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I.1. AZÚCARES 

 

FIGURA I.1: Proyección de Fisher de los dos principales 
representantes de aldosas y cetosas: D-glucosa y D-fructosa.
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FIGURA I.2: Esquema de las configuraciones de la D-fructosa. (a) 
Proyección de Fisher. (b) Proyección de Harworth de las formas 
piranosas. (c) Distintas configuraciones de la silla. 

FIGURA I.3: Representación de las teorías sobre el dulzor. En azul un 
esquema del receptor y el rojo del edulcorante. Los enlaces de hidrógeno que 
los unen se representan con líneas punteadas entre ambos. a) Teoría de 
Shallenberger donde la zona verde se marca la zona de interacción 
(glucoporo). b) Marcado en verde el diagrama del “triángulo del dulzor”. 
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FIGURA I.4: Esquema de las configuraciones de la D-fructosa. (a) 
Proyección de Fisher. (b) Proyección de Harworth de las formas piranosas. 
(c) Distintas configuraciones de la silla. 

FIGURA I.5: Confórmeros observados para las cetohexosas. Las linear 
punteadas señalan los enlaces de hidrógeno que comparten los confórmeros 
más abundantes (en paréntesis se encuentra la abundancia de cada 
confórmero). El triángulo del dulzor A-H, B and γ está marcado de acuerdo 
con las teorías que se encuentran en la literatura.[68-70] (a) D-Fructosa. (b) D-
Tagatosa. (c) D-Psicosa (d) L-Sorbosa 
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FIGURA I.7: Confórmeros observados de la α-D-glucosamina (arriba) y de 
la α-D-glucosa (abajo). 

FIGURA I.6: Confórmeros observados de la 2-desoxy-D-ribosa. 
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I.2. AMINOÁCIDOS 

 

Gly Ala[30] Val[31] Ile[32] Leu[34] Pro[29, 37] Ser[33] Cys[35] 

 
       

Thr[36] Asp[38] Glu[41]  Asn[40] Phe[39] Tyr[72] 

      

Tryp[42] Gln Met[73] Hys[74] Arg Lys 

      

FIGURA I.8: Esquema de los 20 aminoácidos proteicos. Los aminoácidos marcados en línea continua roja son los estudiados en el GEM 
mientras que el marcado en línea punteada, lo ha sido en otros laboratorios. El aminoácido histidina, recuadrado en verde, es objeto de estudio 
en la presente Memoria 

 

FIGURA I.9: Esquema de los tres posibles enlaces de hidrógeno 
intramoleculares entre los grupos amino e carboxilo de los α-
aminoácidos 



Chapter I. Summary / Resúmen 

FIGURA I.10: Equilibrio tautomérico de la histidina 

FIGURA I.11: Confórmero observado de la histidina 
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I.3. MICROSOLVATACIÓN DE BASES NITROGENADAS 

 

   EAt  EAc  KA KIt KIc

  0cm-1 [10]      165cm-1   40cm-1 290cm-1 -- 

FIGURA I.12: Las cinco especies tautoméricas observadas de 
la citosina. Debajo de las figuras se muestra la energía de Gibbs 
experimental (KIc no pudo ser calculada dada la baja intensidad 
del espectro) 
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I.4. NEUROTRANSMISORES 

 

FIGURA I.13: Posibles microsolvatos de la citosina. Destacado el 
KA-4 al ser el único observado. 



I.3. Microsolvatación de Bases Nitrogenadas / I.4 Neurotransmisores 

FIGURA I.15: Confórmeros observados para la sinefrina, donde se indican los enlaces intramoleculares que los estabilizan. 

FIGURA I.14: Ejemplos de neurotransmisores estudiados en el laboratorio.[43-44, 93-99] Marcados en elipse azul los analizados mediante la técnica 
MB-FTMW combinada con ablación láser y los recuadrados en verde combinada con calentamiento. Los que están en línea punteada se encuentra 
actualmente bajo estudio. El estudio de la sinefrina, sombreada en rojo, se encuentra recogido en la presente memoria. 
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I.5.1 Especies de interés 
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I.5.2. Análisis de drogas mediante 

LA-TOF-MS. 
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II.1. SUGARS 

 

FIGURE II.1: Fisher projection of the two main representatives of 
aldoses and ketoses: D-glucose and D-fructose.

FIGURE II.2. Esquema de las cofiguraciones de la D-fructosa. (a) 
Proyección de Fisher. (b) Proyección de Harworth de las formas 
piranosas. (c) Distintas configuraciones de la silla. 
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FIGURE II.3: Fisher projection of ketohexoses. Green ellimpses 
indicate the asymmetric carbon that changes the configuration with 
regard to D-fructose. 

FIGURE II.4: Representation of sweetness theories. Receptor 
scheme is in blue, sweetener in red and hydrogen bond 
interactions are point out with grey dashed lines. a) 
Shallenberger and Acree theory. b) Sweetness triangle formed 
with the new γ site.  
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Gly Ala[30] Val[31] Ile[32] Leu[34] Pro[29, 38] Ser[33] Cys[35] 

 
       

Thr[37] Asp[39] Glu[42]  Asn[41] Phe[40] Tyr[74] 

      

Tryp[43] Gln Met[73] Hys[72] Arg Lys 

      

FIGURE II.5: 20 natural amino acids. Those that are pointed out with a continuous red square were studied in our group; if the line is 
dashed, it was analyzed in other laboratories. The conformational analyisis of histidine (Hys), highlighted in green, is explored in the present 
dissertation.  

FIGURE II.6: Three posible H-bond interactions between amino 
and carboxylic groups. 
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FIGURE II.7: Tautomeric equilibrium of histidine 
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II.4. NEUROTRANSMITTERS 

 

   EAt  EAc  KA KIt KIc

  0cm-1 [10]      165cm-1   40cm-1 290cm-1 -- 

FIGURA I.8: Five tautomeric species observed for cytosine. 
The experimental Gibbs energies are shown below each figure. 
(KIc could not be calculate provided its low intensity in the 
spectrum.) 
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II.5.  OTHER STUDIES 

 

I.5.1 Species of astrochemical 

interest 

FIGURA I.14: Ejemplos de neurotransmisores estudiados en el laboratorio.[44-45, 99-105] Marcados en elipse azul los analizados mediante la técnica 
MB-FTMW combinada con ablación láser y los recuadrados en verde combinada con calentamiento. Los que están en línea punteada se 
encuentra actualmente bajo estudio. El estudio de la sinefrina, sombreada en rojo, se encuentra recogido en la presente memoria. 
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I.5.2. Illicit drug analysis by LA-

TOF-MS 



II.5 Other Studies 
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CHAPTER III. METHODOLOGY 

 

This Chapter is divided in three main sections. After explaining the necessity of employing rotational 

spectroscopy for the research proposals described in the Introduction, a description of each instrument 

employed during the investigation is summarized in the first part. The general strategy is presented in the 

section III.2, where the synergy between experiment and theory is evidenced. Finally, the tools for a 

correct analysis of the rotational spectra are introduced briefly in the last part of this chapter.  
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FIGURE III.1:  Comparative of the quadrupole hyperfine 
structure of histidine at different frequencies (same scales) (a) 414-
313. transition (b) 111-000 transition. 
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III.1.1. LA-CP-FTMW 

FIGURE III.2:  Scheme of the working sequence of LA-CP-
FTMW. (1) Ablation nozzle. (2) DC motor controller. (3) DC 
Motor: Oriel Motor Mike 18074. (4) Digital Delay generator: 
Stanford Research Systems, DG645. (5) Valve driver: IOTA ONE. 
(6) Injection Valve. (7) Nd:YAG laser: Ekspla, 20ps,15mJ. 
(8)Pulse syncrhronizer. (9) Mechanical shutter. (10) Arbitrary 
Waveform Generator: Tektronix AWG7122B, 24Gsamples/s-1. 
(11)Traveling Wave Tube Amplifier, TWT: IFI, GT186-300, 
300W. (12) Variable attenuator. (13-16) Parabolic reflector 
system: Satimo reflector with interface for SH2000, 2-32GHz. 
(13) Ridge polarization horn. (14-15) Parabolic reflectors. (16) 
Ridge detection horn. (17) VLN amplifier. (18) Pin diode limiter. 
(19) Digital Oscilloscope: Tektronix DPO72004B, 50Gsamples/s-

1, 20GHz hardware bandwidth.  (20) 10MHz Rubidium 
Frequency Standard Oscillator: Stanford Research Systems 
FS725. 
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III.1.2. LA-MB-FTMW 

FIGURE III.4:  Arbitrary wave function generator and 
Oscilloscope. 

FIGURE III.3: General aspect of vacuum chamber  and laser of 
the LA-CP-FTMW spectrometer 
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FIGURE III.5  Picture of the LA-MB-FTMW instrument 
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III.1.3. LA-MB-FTMW with Multi-

FID 
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III.1.4 Frequency domain 

spectrometers 

FIGURE III.6: Stark modulation spectrometer. 
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FIGURE III.8.  Schemes of the single (a) and double path (b) configurations of the millimeter- and submillimeter wave spectrometer. 
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III.1.5. Laser ablation time of flight 

spectrometer 

FIGURE III.7: FM modulation spectrometers 
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FIGURE III.9: Scheme of LA-TOF-MS instrument 



III.1. Experimental Techniques / III.2 General Strategy 

III.2. GENERAL STRATEGY 

 

FIGURE III.10: General strategy scheme 



Chapter III. Methodology 

 
FIGURE III.11: Sample preparation procedure 



III.2. General Strategy / III.3. Tools for Rotational Analysis 

III.3. TOOLS FOR ROTATIONAL ANALYSIS 

 

III.3.1. Rotational Constants 
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𝐼𝑎  𝐼𝑏  𝐼𝑐

(𝐼𝛼 = ∑ 𝑚𝑖 · 𝑟𝑖,𝛼
2 )

𝐼𝑎 =

0,  𝐼𝑏 = 𝐼𝑐 𝐼𝑎 = 𝐼𝑏 = 𝐼𝑐)

𝐼𝑎 = 𝐼𝑏 < 𝐼𝑐

𝐼𝑎 < 𝐼𝑏 = 𝐼𝑐

𝐼𝑎 < 𝐼𝑏 < 𝐼𝑐

𝜅 = (2𝐵 − 𝐴 − 𝐶) (𝐴 − 𝐶)⁄

𝐻𝑅 = 𝐴 𝑱𝒂
𝟐 + 𝐵 𝑱𝒃

𝟐 + 𝐶 𝑱𝒄
𝟐

𝐴, 𝐵, 𝐶

𝐽𝑎
2, 𝐽𝑏

2,  𝐽𝑐
2

𝐽𝑖𝑗 = (𝛿𝐼𝑖 𝛿𝑃𝑗⁄ ) 𝐼𝑖

𝑃𝑗

𝐸𝐽,𝐾 = ℎ[𝐵𝐽(𝐽 + 1) + (𝐴 − 𝐵)𝐾2 ]

𝐸𝐽,𝐾 = ℎ[𝐵𝐽(𝐽 + 1) + (𝐶 − 𝐵)𝐾2 ]

𝐽 = 0,1,2 … 𝐾 = 0, ±1, ±2 … ± 𝐽

𝐾
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III.3.2. Dipole moments 

𝜇𝑎 , 𝜇𝑏 , 𝜇𝑐

〈𝜓1 |𝜇𝑎,𝑏,𝑐|𝜓2 〉

𝜓1 𝜓2

𝜇𝑎,𝑏,𝑐

𝛤(𝜓1)⨂𝛤(𝜇𝑎,𝑏,𝑐)⨂𝛤(𝜓2)

∆𝐽 = −1, 0,1 P, Q, R branches
∆𝐾𝑎 = 0; ∆𝐾𝑐 = ±1 𝑎 − 𝑡𝑦𝑝𝑒

∆𝐾𝑎 = ±1; ∆𝐾𝑐 = ±1 𝑏 − 𝑡𝑦𝑝𝑒
∆𝐾𝑎 = ±1; ∆𝐾𝑐 = 0 𝑐 − 𝑡𝑦𝑝𝑒

𝜇𝑎

𝜇𝑎

III.3.3. Quadrupole Coupling 

Constants 

𝑒𝑄 = ∫ 𝜌 𝑟2(3 cos 𝛼 − 1) 𝑑𝑟

FIGURE III.12: Relation of the asymmetric rotor energy levels 
(center) to those of the limiting prolate (left) and oblate (right). 
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(𝐻𝑅
 ) 

𝐻𝑄
 

 𝐻 = 𝐻𝑅 + 𝐻𝑄

𝐻𝑄  

𝐻𝑄 =
𝑒𝑄𝑞𝑖𝑗

2𝐽(2𝐽 − 1)𝐼(2𝐼 − 1)
[3(𝐼𝐽)2 +

3

2
𝐼𝐽 − 𝐼2𝐽2]

𝑞𝑖𝑗

𝝌 = (

𝜒𝑎𝑎 𝜒𝑎𝑏 𝜒𝑎𝑐

𝜒𝑏𝑎 𝜒𝑏𝑏 𝜒𝑏𝑐

𝜒𝑐𝑎 𝜒𝑐𝑏 𝜒𝑐𝑐

) ;  𝜒𝑖𝑗 = 𝑒𝑄𝑞𝑖𝑗

III.3.4. Centrifugal distortion 

constants 

(𝐻𝐷
 )

𝐻 
  = 𝐻𝑅

 + 𝐻𝐷
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𝐻 = 𝐻𝑅+𝐻𝐷
(𝐴)

= 𝐴𝐽𝑎
2 + 𝐵𝐽𝑏

2 + 𝐶𝐽𝑐
2

−∆𝐽 𝐽4 − ∆𝐽𝐾𝐽2 𝐽𝑎
2 − ∆𝐾 𝐽𝑎

4 +

1

2
[𝛿𝐽𝐽2 + 𝛿𝐾𝐽𝑎

2, 𝐽+
2 + 𝐽−

2]
+

        +𝜙𝐽𝐽6 + 𝜙𝐽𝐾𝐽4 𝐽𝑎
2 + 𝜙𝐾𝐽𝐽2 𝐽𝑎

4 + 𝜙𝐽𝐾𝐽𝑎
6

+
1

2
[𝜑𝐽𝐽4 + 𝜑𝐽𝐾𝐽2 𝐽𝑎

2 + 𝜑𝐾𝐽𝑎
4, 𝐽+

2 + 𝐽−
2]

+

III.3.5. Vibrational-rotation 

interactions: Coriolis and Fermi 

 

𝐻𝐹 = 𝑊𝐹
 + W𝐹

𝐽𝐽2 − W𝐹
𝐾𝐽 

2 + 𝑊±(𝐽𝑥
2 − 𝐽𝑦

2)

FIGURE III.13: Example of some observed perturbations between 
the rotational levels of ν13 and 2ν18 of propenal. The (ν–ν0) 
quantity represents the difference of the frequency of a given 
excited state transition and the corresponding transition in the 
ground state. Each circle represents the experimentally measured 
frequency and the continuous line is a result of the predictions 
based on the final set of the spectroscopic constants.  

FIGURE III.14: Reduced energies diagram, Ered = E  E(v24 = 1) 

 J(J + 1)(B + C)/2, for excited states involving the rotational 
energy of propenal. Each visible sequence represents one value of 
the Ka quantum number. Green circle highlights the perturbation 
between the rotational levels of ν13 and 2ν18 of Figure III.13. 
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𝛤(𝜈𝑖
 )⨂𝛤(𝜈𝑗

 )⨂𝛤(𝐽𝛼
 ) ⊆ 𝐴, 𝐴′, 𝐴1

 , 𝐴𝑔
 , 𝛴𝑔

+ …

𝐻𝐶
𝑖,𝑗

= 𝑖𝐺𝑐
 𝐽𝑐

 + 𝐹𝑎𝑏
 (𝐽𝑎

 𝐽𝑏
 − 𝐽𝑏

 𝐽𝑎
 )

𝐺𝐶
𝑖,𝑗

= 𝐶𝑒
 𝜁𝑖,𝑗

 [(𝜔𝑖
 /𝜔𝑗

 )
1/2

+ (𝜔𝑗
 /𝜔𝑖

 )
1/2

]
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CHAPTER IV.  UNVEILING THE SWEET 

CONFORMATIONS OF D-FRUCTOPYRANOSE 

Adapted from: Chem.Phys.Chem., 2013, 14 (893-895) 

 

Two conformers of D-fructopyranose have been 

characterized using laser ablation and broadband Fourier 

transform microwave spectroscopy. Both species are 

stabilized by complicated intramolecular hydrogen 

bonding networks. Structural motifs related to the 

sweetness of D-fructopyranose have been revealed for the 

most stable conformer. 
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SCHEME IV.1: (a) Fisher projection of D-fructose; (b) Haworth 

projections of  and  anomers; (c) 2C5 and 5C2 chair 
configurations. 
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FIGURE IV.1: Broadband microwave spectrum of D-fructose 
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aThe notation used to label the different conformers include the symbols 2C5 and 5C2 to 

denote the pyranose chair,  and β to denote the anomer type and the symbols “c” or 

“cc” to indicate the clockwise or counter-clockwise configuration of the adjacent OH 
bonds, respectively. The symbols g-(-60º) g+(+60º) and t(180º) have been used to 
denote the values of the dihedral angle (O-C1-C2-O) between the hydroxyl group oxygen 
atom of the side chain and the anomeric one. bAb initio calculations performed at the 
MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; µa, µb and 
µc are the electric dipole moment components. crms deviation of the fit. dNumber of 
transitions fitted. eMP2/6-311++G(d,p) electronic energies in cm-1. fStandard error in 
parentheses in units of the last digit 
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IV.1. EXPERIMENTAL SECTION 

 



FIGURE IV.2: The three dimensional structures of the two 
observed conformers of β -D-fructopyranose showing the 
intramolecular hydrogen bonding networks and the glucophore 
unit. 
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CHAPTERV . SWEETNESS AND KETOHEXOSES 

CONFORMATIONAL BEHAVIOUR 

Adapted from: Chemical Science., 2015, submitted. 

A comparative analysis of the conformational behavior of D-fructose epimers has been executed 

in order to rationalize the diverse and, sometimes, contradictory theories concerning sweetness 

on the basis of this new structural information. Rotational spectroscopy combined with laser 

ablation was employed to identify three, two and one conformational species for ketohexoses D-

tagatose, D-psicose and L-sorbose, respectively. These species were found to be stabilized by 

different cooperative H-bond networks stablished between all hydroxyl groups of each molecule. 

Several parallels in the distribution of these H-bonds were found indicating that there are 

common conformational signatures that might be related with the place where they interact with 

the sweet receptor. 
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V.1. INTRODUCTION 

FIGURE V.1. Representation of the sweetness theories. a) 
Shallenberger’s theory: green area represents the glucophore of the 
sweetener. b) Diagram of the “sweetness triangle” in the sweetener 
(marked in green).[7-10] 
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FIGURE V.2. Fisher projection of ketohexoses indicating  the 
carbon that changes the configuration with regard to D-Fructose. 
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V.2. BACKGROUND 
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FIGURE V.3. Pulse sequence for a single experimental cycle including generation of a supersonic expansion and laser ablation, polarization and 
detection. (1) Arbitrary Waveform Generator: Tektronix AWG7122B, 24Gsamples/s-1. (2) Variable attenuator. (3) Traveling Wave Tube 
Amplifier, TWT: IFI, GT186-300, 300W. (4-7) Parabolic reflector system: Satimo reflector with interface for SH2000, 2-32GHz. (4) Ridge 
polarization horn. (5) Ridge detection horn.  (6-7) Parabolic reflectors. (8) Digital Oscilloscope: Tektronix DPO72004B, 50 Gsamples/s-1, 
20GHz hardware bandwidth. (9) Low nose amplifier. (10) Pin diode limiter. (11) 10MHz Rubidium Frequency Standard Oscillator: Stanford 
Research Systems (12) Digital Delay generator: Stanford Research Systems, DG645. (13) Valve driver: IOTA ONE. (14) Injection Valve. (15) 
Pulse synchronizer. (16) Nd:YAG laser: Ekspla, 
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V.3. RESULTS 

 

V.3.1 D-Tagatose. 

FIGURE V.4. Observed conformers of D-fructopyranose[20] and 
their intramolecular H-bond networks. 
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FIGURE V.5. α-D-tagatopyranose species. (a) Haworth projection of the pyranose α anomer, which is the one found in crystalline phase.[35] α 
or β nomenclature is selected according to IUPAC;[36] thus, for ketohexoses, cis disposition of OH(5) and OH(2) is labeled as α and trans as β. 
(b) 5C2 and 2C5 chair configurations.[36] Red arrows indicate the torsion angles to be optimized ab initio. (c) Conformers observed for D-
tagatose. Dashed lines mark the H-bond interactions described below. The actual structure of these three conformers are taken from those 
predicted ab intio (see Tables V.S5-S7 of SI) given the exceptional matching between theoretical and experimental rotational constants (Table 
V.1). 
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α α α

ǀ ǀ
ǀ ǀ
ǀ ǀ
σ

Δ
a Experimental rotational constants.b Experimental observation of the a, b and c-type spectrum. c rms deviation of the fit. d Number of fitted rotational transitions. e Relative energies 
(MP2/6-311++G(d,p) basis set) with respect to the global minimum. f Standard error in parenthesis in the units of the last digit. 

FIGURE V.6. Broadband rotational spectrum of D-tagatose. (a) D-tagatose rotational spectrum (6-12GHz 80 000 acquisitions) obtained by 
LA-CP-FTMW technique. Green triangles indicate the common decomposition lines of sugars (formaldehyde, acrolein, etc). Marked in red are 
the a-type R-branch (J+1)1 J+1←J1 J and (J+1)0 J+1←J0 J pairs of rotational progressions ranging from J=4 to J=8 of rotamer I. (b) Small 
section of the spectrum that shows a-type R-branch rotational transitions of rotamers I and II (c) Small section of the spectrum that shows 
rotational transitions of the three rotamers observed for D-tagatose. 
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V.3.2 D-Psicose 
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FIGURE V.7. Species of β-D-psicopyranose. (a) Haworth projection of the pyranose β anomer[36] which is the one found in crystalline 
phase.[38-39] (b) 2C5 chair configurations, where the hydroxymethyl group is equatorial. Red arrows indicate the torsion angles to be optimized ab 
initio. (c) Conformers observed for D-psicose. Dashed lines mark the H-bond interactions described below. The actual structure of these three 
conformers are taken from those predicted ab intio (see Tables V.S11-S12 of SI) given the exceptional matching between theoretical and 
experimental rotational constants (Table V.2). 

FIGURE V.8. Broadband rotational spectrum of D-psicose. (a) D-psicose rotational spectrum (6-12GHz 103000 acquisitions) obtained by LA-
CP-FTMW technique. Yellow triangles indicate all decomposition lines. Marked in red are the b-type R-branch (J+1)0,J+1←J1,J and (J+1)1,J+1←J0,J 
pairs of rotational progressions ranging from J=4 to J=7 of rotamer I. (b) Small section of the spectrum that shows rotational transitions of the 
two rotamers observed for D-psicose. 



82 Chapter V. Sweetness and ketohexoses conformational behaviour 

 

V.3.3 L-Sorbose  

β β

ǀ ǀ
ǀ ǀ
ǀ ǀ
σ

Δ

a Experimental rotational constants.b Experimental observation of the a, b and c-type 
spectrum. c rms deviation of the fit. d Number of fitted rotational transitions. e Relative 
energies (MP2/6-311++G(d,p) basis set) with respect to the global minimum. f 

Standard error in parenthesis in the units of the last digit. 

FIGURE V.9. Observed species of α-L-sorbopyranose. (a) Haworth projection of the pyranose α anomer[36] which is the one found in crystalline 
phase.[46] (b) 2C5 chair configurations, where the hydroxymethyl group is equatorial. Red arrows indicate the torsion angles to be optimized ab 
initio. (c) Conformer observed for L-sorbose.  Dashed lines mark the H-bond interactions described below. The actual structure of these three 
conformers are taken from those predicted ab intio (see Table V.S15 of SI) given the exceptional matching between theoretical and experimental 
rotational constants (Table V.3). 
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FIGURE V.10.  Broadband rotational spectrum of L-sorbose. (a) Normalized rotational spectrum of L-sorbose obtained by LA-CP-FTMW 
technique (6-12GHz, 133000 acquisitions). (b) Amplification of the shadow area after removing all decomposition lines. Marked in red are the 
a-type R-branch (J+1)1 J+1←J1 J and (J+1)0 J+1←J0 J pairs of rotational progressions ranging from J=4 to J=8 of rotamer I. 

