Acc. Chem. Res. 2015, 48, 14131422 |

ACCOU NTS pubs.acs.org/accounts >

Quantum Chemistry Meets Spectroscopy for Astrochemistry:
Increasing Complexity toward Prebiotic Molecules

| 3
Vincenzo B"lrone,* Malgorzata Biczysko,* * o -
"Scuola Normale Superiore, Piazza dei Cavalieri 7, I-56126 Pisa, ltaly
*Consigiio Nazionale delle Ricerche, Istituto di Chimica dei Composti OrganoMetallici (ICCOM-CNR), UOS di Pisa, Area della

Ricerca CNR, Via G. Moruzzi 1, 1-56124 Pisa, Italy
1Dipartimento di Chimica “Giacomo Ciamician”, Universita di Bologna, Via F. Selmi 2, 40126 Bologna, Italy

-
=
-
ey
-

5“" Worksho IE&L&AM As&robcotog‘? Sc}m&

“Life ih a Cosmic - Bukext” Trieste, 16-17 September 2015



ACCOUNTS =
Quantum Chemistry Mee v )r Astrochemistry:
REaiE Violecules

Increasing CompIeX|ty towdre

Vincenzo Barone, Malgorzata Blczysko, and Cristina Puzzarin

l*lql

"Scuola Normale Superiore, Piazza dei Cavalieri 7, 1-56126 Pisa, Italy

iConsigiio Nazionale delle Ricerche, Istituto di Chimica dei Composti OrganoMetallici (ICCOM-CNR), UOS di Pisa, Area della
Ricerca CNR, Via G. Moruzzi 1, 1-56124 Pisa, Italy

11Dipartimento di Chimica “Giacomo Ciamician”, Universita di Bologna, Via F. Selmi 2, 40126 Bologna, Italy




ACCOUNTS

Spectroscopy tbr Astrochemistry:

pubs.acs.org/accounts

uantum Chemistry Mee C’

SFIRR £ SNTAS "E 2 PRCTRU ’
.' — il
E glycine
06
oL e —— glycine@Si \
o024
5 AN B ’ o
s 4| 2 O Dimer A P
E -
< 05 =
> £
2 = o
- =
g %; ~— —
£ > - Dimer B
x :
05 :‘é’
jod
A
imer
05
H S - S |
S5l 2000 1800 1600 1400 1200 1000 5500
wavenumber (cm-1) _—
—




ACCOUNTS
Quantum Chemlstry Mee v )r Astrochemistry:

Increasing Complexity towdre=Rsabis viotecule

2 ULTALIONA. 2RECTROSCOPY
-Or)ttfﬁﬁe.—eAu..
B oxirane: EXP
B oxirane-d1: CALC

F2s Tie P35 T28

~25 MHZ [~0 02%)] ~37 MHz [~0.03%]

2, -1

2,0 1.1

~98 MHz [~0.09%]

v L e |
1

\03:900‘ ) X IvDC'OO'O o ) 104'|00
FREQUENCY (MHz)

oxirane

|

L} L} l T 1 1] ll -

85000 90000 95000 100000 105000 110000 115000 OXirane-dl1
FREQUENCY (MHz)




Quantum=-Chemical Calculation of
Rotatiownal Spe.d:rosco”
Poarometers:

Rotational constants
Cenirifugal-distortion constants

Hyperfine parameters

Nuclear quadrupole coupling constanity
Spirv - rotadion consglandy
Spirv - shirv conglondy

C. Puzzarini, J.F. Stanton, J. Gauss Int. Rev. Phys. Chem. 29,273 (2010)
C. Puzzarini Phys. Chem. Chem. Phys. 15,6595 (2010)



Quantum-Chemical Calculation of
Srec&roscopic Parameters:
Rotabtional (equilibrium) constonts

INERTIA TENSOR

B = 47T I = ;m;{ (1R? — RxRYL)

Equilibrium rotational constants only depend on equilibrium structure

-

Accurate aeome&rv Qpﬁm&.z.aﬁow'!

