.

2) The PES is determined from the energies of a grid of conformations selected 
f diff t l f th di tfor different values of the n coordinates.

3) The remaining 3N-6-n are optimized in all the conformations; this is a partial way
to take into consideration their small interactions with the LAMto take into consideration their small interactions  with the LAM

4) As these 3N-6-n modes are expected “to be at the ZPVE”  instead “at the PES minima”,
a ZPVE corrections must to be addeda ZPVE corrections must to be added.

That works?...................Yes, when the interactions among the LAM and the remaining 
coordinates are relatively small. Otherwise:



Theory (enedim)

Classification of the vibrational levels

a) Symmetry (Molecular Symmetry Groups)

b) Probability integrals (loca. PES minima)

c) One dimensional Hamiltonians (assig. modes)

< Hn > = < φi
*Hn φi>n φi n φi



Theory (enedim)

Trial wave-functions

For J=0:  Fourier series, Harmonic Oscillator, Morse, Coon…etc
Integrals: analytical methods and gaussian quadratures …g y g q

For J> 0

For  large systems:g y

a) Contracted basis sets
b) Symmetry adapted functions) y y p



Theory (enedim)

Symmetry eigenvectors of DME (G36)

GG



Theory (enedim)

MP4-VSCF
Implemented for large systems

Vibrations are classified in l blocks; each blokc contains modes that interact strongly

For each set:

SCF potentialp

Zero-order energies:



Theory (enedim)

MP4-VSCF
Implemented for large systems

“Correlation” is corrected with Perturbation Theory (“MPx”)



Theory (enedim)

MP4-VSCF
Dimethyl-ether

Blocks of coordinates:
1 The two torsion1  The two torsion
2   The COC bending



Theory (enedim)

MP4-VSCF
Ethanol

Sets of coordinates:
1  CH3 torsion
2 OH torsion2   OH  torsion



Some examples (always astrophysical molecules with
very complex (“tricky”) FIR spectra )y p ( y ) p )



Methyl FORMATE

Rotational constants (previous works)

Ref.[2] Ref.[3] Ref.[4] Ref.[5] Ref.[6] Ref.[7]

A(MHz) 19983.05     19985.7623 19983.06 17522.36993 19141.92 19120.151( )

B(MHz) 6914.4198 6914.757        6914.928 9323.547665 9112.39 9181.7185

C(MHz) 5303.2477 5304.468        5304.236 5312.69996        5264.63 5254.7515

Ab initio study of the rotational-torsional spectrum of methyl-formate, M.L.Senent, M.Villa, F.Meléndez, 
R.Dominguez-Gómez, Astrophys. J (2005)





Methyl FORMATE



Methyl FORMATE



2 non‐rigid molecules2 non rigid molecules

dimethyl‐ether = DME

Symmetry= G36 and C2v
PES= 9 minima (2 torsions)PES= 9 minima (2 torsions)
Radio detection (ISM‐DME), ApJ. 1974

Ethyl‐methyl‐ether = EME

Symmetry= G18 and CSSymmetry= G18 and CS
PES= 27 minima (3 torsions)
Radio detection (tentat), A&A, 2005



Dimethyl‐ether = DME
(preliminary  results)

Previous papers:

1) An ab initio and spectroscopic study of DME. An analysis of the FIR and Raman
l d h ( ) 2 i ispectra. Senent, Moule and Smeyers, Can.J.Phys., (1995) →  2-Dimensional

2) An ab initio determination of the bending‐torsion‐torsion spectrum of  DME, (CH3)2O 
d (CD3)2O S t M l d S J Ch Ph (1995) → 3 Di i l

New:

and (CD3)2O, Senent, Moule and Smeyers, J.Chem.Phys., (1995) →  3-Dimensional

CCSD(T) study of the FIR spectrum of DME isotopomers, Villa, Carvajal-Zaera, Alvarez,
Domínguez-Gómez and Senent (in preparation)



Why 2 previous papers on DME?
How many independent variables are necessary to simulate the FIR spectrum?  

2D or 3D or more ?

2D (Can.J.Phys. 1995)

3D (J.Chem.Phys, 1995)

Exp:  Groner , Durig. J. Chem. Phys. (1977).



Why  a new paper on DME? 
(the use of actual computational resources  allow to improve accuracy)

1995 2010 20111995

MP4/MP2
6 31G(d p)

2010‐2011

CCSD(T)/CCSD
A VTZ6‐31G(d,p)

28 geometries
3N 9 opt para

Aug‐cc‐pVTZ

126 geometries
3N 9 opt para3N‐9 opt.para.

(approx. definition of the torsional coordinates)

No ZPVE

3N‐9 opt.para.
(exact. definition of the torsional coordinates) 

+ ZPVE correctionNo ZPVE  + ZPVE correction  



Dimethyl‐ether = DME
(preliminary  results)



Dimethyl‐ether = DME
(preliminary  results with PT2 theory)



Dimethyl‐ether = DME
(preliminary  results with PT2)

Fortran Code: FIT-ESPEC (PT2) , M. L. Senent, 
http://tct1.iem.csic.es/senent/PROGRAMAS.htm.



Ethyl‐methyl‐ether = EME

CCSD(T) study of the FIR spectrum of EME, Senent , Ruiz,  Dominguez‐Gómez, 
and Villa, J.Chem.Phys. 2009
CCSD(T) study of FIR spectrum of EME isotopic varieties, Senent, Ruiz, Villa, and 

í ó h hDomínguez‐Gómez, Chem.Phys., 2010



EME

MHz A B C

trans 28341.5 4193.2 3921.5

cis‐gauche 15993.7 5223.6 4546.3g



EME: Torsional energy barriers



EME: 3D PESEME: 3D-PES

CCCSD(T)/CCSD

cc‐pVTZ

+ZPVE correction+ZPVE correction

300 geometries (3N‐9 opt. coord.)

Exact definition of torsional coordinates from 
Szalay, Császár, Senent, J.Chem.Phys., 2002





Fortran Code: ENEDIM (variational), M. L. Senent, 
http://tct1 iem csic es/PROGRAMAS htmhttp://tct1.iem.csic.es/PROGRAMAS.htm.
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