α

ǀ ǀ
ǀ ǀ
ǀ ǀ
σ

Δ
a Experimental and predicted  rotational constants. (A, B, C) b Absolute value of the 
electric dipole moment components predicted from MP2 calculations indicating whether 
the a, b and c-type spectrum is observed. c Experimental values obtained from spectrum 
analysis. The rms deviation of the fit is 8.4 kHz and the number of fitted rotational 
transitions is 34.e Standard error in parenthesis in the units of the last digit. 
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V.4. SWEETNESS AND STRUCTURE 
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FIGURE 11. Observed conformers for all ketohexoses. Blue dashed lines indicate the H-bon interaction that share the most stable conformers 
of ketohexoses. A-H, B and γ sweetness triangle is pointed our according to the sweetness theories of the literature.[30-31, 52] In parenthesis, the 
abundance of each conformer are shown. (a) D-Fructose. (b) D- Tagatose. (c) D-Psicose (d) L-Sorbose 
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V.5. CONCLUSIONS 
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CHAPTER VI.  SIX PYRANOSIDE FORMS OF FREE 2-

DEOXY-D-RIBOSE 

Adapted from: Angewandte Chemie, 2013, 125 (12056-12061) 

 

A clear picture of the conformational 

panorama of isolated 2-deoxy-D-ribose 

has been obtained using chirped pulse and 

Balle-Flygare Fourier transform microwave 

spectrometers both coupled with laser 

ablation sources. Two conformers of α-D-

deoxyribopyranose and four of β-D-

deoxyribopyranose have been unveiled on 

the basis of the spectroscopic rotational parameters in conjunction with ab initio predictions. The 

anomeric effect and intramolecular hydrogen bonding are the main factors which control the 

conformational behavior. The substitution and effective structures of the most abundant conformer have 

been determined. 
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 93 

FIGURE VI.1: . (a) Fisher projection of 2-deoxy-D-ribose. (b) Haworth projections of  and β  anomers. (c) 1C4 and 4C1 chair conformations. 
(d) Predicted conformers within 12 kJmol-1 from MP2(full)/6-311++G(d,p) ab initio computations; the observed conformers are encircled. 
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FIGURE VI.2. Broadband microwave spectrum of 2-deoxy-D-ribose. 
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[a] A, B, and C represent the rotational constants (in MHz), µa, µb and µc are the absolute values of electric dipole moment components (in D) [b] 
MP2/6-311++G(d,p) electronic energies (in cm-1). [c] Gibbs energies calculated at 298 K at the MP2/6-311++G(d,p) level of theory (in cm-
1). 
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[a] A, B and C are the rotational constants. [b] Electric dipole moment.1 D  3.335610-30 C m. [c] rms deviation of the fit. [d] Number of fitted transitions.[e] Standard error in parenthesis in 
the units of the last digit. [f] Observation of a-, b-, and c-type transitions for each structure. 
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FIGURE VI.3: The six observed conformers of 2-deoxy-D-ribose 
showing the intramolecular hydrogen bond arrangements. 
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CHAPTER VII. THE SHAPE OF D-GLUCOSAMINE 

Addapted from: Phys. Chem. Chem. Phys., 2014, 16., (23244-23250)  

 

The bioactive amino monosaccharide D-glucosamine has been generated in gas phase via laser 

ablation of D-glucosamine hydrochloride. Three cyclic -4C1 pyranose forms have been 

identified using Fourier transform microwave techniques. Stereoelectronic hyperconjugative 

forces – essentially linked with the anomeric or gauche effect – and cooperative OH···O, 

OH···N and NH···O chains, extended along the entire molecule, are found to be the main 

factors driving the conformational behavior. The orientation of the NH2 group within each 

conformer has been determined by the values of the nuclear quadrupole constants. The results 

have been compared with those recently obtained for the archetypical D-glucose
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VII.1. INTRODUCTION 



FIGURE VII.1 (a) Fisher projection of D-glucosamine; (b) - and β-anomers of D-glucosamine in Haworth projection; (c) 4C1 conformations 

of  - and and β-D-glucosamine; (d) Newman projections of plausible conformations of the hydroxymethyl group around the C5C6 (G, 

G+, T) and C6O6 (g, g+, t) bonds 





Chapter VII. The shape of D-glucosamine 



 



FIGURE VII.2 Upper panel: overview CP-FTMW spectrum of the laser ablated -D-glucosamine with assigned decomposition lines; lower 
panels: a-type (J + 1) 0 J +1 ← J 0 J and (J + 1) 1 J +1 ← J 1 J and b-type (J + 1) 1 J +1 ← J 0 J and (J + 1) 0 J +1 ← J 1 J progressions in detail 
corresponding to the observed rotamer I; rotational transitions become degenerated with the increasing J 
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 VII.3.2 Broadband CP-FTMW 

rotational spectrum analysis 

 β

 Aa B C aa bb cc |μa| |μb| |μc| ΔEb ΔGc 

-G-g+/cc/t 1276 784 581 2.21 3.92 1.70 3.0 3.8 0.1 0 0 
-G+g-/cc/t 1313 763 534 0.66 2.44 1.78 3.0 3.2 1.2 31 19 
-Tg+/cc/t 1398 740 538 2.54 4.33 1.79 4.1 1.7 0.9 113 205 
-G-g+/cl/g- 1296 788 573 2.76 0.51 3.26 1.0 0.7 1.2 329 327 
-Tt/cl/g- 1404 752 544 2.76 0.46 3.22 2.4 0.6 0.3 541 613 
-Tg-/cl/g- 1400 748 542 2.75 0.40 3.15 0.1 0.5 0.0 587 672 
            
β-G-g+/cc/t 1177 818 535 2.34 -3.37 1.03 2.8 2.2 2.5 0d 0 
β-G+g-/cc/t 1180 790 495 0.70 -2.38 1.68 2.6 2.0 1.0 37 16 
β-Tg+/cc/t 1317 735 495 2.40 -4.10 1.71 3.2 0.4 1.0 140 230 
a A, B, and C represent the rotational constants (in MHz); aa, bb and cc are the diagonal elements of the 14N nuclear quadrupole coupling tensor (in MHz); μa, μb and μc are the electric dipole 

moment components (in D). b Relative energies (in cm-1) with respect to the global minimum calculated at the MP2/6-311++G(d,p) level. c Gibbs energies calculated at 298 K. d The -

anomer species is predicted to be 579 cm-1 more stable than the β-anomer. 
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Parameter Rotamer I Rotamer II Rotamer III 

Aa / MHz 1269.4108 (23)e  1305.3545 (29) 1389.896 (18) 

B / MHz 781.1783 (13) 760.1481 (12) 738.65091 (94) 

C / MHz 577.43929 (36) 531.25706 (33) 535.50479 (54)   

a-type b observed observed observed 

b-type  observed observed  

c-type     

Nc 31 42 21 

fit
d/ kHz 23.3 26.1 19.2 

a A, B, and C represent the rotational constants. b Observation of a-, b-, and c-type 
transitions for each structure. c Number of fitted transitions. d RMS deviation of the fit. e 
Standard error in parenthesis in the units of the last digit. 

FIGURE VII.3 The most stable conformers of -D-glucosamine 
(below 600 cm-1), showing the cc configuration in conformers G-
g+/cc/t, G+g-/cc/t and Tg+/cc/t and the cl one in conformers 
G-g+/cl/g-, Tt/cl/g- and Tg-/cl/g-. 
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FIGURE VII.4 Nuclear quadrupole hyperfine structure of the 4 1 3 
← 3 1 2 rotational transition for rotamers I, II and III. Each 
component labeled as F′←F″ is observed as a doublet due to the 
Doppler effect. The molecular frequency is the arithmetic mean of 
the Doppler doublets 

  



   




a A, B, and C represent the rotational constants. b aa, bb and cc are the diagonal 
elements of the 14N nuclear quadrupole coupling tensor. c Number of fitted transitions. d 

RMS deviation of the fit. e Standard error in parenthesis in the units of the last digit 
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FIGURE VII.5 The three observed conformers of -D-glucosamine in comparison with those observed for -D-glucose.1 Inlet: detail of the 

N2HO1 and O2HO1 hydrogen bonds for G-g+/cc/t conformers of -D-glucosamine and -D-glucose, respectively. The amino group NH2 

in -D-glucosamine assumes the same role in the intramolecular hydrogen bonding than the hydroxyl group OH in -D-glucose 
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CHAPTER VIII: TAUTOMERISM IN NEUTRAL 

HISTIDINE 

Adapted from: Angew. Chem. Int. Ed., 2014, 53, (11015-11018). 

Histidine is an important natural amino acid, involved 

in many relevant biological processes, which, due to 

its physical properties, proved difficult to characterize 

experimentally in its neutral form. In this work, 

neutral histidine has been generated in the gas phase 

by laser ablation of solid samples and its NεH 

tautomeric form unraveled through its rotational 

spectrum. The quadrupole hyperfine structure, arising 

from the existing three 14N nuclei, constituted a site-specifically probe for revealing the tautomeric form 

as well as the side chain configuration of this proteogenic amino acid. 
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SCHEME VIII.1: Tautomeric equilibrium in histidine. 
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a Conformers are labelled following the nomenclature used in previous studies of amino acids. The first label distinguishes between tautomers; ɛ (for tautomer NɛH) and δ (for tautomer NδH). 
The second index indicates the type of hydrogen bond between the amino and the carboxylic group [Ref. 7b]. Finally, lower labels a and b designate the increasing energy order within each type 

of hydrogen bonding. b A, B, C are the rotational constants (in MHz); χaa, χbb, χcc are the 14N nuclear quadrupole coupling constants (Nɛ, Nδ and Na correspond to three different 14N nuclei); 

|μa|, |μb|, |μc| are the absolute values of the electric dipole moment components (in D); ΔE and ΔG are the MP2/6-311++G(d,p) electronic energies and Gibbs free energies (298K), 
respectively (in cm-1), with respect to the global minimum.  
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TABLE VIII.2: 

 

 Experimental Theoretical 
MP2/cc-pVTZ 

ɛ

ɛ

ɛ

aA, B, C are the rotational constants (in MHz); DJ is a quartic centrifugal distortion 
constant (in kHz); χ aa, χ bb, χ cc are the 14N nuclear quadrupole coupling constants 
(in MHz); N is the number of fitted transitions; s is the rms deviation of the fit (in 
kHz). bStandard error in parentheses in units of the last digit. cValues calculated at 
MP2/ccpVTZ level of theory. 

FIGURE VIII.1: 111 - 000 rotational transition in 2 GHz 
frequency region for the observed rotamer of His. The 14N 
quadrupole components are labeled with the quantum numbers 
F1´, F2´, F´- F1´´, F2´´, F´´ (nuclear quadrupole scheme: I1+J=F1, 
I2+F1=F2, I3+F2=F where I stands for the nuclear spin for each 
14N) 
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FIGURE VIII.2:Observed conformer for the histidine molecule, 
showing the intramolecular hydrogen bonds that stabilize the 
structure, 
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CHAPTER IX. THE MONOHYDRATED CYTOSINE 

 

The preference of cytosine for it keto-amino tautomer when water is present has been revealed by the analysis of the 

rotational spectrum of the monohydrated cluster of cytosine. In these clusters, water is bound to the ketone and the 

adjacent amino group by two hydrogen bond interactions that close a six member ring. 
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a Oc is the oxygen of the cytosine, Ow is oxygen of the water molecule and the subscript in the nitrogen stands for the number of the nitrogen. bA, B, and C represent the rotational 

constants; cμa, μb, and μc are the electric dipole moment components. 1 D ≈ 3.3356 x 10 -30 C m. d Δc=Ic-Ia-Ib is the inertial defect. Conversion factor: 505379.1 MHz/uÅ2. eRelative 
energies (in cm-1) with respect to the global minimum calculated at MP2/6-311++G(d,p) level. fAb initio values for the dissociation energy have been corrected for basis set superposition 
error (BSSE) using the counterpoise procedure and including fragment relaxation. 



 

 

Δ

σ

aA, B and C are the rotational constants; b Standard error in parentheses in the units of 

the last digit. d Δc=Ic-Ia-Ib is the inertial defect. eConversion factor: 505379.1 MHz/uÅ2. 

Number of transitions. drms deviation of the fit.   

FIGURE IX.2. Hyperfine structure of the a-type R-branch transition 303 
– 202 of the observed rotamer of cytosine water complex. 
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CHAPTER X.  CONFORMATIONAL ANALYSIS OF 

SYNEPHRINE IN THE GAS PHASE 

Adapted from: J. Phys. Chem. A., 2013, 117 (4907-4915) 

 

Six conformers of the 

neurotransmitter synephrine 

have been identified in gas phase 

using a laser ablation device in 

combination with a molecular 

beam Fourier-transform 

microwave spectrometer operating in the 4–10 GHz frequency range. The identification of all the 

conformers was based on the comparison of the experimental rotational and 14N quadrupole coupling 

constants with those predicted by ab initio calculations, and relative values of their electrical dipole 

moment components. The conformational preferences have been rationalized in terms of the various 

intramolecular forces operating in the different conformers of the studied molecules. All observed species 

are characterized by an intramolecular hydrogen-bond of type O–H…N established in the side chain of 

the neurotransmitters, which adopt an extended disposition in their most stable forms. For conformers 

with a folded side chain an extra N-H··· hydrogen-bond type interaction is established between the 

amino group and the -system of the aromatic ring. 
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Chapter X. Conformational analysis of synephrine in the gas phase 

X.2. EXPERIMENTAL AND COMPUTATIONAL METHODS 

 

X.2.1. Experimental setup 

FIGURE X.1:The twelve lowest-energy conformers of synephrine 
predicted by ab initio calculations. The sketch is in the center for 
which the hindered single-bond rotations which govern 
conformational equilibrium are shown. 
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X.1.1. Ab initio calculations 

   

aA, B and C are the rotational constants, in MHz; χaa, χbb and χcc are elements of the 14N nuclear quadrupole coupling tensor, in MHz; µa, µb and µc are the electric dipole moment components, in 
Debye. b Relative energies respect to the global minimum calculated at MP2/6-311++G(d,p) level of theory, in cm-1. c Gibbs energies calculated at 298 K at the MP2/6-311++G(d,p) level of 
theory in cm-1.  
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X.3. RESULTS AND DISCUSSION 
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π

a A, B and C are the rotational constants, in MHz; χaa, χbb and χcc are elements of the 14N nuclear quadrupole coupling tensor, in MHz. b Number of fitted transitions. c Root mean square of the fit, in 
kHz. d Standard errors are indicated in parentheses in units of the last digit. e “Yes” or “No” to observation of a-, b-, and c-type transitions for each structure. 
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FIGURE X.2 A 3 MHz section of the rotational spectrum of 
synephrine showing the 505-404 rotational transition for rotamers I 
and II. The nuclear quadrupole hyperfine components are labelled 
with the quantum numbers F’← F’’. The coaxial arrangement of 
the adiabatic expansion and the resonator axis produces an 
instrumental Doppler doubling.  
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X.4. CONCLUSIONS 

 

  

 

FIGURE X.3 The six observed conformers of synephrine showing the intramolecular interactions that stabilize the structures.  
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CHAPTER XI. COMPREHENSIVE ANALYSIS OF 

PREBIOTIC PROPENAL UP TO 660GHZ 

Adapted from: Astrophysical Journal Supplement Series, 2015, (accepted) 

Since interstellar detection of propenal is only based on two rotational transitions in the centimeter wave 

region, its high resolution rotational spectrum has been measured up to 660 GHz and fully characterized 

by assignment of more than 12 000 transitions to provide direct laboratory data to the astronomical 

community. Spectral assignments and analysis include transitions from the ground state of the trans and 

cis isomers, three trans-13C isotopologues and ten excited vibrational states of the trans form. Combining 

new millimeter and submillimeter data with those from the far-infrared region has yielded the most 

precise set of spectroscopic constants of trans-propenal obtained to date. Newly determined rotational 

constants, centrifugal distortion constants, vibrational energies, Coriolis and Fermi interaction constants 

are given with high accuracy and were used to predict transition frequencies and intensities over a wide 

frequency range. Results of this work should facilitate astronomers further observation of propenal in the 

interstellar medium. 
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Chapter XI. Comprehensive Analysis of Prebiotic Propenal up to 660GHz 

XI.2. EXPERIMENTAL DETAILS 

 

aThe numbers in parentheses are 1σ  uncertainties in the units of the last decimal digit. bPurely K-dependent sextic centrifugal distortion constants ΦK and φK could not be determined from the 
present data sets. cFixed to the parent species value. dNumber of distinct frequency fitted lines/number of excluded lines based on the 2u fitting criterion of the SPFIT program[21] where u is the 
uncertainty of the measured frequency. The uncertainties between 50 and 500kHz were given to the millimeter and submillimeter data from this work and 100kHz to the microwave data from[13, 

17]. eStandard deviation of the fit. 



XI.2. Experimental Details / XI.3. Rotational Spectra and Analysis 

XI.3. ROTATIONAL SPECTRA AND ANALYSIS 

 

XI.3.1 Ground vibrational state. 

𝐻𝑅𝑜𝑡
(𝑣)

= 𝐴𝐽𝑎
2 + 𝐵𝐽𝑏

2 + 𝐶𝐽𝑐
2 − ∆𝐽 𝐽4 − ∆𝐽𝐾𝐽2 𝐽𝑎

2

−∆𝐾 𝐽𝑎
4 +

1

2
[𝛿𝐽𝐽2 + 𝛿𝐾𝐽𝑎

2, 𝐽+
2 + 𝐽−

2]
+

+𝜙𝐽𝐽6 + 𝜙𝐽𝐾𝐽4 𝐽𝑎
2 + 𝜙𝐾𝐽𝐽2 𝐽𝑎

4 + 𝜙𝐽𝐾𝐽𝑎
6

+
1

2
[𝜑𝐽𝐽4 + 𝜑𝐽𝐾𝐽2 𝐽𝑎

2 + 𝜑𝐾𝐽𝑎
4, 𝐽+

2 + 𝐽−
2]

+
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XI.3.2 Excited vibrational states. 
𝑣13

𝑣12 𝑣17

𝑣18 𝑣13 𝑣18 𝑣13

𝜈𝑜𝑏𝑠 𝜈𝑜𝑏𝑠 − 𝜈𝑐𝑎𝑙𝑐

𝐽′ 𝐾𝑎
′ 𝐾𝑐

′ 𝑣′ 𝐽′′ 𝐾𝑎
′′ 𝐾𝑐

′′ 𝑣′′

This table is published in its entirety in the electronic edition of the Astrophysical Journal Supplement Series. A portion is shown here for guidance regarding its form and content. aUpper and 

lower state quantum numbers are indicated by ‘ and ‘’, respectively. The assignment of the individual vibrational states to 𝑣 is as following: 0 → ground state, 1 → 𝑣18 = 1, 2 → 𝑣18 = 2,  3 

→ 𝑣13 = 1, 4 → 𝑣18 = 3, 5 →(𝑣18 = 1, 𝑣13 =1), 6 → 𝑣12 = 1, 7 → 𝑣17 = 1, 8 → 𝑣18 = 4, 9 →(𝑣18 = 2, 𝑣13 =1), and 10 → 𝑣13 = 2. bObserved frequency. Microwave, millimeter and 
submillimeter data are in MHz while the far-infrared data are in cm-1. cObserved minus calculated frequency. dBlended transitions were fitted to their intensity weighted averages and are labeled by 
B. Unfitted transitions are labeled by U.  
References: (1)Blom et al.[17]; (2) This work; (3)Blom et al.[13]; (4)Winnewisser et al.[18]; (5) McKellar et al.[20]. 
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𝑣18

FIGURE XI.1: Vibrational energy levels of trans-propenal below 
700cm-1 obtained by McKellar[20] and schematic illustration of the 
four lowest-energy normal vibrational modes, ν18: C−C torsion, 
ν13: C=C−C bending mode, ν12: O=C−C bending mode, ν17: 
=CH2 twisting mode. The symmetry specifications are given in 
accordance with Cs point group. 

 

FIGURE XI.2.Stark modulated spectrum of the 𝐽𝐾𝑎
′ ,𝐾𝑐

′
′ ← 𝐽𝐾𝑎

′′,𝐾𝑐
′′

′′ = 41 4 ← 31 3 transition (200 V) showing the assignments of the vibrational 

states below 700 cm-1. 
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𝑣18

𝑣18

𝑣18

𝑣18

𝑣13

𝑣18

𝑣13

𝑣18 𝑣18 𝑣13

𝑣18 𝑣18 𝑣13

𝑣12 𝑣17

𝑣12

𝑣17 𝑣18 𝑣18 𝑣13 𝑣13

XI.3.3 Global analysis. 

×

𝐻𝑅𝑜𝑡
(𝑣)

+ ∆𝐸𝑣 𝐻𝑅𝑜𝑡
(𝑣)

  

𝑣

∆𝐸𝑣 = 𝐸𝑣 − 𝐸0

𝑣

→ → 𝑣18 = → 𝑣18 =

→ 𝑣13 = → 𝑣18 = → 𝑣18 =

𝑣13 = → 𝑣12 = → 𝑣17 = → 𝑣18 =

→ 𝑣18 = 𝑣13 = → 𝑣13 =

𝐻𝛼
𝐶𝑜𝑟
(𝑣,𝑣′)

  𝐻𝐹
(𝑣,𝑣′)

𝑣  

𝑣′  
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𝑣

𝑣

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

       𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

𝑣𝑣′

       𝑣𝑣′

aThe assignment of the vibrational states to 𝑣 is as following: 0 → ground state, 1 → 𝑣18 = 1, 2 → 𝑣18 = 2,  3 → 𝑣13 = 1, 4 → 𝑣18 = 3, 5 →(𝑣18 = 1, 𝑣13 =1), 6 → 𝑣12 = 1, 7 → 𝑣17 = 1, 

8 → 𝑣18 = 4, 9 →(𝑣18 = 2, 𝑣13 =1), and 10 → 𝑣13 = 2. bSPFIT/SPCAT operator code. These operators are each within a defined state 𝑣 where 𝑣 = 𝑣′ = 0,1,…10. cCommon constant 

symbol. dThe numbers in parentheses are 1σ uncertainties in the units of the last decimal digit. eFixed to the ground state value. fQuantum number range corresponding to the millimeter and 

submillimeter data. gNumber of distinct frequency fitted lines/number of excluded lines corresponding to the pure rotational data based on the 9ν fitting criterion of the SPFIT program where u 
is the uncertainty of the measured frequency. 
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𝐻𝛼
𝐶𝑜𝑟
(𝑣,𝑣′)

 = 𝑖𝐺𝛼𝐽𝛼 +  𝐹𝛽𝛾(𝐽𝛽𝐽𝛾 + 𝐽𝛾𝐽𝛽)

𝐺𝛼 𝐹𝛽𝛾

𝛼, 𝛽, 𝛾 𝑎, 𝑏, 𝑐

𝐻𝐹
(𝑣,𝑣′)

 = 𝑊 + 𝑊𝐽𝐽2 + 𝑊𝐾 𝐽𝛼
2 + 𝑊± (𝐽𝑏

2 − 𝐽𝑐
2)

𝑊, 𝑊𝐽, 𝑊𝐾 𝑊±

𝐽2, 𝐽𝛼
2 𝐽± 𝐽± = 𝐽𝑏 ± 𝑖𝐽𝑐

𝑣 ↔ 𝑣′

𝑣 ↔ 𝑣′

↔ ↔ ↔ ↔ ↔ ↔

𝑣𝑣′ 𝐺𝑎

𝑣𝑣′
𝐺𝑎

𝐽

𝑣𝑣′
𝐹𝑏𝑐

𝑣𝑣′
𝐺𝑏

𝑣𝑣′
𝐺𝑏

𝐽

𝑣𝑣′ 𝐺𝑏
𝐾

𝑣𝑣′
𝐹𝑏𝑐

𝑣𝑣′

𝑣𝑣′

↔ ↔ ↔ ↔ ↔ ↔

𝑣𝑣′ 𝐺𝑐

𝑣𝑣′
𝐺𝑐

𝐽

𝑣𝑣′
𝐹𝑎𝑏

𝑣𝑣′

           𝑣𝑣′ 𝑊
𝑣𝑣′ 𝑊𝐽

𝑣𝑣′
𝑊𝐾

𝑣𝑣′ 𝑊𝐽𝐾

𝑣𝑣′
𝑊±

𝑣𝑣′ 𝑊±
𝐾

𝑣𝑣′

aThe assignment of the vibrational states to 𝑣 is as following: 0 → ground state, 1 → 𝑣18 = 1, 2 → 𝑣18 = 2,  3 → 𝑣13 = 1, 4 → 𝑣18 = 3, 5 →(𝑣18 = 1, 𝑣13 =1), 6 → 𝑣12 = 1, 7 → 𝑣17 = 1, 

8 → 𝑣18 = 4, 9 →(𝑣18 = 2, 𝑣13 =1), and 10 → 𝑣13 = 2. bSPFIT/SPCAT operator code. These operators each connect defined vibrational states 𝑣 and 𝑣𝑣 where 𝑣, 𝑣𝑣 = 0, 1,...10. 
cCommon constant symbol. dThe numbers in parentheses are 1σ  uncertainties in the units of the last decimal digit. 
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𝜈𝑐𝑎𝑙 u(𝜈𝑐𝑎𝑙𝑐) S(𝜇2 ) (𝐸′ ) (𝐸′′ )

𝐽′ 𝐾𝑎
′ 𝐾𝑐

′ 𝑣′ 𝐽′′ 𝐾𝑎
′′ 𝐾𝑐

′′ 𝑣′′

This table is published in its entirety in the electronic edition of the Astrophysical Journal Supplement Series. A portion is shown here for guidance regarding its form and content. Only transitions 

with predicted uncertainties u(𝜈𝑐𝑎𝑙𝑐) ≤ 1MHz are included. aUpper and lower state quantum numbers are indicated by ' and '', respectively. The assignment of the individual vibrational states to 𝑣 

is as following: 0 → ground state, 1 → 𝑣18 = 1, 2 → 𝑣18 = 2,  3 → 𝑣13 = 1, 4 → 𝑣18 = 3, 5 →(𝑣18 = 1, 𝑣13 =1), 6 → 𝑣12 = 1, 7 → 𝑣17 = 1, 8 → 𝑣18 = 4, 9 →(𝑣18 = 2, 𝑣13 =1), and 10 

→ 𝑣13 = 2. bPredicted frequency. c1σ uncertainty of the predicted frequency. dLine strength 𝑆 multiplied by the square of the dipole moment component. Experimentally available values of the 

dipole moment of 𝜇𝑎 = 3.052D and 𝜇𝑏 = 0.630D for trans-propenal and 𝜇𝑎= 2.010D and 𝜇𝑏 = 1.573D[13] cis-propenal were used in the calculation. Dipole moment components for trans-
propenal excited vibrational states were approximated by corresponding ground state values. eUpper level energy. fLower level energy. 
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CHAPTER XII. DETAIL ANALYSIS OF THE 

ROTATIONAL SPECTRUM OF METHYL CYANATE UP TO 

350GHZ 

 

Detail laboratory measurements and analysis of the rotational spectra of potential interstellar molecules 

are indispensable for their subsequent search in the interstellar line surveys available from the 

astronomical telescopes. The aim of this work is to provide direct transition frequencies and molecular 

constants of methyl cyanide in its ground torsional state to the astronomical community. The 

experimental spectra of methyl cyanate were recorder in the millimeterwave domain from 130 to 350 

GHz and internal rotation A- and E-symmetry components were analyzed simultaneously using the 

ERHAM program. The data set for the ground torsional state of methyl cyanate exceeds 700 transitions 

and allowed to derive a precise set of spectroscopic constants. These new spectroscopic data can be used 

to confidentially search the spectral features of methyl cyanate over a wide frequency range towards 

various interstellar sources.  
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XII.1. INTRODUCTION 

FIGURE XI.1: Methyl cyanide depicted in the principal axis 
system 
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XII.2. EXPERIMENTAL DETAILS 

 

XII.3. ANALYSIS OF THE SPECTRA 
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FIGURE XI.2. Section of the methyl cyanate rotational spectrum with the assignment of the A-E doublets of the a-type R$branch transitions ( J 

= +1, Ka = 0, Kc = +1) within the cluster for J'' = 13. The quantum numbers of the lower energy level, J''Ka''Kc''}$, are indicated. 
Transitions of the A-component for Ka ≥5 are doubly degenerate.  



 164 Chapter XII. Detail Analysis of the Rotational spectrum of methyl cyanate up to 350GHz 

a A, B, C are the rotational constants,  ΔJ,  ΔJK, ΔK, δJ, δK, are quartic centrifugal 

distortion constants and  ΦK,  ΦJK, ΦKJ, φJ are the sextic centrifugal distortion constants. 

ρ and β represent the magnitude of the ρ-vector and the angle between the ρ-vector and 
principal a-axis, respectively. Tunneling parameters associated with the rotational and 
centrifugal distortion constants are given in the notation [X]1, where X is a linear 
combination of the rotational constants or centrifugal distortion constants and the 

subscript designates the tunneling component, ε1 is first energy tunneling parameter and 
[Ga]1 and [G2a]1 are related to the Coriolis operators Ja and (J+

2 + J-
2)Ja, respectively[15-16] 

bNumbers in parenthesis represent the 1σ uncertainty (67% confidence level) in units of 
the last decimal digit. 
cRoot mean square deviation of the fit. 
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∡

∡

∡
aIα is the moment of inertia of the methyl top, F is the reduced rotational constant, ΔEE-

A is the torsional energy difference, ∡ (i,a), ∡ (i,b), and ∡ (i,c) are the angles between 
the internal rotation axis i and the principal axis a, b, and c, respectively. 
bNumbers in parenthesis represent the 1σ uncertainty (67% confidence level) in units of 
the last decimal digit. 
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CHAPTER XIII. DETECTION OF ILLICIT DRUGS BY 

DIRECT ABLATION OF SOLID SAMPLES 

Adapted from: Forensic Sci. Int. 2015, (submitted) 

Analysis of illicit drugs rises as an interesting field of work given the high social impact presented by 

drugs in the modern society. Direct laser ablation of solid compounds enables their analysis without 

sampling or preparation procedures. For that purpose, we have constructed an experimental setup that 

combines laser ablation with time-of-flight mass spectrometry and ulteriorly perform studies on the mass 

spectra of such drugs as MDMA, commonly known as ecstasy. Analysis of the observed fragmentation 

pattern in mass spectra may elucidate upon the ablation-induced photofragmentation phenomena 

produced by ablation, which differs from those previously observed with conventional ionization 

methods. 
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XIII.2. EXPERIMENTAL SYSTEM 

 

FIGURE 1. LA-TOF-MS instrument. 
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FIGURE XIII.2. Operating sequence of LA-TOF-MS controlled 
by pulse delay generator. 