COMPOSITE APPROACH




dE, - dE” (HF - SCF) . dAE” (CCSD(T))
dx dx dx

+

dAE(CO?’@) N dAECCSDT . dAECCSDTQ +
dx dx dx

Heckert, Kallay, Gauss, Mol. Phys. 103, 2109 (2005)
Heckert, Kallay, Tew, Klopper, Gauss, JCP 1285, 044108 (2006)

CFOUR, Coupled-Cluster techniques for Computational Chemistry:
www.cfour.de



Accuracy of Theoretical Rotational Constants:
Statistics
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normal distributions of relative errors

C. Puzzarini, M. Heckert, J. Gauss JCP 128, 194108 (2008)
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+ fQ + vib
max error 1.29%
standard deviation 0.12%
4 3 2 A 0 1 2 3 4
normal distributions of relative errors

C. Puzzarini, M. Heckert, J. Gauss JCP 128, 194108 (2008)



ACCURATE SPECTROSCOPIC CHARACTERIZATION OF OXIRANE: A VALUABLE ROUTE
TO ITS IDENTIFICATION IN TITAN’S ATMOSPHERE AND THE ASSIGNMENT
OF UNIDENTIFIED INFRARED BANDS

2,3 2

CRISTINA PUZZARINI', MALGORZATA Biczysko?+?, JULIEN BLoOINO??, AND VINCENZO BARONE

 ApeJ 785, 107 (2014)

ACCURATE SPECTROSCOPIC CHARACTERIZATION OF PROTONATED OXIRANE:
A POTENTIAL PREBIOTIC SPECIES IN TITAN’S ATMOSPHERE

4

CRISTINA PUZZARINI', ASHRAF ALI?, MALGORZATA Biczysko>*, AND VINCENZO BARONE?
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CASE STUDIES

Semirigid Life Bricks:
DNA bases

Flexible Life Bricks:
GL?‘::EM@. and Iks
Peptide Analogue
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COMPOSITE APPROACH:
the case of larger “bio” molecules

1) r, (B,), D's, q's: "cheap” geom scheme

Best = CCSD(T)/VTZ
+ ACBS(MP2/TZ-QZ)
+ Adiff(MP2/AVTZ)
+ ACV(MP2/CVTZ)

2) alphas: DFT

= }e) DFT = B3LYP/SNSD




B EXPERIMENT
H THEORY
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Puzzarini, Biczysko, Barone, Pena, Cabezas, Alonso, PCCP 15, 16965 (2013)
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CASE STUDIES

Flexible Life Bricks:
GLE«&:EM@. and Iks
‘P@.P ide Analoque



= 197 em-!

=/0.32(10) Exp
=/0.43 Theo

Puzzarini, Biczysko, Barone, Largo, Pena, Cal , AIONSO, ett 5, 534 (2014)



Rotational spectrum: CALCULATED (A state) vs OBSERVED

Cr

Cs
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Puzzarini, Biczysko, Barone, Largo, Pena, Cabezas, Alonso, JPC Lett 5, 534 (2014)
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V. Barone, M. Blczysko d. Blomo C. Puzza,mm PCCP 15, 1358 (2013)

V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, JCTC 9, 1533 (2013)
V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, PCCP 15, 10094 (2013)




Accuracy: 1 kI / mol

Values in kJ/mol T=0K T=15K T=410K
Conformer Model AEe best/DFT” AE.. best/best’ AEzpve’ AH AG AH AG
IIn/cce HO 2.45 2.29 3.82 3.82 3.82 2.80 5.41
HO + HR? — — — 3.85 3.80 2.50 4.57
SPT(HRAO)?* — — 3.73 3.77 3.72 2.45 4.41
Exp./ 1.38

IVn/gtt? HO 4.89 4.87 4.81 4.81 4.81 4.59 5.97
HO + HRY — — — 4.82 4.82 4.68 5.99
SPT(HRAO)™* — — 4.74 4.75 4.75 4.62 5.78
Exp/ 4.81

IIp/tet? HO 7.42 7.44 7.48 7.59 7.34 7.61 ~1.17
HO + HR? - - - 7.55 7.28 6.59 0.04
SPT(hHRAO)d"' - - 7.94 7.90 7.87 6.62 9.72
Exp. 5.8

Vn/get HO 10.99 10.88 11.22 11.23 11.23 10.87 12.10
HO + HR? — — — 11.22 11.23 11.21 12.15
SPT(HRAO)"* — — 11.21 11.21 11.22 11.21 12.02

Vip/ttc' HO 20.34 20.32 19.39 19.89 19.89 20.02 20.34
HO + HRY — — - 19.80 19.77 20.08 20.24
SPT(HRAO)** — — 19.80 19.81 19.80 20.24 20.26

TS IIp/cece 2.87 2.92

best = CCSD(T)/CBS + CV
V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, PCCP 15, 10094 (2013)
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V. Barone, M. Biczysko, C. Puzzarini, Acc. Chem. Res. 48, 1413 (2015)
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N glycine lin I
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V. Barone, M. Biczysko, C. Puzzarini, Acc. Chem. Res. 48, 1413 (2015)




Simulated emission spectrum for the hot-core source
NGC 6334 IRS1: R.T. Garrod, Apd 768, 60 (2013).
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V. Barone, M. Biczysko, C. Puzzarini, Acc. Chem. Res. 48, 1413 (2015)
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