Chapter XIII. Detection of Illicit drugs by direct ablation of solid samples 

XIII.3. RESULTS AND DISCUSSION 

 

Laser 

Wavelengh 355nm 
Pulse width 10 ns 
Energy/pulse 0.5 – 15mJ 
Rep rate 10Hz 
Spot size 0.6 cm2 

Time of Flight 

Preassure ~10-7 Torr 
Extraction plate ~ 2800 V 
Repelling plate ~ 3250 V 
Reflection plate 1 ~ 1800 V 
Reflection plate 2 ~ 4000V 
Deflection plates ~ 0 V 
Detection plate ~ -4000V 

Pulse delay generator 

Delay Flash lamps / Q-switch 300 – 350 μs 
Delay Q-switch / Extraction plates 1-15  μs 
Pulse width  of extraction plates 0.5 - 5 μs 
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. 

FIGURE XIII.3.  Mass spectra of some metals obtained from LA-
TOF-MS instrument 

 

FIGURE XIII.4. Mass spectra of paracetamol (151u) and aspirin 
(180u) obtained from LA-TOF-MS instrument  
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FIGURE XIII.5.  (a) Mass spectra of MDMA at different 
fluencies. (b) Mass spectrum of MDMA at 5.7mJ per pulse 
amplified. (c) α-, β-, and γ-cleavages of MDMA. 
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CHAPTER XIV. CONCLUSIONS AND FUTURE 

DIRECTIONS 

 

The present Dissertation collects several research works concerning molecules of biological and 

astrophysical interest (see introduction in Chapter II). The vast majority of them were performed 

employing different approaches of rotational spectrometers presented in section III.1. Following, some 

conclusions and future directions are enunciated regarding not only to the molecular studies but also to 

the instrumental techniques. 





 

FIGURE XIV.1: Observed conformations of ketohexoses. Dashed 
lines pointed out their H-bond. The proposed linkage to the receptor 
is signaled for the most abundant species (in parenthesis, their 
abundances). (a) D-Fructose. (b) D-Tagatose. (c) D-Psicose (d) L-
Sorbose 
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FIGURE XIV.2: Hyperfine structure of D-glucosamine observed by 
(a) LA-MB-FTMW and (b) LA-CP-FTMW spectromenters. 

FIGURE XIV.3: Conformer of histidine observed in gas phase 
together with the hyperfine structure of the 11 1←0 0 0 transition. 



 

FIGURE XIV.4: Vibrational excited state transition 414←313 in the Stark spectrum of transitions of trans-propenal. 
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ABSTRACT

Ethyl cyanide, CH3CH2CN, is an important interstellar molecule with a very dense rotational–vibrational spectrum.
On the basis of new laboratory data in the range of 17–605 GHz and ab initio calculations, two new vibrational
states, ν12 and ν20, have been detected in molecular clouds of Orion. Laboratory data consist of Stark spectroscopy
(17–110 GHz) and frequency-modulated spectrometers (GEM laboratory in Valladolid: 17–170, 270–360 GHz;
Toyama: 26–200 GHz; Emory: 200–240 GHz; Ohio State: 258–368 GHz; and JPL: 270–318, 395–605 GHz). More
than 700 distinct lines of each species were measured in J up to 71 and in Ka up to 25. The states were fitted with
Watson’s S-reduction Hamiltonian. The two new states have been identified in the interstellar medium toward the
Orion Nebula (Orion KL). The ground state, the isotopologues of CH3CH2CN, and the vibrationally excited states
have been fitted to obtain column densities and to derive vibrational temperatures. All together, ethyl cyanide is
responsible for more than 2000 lines in the observed frequency range of 80–280 GHz.

Key words: ISM: abundances – ISM: individual objects (Orion KL) – ISM: molecules – line: identification –
surveys

Online-only material: color figures, machine-readable tables

1. INTRODUCTION

Ethyl cyanide, CH3CH2CN, was first identified by Johnson
et al. (1977) in the Orion Nebula and has subsequently been
identified in several other high-mass star-forming regions (Miao
& Snyder 1997; Cazaux et al. 2003). The isotopologues 13C and
15N in their ground state have been detected in Orion (Demyk
et al. 2007; Margulès et al. 2009) using the line survey between
80 and 280 GHz carried out with the 30 m radio telescope of
the Institute de Radio Astronomie Millétrique (IRAM; Tercero
et al. 2010, 2011, 2012). The density of lines in this source, as
observed with the 30 m telescope, makes this frequency survey a
line confusion-limited one, despite very short integration times,
and produces a forest of lines arising from isotopologues and
vibrationally excited states of abundant species such as ethyl
cyanide, methyl formate (Carvajal et al. 2009; Margulès et al.
2010; Kobayashi et al. 2007; Demyk et al. 2008; Tercero et al.
2012), methanol, SiS, SiO, OCS, CS, HCO+, etc. (see, e.g.,
Tercero et al. 2010, 2011). If all the weak lines produced by these
species are not identified and assigned, the quest for chemical
complexity stops for line intensities larger than 1 K in sources
such as Orion, and the detection of new molecular species
becomes a very hard task. In Orion, Tercero and collaborators
used values for the intensity of lines that are above the confusion
limit of 0.03, 0.05, and 0.1 K (in antenna temperature) at 3, 2,
and 1.3 mm wavelengths, respectively; values that are reached
in a few minutes of observing time. The number of features
in the line survey above these limits exceeds 15,000, and after
assignment of the obvious features to the most abundant species
(45 molecules), 4000 lines remain to be identified.

The detection of the isotopic species of ethyl cyanide
(Demyk et al. 2007; Margulès et al. 2009) and the very in-
tense spectrum measured of the parent species suggests that

highly excited vibrational states of ethyl cyanide could be
present in this source. This has been the case for objects with
similar physical conditions such as Sgr B2, where Mehringer
et al. (2004) have reported the detection of the in-plane bend-
ing vibration, ν13 = 1, and the ν21 = 1 torsional state toward
Sgr B2(N-LMH). The increase in sensitivity of instruments such
as ALMA and the opening of new spectral windows from space
observatories (Herschel) will rely on the assignment of the low-
lying vibrational states of abundant molecules to penetrate the
line forest they produce. Without this spectral information, the
full power of line surveys will be strongly limited and the data
produced by new instruments will not be fully exploited. High-
resolution spectroscopic work has been done for the ground
state isotopologues of abundant species, but reliable rotational
constants for a large number of low energy vibrational modes of
polyatomic molecules, such as ethyl cyanide, have yet to be pub-
lished. While the emission from isotopologues will depend on
the isotopic abundances (e.g., �40–50 for 12C/13C), the emis-
sion from low energy vibrationally excited states will depend on
the vibrational temperature. In hot cores with TK � 200 K, the
levels around 150–200 cm−1 above the ground state will have
line intensities 1/3–1/5 of those of the ground state. A system-
atic study of the effect of temperature on the spectrums from 210
to 270 GHz and 570 to 645 GHz of this molecule has been per-
formed by Fortman et al. (2010a, 2010b), who measured 9962
strong lines of ethyl cyanide in the range of 575–645 GHz and
3000 strong lines from 210 to 260 GHz in the laboratory. Not all
of these states could be assigned to known vibrational states of
ethyl cyanide, highlighting the importance of systematic studies
that can identify vibrational states.

The ground state rotational a-type and b-type transitions
of the parent ethyl cyanide have been assigned up to J =
120, with measurements in the laboratory reaching 1.6 THz

1
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Figure 1. Vibrational states of ethyl cyanide below 700 cm−1, excluding states
made by difference.

(Pearson et al. 1994; Brauer et al. 2009). The dipole moments
have been measured recently by Krasnicki & Kisiel (2011).
Early observations of microwave transitions from excited vibra-
tional states were assigned by Duncan & Janz (1955) and the
gas-phase structure supporting the Cs symmetry was reported
by Lerner & Dailey (1957). These states were identified by
Laurie (1959) to arise from the two lowest energy states, the
torsion (ν13 at 206 cm−1) and in-plane bend (ν21 at 212 cm−1)
states, and were assigned to the A′ and A′′, respectively, in
Heise et al. (1981). The states below 700 cm−1 are shown in
Figure 1 with their respective symmetries. The two overtone
and combination bends also contribute to further complicating
the spectrum. The first relatively unperturbed state was assigned
and studied for the first time by Fukuyama et al. (1999); this
was ν20 at 373 cm−1. This study included the ground, ν13, ν21,
and ν20 in a four-state fit, and μa and μb transitions were as-
signed up to J = 16 and Ka = 4. As part of our investigation of
unassigned states of ethyl cyanide in the interstellar medium, we
have continued the assignment of this state to obtain accurate
spectroscopic constants for positive identification. The state ν12
at 534 cm−1 lies well above the three states of 2ν13, 2ν21, and
ν13 + ν21 at 410 cm−1 and just below the states at 570 cm−1 :
ν13 + ν20 and ν21 + ν20 (see Figure 1). To disentangle these states,
low frequency measurements using the Stark modulation spec-
trometer in Valladolid were performed. This technique is ideally
suited for the identification of vibrational states due to the high
sensitivity and distinct shape of the Stark pattern for each tran-
sition type. The vibrational satellite pattern around the ground
state transition was modeled using ab initio calculations to help
identify new states assigned in the Stark spectra. Fits of a previ-
ously unassigned state, ν12, and additional measurements of ν20
up to 360 GHz have provided accurate rotational and distortion
constants that have greatly aided the identification of two new
states in the clouds of Orion. Subsequently, we combined data
from the published studies of Toyoma (26–200 GHz; Fukuyama
et al. 1999), OSU (210–270 GHz; Fortman et al. 2010a), and
JPL (440–530 GHz; Pearson et al. 1994; Brauer et al. 2009) and
previously unpublished measurements at OSU (258–368 GHz),
Emory (200–240), and JPL (270–318, 395–605 GHz) to create
a fit that includes transitions up to J = 71 and Ka = 25.

The new assignments of ν20 and ν12 were used successfully
to identify both states for the first time in Orion using the data
provided by the IRAM telescope. We have included data from
this study, previously published data of the coupled state of
ν21 and ν13, and isotopic data in the ground vibrational state
to present an analysis of the relative densities of vibrationally
excited states to isotopologues in the ground vibrational state.
We provide a wide analysis of the molecule and column densities
have been calculated for all species detected from ethyl cyanide
in a consistent way.

2. EXPERIMENTAL

Ethyl cyanide was purchased from Sigma Aldrich and was
used without further purification. The sample was placed into
a glass cell and degassed using the common freeze-pump-
thaw method to remove air from the sample. Sample pres-
sure was maintained between 2–3 × 10−2 mbar or about
20 mTorr. Experiments were performed first in the frequency
range of 26–40 GHz using a newly configured computer-
controlled Stark-modulated spectrometer whose principle
components have been described in Lessari et al. (1991) and
extended to 50–110 GHz by incorporation of multipliers and
detectors from Virginia Diodes, Inc., which will be described in
detail in a later publication. For most measurements, an accu-
racy of 50 kHz for peak frequencies is given, as unresolved 14N-
nuclear quadrupole splitting is present in our measurements.
Voltages ranging from 100 to 700 V were used to sufficiently
separate the modulated signals to obtain reliable determination
of the center frequency. Scans were performed in both directions
and the sum of both scans was used for frequency determination.

The experiments performed in Valladolid with frequency
modulation (FM) from 110 to 170 GHz and 240 to 360 GHz were
carried out in a static free space glass cell with Teflon windows
fitted with ports to evacuate and maintain pressures of 20 mTorr
with a 2 m length and 12 cm diameter (Alonso et al. 1993).
Active multipliers and detectors from Virginia Diodes were
used to obtain 240–360 GHz using FM modulation, and those
detected at 2f will be described in detail soon. Software written
in LabVIEW was used to control the synthesizer (13–20 GHz)
and record the signal capable of scanning 30 GHz in 10 hr in
1 GHz sections with a step size of 50 kHz. Scans were performed
in both directions, and the average of both directions was used
for frequency measurements with an accuracy of 50 kHz. The
spectra were imported into AABS (Kisiel et al. 2005), and
frequencies were determined using a fit from a Gaussian line
shape.

Additional measurements covering 270–318 GHz and
395–605 GHz were performed at the Jet Propulsion Labora-
tory (JPL) using the spectrometer described in Drouin et al.
(2005) and Pearson et al. (2011) and at the Ohio State University
with the FASSST spectrometer covering 268–368 GHz (Petkie
et al. 1997). Some additional spectra covering 200–240 GHz
were collected at Emory University and (the study peak list of
Fukuyama et al. 1996) covering 26–200 GHz was utilized. Lines
measured at JPL and Emory were peak picked and are assumed
to be accurate to 50 kHz, with strong isolated lines being signif-
icantly more accurate. The spectrum in the JPL measurements
above 270 GHz is line confused, assuring that lines are almost
never isolated. The FASSST lines were collected with an early
version of the system and are only accurate to 200 kHz. Agree-
ment between common measurements suggests that the asserted
accuracies are, on average, reasonable.
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Table 1
Scaled Values of ab initio Predictions for the Ground State and the

Vibrational States ν20 and ν12

G.S. ν20 ν12

ΔE (cm−1) 0 369 530
A (MHz) 27663.7 28374.9 27423.1
B (MHz) 4714.2 4716.6 4708.3
C (MHz) 4225.1 4240.8 4229.0

Note. Method MP2/6−311++G(d,p).

3. ASSIGNMENT OF THE EXCITED STATES

3.1. Identification of ν12

Ethyl cyanide, μa = 3.816(3) D and μb = 1.235(1) D
(Krasnicki & Kisiel 2011), has a strong a-type spectra and is
dominated by strong a-type R-branch transitions in the region
below 700 GHz. For this reason, long scans with the Stark spec-
trometer experiments were performed at room temperature at
pressures of 20 mTorr concentrated on the Ka = 1 transitions
of J = 2–8. As expected, several signals with the same Stark
shape as the ground state transition were observed. Using the
Fukuyama data, transitions assigned to ν13, ν21, and ν20 were
readily identified. Unknown signals were recorded and prelimi-
nary fits were made. To help understand which vibrational states
may be present, optimization and frequency calculations were
performed with MP2/6−311++G** in the Gaussian09 (Frisch
et al. 2009) suite using an anharmonic potential. This calcu-
lation will give the first-order correction to the ground state
rotational constants and can be used to simulate the data with
columns, αA

i αB
i αC

i . Vibrationally averaged rotational constants
are given as the sum, Ae−∑n

i=0(αA
i )(v+1/2). Since the ground

state rotational constants are well known, the difference be-
tween the predicted and calculated rotational constants can be
added to each state to effectively shift all the states equally. This
is summarized in Table 1 for the states ν20 = 1 and ν12 = 1.

An example spectrum is shown in Figure 2 with the simulated
spectrum produced from ab initio calculations using MP2/
6−311++G** (Frisch et al. 2009) for the 717–616. The intensities
of the lines were estimated using the vibrational partition
function and are scaled by the ground state to 1.

A comparison of the ab initio predicted values shows both
excellent predictions for the assigned ν20 and ν13 states in the
frequency up to J = 8, and a poor prediction of the placement
of the ν21 state. The poor prediction for the ν21 state is due to a
ΔK = 2 resonance with ν13 = 1, which the ab initio calculation
does not take into account. Also, it is clear from the spectra that
there are no equally spaced progressions for any of the assigned
states. The rotational transitions from the three states assigned
by Fukuyama et al. (1999) are consistently higher in frequency
than the ground state as measured up to J = 8. A transition
consistently lower in frequency was observed. A fit was made
of A, B, C as adjustable parameters with the distortion constants
fixed to the ground state values given in Brauer et al. (2009)
using SPFIT (Pickett 1991). The rotational constants obtained
were consistent with the predicted values of ν12. At a given
transition, the ν12 CCC bending state lies at lower frequency than
the ground state and all the other known low-lying vibrational
states. Additionally, it exhibits no measurable torsional splittings
in any of the transitions observed. As a result, the transitions are
all single lines, giving them comparable intensity to torsionally
split transitions lying 200 cm−1 lower in energy. The a-type

Table 2
Summary of s-representation

Experimental
ν12 ν20

A (MHz) 28081.9841(95) 27445.4006(86)
B (MHz) 4707.35767(23) 4715.64665(32)
C (MHz) 4228.63011(19) 4240.78292(31)
DJ × 103 (kHz) 2.980519(84) 3.01522(19)
DJK (kHz) −48.3584(50) −46.5397(26)
DK (kHz) 582.3(15) 518.14(94)
d1 (kHz) −0.680293(43) −0.68374(11)
d2 (kHz) −0.033681(40) −0.027800(27)
HJ (kHz) 0.009274(13) 0.009299(59)
HKJ (Hz) −0.956(27) −1.330(11)
HJK (Hz) . . . −0.1430(30)
HK (Hz) −976. (23) −296.(26)
h1 (Hz) 0.0037837(71) 0.003950(40)
h2 (Hz) 0.0003052(68) . . .

h3 (Hz) 0.0000431(38) . . .

LJ (mHz) . . . −0.0000456(61)
LJJK (mHz) −0.00781(15) . . .

LJK (mHz) −2.1412(39) . . .

LK (mHz) 8232. (71) . . .

l1 (mHz) . . . −0.0000276(44)
l2 (mHz) . . . 0.0000538(10)
l3 (mHz) . . . 0.00001561 (63)
PJK (μHz) 0.0562 (14) . . .

σfit (MHz) 0.087 0.095
σrms (MHz) 1.60 1.65
Ntotal/Nexcluded 1109/128 971/180

Note. Lines excluded based on a measured frequency greater than five times the
assigned uncertainty.

R-branch is well separated from the ground state, which makes
the assignments relatively straightforward.

We were able to include lines from ν20 in the Stark spectrum
after re-fitting the Fukuyama et al. (1999) data with several
blended lines removed. This state was included in a global fit in
that study, but the reference uses a structural model that does not
allow for easy calculation of unmeasured transitions. Transitions
of a-type R-branch and b-type Q-branch were measured for both
states in the region of 17–110 GHz using Stark spectrometer data
and 110–170 GHz using FM modulation. Predictions were made
for the region of 240–360 GHz and a record of this range was
made. These data were fit with the Watson S-reduction (Watson
1977) using SPFIT, with 265 transitions eventually included in
the fit using the combined Stark and FM modulation data up to
360 GHz.

3.2. Assignment of ν12 and ν20 to 605 GHz

We have compiled the data from several sources in the liter-
ature of OSU (Fortman et al. 2010b) combined with Fukuyama
et al. (1996), Pearson et al. (1994), and Brauer et al. (2009),
which allowed us to extend the fit to JPL 605 GHz including
transitions up to J = 71, Ka = 25 using the S-reduction. Both
reductions were shown to give similar results in the study of the
ground state.

These assignments were fit using the Hamiltonian in the
S-reduction, including the octic (P8) and a single decic term,
PJK , which are centrifugal constants for a semi-rigid molecule,
and are given in Table 2. Tables of all the assigned transitions
are given in the online journal for both states (tables sorted

3



The Astrophysical Journal, 768:81 (13pp), 2013 May 1 Daly et al.

Figure 2. Plot of the 717–616 scan using the Stark spectrometer and ab initio simulation of the data, above and below, respectively. Rotational constants used to predict
the transitions are shifted by the ground state difference between prediction and experimental. Intensities are estimated using the vibrational partition function and
have been scaled to the ground state. The graph is expanded to show the excited states.

(A color version of this figure is available in the online journal.)

by frequency and quantum number for ν20 and ν12 given in
Tables 4–7). Excluding internal rotation and other types of
coupling, are given as

H = AJ 2
a + BJ 2

b + CJ 2
c − DJ J 4 − DJKJ 2J 2

c

− DKJ 4
c + d1J

2(J 2
+ + J 2

−) + d2(J 4
+ − J 4

−)

+ HJ J 6 + HJKJ 4J 2
c + HKJ J 2J 4

c + HKJ 6
c

+ h1J
4(J 2

+ + J 2
−) + h2J

2(J 4
+ − J 4

−) + h3(J 6
+ − J 6

−)

+ LJ J 8 + LJJKJ 6J 2
c + LJKJ 4J 4

c + LKKJ J 2J 6
c

+ LKJ 8 + l1J
6(J 2

+ + J 2
−) + l2J

4(J 4
+ − J 4

−)

+ l3J
2(J 6

+ − J 6
−) + l4(J 8

+ − J 8
−) + PJKJ 6J 4

c .

In the ν20 and ν12 states, there are several Ka states that were
found to be perturbed and have significant deviation from the fit
or are split due to internal rotation. Lines were not included in the
fit if the difference between predicted and assigned was found
to be more than five times the assigned uncertainty. Torsional
splittings were observed in all ν20 b-type transitions reported
by Fukuyama et al. (1999), and they are observed in a-type
transitions with Ka = 2, Ka = 3, and Ka = 12–14. Significant
deviations for small ranges of J are observed for ν20 in Ka =
4,6,7,11,12,14,15,16 and for the states Ka = 12,13 in ν12. The
torsional effects observed in ν20 are an order of magnitude larger
than those observed in the ground state. It is known that the
couplings between ν20 and 2ν21 and ν20 and 2ν13 are weak.
However, it is possible that there is a much stronger interaction
with the same symmetry combination band ν21 + ν13 that leads
to the deviations in the Ka states. If the interaction originates
from a quanta in the torsional state, the splitting, which has been
ignored in this study, might be inverted relative to the normal
ground state. The spectrum of ν20 and ν12 up to 605 GHz has
been fit to be independent of any coupling from another torsion
state (2ν21 412 cm−1, 2ν13 414 cm−1 and ν13 + ν21 419 cm−1,
and ν20+ ν13 570 cm−1 and ν20+ ν21 574 cm−1, respectively).
The lowest three states are most likely coupled with ν20 and the
upper two are suspected to be coupled with ν12. Future studies

with clear assignments of 2ν21, 2ν13, and ν13 + ν21 may reveal
the extent of coupling for the excited vibrational state of ν20.
A similar exercise would be required for ν20 + ν13 and ν20 +
ν21 to determine the extent of interactions with ν12, but for the
purposes of astronomical assignments of the a-type spectrum
to 300 GHz, these difficult steps can be neglected—though
at higher frequencies than reported here ν12 clearly becomes
perturbed.

There are several important points in utilizing the present
analysis for astronomical searches. First, we have neglected the
torsional splittings of the b-type transitions in the ν20 state. The
b-type transitions in the ν20 state are all split by a few MHz,
and the constants will give what we believe is the A-state line.
Confirming that it is in fact the A-line will require understanding
the origin of the torsional splittings, which is beyond the scope
of the present effort. Second, interactions with higher states
were neglected and very few b-type transitions changing K were
included. As such, the HK and LK constants are not going to
accurately predict the higher K b-type transitions. It is known
that assignment of the high frequency b-type R-branch spectrum
based on the present work is impossible. Finally, the spectrum
becomes progressively more perturbed with increasing J, with
the interactions spreading rapidly to lower K values. However,
the majority of a-type R branches are predicted sufficiently well
for astronomical assignments.

4. CH3CH2CN IN ORION KL

4.1. Observations and Overall Results of the Line Survey

Astronomical observations were carried out with the IRAM
30 m telescope from 2004 September to 2007 January in
four different sessions, pointing toward the IRc2 source at
α2000.0 = 5h35m14.s5, δ2000.0 = −5◦22′30.′′0 (J2000.0). Four SiS
receivers were operating simultaneously at 3, 2, and 1.3 mm.
Image side band rejections and system temperatures were in the
ranges of 13–27 dB and 100–800 K, respectively, for all the
frequency range covered. The calibration of the intensity scale
was performed using two absorbers at different temperatures and
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Table 3
Physical-chemical Conditions of Orion-KL from CH3CH2CN

Hot Core 1 Hot Core 2 Hot Core 3

dsou (′′) 4 10 25
Offset (′′) 5 5 5
vexp (km s−1) 5 13 22
vLSR (km s−1) 5 3 3

TETL (K) 275 110 65

N(CH3CH2CN) (cm−2) (3.0 ± 0.9) × 1016 (8 ± 2) × 1015 (3.0 ± 0.9) × 1015

N(CH3CH2CN ν13 = 1/ν21 = 1) (cm−2) (4 ± 1) × 1015 (1.1 ± 0.3) × 1015 (4 ± 1) × 1014

N(CH3CH2CN ν20) (cm−2) (1.7 ± 0.5) × 1015 (4 ± 1) × 1014 (1.7 ± 0.5) × 1014

N(CH3CH2CN ν12) (cm−2) (6 ± 3) × 1014 (1.6 ± 0.5) × 1014 (6 ± 3) × 1013

N(13CH3CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013

N(CH13
3 CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013

N(CH3CH13
2 CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013

N(CH3CH2C15N) (cm−2) (2 ± 1) × 1014 (5 ± 3) × 1013 (1.7 ± 0.8) × 1013

N(A-CH2DCH2CN) (cm−2) � 6 × 1014 � 2 × 1014 � 6 × 1013

N(S-CH2DCH2CN) (cm−2) � 7 × 1014 � 1 × 1014 � 6 × 1013

N(CH3CHDCN) (cm−2) � 6 × 1014 � 2 × 1014 � 6 × 1013

Note. Physical-chemical conditions of Orion-KL from the analysis of ethyl cyanide emission lines in the range of 80–280 GHz.

the atmospheric transmission model (Cernicharo 1985; Pardo
et al. 2001b). Observations were made in the balanced wobbler-
switching mode, with a wobbling frequency of 0.5 Hz and
a beam throw in the azimuth of ±240′′. Quasars 0420−014
and 0528+134 were used to check pointing and focus. All
spectra have 1 or 1.25 MHz of spectral resolution. As backends,
two filter banks with 512 × 1 MHz channels and a correlator
providing two 512 MHz bandwidths and 1.25 MHz resolution
were used.

For further description of the observations and data reduction
see Tercero et al. (2010).

Within the frequency domains 80–115.5, 130–178, and
196–281 GHz (168 GHz bandwidth covered), more than 15,000
spectral features have been detected. We found a total of 45
molecules, including 191 different isotopologues and vibra-
tionally excited states. To date, more than 4000 spectral features
are still unidentified (Tercero et al. 2010, 2011).

In the analysis of the emission lines of this line survey by
Gaussian fits, we mainly found, in agreement with previous
works, four different components characterized by different
physical and chemical conditions (see Blake et al. 1987, 1996;
Tercero et al. 2010, 2011, and references therein): (1) the
extended ridge or ambient cloud (Tk � 60 K, n(H2) � 105 cm−3)
at vLSR � 9 km s−1 and Δv � 4 km s−1 traced by emission of
simple molecules such us CO, CS, NS, or CCH; (2) the compact
ridge (vLSR � 8 km s−1, Δv � 3 km s−1, Tk � 110 K, n(H2) �
106 cm−3), a compact region rich in oxygen bearing and complex
molecules such as HCOOCH3, CH3OH, and CH3OCH3 that was
identified for the first time by Johansson et al. (1984); (3) the
plateau, a mixture of outflows, shocks, and interactions with the
ambient cloud (vLSR � 6–10 km s−1, Δv � 25 km s−1, Tk �
150 K, n(H2) � 106 cm−3). This component is traced by
molecules produced in shock chemistry (SO, SO2, or SiO); and
(4) a hot core component (vLSR � 5 km s−1, Δv ∼ 10 km s−1,
Tk � 225 K, n(H2) � 5 × 107 cm−3) characterized by a N-rich
chemistry. Molecules such as ethyl cyanide come mainly from
this component.

4.1.1. 2D Survey Observations

In addition to the single pixel line survey of Orion KL, we
also performed a 2D line survey between 210 and 275 GHz in

2008 and 2010. The maps covered an area of 140 × 140 arcsec2

with a sampling of 4 arcsec. The observations were performed
using the On-The-Fly mapping mode with reference position 10
arcmin west of Orion KL. This 2D line survey has been used
to select different transitions of CH3CH2CN and to study the
spatial extent of its emission. The EMIR single pixel heterodyne
receivers were used for all observations except for the 220 GHz
frequency setting, for which the HERA receiver array was
used. The WILMA backend spectrometer was used for all
observations, with a total bandwidth of 4 GHz and a spectral
resolution of 2 MHz, corresponding to velocity resolutions
of 5.4–2.5 km s−1 at 110 and 239 GHz, respectively. The
telescope pointing was checked every 2 hr and found to have
errors of typically less than 3 arcsec. The data were processed
using the IRAM GILDAS software package.5 Data reduction
consisted of removing bad pixels, checking for image sideband
contamination and emission from the reference position, and
fitting and removing first-order baselines.

4.2. Detection of Excited Vibrational States and Isotopologues

4.2.1. Detection

The new laboratory and theoretical work presented above
allows us to detect two new species (ν20 and ν12 vibrationally
excited states of ethyl cyanide) in our line survey and for the first
time in space. In the following sections, we will focus on the
analysis of the detected spectral features from all species of ethyl
cyanide (ground state, isotopologues, and vibrationally excited
states). This analysis follows the proceedings of our previous
works (Tercero et al. 2010, 2011, 2012; Demyk et al. 2007;
Margulès et al. 2009, 2010; Carvajal et al. 2009; Motiyenko
et al. 2012).

Ethyl cyanide (CH3CH2CN) shows emission from a large
number of lines in this frequency band. Line detections
in our survey include the ground vibrational state of
five isotopologues (CH3CH2CN, 13CH3CH2CN, CH13

3 CH2CN,
CH3CH13

2 CN, CH3CH2C15N; Demyk et al. 2007; Margulès et al.
2009), plus four vibrationally excited states of the main iso-
topologue (ν13 = 1/ν21 = 1; ν12: torsion in the plane; and ν20:

5 http://www.iram.fr/IRAMFR/GILDAS

5
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Figure 3. Observed lines from Orion KL (histogram spectra) and the model (thin curves) of ethyl cyanide in the ground state.

(A color version of this figure is available in the online journal.)

torsion out of the plane). The last two were detected here for
the first time in space. Only a tentative detection is presented
for the deuterated species, A/S-CH2DCH2CN and CH3CHDCN
(Margulès et al. 2009), because of the weakness of the features
and/or their overlap with other spectral lines.

Isotopologue species have been characterized in Demyk
et al. (2007) and Margulès et al. (2009). Here, we present
observed line parameters and intensities, as well as the predicted
frequencies, for all lines that are not strongly blended with
other species from the vibrationally excited states (Tables 8–10
in the online version). In this paper, we provide a wide
analysis of the molecule, and the column densities have been
calculated in a consistent way for all species detected from ethyl
cyanide.

The rotational constants were implemented in the MADEX
code (Cernicharo 2012), which was used to calculate the
emerging spectrum from the four cloud components. Table 10
gives the line intensity derived from the model predictions.
In Tables 8–10, the observed brightness temperature has been
obtained from the peak emission channel in the spectra. For that,
the observed main beam temperature of weak blended lines is
affected by the emission of the molecules that overlap in the
same feature and this value, in those cases, has to be considered
an upper limit. Hence, we have not showed highly blended
lines in those tables. Nevertheless, the predicted intensities
agree with the observations of the detected lines (see below,
Figure 4).

For strong non-blended lines, we also provide the parameters
of the lines derived by fitting Gaussian profiles with CLASS

software.6 We note that the line parameters for these stronger
lines match those of the hot core component. For the two new
detected vibrationally excited states, ν20 and ν12, we assigned
66 and 56 unblended lines, respectively.

Figures 3 and 4 show selected detected lines of ethyl cyanide
in the ground state and in the three detected vibrational states,
respectively, together with our best-fit-model line profiles.

Figure 4 shows many detected lines of CH3CH2CN ν20 and
ν12 without blending with other species. The good fit between
model and observations appears to be the first detection in space
of both ethyl cyanide vibrationally excited states.

5. ASTRONOMICAL MODELING OF
CH3CH2CN IN ORION KL

5.1. CH3CH2CN Maps

From the 2D survey data of Orion KL, maps of the inte-
grated intensity of four ground state transitions of CH3CH2CN
at different velocity ranges are shown in Figure 5 (line 1 to 4:
302,28−292,27, 312,30−302,29, 320,32−310,31, and 321,32−310,31,
respectively). The velocity structure of the CH3CH2CN emis-
sion shows the contribution from two cloud components: a com-
pact component at the position of the hot core and a more ex-
tended component. Note that there is not a spatial displacement
of the emission peak with velocity. Particularly interesting is
the spatial distribution of the red and blue wings at the largest

6 http://www.iram.fr/IRAMFR/GILDAS

6
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Figure 4. Observed lines from Orion KL (histogram spectra) and the model (thin curves) of vibrationally excited ethyl cyanide.

(A color version of this figure is available in the online journal.)
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Figure 5. Integrated intensity of four transitions of ethyl cyanide (line 1 to 4: 302,28−292,27, 312,30−302,29, 320,32−310,31, and 321,32−310,31, respectively) at different
velocity ranges (indicated in the top of each column). For each box, axes are in units of arcseconds (Δα, Δδ). Color logarithm scale is the integrated intensity (

∫
T∗

Adv)
in units of K km s−1.

(A color version of this figure is available in the online journal.)

velocities where we note the contribution of the plateau center-
ing at the hot core position. The extended component appears
at the northeast, at velocities from −5 to 15 km s−1, following
the delineation of the extended ridge (see, e.g., Wright et al.
1996). The observed structure in all transitions is in agreement
with previous maps made with interferometric arrays by Wright
et al. (1996) and Blake et al. (1996) in the 3 and 1.3 mm domains,
respectively.

5.2. The Model

Radial velocities and line widths of the ethyl cyanide lines
present in this line survey, together with the velocity maps shown
above, suggest that the emission of these species comes mainly
from the hot core. In addition, modeling the emission from the
13C and 15N isotopologues of ethyl cyanide (Demyk et al. 2007;
Margulès et al. 2009), we found that the sum of two components,
the hot core component and the plateau, is sufficient to reproduce
all line intensities and profiles reasonably well.

For all detected ethyl cyanide species, column densities
were calculated using an excitation and radiative transfer code
developed by J. Cernicharo (Cernicharo 2012).

Owing to the lack of collisional rates for ethyl cyanide, we
used LTE approximation. Nevertheless, as most of the emission
comes from the hot core (a component with high density and
temperature, see Section 4.1), the LTE approximation must work
reasonably well. We assumed uniform physical conditions for
the kinetic temperature, density, radial velocity, and line width
(Table 3). These values are derived from the data analysis:
the large number of transitions in a wide range of frequency
allows us both to constrain these physical values by means of
Gaussian fits and to attempt to simulate the line profiles with
an LTE code. In addition, we performed a rotational diagram
(Goldsmith & Langer 1999) of CH3CH2CN in its ground state
(Figure 6), including 127 lines (transitions) free of blending with
energies of the upper level from 23.5 to 449.2 K for two different
Gaussian components of the emission lines. To quantify the
beam telescope dilution, we considered a source diameter of 5′′

and 10′′ for the emitting region responsible for the narrow and
broad profiles of the emission lines, respectively.

We have introduced a stratification of the hot core component
to fit all the lines arising from ethyl cyanide species with
the same physical source model (following the Trot results
of the rotational diagram). We considered three layers with
different temperatures. Sizes and offsets from the pointing
position (IRc2) of each component are taken into account in
our model (maps of ethyl cyanide obtained with the 2D survey
of Orion, N. Marcelino et al., in preparation, allow us to provide
these parameters), and beam dilution is corrected for each
line depending on their frequency. We did not observe any
contributions from the error beam as most of cloud components
are compact and lie inside the telescope beam. This setup
gives the column density as the only free parameter. Sources
of uncertainty are described in Tercero et al. (2010).

5.3. CH3CH2CN Column Densities

Column density results are shown in Table 3. Owing to the
low intensity of the lines belonging to deuterated ethyl cyanide,
implying larger overlap problems, we can only obtain upper
limits for their column density. We estimate the uncertainty
to be about 30% for the results of CH3CH2CN, CH3CH2CN
ν13 = 1/ν21 = 1, CH3CH2CN ν20, and the 13C isotopologues,
whereas for CH3CH2CN ν12 and CH3CH2C15N we estimate the
uncertainty to be 50% (due to the weakness of the observed lines
for these species).

Figures 3 and 4 and Table 10 (in the online journal) show
the comparisons between model and observations. Observed
line intensities from all lines free of blending agree with the
model predictions. For weaker observed lines, the lack of a
good agreement is caused by overlap with other species.

Differences between column densities obtained with the
rotational diagram and those derived from the model are mostly
due to the source diameter considered in each component. We
consider that this model fits these results better when taking
into account all data introduced in it (rotational diagram results,

8
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Figure 6. Rotational diagram of CH3CH2CN in its ground state.

(A color version of this figure is available in the online journal.)

Table 4
Measured Transitions of ν20 of Ethyl Cyanide Sorted by Frequency

J ′ K ′
a K ′

c J ′′ K ′′
a K ′′

c νobs
a νobs-νcal

b Given Errorc Flagd Blended?e Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)

3 0 3 2 0 2 26839.519 −0.007 0.05
3 1 2 2 1 1 27576.759 −0.067 0.05
6 1 5 6 0 6 28352.470 −0.161 0.05
7 1 6 7 0 7 30319.440 −0.087 0.05
8 1 7 8 0 8 32665.470 −0.076 0.05
6 0 6 5 1 5 33867.010 0.272 0.05 *
4 1 4 3 1 3 34861.170 −0.083 0.05
9 1 8 9 0 9 35422.430 0.011 0.05
4 0 4 3 0 3 35751.461 0.021 0.05
4 2 3 3 2 2 35820.625 −0.089 0.05

Notes.
a Observed Frequency.
b Difference between observed and calculated frequencies.
c Error in ν.
d Non-fitted lines.
e Blended lines.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

diameters of the components following the 2D survey of Orion,
velocity components from Gaussian fits, etc.).

We obtained a total column density of ethyl cyanide in
the ground state of 4.1 × 1016 cm−2. This result coincides
with previous calculations: the source-averaged (hot core)
CH3CH2CN column density was obtained by Comito et al.
(2005) and Schilke et al. (2001) in their Orion surveys at high
frequency (795–903 GHz and 607–725 GHz, respectively).
However, Sutton et al. (1995) obtained a corrected-source-
averaged column density of 2.4 × 1015 and 4.0 × 1015 for
the hot core and compact ridge, respectively. In our line survey,
we do not distinguish the spectral characteristic of the compact
ridge in the ethyl cyanide lines.

For CH3CH2CN ν13 = 1/ν21 = 1, the derived column density
(the same for each state) is one order of magnitude less than
the derived column density of ethyl cyanide in the ground state.
We obtained a total column density of �2 × 1015 and �8 ×
1014 cm−2 for the ν20 and ν12 states, respectively.

5.4. Isotopic Abundances

From the derived column densities quoted above, we can now
estimate the isotopic abundance ratios.

12C/13C. We obtained the same column density ratio for each
13C isotopologue and cloud component: � 42 ± 13. Hence, no
isotopic fractionation is found for these isotopologues of ethyl
cyanide.

We obtain a factor of two lower than the solar isotopic
abundance (12C/13C = 90; Anders & Grevesse 1989). This
ratio is understood to be a direct measurement of the primary
to secondary nuclear processing in stars (see Martı́n et al. 2010,
and references therein) and is considered a sensitive indicator
of the degree of galactic chemical evolution. Solar isotope value
reflects conditions in the interstellar medium at an earlier epoch
(Savage et al. 2002; Wyckoff et al. 2000).

In agreement with our study, Tercero et al. (2010) found an
average value of 12C/13C = 45 ± 20. This result indicates a

9
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Table 5
Measured Transitions of ν20 of Ethyl Cyanidea

J ′ K ′
a K ′

c J ′′ K ′′
a K ′′

c νobs
b νobs-νcal

c Given Errord Flage Blended?f Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)

3 0 3 2 0 2 26839.519 −0.007 0.05
4 0 4 3 0 3 35751.461 0.021 0.05
5 0 5 4 0 4 44633.991 0.016 0.05
6 0 6 5 0 5 53480.380 0.012 0.05
7 0 7 6 0 6 62284.613 0.013 0.05
8 0 8 7 0 7 71041.824 −0.011 0.05
9 0 9 8 0 8 79748.976 0.065 0.05
10 0 10 9 0 9 88404.817 0.023 0.05
11 0 11 10 0 10 97010.865 0.007 0.05
12 0 12 11 0 11 105570.915 0.039 0.05

Notes.
a Lines sorted by type of transition: type of branch: R and Q; dipole moment: μa and μb; quantum number Ka; quantum number J.
b Observed Frequency.
c Difference between observed and calculated frequencies.
d Error in ν.
e Non-fitted lines.
f Blended lines.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

Table 6
Measured Transitions of ν12 of Ethyl Cyanide Sorted by Frequency

J ′ K ′
a K ′

c J ′′ K ′′
a K ′′

c νobs
a νobs-νcal

b Given Errorc Flagd Blended?e Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)

2 1 2 1 1 1 17393.370 0.002 0.05
2 0 2 1 0 1 17864.600 −0.002 0.05
2 1 1 1 1 0 18350.740 −0.039 0.05
3 1 3 2 1 2 26085.360 −0.038 0.05
4 1 3 4 0 4 26097.404 −0.031 0.05
5 1 4 5 0 5 27406.956 0.125 0.05
3 1 2 2 1 1 27521.430 0.065 0.05
6 1 5 6 0 6 29035.680 0.085 0.05
7 1 6 7 0 7 31012.870 0.027 0.05
6 0 6 5 1 5 33131.490 −0.042 0.05

Notes.
a Observed Frequency.
b Difference between observed and calculated frequencies.
c Error in ν.
d Non-fitted lines.
e Blended lines.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

low opacity in the CH3CH2CN lines. Previous studies found a
similar 12C/13C ratio in Orion (Johansson et al. 1984; Blake
et al. 1987; Savage et al. 2002; Persson et al. 2007).

14N/15N. Our values of this ratio are very similar in all
components. The 14N/15N average abundance ratio of our
study is found to be 148 ± 74. In agreement with previous
authors (Blake et al. 1987; Margulès et al. 2009) and within
the observational errors, 15N abundance obtained in this work
appears to be similar to its terrestrial value (14N/15N � 274;
Anders & Grevesse 1989). Adande & Ziurys (2012) found
that the 14N/15N ratio exhibits a distinct positive gradient
with increasing distance from the Galactic center (toward 11
molecular clouds). This gradient is consistent with predictions
of Galactic chemical evolution models in which 15N has a
secondary origin in novae.

D/H. We found a column density ratio for all deuterated
species of 0.020 ± 0.010 in all considered components. In
close agreement with our values, Tercero et al. (2010) found
an N(HDCS)/N(H2CS) column density ratio of 0.05 ± 0.02 for
the hot core component. Depending on the considered molecule
and component, we found different values from the work of
other authors: using N(HDO)/N(H2O), Pardo et al. (2001a)
found an abundance ratio in the range 0.004–0.01 in the plateau
component, and Persson et al. (2007) derived 0.005, 0.001, and
0.03 for the large velocity plateau, the hot core, and the compact
ridge, respectively. Schilke et al. (1992) derived the DCN/HCN
column density ratio in the hot core region, obtaining 0.001.
A recent study of time dependence D/H fractionation from
prestellar to protostellar cores (Aikawa et al. 2012) found that,
even in warm regions, neutral species with high D/H ratios

10
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Table 7
Measured Transitions of ν12 of Ethyl Cyanidea

J ′ K ′
a K ′

c J ′′ K ′′
a K ′′

c νobs
b νobs-νcal

c Given Errord Flage Blended?f Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)

2 0 2 1 0 1 17864.600 −0.002 0.05
4 0 4 3 0 3 35670.530 0.008 0.05
5 0 5 4 0 4 44533.415 −0.032 0.05
6 0 6 5 0 5 53360.500 −0.108 0.05
7 0 7 6 0 6 62145.961 −0.045 0.05
8 0 8 7 0 7 70884.747 −0.022 0.05
9 0 9 8 0 8 79573.643 0.009 0.05
10 0 10 9 0 9 88211.405 0.014 0.05
11 0 11 10 0 10 96799.224 0.052 0.05
12 0 12 11 0 11 105340.472 −0.003 0.05

Notes.
a Lines sorted by type of transition: type of branch: R and Q; dipole moment: μa and μb; quantum number Ka; quantum number J.
b Observed Frequency.
c Difference between observed and calculated frequencies.
d Error in ν.
e Non-fitted lines.
f Blended lines.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

Table 8
Detected Lines of CH3CH2CN ν13 = 1/ν21 = 1

Transitiona Predicted Frequency Sij Eu
b νLSR

b,c δν2 TMB
(2) Areab

JKa,Kc,ν − J ′
K ′

a ,K ′
c,ν

′ (MHz) (K) (km s−1) (km s−1) (K) (km s−1)

91,9,1–81,8,1 80481.139 15.20 330.5 4.3(1) 0.13
92,8,0–82,7,0 80481.228* 15.20 330.5 4.6(1) 0.13

4.4 ± 0.5 10.6 ± 1.5 0.12 1.4 ± 0.2
92,8,1–82,7,1 80481.228* 15.20 330.5 0.7(1,3) 0.09
93,7,0–83,6,0 80590.893 14.10 325.7 6.6(1,3) 0.09
93,7,1–83,6,1 80592.859* 14.10 325.7 6.0(1,4) 0.13
93,6,0–83,5,0 80715.621 14.10 325.6 6.6(1,4) 0.13
94,6,0–84,5,0 80715.791* 14.10 325.6 4.0(1,4) 0.22
94,5,2–84,4,2 80747.552 12.60 333.0 4.8(1,4) 0.22
94,6,1–84,5,1 80747.778* 12.40 333.0 5.4(1,4) 0.22

Notes.
a The line transition in the format JKa,Kc,ν − JK ′

a ,K ′
c,ν

′ . The ν quantum number defines A and E states: ν = 0 is A for the bend and ν = 3 is A for the
torsion; ν = 1 and 2 are E for the bend and ν = 4 and 5 are E for the torsion.
b The observed parameters are shown when the line is not blended with other molecule and no uncertainty is provided. Calculated parameters have
uncertainties and mean the line can not be fitted like a Gaussian or there is some contribution from other molecule. (Narrow component (N), Wide
component(W).)
c (1) peak line observed velocity. (2) peak line intensity. (3) blended with U-line. (4) blended with CH3CH2CN ν20 = 1. (5) blended with (CH3)2CO.
(6) blended with HC13CCN. (7) blended with HC13CCN ν7 = 1. (8) blended with E-CH3OD. (9) blended with Si18O. (10) blended with E-HCOOCH3.
(11) blended with t-CH3CH2OH. (12) blended with 33SO2. (13) blended with CH3CHO νt = 2. (14) blended with SO18O. (15) blended with SO2

ν2 = 1. (16) blended with HCOOH. (17) blended with CH3CH2C15N. (18) blended with CH2CHCN ν11 = 1. (19) blended with CH2CHCN ν15 =
1. (20) blended with 34SO2. (21) blended with HCCCN. (22) influence of CH3CH2CN ν12 = 1. (23) blended with CH3CH2CN. (24) blended with
A-HCOOCH3. (25) blended with CH3OH, νt = 0, 1. (26) blended with g-CH3CH2OH. (27) blended with 13CH3OH νt = 0, 1. (28) blended with
CH2

13CHCN. (29) blended with CH3OCH3. (30) blended with SO17O. (31) blended with A-HCOO13CH3. (32) blended with E-HCOO13CH3.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

reflect the D/H ratio of those species that were injected from
dust mantles (where icy material is highly deuterated by surface
reactions with D atoms) to the hot gaseous medium. This is in
agreement with other studies of hot core deuterium chemistry
(Rodgers & Millar 1996). On the other hand, various complex
organics (such us methyl formate) are formed via both gas-phase
and grain surface reactions. Their high deuteration is mainly
due to their formation from molecules with high deuteration
(Aikawa et al. 2012). For ethyl cyanide, as a complex organic
molecule, the process of deuteration most likely is the later case.

5.5. Vibrational Temperatures

We can estimate vibrational temperatures from

exp
(

−Eνx

Tvib

)

fν

= N (CH3CH2CN νx)

N (CH3CH2CN)
, (1)

where Eνx
is the energy of the vibrational state (315.4, 531.2,

and 763.4 K for ν21, ν20, and ν12, respectively), Tvib is the
vibrational temperature, fν is the vibrational partition function,
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Table 9
Detected Lines of CH3CH2CN ν20

Transitiona Predicted Frequency Sij Eu
b νLSR

b,c δν2 TMB
(2) TMB

(2)b

JKa,Kc − J ′
K ′

a ,K ′
c

(MHz) (K) (km s−1) (km s−1) (K) (K)

92,8–82,7 80470.356 8.55 567.6 4.7(1) 0.03
5.8 ± 0.7 11.3 ± 1.5 0.03 0.40 ± 0.05

96,4–86,3 80470.356 8.55 567.6 2.0(1,3) 0.25
96,3–86,2 80665.506 5.00 602.9 2.0(1,3) 0.25
95,5–85,4 80665.506* 5.00 602.9 7.6(1,3) 0.25
95,4–85,3 80668.091* 6.22 590.8 7.6(1,3) 0.25
97,3–87,2 80668.091* 6.22 590.8 5.7(1,3) 0.25
97,2–87,1 80669.367* 3.56 617.2 5.7(1,3) 0.25
92,7–82,6 80669.367* 3.56 617.2 6.1(1,4) 0.07
91,8–81,7 81319.905 8.55 567.7 6.1(1) 0.05

Notes.
a The line transition in the format JKa,Kc − JK ′

a ,K ′
c
.

b The observed parameters are shown when the line is not blended with other molecule and no uncertainty is provided. Calculated parameters have
uncertainties and mean the line can not be fitted like a Gaussian or there is some contribution from other molecule. (Narrow component (N), Wide
component (W).)
c (1) peak line observed velocity. (2) peak line intensity. (3) blended with CH3OH νt = 0, 1. (4) blended with H2C17O. (5) blended with U-line. (6)
blended with 18OCS. (7) blended with E-HCOOCH3. (8) blended with CH3CH2CN ν13/ν21. (9) blended with A-H13COOCH3. (10) blended with
E-H13COOCH3. (11) blended with HCC13CN ν7 = 1. (12) blended with SHD. (13) blended with CH3CH2

13CN. (14) influence of CH3CH2CN ν12 =
1. (15) blended with A-HCOOCH3. (16) blended with CH3OCH3. (17) blended with (CH3)2CO. (18) blended with CH3CHDCN. (19) blended with
HCOO13CH3. (20) blended with 33SO2. (21) blended with HC13CCN ν6 = 1. (22) blended with CH3-13CH2CN. (23) blended with H15NCO.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

Table 10
Detected Lines of CH3CH2CN ν12

Transitiona Predicted Frequency Sij Eu Observed Frequencyb νLSR
(1) Observed TMB Model TMB

JKa,Kc –J ′
K ′

a ,K ′
c

(MHz) (K) (MHz) (km s−1) (K) (K)

92,8–82,7 80288.056 8.55 799.3 80290.1 1.5 0.01 0.02
98,1–88,0 80495.806 1.89 867.3 80496.5 6.4 0.02 0.01
98,2–88,1 80495.806* 1.89 867.3 80496.5 6.4 0.02 0.01
94,6–84,5 80498.676 7.22 813.0 80499.8 4.8 0.02 0.02
94,5–84,4 80499.106* 7.22 813.0 80499.8 6.4 0.02 0.02
93,7–83,6 80528.735 8.00 805.0 80530.5 2.4 0.02 0.02
93,6–83,5 80560.434 8.00 805.0 80562.0 3.2 0.02 0.02
92,7–82,6 81129.013 8.55 799.5 81130.5 3.5 0.03 0.02
101,10–91,9 86693.722 9.90 799.6 86694.4(2) 6.8 0.05 0.02
100,10–90,9 88211.372 9.98 799.0 88212.5 5.1 0.01 0.03

Notes.
a The line transition in the format JKa,Kc − JK ′

a ,K ′
c
.

b (1) peak line observed velocity. (2) blended with U-line. (3) blended with 33SO. (4) blended with A-HCOOCH3. (5) blended with c-C2H4O. (6)
blended with CH2CHCN ν11 = 2. (7) blended with CH3CH2CN ν13/ν21. (8) blended with NH2D. (9) blended with H2CCO. (10) blended with
CH3-13CH2CN. (11) blended with SO2 ν2 = 1. (12) blended with E-HCOOCH3. (13) blended with 13CH3CH2CN.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

N(CH3CH2CN νx) is the column density of the vibrational state,
and N(CH3CH2CN) is the total column density of ethyl cyanide.
Taking into account that N(CH3CH2CN) = N(ground)×fν , we
only need the energy of each vibrational state and the calculated
column densities to derive the vibrational temperatures.

We obtained the same Tvib in all cloud components for each
vibrationally excited level, being �160 ± 50 K, �185 ± 55 K,
and �195 ± 95 K, for ν13/ν21, ν20, and ν12, respectively.

The values for ethyl cyanide ν13 = 1/ν21 = 1, ν20, and ν12 in
all components are similar to the averaged kinetic temperature
we adopted in this model (�150 K). We assumed that both gases
(ground state and vibrationally excited) are spatially coincident,
so the calculated vibrational temperatures have to be considered
as lower limits.

We note that the obtained Tvib for all levels is larger than the
Trot in the coldest component, pointing to an inner and hotter
emitting region (shown in our model) for vibrationally excited
ethyl cyanide. Comparing both temperatures is not an easy task,
as temperature and density gradients in the region are required
for the vibrational excitation. Collisional rates are necessary to
ascertain whether either molecular collisions or IR dust photons
dominate the vibrational excitation of ethyl cyanide.

6. CONCLUSION

Very sensitive low frequency Stark modulation experiments
have been used to conclusively identify the excited vibrational
state ν12 of ethyl cyanide. On the basis of fits made from
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this work and the previously assigned ν20, reliable rotational
and distortion constants were obtained by measurements up to
605 GHz for both states.

The line survey of Orion KL with the IRAM 30 m telescope
permitted the assignment of 66 and 56 free of blending spectral
features that correspond to the first detection of the ethyl
cyanide ν20 and ν12 species, respectively. The new detection
of vibrationally excited ethyl cyanide, together with that of the
three 13C and the 15N isotopologues and the tentative detection
of deuterated ethyl cyanide (Demyk et al. 2007; Margulès et al.
2009) contributes more than 1000 lines in the 80–280 GHz
domain covered by the Orion line survey of Tercero et al. (2010).

The present work clearly shows that the spectroscopic cat-
alogs for heavy species could include the predicted spectra
for all their vibrationally excited states with energies below
three to four times the kinetic temperature of the gas. For
vibrationally excited states with energies similar to the ki-
netic temperature of the gas, the intensities of their rotational
lines will be much larger than those of the isotopologues of
the ground state. For example, in Orion 12C/13C � 50, a vi-
brational level with Evib = TK will have a population �1/
3 of the ground state. The analysis of the spectral complex-
ity of hot sources such as Orion requires a detailed laboratory
study of the vibrational levels below 800 cm−1 of the most
abundant species (CH3CN, CH2CHCN, CH3CH2CN, CH3OH,
CH3OCOH, CH3OCH3, HCOOH, HNCO, and so on). Without
this information, the analysis of future data coming from more
sensitive instruments such as ALMA will be extremely limited.
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ABSTRACT

Context. We perform a laboratory characterization in the 18–1893 GHz range and astronomical detection between 80–280 GHz in
Orion-KL with IRAM-30 m of CH2CHCN (vinyl cyanide) in its ground and vibrationally excited states.
Aims. Our aim is to improve the understanding of rotational spectra of vibrationally excited vinyl cyanide with new laboratory data
and analysis. The laboratory results allow searching for these excited state transitions in the Orion-KL line survey. Furthermore,
rotational lines of CH2CHCN contribute to the understanding of the physical and chemical properties of the cloud.
Methods. Laboratory measurements of CH2CHCN made on several different frequency-modulated spectrometers were combined into
a single broadband 50–1900 GHz spectrum and its assignment was confirmed by Stark modulation spectra recorded in the 18–40 GHz
region and by ab-initio anharmonic force field calculations. For analyzing the emission lines of vinyl cyanide detected in Orion-KL
we used the excitation and radiative transfer code (MADEX) at LTE conditions.
Results. Detailed characterization of laboratory spectra of CH2CHCN in nine different excited vibrational states: �11 = 1, �15 = 1,
�11 = 2, �10 = 1 ⇔ (�11 = 1,�15 = 1), �11 = 3/�15 = 2/�14 = 1, (�11 = 1,�10 = 1) ⇔ (�11 = 2,�15 = 1), �9 = 1, (�11 = 1,�15 =
2) ⇔ (�10 = 1,�15 = 1) ⇔ (�11 = 1,�14 = 1), and �11 = 4 are determined, as well as the detection of transitions in the �11 = 2 and
�11 = 3 states for the first time in Orion-KL and of those in the �10 = 1 ⇔ (�11 = 1,�15 = 1) dyad of states for the first time in space.
The rotational transitions of the ground state of this molecule emerge from four cloud components of hot core nature, which trace the
physical and chemical conditions of high mass star forming regions in the Orion-KL Nebula. The lowest energy vibrationally excited
states of vinyl cyanide, such as �11 = 1 (at 328.5 K), �15 = 1 (at 478.6 K), �11 = 2 (at 657.8 K), the �10 = 1 ⇔ (�11 = 1,�15 = 1)
dyad (at 806.4/809.9 K), and �11 = 3 (at 987.9 K), are populated under warm and dense conditions, so they probe the hottest parts of
the Orion-KL source. The vibrational temperatures derived for the �11 = 1, �11 = 2, and �15 = 1 states are 252 ± 76 K, 242 ± 121 K,
and 227 ± 68 K, respectively; all of them are close to the mean kinetic temperature of the hot core component (210 K). The total
column density of CH2CHCN in the ground state is (3.0 ± 0.9) × 1015 cm−2. We report the detection of methyl isocyanide (CH3NC)
for the first time in Orion-KL and a tentative detection of vinyl isocyanide (CH2CHNC). We also give column density ratios between
the cyanide and isocyanide isomers, obtaining a N(CH3NC)/N(CH3CN) ratio of 0.002.
Conclusions. Laboratory characterization of many previously unassigned vibrationally excited states of vinyl cyanide ranging from
microwave to THz frequencies allowed us to detect these molecular species in Orion-KL. Column density, rotational and vibrational
temperatures for CH2CHCN in their ground and excited states, and the isotopologues have been constrained by means of a sample of
more than 1000 lines in this survey.

Key words. ISM: abundances – ISM: molecules – stars: formation – line: identification – methods: laboratory: molecular –
radio lines: ISM

� The full Tables A.6–A.14 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/572/A44
�� This work was based on observations carried out with the IRAM-30 m telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany), and IGN (Spain).
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1. Introduction

The rotational spectrum of vinyl cyanide (CH2CHCN) was first
studied in 1954 by Wilcox and collaborators and then later by
Costain & Stoicheff (1959), who also investigated the singly-
substituted 13C species, as well as the 15N, and the CH2CDCN
species. This molecule was detected for the first time in the inter-
stellar medium (ISM) in 1973 toward the Sagittarius B2 (Sgr B2)
molecular cloud (Gardner & Winnewisser 1975). Since then,
CH2CHCN has been detected toward different sources, such as
Orion (Schilke et al. 1997), the dark cloud TMC-1 (Matthews
& Sears 1983), the circumstellar envelope of the late-type star
IRC+10216 (Agúndez et al. 2008), and the Titan atmosphere
(Capone et al. 1981). CH2CHCN is one of the molecules, whose
high abundance and significant dipole moment allow radioastro-
nomical detection even of its rare isotopologue species. Thus,
vinyl cyanide makes an important contribution to the millimeter
and submillimeter spectral emissions covered by high sensitiv-
ity facilities, such as ALMA and the Herschel Space Telescope.
However, there has not yet been a comprehensive study of its
low-lying vibrational excited states.

Vinyl cyanide is a planar molecule (six internuclear distances
and five independent bond angles) and is a slightly asymmetric
prolate rotor with two non-zero electric dipole moment compo-
nents, which lead to a rich rotational spectrum. The first detailed
discussion of the vinyl cyanide microwave spectrum was in 1973
by Gerry & Winnewisser. Subsequent studies of the rotational
spectrum of vinyl cyanide resulted in the determination of its
electrical dipole moment components by Stolze & Sutter (1985);
these values were later improved by Krasnicki & Kisiel (2011)
who reported the values μa = 3.821(3)D, μb = 0.687(8) D, and
μTOT = 3.882(3)D. Additional studies upgraded the molecular
structure as Demaison et al. (1994), Colmont et al. (1997), and
Krasnicki et al. (2011) successively derived more refined struc-
tural parameters from the rotational constants. The 14N nuclear
quadrupole hyperfine structure has been studied by Colmont
et al. (1997), Stolze & Sutter (1985), and Baskakov et al. (1996).

Kisiel et al. (2009a) updated the rotational constants by si-
multaneously fitting the rotational lines of CH2CHCN in its
ground and lowest excited state �11 = 1. They fit the ground
states of the 13C and the 15N isotopologues. More detailed anal-
ysis of the isotopologue spectra was later reported by Krasnicki
et al. (2011). The ground state rotational a-type and b-type tran-
sitions of the parent vinyl cyanide have been assigned up to
J = 129 with measurements in the laboratory reaching 1.67 THz
(Kisiel et al. 2009a). They showed the influence of temperature
on the partition function and consequently on the spectrum of
vinyl cyanide. Figure 1 of Kisiel et al. (2009a) identifies this
effect and the dominance of the millimeter and submillimeter re-
gion by the aR-type transitions. However, the b-type R-branch
rotational transitions are one order of magnitude more intense
than those of a-type due to smaller values of the rotational quan-
tum numbers J at high frequencies (THz region).

The rotational transitions of CH2CHCN in several of the
lowest vibrational excited states, �11 = 1,2,3 and �15 = 1, were
assigned by Cazzoli & Kisiel (1988), and the measurements
were extended by Demaison et al. (1994) (�11 = 1 and the ground
state). The data for �11 = 3 was more limited by hindering the
determination of all sextic or even quartic constants. Recently,
the analysis of broadband rotational spectra of vinyl cyanide
revealed that there are perturbations between all pairs of adja-
cent vibrational states extending upwards from the ground state
(g.s.), see Fig. 2 of Kisiel et al. (2009a). Kisiel et al. (2012) cov-
ered a broader frequency region (90–1900 GHz) identifying and
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Fig. 1. All vibrational levels of vinyl cyanide up to 1000 cm−1. The lev-
els in red are those for which rotational transitions have been analyzed
in this work. The boxes identify sets of levels treated by means of cou-
pled fits accounting for interstate perturbations.

fitting the perturbations in frequencies of rotational transitions
due to a-, b- or c-axis Coriolis-type or Fermi type interactions
between the four lowest states of vinyl cyanide (g.s., �11 = 1,
�15 = 1, and �11 = 2). The need for perturbation treatment of the
�10/�11�15 dyad at about 560 cm−1 and the 3�11/2�15/�14 triad of
states at about 680 cm−1 was also identified, and initial results
for the dyad were reported in Kisiel et al. (2011). Thus a metic-
ulous analysis aiming toward an eventual global fit of transitions
in all states of vinyl cyanide is necessary. The low resolution,
gas-phase infrared spectrum of vinyl cyanide and its vibrational
normal modes were studied by Halverson et al. (1948) and by
Khlifi et al. (1999). Partial rotational resolution of the vibration-
rotation spectrum of the two lowest wavenumber modes was also
reported in the far-infrared study by Cole & Green (1973).

The first detection in the ISM of vinyl cyanide was in 1973
by means of the 211–212 line in emission in Sgr B2 and was con-
firmed in 1975 by Gardner & Winnewisser (1975), suggesting
the presence of the simplest olefin in the ISM, CH2=CH2 (ethy-
lene) based on the evidence of the reactive vinyl radical. Betz
(1981) observed the non-polar organic molecule CH2=CH2 to-
ward the red giant C-rich star IRC+10216, for the first time;
specifically, this is the �7 band in the rotation-vibration spec-
tral region (28 THz). Owing to the symmetry of ethylene the
dipole rotational transitions are forbidden, and Occhiogroso
et al. (2013) estimated a column density of 1.26 × 1014 cm−2

in standard hot cores for this molecule based on the abun-
dance of its derivative molecule, hydrocarbon methylacetylene
(CH3CCH).

The dense and hot molecular clouds, such as Orion and
Sgr B2, give rise to emission lines of vibrationally excited states
of vinyl cyanide. Rotational transitions in the two lowest fre-
quency modes �11 and �15 were detected in Orion by Schilke
et al. (1997) (as tentative detection of three and two lines,
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A. López et al.: Vibrationally excited vinyl cyanide in Orion-KL

Fig. 2. Room-temperature laboratory spectrum of vinyl cyanide in the region of the 413−312 rotational transition recorded with a Stark modulation
spectrometer. All marked lines are for the 413−312 transition in a given vibrational or isotopic species and display a characteristic pattern of
negative lobes due to the non-zero field cycle of Stark modulation. Dotted lines connect vibrational states analyzed as perturbing polyads, red
denotes vibrational states analyzed in the present work, and asterisks identify states detected presently in Orion-KL. It can be seen that laboratory
analysis is now available for excited vibrational state transitions that are comparable in room-temperature intensity to those for 13C isotopologues
in terrestrial natural abundance.

respectively) and in Sgr B2 by Nummelin & Bergman (1999)
(64 and 45 identified lines, respectively). The latter authors also
made the tentative detection transitions in the 2�11 mode (five
lines). Recently, Belloche et al. (2013) detected six vibrational
states in a line survey of Sgr B2(N) (�11 = 1, 2, 3,�15 = 1, 2,
�11 = �15 = 1) among which they detected the higher-lying vi-
brational states for the first time in space.

On the other hand, the ground states of rare isotopologues
have been well characterized in the laboratory (Colmont et al.
1997; Müller et al. 2008; Kisiel et al. 2009a; Krasnicki et al.
2011). All monosubstituted species containing 13C, 15N, and D,
and those of all 13C-monosubstituted species of H2C=CDCN of
both cis- and trans- conformers of HDC=CHCN, HDC=CDCN,
and D2C=CDCN have been characterized. The double 13C and
13C15N species have also been assigned by Krasnicki et al.
(2011). The detection of 13C species of vinyl cyanide in the ISM
was carried out toward Sgr B2 by Müller et al. (2008) with 26
detected features.

The millimeter line survey of Orion-KL carried out with the
IRAM-30 m telescope by Tercero and collaborators (Tercero
et al. 2010, 2011; Tercero 2012) presented 8000 unidentified
lines initially. Many of these features (near 4000) have been
subsequently identified as lines arising from isotopologues, and
vibrationally excited states of abundant species, such as ethyl
cyanide and methyl formate, thanks to a close collaboration
with different spectroscopic laboratories (Demyk et al. 2007;
Margulès et al. 2009; Carvajal et al. 2009; Margulès et al. 2010;
Tercero et al. 2012; Motiyenko et al. 2007; Daly et al. 2013;
Coudert et al. 2013; Haykal et al. 2014). In this work, we fol-
lowed the procedure of our previous papers, searching for all
isotopologues and vibrationally excited states of vinyl cyanide
in this line survey. These identifications are essential to probe
new molecular species which reduce the number of U-lines and
help to reduce the line confusion in the spectra. At this point
we were ready to begin the search for new molecular species in
this cloud by providing clues to the formation of complex or-
ganic molecules on the grain surfaces and/or in the gas phase
(see the discovery of methyl acetate and gauche ethyl formate
in Tercero et al. 2013, the detection of the ammonium ion in

Cernicharo et al. 2013, and the first detection of ethyl mercaptan
in Kolesniková et al. 2014).

We report extensive characterization of 9 different excited
vibrational states of vinyl cyanide (see Fig. 1) positioned in en-
ergy immediately above �11 = 2, which, up to this point, has
been the highest vibrational state subjected to a detailed study
(Kisiel et al. 2012). The assignment is confirmed by using the
Stark modulation spectrometer of the spectroscopic laboratory
(GEM) of the University of Valladolid and ab initio calcula-
tions. The new laboratory assignments of �11 = 2, �11 = 3, and
�10 = 1 ⇔ (�11 = 1,�15 = 1) vibrational modes of vinyl cyanide
were used successfully to identify these three states in Orion-
KL; the latter for the first time in the ISM. We also detected the
�11 = 1 and �15 = 1 excited states in Orion-KL, as well as the
ground state, and the 13C isotopologues (see Sect. 4.2.1).

Because isomerism is a key issue for a more accurate un-
derstanding of the formation of interstellar molecules, we report
observations of some related isocyanide isomers. Bolton et al.
(1970) carried out the first laboratory study of the pure rota-
tion (10–40 GHz) spectrum of vinyl isocyanide and also studied
its 200–4400 cm−1 vibrational spectrum. Laboratory measure-
ments were subsequently extended up to 175 GHz by Yamada
& Winnewisser (1975) and the hyperfine structure of cm-wave
lines was measured by Bestmann & Dreizler (1982). In Sect. 4.5,
we searched for all isocyanides corresponding to the detected
cyanides in Orion-KL: methyl cyanide (Bell et al. 2014), ethyl
cyanide (Daly et al. 2013), cyanoacetylene (Esplugues et al.
2013b), cyanamide, and vinyl cyanide. In this study, we have
tentatively detected vinyl isocyanide (CH2CHNC) in Orion-KL
(see Sect. 4.5). In addition, we observed methyl isocyanide
(CH3NC) for the first time in Orion-KL, which was observed
firstly by Cernicharo et al. (1988) in the Sgr B2(OH) source, and
we provide a tentative detection of ethyl isocyanide and isomers
HCCNC and HNCCC of isocyanoacetylene. After the detection
of cyanamide (NH2CN) by Turner et al. (1975) in Sgr B2, we
report the tentative detection of this molecule in Orion, as well
as a tentative detection for isocyanamide.

Finally, we discuss and summarize all results in Sects. 5
and 6.
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Table 1. Spectroscopic data sets for excited vibrational states of CH2CHCN acquired in this work.

Excited state Evib
a ΔEb Nfitted

c Nunfitted
d σfit

e σrms
f J range Ka range Frequency rangeg

(cm−1) (cm−1) (MHz) (GHz)
�10 560.5 0 2135h 55 0.324 1.446 2–99 0–22 37.0–1893.4

�11�15 562.9 2.391494(5) 1837h 136 0.382 1.872 3–100 0–20 39.0–1783.5

2�15 663.5 0 1329i 52 0.265 1.980 1–70 0–17 18.6–1191.3

�14 681.8 18.31812(2) 1287i 53 0.228 1.467 5–70 0–18 58.3–1891.1

3�11 686.6 23.16415(3) 1250i 81 0.309 2.329 2–69 0–17 28.0–1196.5

�10�11 787.5 0 842 j 3 0.137 1.289 3–68 0–12 37.1–639.3

2�11�15 793.9 6.44502(3) 860 j 7 0.164 1.551 3–69 0–12 37.3–640.0

�9 869.0 373 7 0.167 1.665 1–63 0–7 18.5–570.3

4�11 916.7 225 17 0.250 2.496 3–43 0–5 37.4–410.9

Notes. (a) Estimated vibrational energy (see text in Sect. 3.2). (b) Energy difference relative to the lowest level in the relevant polyad obtained from
the perturbation analysis. (c) The number of distinct frequency fitted lines. (d) The number of confidently assigned lines rejected from the fit at
the 10σ cutoff criterion. (e) Deviation of fit for the vibrational subset. ( f ) Unitless deviation of fit for the vibrational subset. (g) Frequency coverage
of transitions in the data set. (h,i, j) Transitions fitted jointly in a single fit accounting for interstate perturbations.

2. Experimental

The present spectroscopic analysis is based largely on the broad-
band rotational spectrum of vinyl cyanide compiled from seg-
ments recorded in several different laboratories. That spectrum
provided a total of 1170 GHz of coverage and its makeup was
detailed in Table 1 of Kisiel et al. (2012). In the present work,
the previous spectrum has been complemented by two additional
segments: 50–90 GHz and 140–170 GHz recorded at GEM by
using cascaded multiplication of microwave synthesizer output.
The addition of these segments provides practically uninter-
rupted laboratory coverage of the room-temperature rotational
spectrum of vinyl cyanide over the 50–640 GHz region, which
is key to the analysis of vibrational state transitions.

Another laboratory technique brought in by GEM is Stark
spectroscopy at cm-wave frequencies. The Stark-modulation
technique has the useful property of preferentially recording a
given low-J rotational transition by a suitable choice of the mod-
ulation voltage. This is particularly the case for the lowest-J,
Ka = 1 transitions. Due to asymmetry splitting, these transitions
are significantly shifted in frequency relative to other transitions
for the same J value. An example spectrum of this type is shown
in Fig. 2 where all, but some of the weakest lines, correspond to
the 413−312 transition in either a vibrational state of the parent
vinyl cyanide or the ground state of an isotopic species. Such
spectra are particularly useful for an initial assignment since vi-
brationally induced frequency differences from the ground state
are near additive. Relative intensities of transitions also give an
immediate measure of relative population of assigned vibrational
states and isotopic species.

The analysis of the spectra was carried out with the AABS
graphical package for Assignment and Analysis of Broadband
Spectra (Kisiel et al. 2005, 2012), which is freely available
on the PROSPE database (Kisiel, 2001)1. The AABS pack-
age was complemented by the SPFIT/SPCAT program package
(Pickett 1991)2 used for setting up the Hamiltonian, fitting, and
prediction.

1 http://info.ifpan.edu.pl/~kisiel/prospe.htm
2 http://spec.jpl.nasa.gov

Supporting ab initio calculations were carried out with
GAUSSIAN 093 and CFOUR4 packages. The key parameters for
vibrational assignment are vibrational changes in rotational con-
stants, which require relatively lengthy anharmonic force field
calculations. Two strategies were used for this purpose: a rela-
tively long basis set combined with a basic electron correlation
correction (MP2/6-311++G(d,p)) and a more thorough corre-
lation correction with a relatively simple basis set (CCSD(T)/
6-31G(d,p)). The final results minimally favored the second ap-
proach but, in practice, both were found to be equally suitable.

3. Laboratory spectroscopy

3.1. Analysis of the excited vibrational states

An overview of the results of the spectroscopic analysis is pro-
vided in Table 1 and the determined spectroscopic constants nec-
essary for generating linelists are given in Tables 2 and A.1–A.4.

The initial assignment was based on a combination of several
techniques: (1) inspection of Stark spectra such as that in Fig. 2;
(2) the use of the concept of harmonic behavior of rotational
constant changes on vibrational excitation (linear additivity of
changes); and (3) ab initio calculations of vibration-rotation con-
stants. The final assignment of vibrational states is confirmed
by the comparison of values of experimental vibration-rotation
changes in rotational constants relative to the ground state with
computed ab initio values, as listed in Table A.5.

Preliminary studies revealed a multitude of perturbations in
rotational frequencies that necessitate the use of fits that account
for interactions between vibrational states. The grouping of en-
ergy levels visible in Fig. 1 suggests that it was possible to break
the treatment down into three isolated polyads above the last
state studied in detail, namely 2�11. The symmetry classification
of vibrational states (A′ and A′′, Cs point group) is marked in

3 Frisch, M. J.; Trucks, G. W.; Schlegel, et al., Gaussian 09, Revision
B.01; Gaussian: Wallingford, CT, 2010.
4 Stanton, J. F., Gauss, J.; Harding, M. E. et al., CFOUR, a quan-
tum chemical quantum package with integrated packages MOLECULE
(Almlof, J.; Taylor, P. R.) and ECP routines (Mitin, A. V.; van Wüllen,
C.), http://www.cfour.de
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Table 2. Spectroscopic constants in the diagonal blocks of the Hamiltonian for the �10 ⇔ �11�15 and the �11�10 ⇔ 2�11�15 dyads of vibrational states
in vinyl cyanide compared with those for the ground state.

Ground state �10 �11�15 �11�10 2�11�15

A/MHz 49850.69655(43)a 49550.03(63) 49890.72(61) 48861.72(62) 49124.87(56)
B/MHz 4971.212565(37) 4965.6692(98) 4992.6723(70) 4984.979(32) 5011.494(25)
C/MHz 4513.828516(39) 4509.6228(13) 4531.6029(13) 4517.9357(31) 4540.0924(32)

ΔJ /kHz 2.244058(13) 2.20646(19) 2.26839(18) 2.24034(23) 2.28278(27)
ΔJK /kHz −85.6209(35) −89.854(83) −80.615(83) −88.79(17) −63.97(17)
ΔK /kHz 2715.4213(94) 2591.5(31) 2522.4(31) 2225.(16) 1842.(15)
δJ /kHz 0.4566499(32) 0.44642(11) 0.465487(70) 0.46094(18) 0.47422(18)
δK /kHz 24.4935(22) 22.099(24) 25.225(14) 25.212(82) 24.683(96)

ΦJ /Hz 0.0064338(17) 0.006345(26) 0.006244(26) 0.006038(38) 0.005952(39)
ΦJK /Hz −0.00425(40) 0.0541(96) 0.0324(86) −0.126(17) −0.244(23)
ΦKJ /Hz −7.7804(39) −5.74(11) −5.18(11) 0.59(23) 1.52(22)
ΦK /Hz 384.762(63) 399.73(71) −86.8(11) 428.(396) −1858.(389)
φJ /Hz 0.00236953(79) 0.002405(22) 0.0021005(36) 0.002185(23) 0.002136(22)
φJK /Hz 0.14283(40) 0.1151(27) 0.1698(18) 0.145(13) 0.135(14)
φK /Hz 37.011(58) 51.4(12) 38.0(11) 17.1(27) −5.6(38)

LJ /mHz −0.000026315(71) −0.0000263(15) −0.0000202(14) [0.] [0.]
LJJK /mHz −0.001077(29) −0.01178(86) −0.00659(91) [0.] [0.]
LJK /mHz 0.4279(30) −0.0703(85) [0.] [0.] [0.]
LKKJ /mHz 0.012(12) 4.00(18) −9.63(17) [0.] [0.]
LK /mHz −61.41(17) −55.6(29) 462.9(45) [0.] [0.]
lJ /mHz −0.000011602(36) −0.0000165(13) [0.] [0.] [0.]
lJK /mHz −0.000956(20) [0.] [0.] [0.] [0.]
lKJ /mHz −0.1436(46) −1.79(11) −0.86(12) [0.] [0.]
lK /mHz 8.91(18) [0.] 9.21(43) [0..] [0.]

PKJ /mHz −0.0000156(31) −0.000147(14) [0.] [0.] [0.]
PKKJ /mHz −0.0001977(57) [0.] [0.] [0.] [0.]
PK /mHz 0.00867(15) 0.0286(23) −0.3457(49) [0.] [0.]

ΔEb/MHz 0.0 71695.20(16) 0.0 193216.69(90)
ΔE/cm−1 0.0 2.391494(5) 0.0 6.44502(3)

Nc
lines 4490,0 2135,55 1837,136 842,3 860,7
σd

fit/MHz 0.144 0.324e 0.382e 0.137 f 0.164 f

σd
rms 0.713 1.446 1.872 1.289 1.551

Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant; square parentheses enclose
assumed values. (b) The fitted vibrational energy difference relative to the lowest vibrational state in the respective dyad. (c) The number of distinct
frequency fitted lines and the number of lines rejected at the 10σ fitting criterion of the SPFIT program. (d) Deviations of fit for the different
vibrational subsets. (e) The coupled fit for the �10 ⇔ �11�15 dyad encompasses 3978 lines, at an overall σfit of 0.352 MHz and requires also the use
of constants reported in Table A.2. ( f ) The coupled fit for the �11�10 ⇔ 2�11�15 dyad encompasses 1702 lines, at an overall σfit of 0.151 MHz and
requires also the use of constants reported in Table A.2.

Fig. 1 and states of different symmetry need to be connected by
a- and b-type Coriolis interactions, while states of the same sym-
metry are coupled via c-type Coriolis and Fermi interactions.
The Hamiltonian and the techniques of analysis used to deal with
this type of problem have been described in detail in Kisiel et al.
(2009a, 2012). This type of analysis is far from trivial, but its
eventual success for the polyads near 560, 680, and 790 cm−1

is confirmed in Table 1 by the magnitudes of the deviations of
fit in relation to the numbers of fitted lines and their broad fre-
quency coverage. In the most extensive of the present analyses,
for the �10 = 1 ⇔ (�11 = 1,�15 = 1) dyad, the fit encompasses
almost 4000 lines in addition to aR-type transitions that include
bQ- and bR-types. We use the 10σ cutoff criterion of SPFIT to
prevent lines perturbed by factors outside the model from un-
duly affecting the fit, and a moderate number of such lines (191)
are rejected for this dyad. These are confidently assigned lines,
generally in high-J tails of some transition sequences for higher

values of Ka, but their incompatibility suggests that there is hope
for a final global fit with coupling between the polyads. At the
present stage, the success of the perturbation fits is further re-
flected by additive vibrational changes in values of quartic cen-
trifugal distortion constants and by the relative changes in per-
turbation constants between the two dyads listed in Table A.2,
which are similar to those found for the well studied case of
ClONO2 (Kisiel et al. 2009b).

Unlike the situation in the ground state of vinyl cyanide
(Kisiel et al. 2009a), the perturbations visible in the presently
studied polyads are not a spectroscopic curiosity but affect the
strongest, low-Ka, aR-type transitions. Such transitions occur
in the mm- and submm-wave regions which are normally the
choice for astrophysical studies. This effect is illustrated by the
scaled plots in Fig. 3, which would have the form of near hori-
zontal, very smoothly changing lines in the absence of perturba-
tions. Perturbations lead to the marked spike shaped features in
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Fig. 3. Effect of vibration-rotation perturbations on frequencies of the
strongest rotational transitions in the �10 ⇔ �11�15 dyad of vibrational
states. The plotted quantities are scaled frequency differences relative
to the same transitions in the ground state. Continuous lines are predic-
tions from the final fit; circles mark assigned lines and traces in each
panel have added vertical shifts to improve clarity.

these plots. Since evaluation of the Hamiltonian is made in sep-
arate blocks for each value of J, the perturbations affecting the
two coupling states should have a mirror image form, as seen in
Fig. 3. The scaled nature of these plots hides the reason that per-
turbations to the frequencies of many lines are considerable. For
example, the peak of the rightmost spike in Fig. 3 corresponds to
a perturbation shift of close to 50 × 64 MHz, namely 3.2 GHz.
The frequencies of aR-transitions corresponding to the maxi-
mum perturbation peaks visible in Fig. 3 are 154.1, 183.4, 301.4,
456.5, and 620.8 GHz for �10, and 131.9, 174.9, 290.3, 443.3,
604.9 GHz for �11�15. A significant number of transitions around
such peaks are also clearly perturbed. The perturbations are not
limited to frequency but also extend to intensities, which are of-
ten significantly decreased for pure rotation transitions near the
perturbation maxima. The considerable energy level mixing in
these cases leads instead to the appearance of transitions be-
tween the perturbing vibrational states. These transitions could
only be predicted accurately in the final stages of the perturba-
tion analysis but were easily found in the compiled broadband
laboratory spectrum and are explicitly identified in the data files.
Fortunately, the line lists generated from perturbation fits with
the use of the SPCAT program reflect both frequency and in-
tensity perturbations. Accounting for such effects at laboratory
experimental accuracy is therefore the key to successful astro-
physical studies.

Above the �10�11 ⇔ 2�11�15 dyad, the density of vibrational
states rapidly increases. The complexity of a thorough analysis
appears to be too forbidding at this stage, but it is possible to

check how successfully some of these states can be encompassed
by single state, effective fits. The �9 vibrational state seems to be
the most isolated, and its analysis could be taken up to Ka = 7
and transition frequencies of 570 GHz. In contrast, the easy to
locate 4�11 state exhibited very incomplete sequences of transi-
tions even at low values of Ka, so that its analysis could only
be taken up to Ka = 5. The very fragmentary nature of line se-
quences for this state illustrates the limitations of single state
approaches, but it nevertheless provides a useful starting point
for any future work. The complete results of fit and the primary
data files for the SPFIT program for all coupled and single-state
effective fits are available online5, while the predicted linelists
will be incorporated in the JPL database.

3.2. Vibrational energies

In Table 1 we report a consistent set of vibrational energies for
the studied excited states of vinyl cyanide, which are evalu-
ated by taking advantage of results from the various perturbation
analyses. The values for 3�11 and 4�11 are from �11 and the an-
harmonicity coefficient x11,11 from Kisiel et al. (2012). The value
for �11�15 comes from �11 and �15 augmented by x11,15, which
is calculated at the CCSD(T)/cc-PVDZ level that was bench-
marked in Kisiel et al. (2012) as the optimum level for eval-
uating this type of constant for vinyl cyanide. The remaining
vibrational energies in the lower dyad, and the triad are evalu-
ated using the precise ΔE values from the perturbation analyses.
Finally, �10�11 comes from �10 and �11 augmented by ab initio
x10,11. A double check of this procedure is provided by an alter-
native evaluation for 2�15 based on ab initio x15,15, which gives a
result within 0.5 cm−1 of the more reliable tabulated value. Only
the vibrational energy for �9 comes from the low resolution gas
phase infrared spectrum (Halverson et al. 1948).

4. Astronomical detection of vinyl cyanide species

Thanks to these new laboratory data, we identified and detected
the �10 = 1⇔ (�11 = 1,�15 = 1) vibrational modes of CH2CHCN
for the first time in space. A consistent analysis of all detected
species of vinyl cyanide have been made to outline the knowl-
edge of our astrophysical environment. We also report the detec-
tion of methyl isocyanide for the first time in Orion KL and a
tentative detection of vinyl isocyanide and calculate abundance
ratios between the cyanide species and their corresponding iso-
cyanide isomers.

4.1. Observations and overall results

4.1.1. 1D Orion-KL line survey

The line survey was performed over three millimeter windows
(3, 2, and 1.3 mm) with the IRAM-30 m telescope (Granada,
Spain). The observations were carried out between September
2004 and January 2007 pointing toward the IRc2 source at
α2000.0 = 5h35m14.5s and δ2000.0 = −5◦22′30.0′′. All the ob-
servations were performed using the wobbler switching mode
with a beam throw in azimuth of ±120′′. System temperatures
were in the range of 100–800 K from the lowest to the highest
frequencies. The intensity scale was calibrated using the atmo-
spheric transmission model (ATM, Cernicharo 1985; Pardo et al.
2001a). Focus and pointing were checked every 1–2 h. Backends
provided a spectrum of 1–1.25 MHz of spectral resolution. All

5 http://info.ifpan.edu.pl/~kisiel/data.htm
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spectra were single-side band reduced. For further information
about observations and data reduction, see Tercero et al. (2010)6.

All figures are shown in main beam temperature (TMB) that is
related to the antenna temperature (T ∗A) by the equation: TMB =
T ∗A/ηMB, where ηMB is the main beam efficiency which depends
on the frequency.

According to previous works, we characterize at least four
different cloud components overlapping in the beam in the anal-
ysis of low angular resolution line surveys of Orion-KL (see,
e.g., Blake et al. 1987, 1996; Tercero et al. 2010, 2011): (i) a
narrow (∼4 km s−1 line-width) component at vLSR � 9 km s−1

delineating a north-to-south extended ridge or ambient cloud
or an extended region with Tk � 60 K, n(H2) � 105 cm−3;
(ii) a compact (dsou � 15′′) and quiescent region, or the com-
pact ridge, (vLSR � 7–8 km s−1, Δv � 3 km s−1, Tk � 150 K,
n(H2) � 106 cm−3); (iii) the plateau, or a mixture of outflows,
shocks, and interactions with the ambient cloud (vLSR � 6–
10 km s−1, Δv � 25 km s−1, Tk � 150 K, n(H2) � 106 cm−3,
and dsou � 30′′); (iv) a hot core component (vLSR � 5 km s−1,
Δv � 5–15 km s−1, Tk � 250 K, n(H2) � 5 × 107 cm−3, and
dsou � 10′′). Nevertheless, we found a more complex structure
of that cloud (density and temperature gradients of these com-
ponents and spectral features at a vLSR of 15.5 and 21.5 km s−1

related with the outflows) in our analysis of different families
of molecules (see, e.g., Tercero et al. 2011; Daly et al. 2013;
Esplugues et al. 2013a).

4.1.2. 2D survey observations

We also carried out a two-dimensional line survey with
the same telescope in the ranges 85−95.3, 105−117.4, and
200.4−298 GHz (N. Marcelino et al. priv. comm.) during 2008
and 2010. This 2D survey consists of maps of 140 × 140 arcsec2

area with a sampling of 4 arcsec using a On-The-Fly mapping
mode with a reference position 10 arcmin west of Orion-KL.
The EMIR heterodyne receivers were used for all the observa-
tions except for 220 GHz frequency setting, for which the HERA
receiver array was used. As backend, we used the WILMA back-
end spectrometer for all spectra (bandwidth of 4 GHz and 2 MHz
of spectral resolution) and the FFTS (Fast Fourier Transform
Spectrometer, 200 kHz of spectral resolution) for frequencies be-
tween 245−259, 264.4−278.6, and 289–298 GHz. Pointing and
focus were checked every 2 h giving errors less than 3 arcsec.
The data were reduced using the GILDAS package7 by remov-
ing bad pixels, checking for image sideband contamination and
emission from the reference position, and fitting and removing
first order baselines. Six transitions of CH2CHCN have been
selected to study the spatial extent of their emission with this
2D line survey.

4.2. Results

4.2.1. Detection of CH2CHCN: its vibrationally excited states
and its isotopologues in Orion-KL

Vinyl cyanide shows emission from a large number of rota-
tional lines through the frequency band 80–280 GHz. The dense
and hot conditions of Orion-KL populate the low-lying energy

6 The data of the IRAM-30 m line survey of Orion-KL are available
is ASCII format on request to B. Tercero and J. Cernicharo and will be
available on the IRAM web page.
7 http://www.iram.fr/IRAMFR/GILDAS

excited states. Here, we present the first interstellar detection of
the �10 = 1⇔(�11 = 1,�15 = 1) vibrational excited state.

Figures 4−8 and A.1 show selected detected lines of the
g.s. of vinyl cyanide and five vibrationally excited states of the
main isotopologue CH2CHCN: in plane C-C≡N bending mode
(�11 = 1, 228.1 cm−1 or 328.5 K), out of plane C-C≡N bend-
ing mode (�15 = 1, 332.7 cm−1 or 478.6 K), in plane C-C≡N
bending mode (�11 = 2, 457.2 cm−1 or 657.8 K), in a combi-
nation state (�10 = 1⇔(�11 = 1,�15 = 1), 560.5/562.9cm−1 or
806.4/809.9K), and in plane C-C≡N bending mode (�11 = 3,
686.6 cm−1 or 987.9 K). The latter is in the detection limit, so
we do not address the perturbations of this vibrational mode.

In addition, we detected the following isotopologues of vinyl
cyanide in its ground state: 13CH2CHCN, CH2

13CHCN, and
CH2CH13CN (see Fig. 9). For CH2CHC15N and the deuter-
ated species of vinyl cyanide, DCHCHCN, HCDCHCN, and
CH2CDCN (see Fig. A.2), we only provided a tentative detec-
tion in Orion-KL because of the small number of lines with an
uncertainty in frequency less than 2 MHz (up to Ka = 7, 5, 15
for DCHCHCN, HCDCHCN, and CH2CDCN, respectively), the
weakness of the features, and/or their overlap with other molec-
ular species.

Tables A.6−A.13 show observed and laboratory line param-
eters for the ground state, the vibrationally excited states, and the
13C-vinyl cyanide isotopologues. Spectroscopic constants were
derived from a fit with the MADEX code (Cernicharo 2012) to
the lines reported by Kisiel et al. (2009a, 2012), Cazzoli & Kisiel
(1988), and Colmont et al. (1997). For the �10 = 1 ⇔ (�11 = 1,
�15 = 1) state, spectroscopic constants are those derived in this
work; dipole moments were from Krasnicki & Kisiel (2011). All
these parameters have been implemented in MADEX to obtain
the predicted frequencies and the spectroscopic line parameters.
We have displayed rotational lines that are not strongly over-
lapped with lines from other species. Observational parameters
have been derived by Gaussian fits (using the GILDAS soft-
ware) to the observed line profiles that are not blended with other
features. For moderately blended and weak lines, we show ob-
served radial velocities and intensities given directly from the
peak channel of the line in the spectra, so contribution from
other species or errors in baselines could appear for these val-
ues. Therefore, the main beam temperature for the weaker lines
(TMB < 0.1 K) must be considered as an upper limit.

From the derived Gaussian fits, we observe that vinyl
cyanide lines reflect the spectral line parameters corresponding
to hot core/plateau components (vLSR between 2–3 km s−1 for the
component of 20 km s−1 of line width, and 5–6 km s−1 for the
component of 6 km s−1 of line width). As shown by Daly et al.
(2013) there is a broad component associated to the hot core that
limits the accuracy of the derived velocities for the hot core and
this broad component. Our velocity components for CH2CHCN
agree with those of CH3CH2CN obtained by Daly et al. (2013).
Besides, for the vibrationally excited states, we found contribu-
tion of a narrow component with a vLSR of 3–6 km s−1 and a line
width of �7 km s−1.

We rely on catalogs8 to identify possible contributions from
other species overlapping the detected lines (Tercero 2012), but
it should be necessary to perform radiative transfer modeling
with all the known molecules in order to precisely assess how
much the contamination from other species influences the vinyl
cyanide lines.

8 Cernicharo private catalogs, CDMS (Müller et al. 2001, 2005), and
JPL (Pickett et al. 1998).
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Fig. 4. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of vinyl cyanide in the ground state. The cyan line cor-
responds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR

of 5 km s−1 is assumed.

Table 3. Number of identified lines of CH2CHCN species.

Species Detectable Unblended Partially Totally
blended blended

CH2CHCN g. s. (a-type) 350 204 (59%) 85 (24%) 61 (17%)
CH2CHCN �11 = 1 307 111 (36%) 75 (25%) 121 (39%)
CH2CHCN �11 = 2 253 59 (23%) 35 (14%) 159 (63%)
CH2CHCN �11 = 3 245 30 (12%) 33 (14%) 182 (74%)
CH2CHCN �15 = 1 287 68 (24%) 62 (22%) 157 (55%)
CH2CHCN
�10 = 1⇔(�11 = 1,�15 = 1) 474 65 (14%) 64 (14%) 345 (73%)
(13C)-CH2CHCN 348 102 (29%) 115 (33%) 131 (38%)

Table 3 shows the number of lines of vinyl cyanide identi-
fied in this work. Our identifications are based on a whole in-
spection of the data and the modeled synthetic spectrum of the
molecule we are studying (where we obtain the total number of
detectable lines) and all species already identified in our pre-
vious papers. We consider blended lines when these are close
enough to other stronger features. Unblended features are those,
which present the expected radial velocity (matching our model
with the peak channel of the line) (see, e.g., lines at 115.00
and 174.36 GHz in Fig. 5 or the line at 247.55 GHz in Fig. 8),
and there are not another species at the same observed frequency
(±3 MHz) with significant intensity. Partially blended lines are
those which present either a mismatch in the peak channel of
the line or significant contribution from another species at the
peak channel of the feature (see, e.g., the line at 108.16 GHz in

Fig. 8). Generally, these lines also present a mismatch in inten-
sity; see, e.g., line at 152.0 GHz in Fig. 6. If we do not found
the line for the unblended frequencies we are looking for, then
we do not claim detection, so we do not accept missing lines
in the detected species. For species with quite strong lines (g.s.,
�11 = 1, and �15 = 1), most of the totally and partially blended
lines are weaker due to the high energy of their transitions (see
Tables A.6, A.8, and A.11). We observed a total number of �640
unblended lines of vinyl cyanide species. Considering also the
moderately blended lines, this number rises to �1100. We de-
tected lines of vinyl cyanide in the g.s. with a maximum upper
level energy value of about 1400–1450 K by corresponding to a
Jmax = 30 and a (Ka)max = 24. For the vibrational states we ob-
served transitions with maximum quantum rotational numbers
of (Ka)max = 20,15,17,16,15 from the lowest energy vibrational
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Fig. 5. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of CH2CHCN of �11 = 1. The cyan line corresponds to
the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is
assumed.

Fig. 6. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for the �15 = 1 vibrational state of CH2CHCN. The cyan
line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species.
A vLSR of 5 km s−1 is assumed.
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Fig. 7. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for the �11 = 2 vibrational state of CH2CHCN. The cyan
line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species.
A vLSR of 5 km s−1 is assumed.

Fig. 8. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for combined vibrationally excited states of CH2CHCN in
the �10 = 1 ⇔ (�11 = 1, �15 = 1) dyad. The cyan line corresponds to the model of the molecules we have already studied in this survey (see text
Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is assumed.

state to the highest (i.e., from �11 = 1 to �11 = 3) and the same
Jmax = 30 value up to the maximum Eupp between 1300–1690 K.

4.2.2. CH2CHCN maps

Figure 10 shows maps of the integrated emission of six tran-
sitions in the g.s. of CH2CHCN at different velocity ranges.

From line 1 to 6: 121,12–111,11 (110 839.98 MHz, Eupp =
36.8 K), 240,24–230,23 (221 766.03 MHz, Eupp = 134.5 K),
242,23–232,22 (226 256.88 MHz, Eupp = 144.8 K), 261,26–
251,25 (238 726.81 MHz, Eupp = 157.4 K), 262,25–252,24
(244 857.47 MHz, Eupp = 167.9 K), and 2410,15–2310,14 and
2410,14–2310,13 (228 017.34 MHz, Eupp = 352.0 K). These maps
reveal the emission from two cloud components: a component
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Fig. 9. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of 13C isotopes for CH2CHCN in the ground state. The
subindex in 13Ci (i = 1, 2, 3) corresponds to the position of the isotope in the molecule (i1 CHi2

2 CHi3 CN). The cyan line corresponds to the model
of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is assumed.

Fig. 10. Integrated intensity maps for 6 ground state transitions of vinyl cyanide. From line 1 (top row) to 6 (bottom row): 121,12–111,11

(110 839.98 MHz, 36.8 K), 240,24–230,23 (221 766.03 MHz, 134.5 K), 242,23–232,22 (226 256.88 MHz, 144.8 K), 261,26–251,25 (238 726.808 MHz,
157.4 K), 262,25–252,24 (244 857.47 MHz, 167.9 K), and 2410,15–2310,14 and 2410,14–2310,13 (228017.34 MHz, 352.0 K) at different velocity ranges
(indicated in the top of each column). Three boxes have been blanked because the emission at these velocities was blended with that from other
well known species. For each box axis are in units of arcseconds (Δα, Δδ). Color logarithm scale is the integrated intensity (

∫
T ∗Adv) in units

of K km s−1.
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Fig. 11. Rotational diagram of CH2CHCN in its ground state. The upper panel displays the two components derived from the line profiles.
The middle panel shows two linear fits to the narrow component points; these linear regressions yield temperatures and column densities of
Trot = 125 ± 16 K and N = (1.3 ± 0.1) × 1015 cm−2 (Qrot = 7.06 × 103), and Trot = 322 ± 57 K and N = (1.0 ± 0.2) × 1015 cm−2 (Qrot = 2.92 × 104).
Likewise, the bottom panel shows another two linear fits to the points corresponding to the wide component. The results of these fits are rotational
temperatures of Trot = 90 ± 14 K and Trot = 227 ± 130 K, and column densities of (2.9 ± 0.5) × 1015 cm−2 (Qrot = 4.31 × 103) and (1.2 ± 0.9) ×
1015 cm−2 (Qrot = 1.73 × 104), respectively.

at the position of the hot core at velocities from 2 to 8 km s−1

and a component with a slight displacement of the intensity
peak at the extreme velocities. The intensity peak of the cen-
tral velocities coincides with that of the -CN bearing molecules
found by Guélin et al. 2008 (maps of one transition of ethyl and
vinyl cyanide) and Daly et al. (2013) (maps of four transitions
of ethyl cyanide). We note a more compact structure in the maps
of the transitions at 352.0 K. Our maps do not show a more ex-
tended component found in the ethyl cyanide maps by Daly et al.
(2013). We have obtained an angular source size between 7′′–
10′′ (in agreement with the hot core diameter provided by dif-
ferent authors; see, e.g., Crockett et al. 2014; Neil et al. 2013;
Beuther & Nissen 2008) for central and extreme velocities by
assuming emission within the half flux level and corrected for
the size of the telescope beam at the observed frequency. These
integrated intensity maps allow us to provide the offset position
with respect to IRc2 and the source diameter parameters needed
for modeling the vinyl cyanide species (see Sect. 4.4.1).

4.3. Rotational diagrams of CH2CHCN (g.s., �11 = 1, 2,
and �15 = 1)

To obtain an estimate of the rotational temperature (Trot) for dif-
ferent velocity components, we made rotational diagrams, which
related the molecular parameters with the observational ones
(Eq. (1); see e.g., Goldsmith & Langer 1999) for CH2CHCN in
its ground state (Fig. 11) and for the lowest vibrationally excited
states �11 = 1, 2, and �15 = 1 (Fig. 12). Assumptions, such as
LTE approximation and optically thin lines (see Sect. 4.4.4), are

required in this analysis. We have taken the effect of dilution of
the telescope into account, which was corrected by calculation
of the beam dilution factor (Demyk et al. 2008, Eq. (2)):

ln

(
Nu

gu

)
= ln

(
8πkν2Wobs

hc3Aulgu

)
= ln

(
N

Qrot

)
− Eupp

kTrot
+ ln b, (1)

b =
ΩS

ΩA
=

θ2S
θ2S + θ

2
B

, (2)

where Nu is the column density of the considered vinyl cyanide
species in the upper state (cm−2), gu is the statistical weight
in the upper level, Wobs (K cm s−1) is the integrated line inten-
sity (Wobs =

∫
TMBobs (v)dv), Aul is the Einstein A-coefficient

for spontaneous emission, N (cm−2) is the total column den-
sity of the considered vinyl cyanide species, Qrot is the rotational
partition function, which depends on the rotational temperature
derived from the diagrams, Eupp (K) is the upper level energy,
and Trot (K) is the rotational temperature. In Eq. (2), b is the
beam dilution factor, ΩS and ΩA are the solid angle subtended
by the source and under the main beam of the telescope, respec-
tively, and θS and θB are the angular diameter of the source and
the beam of the telescope, respectively. We note that the factor b
increases the fraction Nu/gu in Eq. (1) and yields a higher column
density than if it were not considered.

For the g.s., we used 117 transitions free of blending with
upper level energies from 20.4 to 683.1 K with two different
velocity components: one with vLSR = 4–6 km s−1 and Δv =
4–7 km s−1 and the second one with vLSR = 2–4 km s−1 and
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Fig. 12. Rotational diagrams for the vibrationally excited states of vinyl cyanide �11 = 1, �15 = 1, and �11 = 2 as a function of rotational energy
(upper level energy corrected from the vibrational energy of each state), which sorted by increasing vibrational energy from top to bottom.

Δv = 14–20 km s−1. For the vibrationally excited states, we con-
sidered 43 (40–550 K), 24 (30–380 K), and 33 (25–370 K) transi-
tions with line profiles that can be fitted to a single velocity com-
ponent (vLSR = 4–6 km s−1 and Δv = 5–7 km s−1) for �11 = 1, 2,
and �15 = 1, respectively.

The scatter in the rotational diagrams of CH2CHCN g.s. is
mainly due to the uncertainty of fitting two Gaussian profiles to
the lines with the CLASS software. Rotational diagrams of the
vibrationally excited states (ν11 = 1 and ν15 = 1) are less scat-
tered because there is only one fitted Gaussian to the line pro-
file. For the rotational diagram of the ν11 = 2 state, the scatter is
mostly due to the weakness of the observed lines for this species.
We have done an effort to perform the diagrams with unblended
lines; however, some degree of uncertainty could come from
non-obvious blends. The individual errors of the data points are
those derived by error propagation in the calculated uncertainty
of ln(Nu/gu), taking only the uncertainty of the integrated inten-
sity of each line (W) provided by CLASS and an error of 20%
for the source diameter into account. The uncertainty of the fi-
nal values of Trot and N has been calculated with the statistical
errors given by the linear least squares fit for the slope and the
intercept.

We assumed the same source diameter of 10′′ for the emit-
ting region of the two components for the g.s. and the single
component of the vibrationally excited states. In Fig. 11, the
upper panel shows points in the diagram related with the wide
and narrow components for the CH2CHCN g.s. We observed
two tendencies in the position of the data points up to/starting
from an upper state energy of �200 K. From the narrow compo-
nent, we derived two different rotational temperatures and col-
umn densities, Trot = 125±16 K and N = (1.3±0.1)×1015 cm−2,
and Trot = 322±57 K and N = (1.0±0.2)×1015 cm−2. Likewise,
from the wide component, we have determined cold and hot
temperatures of about Trot = 90 ± 14 K and Trot = 227 ± 130 K,

and column densities of N = (2.9 ± 0.5) × 1015 cm−2 and
N = (1.2 ± 0.9) × 1015 cm−2, respectively.

To quantify the uncertainty derived from the assumed
source size, we also have performed the rotational diagram
of CH2CHCN g.s. by adopting a source diameter of both 5′′
and 15′′. The main effect of changing the source size on the
rotational diagram is a change in the slope and in the scatter.
Table 4 shows the derived values of N and Trot by assuming
different source sizes. Therefore, as expected, derived rotational
temperatures depend clearly on the assumed size with a tendency
to increase Trot when increasing the source diameter. The effect
on the column density is less significant also due to the correc-
tion on the partition function introduced by the change in the
rotational temperatures; in general, these values increased or de-
creased when we decreased or increased the source size, respec-
tively (see Table 4).

In Fig. 12, the panels display the rotational diagrams of the
three vinyl cyanide excited states �11 = 1, �15 = 1, and �11 = 2,
which are sorted by the vibrational energy from top to bottom.
In the x-axis we show the rotational energy which has been cor-
rected from the vibrational energy to estimate the appropriate
column density. We also observed the same tendency of the data
points quoted above. The rotational temperature and the column
density conditions for the �11 = 1 were Trot = 125 ± 14 K
and (2.9 ± 0.3) × 1014 cm−2, and Trot = 322 ± 104 K and
N = (3 ± 1) × 1014 cm−2. For the �15 = 1 state we determine
Trot = 100 ± 20 K and N = (1.2 ± 0.2) × 1014 cm−2, and Trot =
250±10 K and N = (2.4±0.1)×1014 cm−2. For the �11 = 2 state
we find that Trot = 123 ± 68 K and N = (1.0 ± 0.5) × 1014 cm−2,
and Trot = 333 ± 87 K and N = (1.3 ± 0.3) × 1014 cm−2.
Owing to the weakness of the emission lines of the �11 = 3 and
�10 = 1 ⇔ (�11 = 1,�15 = 1) vibrational modes, we have not
performed rotational diagrams for these species.
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Table 4. N and Trot from rotational diagrams of CH2CHCN g.s. which assumes different source sizes.

Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.
vLSR = 4–6 km s−1 Δv = 4–7 km s−1 vLSR = 2–4 km s−1 Δv = 14–20 km s−1

dsou = 5′′ N = (2.3 ± 0.7) × 1015 cm−2 N = (3.8 ± 0.8) × 1015 cm−2 N = (1.1 ± 0.9) × 1015 cm−2 N = (4.8 ± 0.5) × 1015 cm−2

Trot = (334 ± 89) K Trot = (100 ± 20) K Trot = (210 ± 132) K Trot = (71 ± 5) K

dsou = 10′′ N = (1.0 ± 0.2) × 1015 cm−2 N = (1.3 ± 0.1) × 1015 cm−2 N = (1.2 ± 0.9) × 1015 cm−2 N = (2.9 ± 0.5) × 1015 cm−2

Trot = (322 ± 57) K Trot = (125 ± 16) K Trot = (227 ± 130) K Trot = (90 ± 14) K

dsou = 15′′ N = (6.9 ± 1.9) × 1014 cm−2 N = (1.0 ± 0.2) × 1015 cm−2 N = (9 ± 6) × 1014 cm−2 N = (1.0 ± 0.1) × 1015 cm−2

Trot = (326 ± 85) K Trot = (166 ± 55) K Trot = (250 ± 125) K Trot = (100 ± 10) K

Fig. 13. Rotational diagram of CH2CHCN in its ground and excited
states as shown as a function of rotational energy corrected from the
vibrational energy in the upper panel, while the bottom panel displays
the ground state followed by CH2CHCN �11 = 1, �15 = 1, and �11 = 2
excited states as a function of the upper level energy.

Figure 13 displays the combined rotational diagram for the
ground state of CH2CHCN and �11 = 1, �15 = 1, and �11 = 2
excited states. The upper panel is referred to the rotational level
energies of the vinyl cyanide states, whereas the bottom panel
shows the positions of the different rotational diagrams in the
upper level energies when taking the vibrational energy for the
excited states into account.

Owing to the large range of energies and the amount of tran-
sitions in these rotational diagrams we consider the obtained re-
sults (Trot) as a starting point in our models (see Sect. 4.4.1).

4.4. Astronomical modeling of CH2CHCN in Orion-KL

4.4.1. Analysis: the Model

From the observational line parameters derived in Sect. 4.2.1
(radial velocities and line widths), the displayed maps, and the
rotational diagram results (two components, cold and hot, for
each derived Gaussian fit to the line profiles), we consider that
the emission of CH2CHCN species comes mainly from the four
regions shown in Table 5, which are related with the hot core
(those with Δv = 6–7 km s−1) and plateau/hot core (those with
Δv = 20 km s−1) components. Daly et al. (2013) found that
three components related with the hot core were enough to

properly fit their ethyl cyanide lines. The named “Hot Core 1”
and “Hot Core 3” in Daly et al. (2013) are similar to our “Hot
narrow comp.” and “Cold wide comp.” of Table 5, respectively.
Interferometric maps performed by Guélin et al. (2008) of ethyl
and vinyl cyanide and those of Widicus Weaver & Friedel (2012)
of CH3CH2CN (the latter authors affirm that in their observa-
tions CH3CH2CN, CH2CHCN, and CH3CN are cospatial) show
that the emission from these species comes from different cores
at the position of the hot core and IRc7. The radial velocities
found in the line profiles of vinyl cyanide (between 3–5 km s−1)
in this work with the cited interferometric maps could indicate
that the four components of Table 5 are dominated by the emis-
sion of the hot core. For the vibrationally excited states and for
the isotopologues, we found that two components (both narrow
components) are sufficient to reproduce the line profiles (see
Table 5). We note that we need a higher value in the line width
for �11 = 1 and �15 = 1. This difference is probably due to a
small contribution of the wide component in these lines.

Spectroscopic (Sect. 2) and observational parameters, such
as radial velocity (vLSR), line width (Δv), temperature from ro-
tational diagrams (Trot), source diameter (dsou) and offsets from
the maps, were introduced in an excitation and radiative transfer
code (MADEX) in order to obtain the synthetic spectrum. We
have considered the telescope dilution and the position of the
components with respect to the pointing position (IRc2). The
LTE conditions have been assumed by owing to the lack of col-
lisional rates for vinyl cyanide, which prevents a more detailed
analysis of the emission of this molecule. Nevertheless, we ex-
pect a good approximation to the physical and chemical condi-
tions due to the hot and dense nature of the considered compo-
nents. Rotational temperatures (which coincide with the excited
and kinetic temperatures in LTE conditions) have been slightly
adapted from those of the rotational diagrams to obtain the best
fit to the line profiles. These models allow us to obtain column
density results for each species and components independently.
The sources of uncertainty that were described in Tercero et al.
(2010) have been considered. For the CH2CHCN g.s., �11 = 1,
and �15 = 1 states we have adopted an uncertainty of 30%, while
we have adopted a 50% uncertainty for the 13C isotopologues
and the �11 = 2, �11 = 3, and �10 = 1 ⇔ (�11 = 1,�15 = 1) states.
Due to the weakness and/or high overlap with other molecular
species, we only provided upper limits to the column densities
of monodeuterated vinyl cyanide and the 15N isotopologue.

4.4.2. Column densities

The column densities that best reproduce the observations are
shown in Table 5 and used for the model in Figs. 4−9 and A.2.
Although the differences between the intensity of the model and
that of the observations are mostly caused by blending with other
molecular species, isolated vinyl cyanide lines confirm a good
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Table 5. Physico-chemical conditions of Orion-KL from ground and excited states of CH2CHCN.

Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.

dsou (”) 5 10 5 10
offset (”) 2 2 0 0
ΔvFWHM (km s−1) 6(7*) 6(7*) 20 20
vLSR (km s−1) 5 5 3 3

T rot (K) 320 100 200 90

NCH2CHCN(g.s.) (cm−2) (3.0 ± 0.9) × 1015 (1.0 ± 0.3) × 1015 (9 ± 3) × 1014 (1.3 ± 0.4) × 1015

NCH2CHCN(�11 = 1)(cm−2) (9 ± 3) × 1014 (2.5 ± 0.8) × 1014 ... ...
NCH2CHCN(�11 = 2)(cm−2) (2 ± 1) × 1014 (5 ± 2) × 1013 ... ...
NCH2CHCN(�11 = 3)(cm−2) ≤(2 ± 1) × 1014 ≤(5 ± 2) × 1013 ... ...
NCH2CHCN(�15 = 1)(cm−2) (4 ± 1) × 1014 (1.0 ± 0.3) × 1014 ... ...
NCH2CHCN(�10 = 1⇔(�11 = 1,�15 = 1))(cm−2) (4 ± 2) × 1014 (8 ± 4) × 1013 ... ...
N13CH2CHCN(cm−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH13

2 CHCN(cm−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH2CH13CN(cm−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH2CHC15N(cm−2) ≤(1.0 ± 0.5) × 1014 ≤(2 ± 1) × 1013 ... ...
NHCDCHCN(cm−2) ≤(4 ± 2) × 1014 ≤(4 ± 2) × 1013 ... ...
NDCHCHCN(cm−2) ≤(4 ± 2) × 1014 ≤(4 ± 2) × 1013 ... ...
NCH2CDCN(cm−2) ≤(3 ± 1) × 1014 ≤(3 ± 1) × 1013 ... ...

Notes. Physico-chemical conditions of Orion-KL from vinyl cyanide (see text 4.4.1). * 7 km s−1 is only considered for �11 = 1 and �15 = 1 states.

agreement between model and observations. We found small dif-
ferences between the column density values from the model and
those from the rotational diagram, likely because of the source
diameters that are considered in the determination of the beam
dilution for the two components.

In Figs. 4−9, 15, 16, and A.1–A.5, a model with species
all already studied that have been in this survey is included
(cyan line). The considered molecules and published works
containing the detailed analysis for each species are as fol-
lows: OCS, CS, H2CS, HCS+, CCS, CCCS species in Tercero
et al. (2010); SiO and SiS species in Tercero et al. (2011);
SO and SO2 species in Esplugues et al. (2013a); HC3N and
HC5N species in Esplugues et al. (2013b); CH3CN in Bell
et al. (2014); CH3COOCH3 and t/g-CH3CH2OCOH in Tercero
et al. (2013); CH3CH2SH, CH3SH, CH3OH, CH3CH2OH
in Kolesniková et al. (2014); 13C-CH3CH2CN in Demyk
et al. (2007); CH3CH2

15N, CH3CHDCN, and CH2DCH2CN
in Margulès et al. (2009); CH3CH2CN species in Daly et al.
(2013); 13C-HCOOCH3 in Carvajal et al. (2009); DCOOCH3
and HCOOCH3 in Margulès et al. (2010); 18O-HCOOCH3 in
Tercero et al. (2012); HCOOCH2D in Coudert et al. (2013);
13C-HCOOCH3 νt = 1, and HCOOCH3 νt = 1 in Haykal et al.
(2014); NH2CHO ν12 = 1 and NH2CHO in Motiyenko et al.
(2007); CH2CHCN species in this work; HCOOCH3 νt = 2 and
CH3COOH from López et al. (in prep.).

We obtained a total column density of vinyl cyanide in the
ground state of (6 ± 2) × 1015 cm−2. This value is a factor 7
higher than the value in the Orion-KL hot core of Schilke et al.
(1997), who detected the vinyl cyanide g.s. in the frequency
range from 325 to 360 GHz with a column density (averaged
over a beam of 10′′–12′′) of 8.2 × 1014 cm−2 and a Trot of 96 K.
The difference between both results is mostly due to our more
detailed model of vinyl cyanide which includes four compo-
nents, two of them with a source size of 5′′ (half than the beam
size in Schilke et al. 1997). Sutton et al. (1995) also derived a
column density of 1×1015 cm−2 (beam size of 13.7′′) toward the
hot core position. These authors found vinyl cyanide emission
toward the compact ridge position but at typical hot core veloc-
ities. Previous authors derived beam averaged column densities

between 4×1013 and 2×1014 cm−2 (Johansson et al. 1984; Blake
et al. 1987; Turner 1991; Ziurys & McGonagle 1993).

The column density of CH2CHCN �11 = 1, (1.0 ± 0.3) ×
1015 cm−2 is four times smaller than that derived for the ground
state in the same components. Moreover, we derived a column
density of (3 ± 2) × 1014, ≤(3 ± 2) × 1014, (5 ± 2) × 1014, and
(5 ± 2) × 1014 cm−2 for the �11 = 2, �11 = 3, �15 = 1, and �10 =
1 ⇔ (�11 = 1,�15 = 1) states, respectively. Schilke et al. (1997)
did not give column density results for the tentative detection of
�11 = 1 and �15 = 1 bending modes. We also obtained a column
density of (4±2)×1014 cm−2 for each 13C-isotopologue of vinyl
cyanide.

4.4.3. Isotopic abundances

It is now possible to estimate the isotopic abundance ratio of the
main isotopologue (12C, 14N, 1H) with respect to 13C, 15N, and
D isotopologues from the obtained column densities shown in
Table 5. For estimating these ratios, we assume the same parti-
tion function for both the main and the rare isotopologues.

12C/13C: the column density ratio between the normal
species and each 13C isotopologue in Orion-KL, when the as-
sociated uncertainties are considered, vary between 4–20 for the
hot narrow component and between 10–43 for the cold narrow
component. The solar isotopic abundance (12C/13C = 90, Anders
& Grevesse 1989) corresponds roughly to a factor 2–22 higher
than the value obtained in Orion. The 12C/13C ratio indicates the
degree of galactic chemical evolution, so the solar system value
could point out earlier epoch conditions of this region (Wyckoff
et al. 2000; Savage et al. 2002). The following previous estimates
of the 12C/13C ratio in Orion-KL from observations of differ-
ent molecules have been reported: 43±7 from CN (Savage et al.
2002), 30–40 from HCN, HNC, OCS, H2CO, CH3OH (Blake
et al. 1987), 57±14 from CH3OH (Persson et al. 2007), 35 from
methyl formate (Carvajal et al. 2009, Haykal et al. 2014), 45±20
from CS-bearing molecules (Tercero et al. 2010), 73 ± 22 from
ethyl cyanide (Daly et al. 2013), and �3–17 from cyanoacety-
lene in the hot core (Esplugues et al. 2013b). Considering the
weakness of the 13C lines, the derived ratios are compatible
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Table 6. Line opacities.

Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.
dsou = 10′′ dsou = 15′′ dsou = 10′′ dsou = 15′′

Transition Freq. (MHz) Eupp (K) N = 1.6 × 1015 cm−2 N = 3.6 × 1014 cm−2 N = 8.2 × 1013 cm−2 N = 9.2 × 1014 cm−2

110,11–100,10 103 575.4 29.9 τ = 2.76 × 10−3 τ = 8.99 × 10−3 τ = 1.22 × 10−4 τ = 8.70 × 10−3

143,11–133,10 133 030.7 67.3 τ = 3.83 × 10−3 τ = 9.72 × 10−3 τ = 1.58 × 10−4 τ = 9.03 × 10−3

180,18–170,17 167 728.4 77.1 τ = 6.33 × 10−3 τ = 1.51 × 10−2 τ = 2.57 × 10−4 τ = 1.39 × 10−2

230,23–220,22 212 788.7 123.8 τ = 8.89 × 10−3 τ = 1.55 × 10−2 τ = 3.31 × 10−4 τ = 1.35 × 10−2

254,21–244,20 237 712.0 182.8 τ = 8.78 × 10−3 τ = 1.02 × 10−2 τ = 2.93 × 10−4 τ = 8.39 × 10−3

280,28–270,27 257 646.2 181.4 τ = 1.10 × 10−2 τ = 1.30 × 10−2 τ = 3.68 × 10−4 τ = 1.07 × 10−2

300,30–290,29 275 588.1 207.4 τ = 1.25 × 10−2 τ = 1.15 × 10−2 τ = 3.71 × 10−4 τ = 9.20 × 10−3

dsou = 5′′ dsou = 10′′ dsou = 5′′ dsou = 10′′

Transition Freq. (MHz) Eupp (K) N = 3.0 × 1015 cm−2 N = 1.0 × 1015 cm−2 N = 9.0 × 1014 cm−2 N = 1.3 × 1015 cm−2

110,11–100,10 103 575.4 29.9 τ = 5.07 × 10−3 τ = 2.50 × 10−2 τ = 1.37 × 10−3 τ = 1.23 × 10−2

143,11–133,10 133 030.7 67.3 τ = 7.06 × 10−3 τ = 2.70 × 10−2 τ = 1.78 × 10−3 τ = 1.28 × 10−2

180,18–170,17 167 728.4 77.1 τ = 1.16 × 10−2 τ = 4.19 × 10−2 τ = 2.89 × 10−3 τ = 1.96 × 10−2

230,23–220,22 212 788.7 123.8 τ = 1.64 × 10−2 τ = 4.30 × 10−2 τ = 3.72 × 10−3 τ = 1.91 × 10−2

254,21–244,20 237 712.0 182.8 τ = 1.62 × 10−2 τ = 2.84 × 10−2 τ = 3.30 × 10−3 τ = 1.19 × 10−2

280,28–270,27 257 646.2 181.4 τ = 2.02 × 10−2 τ = 3.61 × 10−2 τ = 4.14 × 10−3 τ = 1.51 × 10−2

300,30–290,29 275 588.1 207.4 τ = 2.14 × 10−2 τ = 3.20 × 10−2 τ = 4.18 × 10−3 τ = 1.30 × 10−2

dsou = 2′′ dsou = 5′′ dsou = 2′′ dsou = 5′′

Transition Freq. (MHz) Eupp (K) N = 8.0 × 1015 cm−2 N = 4.8 × 1015 cm−2 N = 2.5 × 1014 cm−2 N = 4.4 × 1015 cm−2

110,11–100,10 103 575.4 29.9 τ = 1.35 × 10−2 τ = 1.20 × 10−1 τ = 3.80 × 10−4 τ = 4.16 × 10−2

143,11–133,10 133 030.7 67.3 τ = 1.88 × 10−2 τ = 1.30 × 10−1 τ = 4.94 × 10−4 τ = 4.32 × 10−2

180,18–170,17 167 728.4 77.1 τ = 3.11 × 10−2 τ = 2.01 × 10−1 τ = 8.02 × 10−4 τ = 6.64 × 10−2

230,23–220,22 212 788.7 123.8 τ = 4.36 × 10−2 τ = 2.06 × 10−1 τ = 1.03 × 10−3 τ = 6.48 × 10−2

254,21–244,20 237 712.0 182.8 τ = 4.31 × 10−2 τ = 1.37 × 10−1 τ = 9.16 × 10−4 τ = 4.01 × 10−2

280,28–270,27 257 646.2 181.4 τ = 5.39 × 10−2 τ = 1.73 × 10−1 τ = 1.15 × 10−3 τ = 5.10 × 10−2

300,30–290,29 275 588.1 207.4 τ = 5.71 × 10−2 τ = 1.54 × 10−1 τ = 1.16 × 10−3 τ = 4.40 × 10−2

Notes. Opacities for some lines of CH2CHCN g.s. at different frequencies that consider different source diameters and column densities (see text,
Sect. 4.4.4).

with a 12C/13C ratio between 30–45, which are found by other
authors. Nevertheless, our results point out a possible chemi-
cal fractionation enhancement of the 13C isotopologues of vinyl
cyanide. The intensity ratios derived in Sect. 4.4.4 also indicate
this possibility. This ratio might be underestimated if the lines
from the g.s. were optically thick. However, our model for the
assumed sizes of the source yields values of τ (optical depth) that
are much lower than unity (see Sect. 4.4.4). In Sgr B2(N), Müller
et al. (2008) derived from their observations of CH2CHCN a
12C/13C ratio of 21 ± 6.

14N/15N: we obtained an average lower limit value for
N(CH2CHC14N)/N(CH2CHC15N) of ≥33 for the two involved
components. In Daly et al. (2013) (see Appendix B), we pro-
vided a 14N/15N ratio of 256 ± 128 by means of ethyl cyanide,
which agree with the terrestrial value (Anders & Grevesse 1989)
and with the value obtained by Adande & Ziurys (2012) in the
local interstellar medium. The latter authors performed an eval-
uation of the 14N/15N ratio across the Galaxy (toward 11 molec-
ular clouds) through CN and HNC. They concluded that this
ratio exhibits a positive gradient with increasing distance from
the Galactic center (which agree with chemical evolution mod-
els where 15N has a secondary origin in novae).

D/H: for a tentative detection of mono-deuterated forms of
vinyl cyanide we derived a lower limit D/H ratio of ≤0.12
(for HCDCHCN and DCHCHCN) and ≤0.09 (for CH2CDCN)
for the hot narrow component, whereas we obtain ≤0.04 (for
HCDCHCN and DCHCHCN) and ≤0.03 (for CH2CDCN) for
the cold component. Studies of the chemistry of deuterated

species in hot cores carried out by Rodgers & Millar (1996)
conclude that the column density ratio D-H remains practically
unaltered during a large period of time when D and H-bearing
molecules are released to the gas phase from the ice mantles
of dust grains. These authors indicate that the observations of
deuterated molecules give insight into the processes occurring
on the grain mantles by inferring the fractionation of their parent
molecules. Furthermore, the fractionation also helps us to trace
the physical and chemical conditions of the region (Roueff et al.
2005). Values of this ratio were given by Margulès et al. (2010)
from observations of deuterated methyl formate at obtained
N(DCOOH3/HCOOCH3) = 0.04 for the hot core; Tercero et al.
(2010) estimated an abundance ratio of N(HDCS)/N(H2CS) be-
ing 0.05 ± 0.02, which is also for the hot core component.
Neil et al. (2013) provided a N(HDCO)/N(H2CO) ratio in the
hot core of ≤0.005. Pardo et al. (2001b) derived a value be-
tween 0.004–0.01 in the plateau by means of N(HDO)/N(H2O).
Persson et al. (2007) also for N(HDO)/N(H2O) derived 0.005,
0.001, and 0.03 for the large velocity plateau, the hot core, and
the compact ridge, respectively, and Schilke et al. (1992) pro-
vided the DCN/HCN column density ratio of 0.001 for the hot
core region.

4.4.4. Line opacity

The MADEX code gives us the line opacity for each transi-
tion for the physical components assumed in Table 5. Table 6
shows the opacities for the four cloud components shown in
Table 5, which are obtained by varying the source diameter
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Fig. 14. 12C/13C ratios of the observed line intensities for a given transi-
tion as a function of the upper level energy (top panel) and the frequency
(bottom panel).

and the column density (the last in order to obtain a good fit
between the synthetic spectra and the observations). When we
decreased the source diameter, we have to increase the column
densities to properly fit the observations and, therefore, the opac-
ities of the lines increment. The extreme case, where the hot and
cold cloud components have diameters of 2′′ and 5′′, respec-
tively, allow us to obtain the maximum total opacity of �0.26
(sum of the opacity of all cloud components) for the 300,30–290,29
transition at 275 588 MHz. This value corresponds with a max-
imum correction of about 3–5% for our column density results.
Column densities have to rise a factor 4 to obtain a total opacity
of �0.95, which implies a large mismatch (a factor �3–4 in the
line intensity) between model and observations.

Figure 14 shows the 12C/13C ratios of the observed line in-
tensities for a given transition against its upper level energy and
its frequency. As for the rotational diagrams, unblended lines
have been used for deriving these ratios. We observe that most
of these ratios are between 15 and 25, and we do not observe
a clear decline of this ratio with either the increasing of upper
state energy or the increasing of the frequency. In case of op-
tically thick lines, we should expect these large opacities for
lines at the end of the 1.3 mm window (240–280 GHz) where
the upper state energies are above 150 K even for transitions of
Ka = 0,1. Figure 14 suggests that the CH2CHCN g.s. lines have
τ < 1. Nevertheless, if the bulk of the emission comes from a
very small region (<1′′), opacities will be larger than 1.

From Fig. 14 we can estimate the average intensity ratios
for each 13C isotopologue being 20 ± 6, 18 ± 5, and 19 ± 6
for 12C/13C1, 12C/13C2, and 12C/13C3, respectively. These results
with the 12C/13C column density ratio derived in Sect. 4.4.3 sug-
gests possible chemical fractionation enhancement of the 13C
isotopologues of vinyl cyanide.

4.4.5. Vibrational temperatures

We can estimate the vibrational temperature between the differ-
ent vibrational modes of the vinyl cyanide according to

N(CH2CHCN �x)
N(CH2CHCN)

=
exp

(
− E�x

Tvib

)
fν

, (3)

where �x identifies the vibrational mode, E�x is the energy of
the corresponding vibrational state (328.5, 478.6, 657.8, 806.4/
809.9, and 987.9 K for �11 = 1, �15 = 1, �11 = 2, �10 = 1 ⇔
(�11 = 1,�15 = 1), and �11 = 3, respectively), Tvib is the vi-
brational temperature, fν is the vibrational partition function,
N(CH2CHCN �x) is the column density of the vibrational state,
and N(CH2CHCN) is the total column density of vinyl cyanide.
Considering the relation N(CH2CHCN) = Ng.s. × fν and assum-
ing the same partition function for these species in the ground
and in the vibrationally excited states, we only need the energy
of each vibrational state and the calculated column density to
derive the vibrational temperatures. The vibrational temperature
(Tvib) is given as a lower limit, since the vibrationally excited gas
emitting region may not coincide with that of the ground state.

From the column density results, the Tvib in the hot nar-
row component for each vibrationally excited level were �268 ±
80 K, �246±74 K, �265±132 K, �402±201 K, and�385±192 K
for �11 = 1, �15 = 1, �11 = 2, �10 = 1 ⇔ (�11 = 1,�15 = 1), and
�11 = 3, respectively. In the same way, the Tvib in the cold narrow
component for each vibrationally excited level were�237±71 K,
�208 ± 62 K, �220 ± 110 K, �324 ± 162 K, and �330 ± 165 K
for �11 = 1, �15 = 1, �11 = 2, �10 = 1 ⇔ (�11 = 1,�15 = 1),
and �11 = 3, respectively. The average vibrational temperature
for �11 = 1, 2, and �15 = 1 from both narrow components
was 252 ± 76 K, 242 ± 121 K, and 227 ± 68 K, respectively. In
the case of �10 = 1 ⇔ (�11 = 1,�15 = 1) and �11 = 3, the
derived Tvib is larger than the Trot in the hot narrow compo-
nent (320 K), which could suggest an inner and hotter region
for the emission of these vibrationally excited states of vinyl
cyanide. Moreover, a tendency to increase the vibrational tem-
perature with the vibrational energy of the considered state is
observed. Vibrational transitions imply ro-vibrational states that
may be excited by dust IR photons or collisions with the most
abundant molecules in the cloud. Nevertheless, collisional rates
are needed to evaluate the excitation mechanisms. The observed
differences between Trot and Tvib indicate either a far-IR pump-
ing of the highly excited vibrational levels or the presence of
a strong temperature gradient toward the inner regions. Some
internal heating might be reflected in temperature and density
gradients due to processes such as, for example, star formation.

4.5. Detection of isocyanide species

We searched for the isocyanide counterparts of vinyl, ethyl,
and methyl cyanide, cyanoacetylene, and cyanamide in our line
survey. In this section, we report the first detection toward
Orion-KL of methyl isocyanide, and a tentative detection of
vinyl isocyanide. The first to sixth columns of Table 7 show
the cyanide and isocyanide molecules studied in Orion-KL, their
column density values in the components where we assumed
emission from the isocyanides, the column density ratio between
the cyanide and its isocyanide counterpart, the same ratio ob-
tained by previous authors in Sgr B2 and TMC-1 sources, and
the difference of the bond energies between the -CN and -NC
isomers.

Vinyl isocyanide (CH2CHNC) is an isomer of the unsatu-
rated hydrocarbon vinyl cyanide. The structure differences be-
tween the vinyl cyanide and isocyanide are due to the CNC
and CCN linear bonds and their energies, where CCN dis-
plays shorter bond distances. The bonding energy difference be-
tween vinyl cyanide and isocyanide is 8658 cm−1 (24.8 kcal
mol−1) (Remijan et al. 2005) with the cyanide isomer being
more stable than the isocyanide. We have tentatively detected
vinyl isocyanide in our line survey (Fig. 15) with 28 unblended
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Table 7. Column densities of the isocyanide species and N(-CN)/N(-NC) ratios.

Molecule NTOTAL (cm−2) [N(-NC)/N(-CN)] Isomerization energy
Orion-KL Sgr B2 TMC-1 (cm−1)

CH2CHCN (4 ± 1) × 1015

CH2CHNC ≤(4 ± 2) × 1014 ≤(1.0 ± 0.5) × 10−1 5 × 10−3a 8658a

CH3CN (3.2 ± 0.9) × 1016

CH3NC (6.0 ± 3.0) × 1013 (2 ± 1) × 10−3 2 × 10−2a ≥9 × 10−2c 9486a

(3–5) × 10−2b

CH3CH2CN (7 ± 2) × 1016

CH3CH2NC ≤(2.0 ± 0.6) × 1014 ≤(3 ± 2) × 10−3 ≤3 × 10−1a 8697a

HCCCN (4 ± 1) × 1015

HCCNC ≤(3 ± 1) × 1013 ≤(8 ± 4) × 10−3 (2–5) × 10−2d 6614d

8 × 10−3e

HNCCC ≤(3 ± 1) × 1013 ≤(8 ± 4) × 10−3 (2–6) × 10−3 f 17 745d

1 × 10−3e

NH2CN ≤(3 ± 1) × 1013

NH2NC ≤(5 ± 2) × 1013 ... ... ... 18 537g

Notes. Derived column densities for the cyanide and isocyanide species (Col. 2). Columns 3–5 show the ratio between the cyanide and its iso-
cyanide isomer in this work and that derived from other authors in Sgr B2 and TMC-1. Column 6 gives the energy difference for the isomerization
between the isocyanide species and its corresponding cyanide.
References. (a) Remijan et al. (2005). (b) Cernicharo et al. (1988) . (c) Irvine & Schloerb (1984). (d) Kawaguchi et al. (1992a). (e) Ohishi & Kaifu
(1998) . ( f ) Kawaguchi et al. (1992b). (g) Turner et al. (1975).

Fig. 15. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of vinyl isocyanide in its ground state. The cyan line
corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2) including the CH2CHCN species. We
consider the detection as tentative. A vLSR of 5 km s−1 is assumed.

lines and 26 partially blended lines from a total of 96 de-
tectable lines. This detection is just above the confusion limit.
In Table A.14 we show spectroscopic and observational pa-
rameters of detected lines of vinyl isocyanide. Rotational con-
stants were derived fitting all experimental data from Bolton
et al. (1970), Yamada & Winnewisser (1975), and Bestmann
& Dreizler (1982); the dipole moments were from Bolton et al.
(1970). For modeling this molecule, we assume the same phys-
ical conditions as those found for the vinyl cyanide species

(where we consider both narrow components). We derived a
column density of ≤(3 ± 2) × 1014 cm−2 (hot narrow compo-
nent) and ≤(5 ± 3) × 1013 cm−2 (cold narrow component). We
estimate a N(CH2CHNC)/N(CH2CHCN) ratio of ≤0.10 ± 0.05,
while Remijan et al. (2005) derived a ratio of about ≤0.005 to-
ward Sgr B2 with an upper limit for the vinyl isocyanide column
density of ≤1.1 × 1013 cm−2.

Methyl cyanide (CH3CN) is a symmetric rotor molecule
whose internal rotor leads to two components of symmetry A
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Fig. 16. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of methyl isocyanide in its ground state. The cyan line
corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2) including the CH2CHCN species. A vLSR

of 5 km s−1 is assumed.

and E. The column densities of the ground state obtained for
both A and E sub-states using an LVG model were derived by
Bell et al. (2014) in Orion-KL. They separately fitted different
series of K-ladders transitions (J = 6–5, J = 12–11, J = 13–12,
J = 14–13). We averaged the model results for these four series
at the IRc2 position deriving a column density of 3.1×1016 cm−2

and a kinetic temperature of �265 K. The CH3CN molecule has
a metastable isomer named methyl isocyanide (CH3NC) that has
been found in dense interstellar clouds (Sgr B2) by Cernicharo
et al. (1988) and Remijan et al. (2005). The bonding energy dif-
ference between methyl cyanide and isocyanide is 9486 cm−1

(27.1 kcal mol−1) (Remijan et al. 2005). We observed methyl
isocyanide in Orion-KL for the first time (Fig. 16). For modeling
the weak lines of methyl isocyanide we assume a hot core com-
ponent (T = 265 K, dsou = 10′′, offset = 3′′, vLSR = 5 km s−1,
Δv = 5 km s−1) that is consistent with those derived by Bell
et al. (2014). Rotational constants were derived from a fit to the
data reported by Bauer & Bogey (1970), Pracna et al. (2011).
The constants HJ , LJ , and LJKKK have been fixed to the val-
ues derived by Pracna et al. (2011). The constants A and DK

were from Pliva et al. (1995). Dipole moment was that of Gripp
et al. (2000). We derived a column density of (3.0 ± 0.9) ×
1013 cm−2 for each A and E symmetry substates. We determined
a N(CH3NC)/N(CH3CN) ratio of 0.002 which is a factor 15–25
lower than the value obtained by Cernicharo et al. (1988) toward
Sgr B2. DeFrees et al. (1985) by means of chemical models pre-
dicted this ratio in dark clouds in the range of 0.1–0.4.

Ethyl cyanide (CH3CH2CN) is a heavy asymmetric rotor
with a rich spectrum. In our previous paper (Daly et al. 2013),
three cloud components were modeled in LTE conditions to de-
termine the column density9 of this molecule. We obtained a to-
tal column density of (7 ± 2) × 1016 cm−2 for this species.

The bonding energy difference between ethyl cyanide and
isocyanide is 8697 cm−1 (24.9 kcal mol−1) (Remijan et al.
2005). The spectroscopic parameters used for ethyl isocyanide

9 We found a typographical error that is twice the difference in the
column density of the hot core component 1 for the ground and ex-
cited states in our previous paper (Daly et al. 2013) hence the isotopic
abundance has to be modified. We have attached the tables of column
densities and that of isotopic abundance for CH3CH2CN in Appendix B.

(CH3CH2NC) were obtained from recent measurements in Lille
up to 1 THz by Margulès et al. (in prep.). For CH3CH2NC
we provide an upper limit to its column density of (2 ± 1) ×
1014 cm−2. Then, we derived a N(CH3CH2NC)/N(CH3CH2CN)
ratio of 0.003. This value is 100 times lower than the upper limit
value obtained by Remijan et al. (2005) toward Sgr B2 of ≤0.3.

We observe that the upper limit for the CH2CHNC column
density is 5 times higher than the value of methyl isocyanide and
holds a similar order of magnitude relationship with the upper
limit column density of the tentatively detected ethyl isocyanide.

Cyanoacetylene (HCCCN) is a linear molecule with a sim-
ple spectrum. Its lines emerge from diverse parts of the cloud
(Esplugues et al. 2013b), although mainly from the hot core.
The model of the HCCCN lines was set up using LVG condi-
tions. The authors determined a total column density of (3.5 ±
0.8) × 1015 cm−2.

Isocyanoacetylene (HCCNC) is a stable isomer of
cyanoacetylene and has an energy barrier of 6614 cm−1

(18.9 kcal mol−1). Owing to high overlap problems in our
data, we only found one line of HCCNC free of blending
at 99 354.2 MHz. To obtain an upper limit for its column
density we assumed the same physical components as those of
Esplugues et al. (2013b). Spectroscopic parameters were derived
by fitting the lines reported by Guarnieri et al. (1992); the dipole
moment was taken from Gripp et al. (2000). We obtained an up-
per limit to the HCCNC column density of ≤(3±1)×1013 cm−2.
We estimated an upper limit for the N(HCCNC)/N(HCCCN)
ratio of ≤0.008. The molecule HCCNC was observed for the
first time toward TMC-1 (three rotational lines in the frequency
range 40–90 GHz) by Kawaguchi et al. (1992a). They obtained
a N(HCCNC)/N(HCCCN) ratio in the range 0.02–0.05 in that
dark cloud, which is around 2–6 times higher than our upper
limit. Ohishi & Kaifu (1998) provided an upper limit value of
≤0.001 also in TMC-1. This molecule has also been detected
in the envelope of the carbon star IRC+10216 by Gensheimer
(1997).

The other carbene-type isomer of HCCCN is 3-imino-1, 2-
propadienylidene (HNCCC) that was predicted to have a rel-
ative energy of about 17744.6 cm−1 with respect to HCCCN
(Kawaguchi et al. 1992b). We provided a tentative detection
of this isomer in our survey (Fig. A.3). Its column density,
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(3 ± 1) × 1013 cm−2, has been obtained by assuming the
same cloud components as those of Esplugues et al. (2013b).
Spectroscopic parameters were derived from a fit to lines
reported by Kawaguchi et al. (1992b) and Hirahara et al.
(1993), and three lines observed in IRC+10216 with an accu-
racy of 0.3 MHz. The dipole moment was determined from
Botschwina et al. (1992). We derived a N(HNCCC)/N(HCCCN)
upper limit ratio of 0.008. Kawaguchi et al. (1992a) obtained
a N(HNCCC)/N(HCCCN) ratio in the range 0.002–0.006 in
TMC-1.

After the detection of cyanamide (NH2CN) by Turner et al.
(1975), Cummins et al. (1986), and Belloche et al. (2013) in
Sgr B2, we report a tentative detection of cyanamide (NH2CN)
in Orion-KL (see Fig. A.4). Frequencies, energies, and line in-
tensities for O+-NH2CN and O−-NH2CN were those published
in the JPL catalog (based on the works of Read et al. 1986 and
Birk 1988). We estimated a column density ≤(3±1)×1013 cm−2

(O++O−) by assuming that its lines are coming only from one
component (hot core) at 200 K (vLSR = 5 km s−1, Δv = 5 km s−1,
dsou = 10′′, offset = 2′′). NH2CN has an isomer differing only
in the CN group, so that, the isomerization energy between the
cyanamide and isocyanamide (NH2NC) is 18 537 cm−1 (Vincent
& Dykstra 1980). In this work, we also provided only an up-
per limit column density of isocyanamide (O++O−) being ≤(5±
1) × 1013 cm−2. Spectroscopic parameters were derived fitting
the rotational lines reported by Schäfer et al. (1981). the dipole
moment was determined by Ichikawa et al. (1982) from ab-initio
calculations.

In Table 7, we give values of interconversion energies be-
tween cyanide and isocyanide molecules. These interconver-
sion barriers are high, and under astronomical environments,
such as the hot cores, it is unlikely that the isocyanide isomers
are produced by rearrangement of the corresponding cyanide
species. Remijan et al. (2005), proposed that non-thermal pro-
cesses (such as shocks or enhanced UV flux in the surrounding
medium) may be the primary route to the formation of inter-
stellar isocyanides by the conversion of the cyanide to its iso-
cyanide counterpart. Nevertheless, other formation routes have
to be explored to explain their presence in environments dom-
inated by thermal processes. Dissociative recombination reac-
tions on the gas phase probably lead to the formation of the
cyanide or isocyanide molecules. Depending on the structure of
the protonated hydrocarbon and the branching ratios of the dis-
sociative recombination pathway, the molecule H2C3N+ might
produce cyanoacetylene and isocyanoacetylene, and similarly,
the molecule C2H4N+ could yield methyl cyanide and methyl
isocyanide (Green & Herbst 1979). DeFrees et al. (1985) found
that the calculated ratio of the formation of the protonated pre-
cursor ions (CH3CNH+ and CH3NCH+) agrees with the detec-
tion of CH3NC in dark clouds (Irvine & Schloerb 1984). In the
same way, the recombination reaction of the molecule C2H6N+

could give ethyl isocyanide (Bouchoux et al. 1992). Once the
isocyanides are formed, they remain as metastable species due
to the high barrier quoted above supporting the possible exis-
tence of isolated isocyanides (Vincent & Dykstra 1980). On the
other hand, a recent experimental study of the interaction of
the diatomic radical CN and the π-system C2H4 confirms that
the possible pathway to CH2CHNC becomes negligible even at
temperatures as high as 1500 K (Balucani et al. 2000; Leonori
et al. 2012). Since the cyanide molecules are strongly related
to the dust chemistry (Blake et al. 1987; Charnley et al. 1992;
Caselli et al. 1993; Rodgers & Charnley 2001; Garrod et al.
2008; Belloche et al. 2013), we also can infer a probable origin
for the isocyanides from reactions on grain mantles.

5. Discussion

5.1. Abundances and column density ratios
between the cyanide species

Table 8 shows the ground state abundances in the hot core (or
hot core + plateau) component of the studied species in this
work and the column density ratios between vinyl cyanide and
other cyanide molecules. Results provided by different authors in
Orion-KL, the well-studied star forming region Sgr B2, the star
forming complex G34.3+0.2 (hot core), and the dark molecular
cloud TMC-1 are also given in this table.

For Orion-KL, our study covers a wide frequency range al-
lowing detailed modeling of the molecular emission. Moreover,
the molecular abundances obtained from other authors, which
are shown in Table 8, are often obtained with different telescopes
and different assumptions on the size and physical conditions of
Orion-KL. For this reason, these abundances are given in Table 8
for comparison purposes, but we focus on the results obtained in
this work that have been derived from a common set of assump-
tions, sizes, and physical conditions for Orion-KL.

To estimate molecular abundances for the cyanide and iso-
cyanide species, we assume that the column density of H2 (NH2 )
is 4.2×1023 cm−2 for the hot core, 2.1×1023 cm−2 for the plateau,
and 7.5 × 1022 cm−2 for the compact ridge and for the extended
ridge, as derived by Tercero et al. (2010).

The total abundance for the CH2CHCN ground state, as de-
rived from all the components (hot core + mix hot core-plateau)
(see Table 5), was X(NCH2CHCN/NH2 ) = (2.0 ± 0.6) × 10−8. By
means of the derived vibrational temperatures, we can estimate
the vibrational partition function that follows the Eq. (4) for a
Boltzmann distribution in both narrow components (1.7 and 1.5
for hot and cold narrow components, respectively) and correct
the ground state column density to the total one (see Sect. 4.4.5).
Considering these results for the vibrational partition function,
we obtained XCH2CHCN � (3.1 ± 0.9) × 10−8.

fν = 1 +
n∑

x=1

dx exp
(
− E�x

Tvib

)
, (4)

where dx is the degeneracy of the vibrational mode x and the
low Tvib leads to fν � 1.

Assuming the column density values of CH3CN of Bell et al.
(2014), the abundance for CH3CN ground state in the hot core
component was �(1.0 ± 0.3) × 10−7. To estimate the correction
of the column density of CH3CN from excited vibrational states,
we have derived the column density of this molecule in its �8 = 1
lower energy state (525.2 K) and found a N(CH3CN,�8 = 1) �
1.4 × 1015 cm−2 and Tvib � 159 K (considering only the hot core
and plateau components). Hence, the vibrational partition func-
tion is ∼1.04 and XTotal � Xground for methyl cyanide.

For ethyl cyanide we use the column density results of
Daly et al. (2013) (see Appendix B). We determine the
X(NCH3CH2CN/NH2 ) ratio being (1.8 ± 0.5) × 10−7 for the ground
state. Assuming the vibrational temperatures obtained in Daly
et al. (2013) �160 ± 50 K, �185 ± 55 K, and �195 ± 95 K for
�13/�21 (Eu = 306.3/315.4K), �20 (Eu = 531.2 K), and �12
(Eu = 763.4 K), respectively, the estimated vibrational parti-
tion function is 1.4, so we derived an abundance ratio X �
(2.5 ± 0.8) × 10−7 for ethyl cyanide.

Esplugues et al. (2013b) derived an abundance of 7.3 × 10−9

for HC3N (hot core + plateau) in the ground state.
Assuming a mean vibrational temperature of 360 K in the

hot core that is calculated by these authors, the vibrational par-
tition function from �5 (Eu = 954.48), �6 (Eu = 718.13), �7 = 1
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Table 8. Column density ratios and molecular abundances.

Molecule Orion-KL Sgr B2 G34.3+0.2 TMC-1
X R X R X R X R

CH2CHCN (2.0 ± 0.6) × 10−8† ... 6.2 × 10−8 j ... 3.0 × 10−10n ... 1.0 × 10−9 p ...
1.5 × 10−9a 6.0 × 10−8k

1.8 × 10−9b

CH3CN (1.0 ± 0.3) × 10−7† d 0.20† d 3.0 × 10−8k 0.40e ... ... 7.5 × 10−10 p 1.3p

4.0 × 10−9a 0.39a 2.0k

7.8 × 10−9b 0.23b 3.4l

5.1 × 10−9c 1.7e 0.40m

0.18–1.8 f 0.37o

0.48g

CH3CH2CN (1.8 ± 0.5) × 10−7† h 0.11† h 6.0 × 10−10k∗ 0.72e 1.0 × 10−8n 0.20n ... >2.00q

3.0 × 10−9a 0.50a 11l

9.8 × 10−9b 0.18b 0.67m

0.15e 1.7n

0.14 f 0.40o

0.06g

HCCCN (7 ± 2) × 10−9† i 2.9† i 5.0 × 10−9k 0.13e ... ... 7.5 × 10−8 p 0.01p

1.8 × 10−9a 0.86a 12k

1.6 × 10−9b 1.1b 61o

1.8 × 10−9c 2.11e

0.6-1.5 f

0.16g

NH2CN ≤(7 ± 2) × 10−11† ≥286† 9.0 × 10−11k∗ 1.4e ... ... ... ...
30e 14o

Notes. Abundances (X) and column density ratios between vinyl cyanide and some studied cyanides (R) in Orion-KL and other sources. (†) Values
from this work. (a) Sutton et al. (1995), hot core, telescope beam ∼13.7′′. (b) Blake et al. (1987), hot core, telescope beam ∼30′′. (c) Persson
et al. (2007), hot core, source size 10”. (d) Bell et al. (2014), hot core (different components between 5–10′′) + plateau (10′′). (e) Turner (1991).
( f ) Johansson et al. (1984). (g) Schilke et al. (1997). (h) Daly et al. (2013), hot core (4–10′′) and mix hot core-plateau (25′′). (i) Esplugues et al.
(2013b) hot core (7–10′′) and plateau (20′′). ( j) Müller et al. (2008). (k) Nummelin et al. (2000) small source-size averaged. (k∗) Nummelin et al.
(2000) beam averaged. (l) Remijan et al. (2005). (m) Belloche et al. (2009). (n) Mehringer & Snyder (1996). (o) Belloche et al. (2013). (p) Ohishi &
Kaifu (1998). (q) Minh & Irvine (1991).

(Eu = 320.45), and �7 = 2 (Eu = 642.67) is ∼2.6 for the hot
core components. Applying this correction in the hot core, we
obtained a total abundance of XHC3N � 1.3 × 10−8 (hot core +
plateau).

For NH2CN, we determine a molecular abundance
X(NNH2CN/NH2 ) of ≤(7 ± 2) × 10−11.

The column density ratio between the unsaturated hydro-
carbon CH2CHCN and other -CN bearing molecules, such
as CH3CH2CN, CH3CN, HC3N, and NH2CN, N(CH2CHCN)/
N(X-CN), could be used to track a possible different evolution-
ary state described by different chemical models and to provide
inputs for the chemical modeling of the cloud.

We obtain an abundance ratio N(CH2CHCN)/N(X-CN)<1
for the saturated cyanide molecules (CH3CH2CN and CH3CN);
these ratios related with methyl and ethyl cyanide obtained by
different authors are lower (in general) in Orion-KL than in the
galactic center (Sgr B2). We also note that the relative abundance
of CH3CH2CN with respect to vinyl cyanide in Orion is twice as
much as in the hot core G34.3+0.2. In contrast, in the dark cloud
TMC-1 vinyl cyanide is more abundant than the saturated -CN
hydrocarbons.

The relative abundance between CH2CHCN and HC3N
follows an opposite tendency than that of methyl and ethyl
cyanide: HC3N is less abundant than CH2CHCN in Orion-KL

and Sgr B2, whereas HC3N is at least two orders of magni-
tude more abundant than CH2CHCN in TMC-1. Nevertheless,
we want to remark that we only address the hot core (or hot
core + plateau) abundances in our work in Table 8. For vinyl
and ethyl cyanide and cyanamide, these abundances correspond
with the total abundance in the ground state in Orion-KL.
However, cyanoacetylene appears in all the Orion-KL compo-
nents, so its total abundance is higher than that of vinyl cyanide
when we consider the whole Orion-KL region covered by our
observations.

Finally, we find an lower limit of 286 for X(CH2CHCN)/
X(NH2CN).

The formation routes of the cyanide molecules in several
environments have been extensively discussed by different au-
thors. As ethyl cyanide was mainly detected in hot core re-
gions (Johansson et al. 1984; Sutton et al. 1985; Blake et al.
1987), the grain surface production (by hydrogenation of HC3N)
seemed to be the main formation mechanisms for this molecule
(Blake et al. 1987; Charnley et al. 1992; Caselli et al. 1993).
On the other hand, vinyl cyanide has been detected in the dark
could TMC-1 (Matthews & Sears 1983) and in hot cores (where
appeared correlated with ethyl cyanide emission), indicating
that gas phase production was also important for forming
these species. Chemical models of Charnley et al. (1992) and
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Fig. 17. Time evolution of the column densities of CH2CHCN, CH3CN, CH3CH2CN, HC3N, and CN for a hot core chemical model.

Caselli et al. (1993) in hot cores predicted that CH2CHCN
forms in gas phase reactions involving CH3CH2CN. Caselli
et al. (1993) derived a relation between the abundance ratio
X(CH2CHCN)/X(CH3CH2CN) and the evolutionary stage of the
core. This ratio has been used by several authors as a chemical
clock to estimate the cloud age (Fontani et al. 2008; Müller et al.
2008). Belloche et al. (2009) performed a detailed analysis of the
cyanide species detected in Sgr B2, including chemical models
based on that of Garrod et al. (2008). Considering the observed
relative abundances between these species, they conclude that
the main formation mechanism for alkyl cyanides is probably
the sequential addition of CH2 or CH3 radicals to CN, CH2CN,
and C2H4CN on the grain surfaces. Formation of methyl cyanide
is dominated by reactions on the grains by addition of CH3 and
CN radicals, but it may also be formed by gas-phase processes
after the evaporation of HCN. Vinyl cyanide is predominantly
formed in the gas-phase through the reaction of CN with C2H4.
Then CH2CHCN accretes onto the grains by being a potential
precursor, with HC3N of ethyl cyanide and n-propyl cyanide.
After the evaporation of the ice mantles, vinyl cyanide is effi-
ciently formed again in the gas phase.

5.2. Chemical model

We have investigated the observed column densities of
CH2CHCN, CH3CN, CH3CH2CN, HCCCN, and CN us-
ing a time and depth dependent gas-grain chemical model,
UCL_CHEM. UCL_CHEM is a two-phase model, which fol-
lows the collapse of a prestellar core (Phase I), followed by the
warming and evaporation of grain mantles (Phase II). In Phase II,
we increase the dust and gas temperature up to 300 K to simu-
late the presence of a nearby infrared source in the core. For the
hot core component, we model both a 10 M� and 15 M� star
with a final density of 107 cm −3. During the collapse, atoms and
molecules collide with and freeze onto grain surfaces. The de-
pletion efficiency is determined by the fraction of the gas-phase

material that is frozen on to the grains, which is dependent on
the density, the sticking coefficient and other properties of the
species and grains (see Rawlings et al. 1992). In our model-
ing, we have explored the uncertainty in grain properties and
sticking coefficients by varying the depletion percentage. Initial
atomic abundances are taken from Sofia & Meyer (2001), as in
Viti et al. (2004). Gas-phase reaction rate coefficients are taken
from the UMIST database of Woodall et al. (2007), however,
some have been updated with those from the KIDA database
(Wakelam 2009). We also include some simple grain-surface re-
actions (mainly hydrogenation) as in Viti et al. (2004). While
COMs (complex organic molecules) may also form via surface
reactions involving heavier (than hydrogen) species (e.g. Garrod
et al. 2008), the mobility of most heavy species on grains has
not been experimentally investigated; hence, for this qualitative
analysis, we chose to adopt a simpler model where only the
most efficient surface reactions occur. In this way we can give a
lower limit to the formation of COMs which may be augmented
by more complex reactions should they occur. In Phase I, non-
thermal desorption is considered as in Roberts et al. (2007).

Within our grid of models, we find that models where we
simulate a 10 M� star and 100% of CO frozen onto grain sur-
faces which most accurately reproduce the observed column
densities of CH2CHCN, CH3CN, and CH3CH2CN. Figure 17
shows the column density as a function of time during phase II
for this model. The column density produced by the model for
HCCCN is an order of magnitude higher than the observed
value. While our models simulate both gas phase and grain sur-
face reactions for all of these species, the grain surface reactions
are essential to reproduce the observed column densities. We
therefore conclude that we are missing some grain surface de-
struction routes for HCCCN, and, consequently, overproduced
this species in our models. Moreover, the deep decreased of
the CN abundance when CH3CH2CN appears is observationally
confirmed by the lack of the hot core component in the CN lines
even at the HIFI frequencies (Crockett et al. 2014). For details of
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the same surface chemistry approach, see Viti et al. (2004) and
Bell et al. (2014).

5.3. Further issues for CH2CHCN

Further observations of telescopes with higher sensitivity and
spatial resolution, such as Atacama Large Millimeter/sub-
millimeter Array (ALMA), could provide additional detec-
tions of other vibrationally excited states above 600 cm−1, such
as the outstanding states in the 3�11/2�15/�14 triad of states
near 680 cm−1 for which the spectroscopy is presently re-
ported. In this study, we found that the �11 = 3 (987.9 K
or 686.6 cm−1) vibrational mode was near the detection limit, so
we could not reliably address other vibrational components of
the 3�11/2�15/�14 triad. We also note that Belloche et al. (2013)
have recently detected the combination state �15 = �11 = 1
(809.9 K) but has not yet reported detection of the �10 = 1
(806.4 K) state toward Sgr B2(N). On the other hand, the �15 = 2
(960.2 K) excited state detected by these authors might be de-
tected only at the limit in our study.

In the present work, we extended the laboratory coverage of
the rotational spectrum of vinyl cyanide and the analysis of its vi-
brationally excited states to provide ample basis for detection of
transitions from further excited vibrational states at even higher
vibrational energies. The laboratory basis for detecting states up
to as high as �9 = 1 (1250 K) is now available. On the other
hand, as implied by Fig. 1 and results for 4�11 = 4, considerable
spectroscopic analysis is required for satisfactory understanding
of states above �9 = 1.

6. Summary

Vinyl cyanide is one of the most abundant molecules in
Orion-KL and a possible precursor of alanine. This study of
the vinyl cyanide species improves the knowledge of the phys-
ical and chemical conditions of this high-mass star forming re-
gion. We have performed an identification of the ground state of
CH2CHCN and of its vibrationally excited states (up to 988 K) in
the Orion-KL Nebula thanks to a new spectroscopic laboratory
analysis by using Stark modulation and frequency-modulated
spectrometers. Our results are based on rotational diagrams,
integrated-frequency maps, and Gaussian fits to optimize the
physical and chemical parameters that simulate the best syn-
thetic spectrum of CH2CHCN (using MADEX), which fit the
observation conditions of the Orion-KL region in an accurate
way. We have found N(CH2CHCN) � (6 ± 2) × 1015 cm−2 from
four cloud components of hot core/plateau nature (320-90 K). A
total abundance of (3.1±0.9)×10−8 for vinyl cyanide is provided
in this work. We have detected the CH2CHCN �11 = 2, 3 vibra-
tional modes for the first time in Orion-KL and the CH2CHCN
�10 = 1⇔ (�11 = 1,�15 = 1) excited state for the first time in the
space. We have seen that these species with those of the three
monosubstituted 13C and the 15N isotopologues and the tentative
detection of the three monodeuterated species of vinyl cyanide
contribute with more than 1100 observed lines in the 80–280
GHz domain covered by the Orion line survey. We highlight the
importance for spectroscopic catalogs to introduce vibrationally
excited species in the astronomical detections.

The column density ratios between the vinyl cyanide g.s. and
the vibrationally excited states have been used to obtain temper-
atures at which the vibrational modes are excited and to correct
the ground column density from the vibrational partition func-
tion. The high vibrational temperature (Tvib > Trot) for the states
�10 = 1 ⇔ (�11 = 1,�15 = 1) and �11 = 3 suggests a temperature

gradient toward the inner regions of the hot core. To infer the
population mechanism of the vibrationally excited states (colli-
sions and/or infrared radiation), collisional rates are needed.

Owing to the importance of isomerism for understand-
ing a more precise way in forming interstellar molecules,
we have included the study of ethyl isocyanide, methyl iso-
cyanide, isocyanoacetylene, 3-imino-1, 2-propadienylidene, and
isocyanamide in our work. We have provided the detection of
methyl isocyanide for the first time in Orion-KL and tentative
detections for the rest.

Finally, we have investigated the studied column densities
of CH2CHCN, CH3CN, CH3CH2CN, and HCCCN using a time
dependent gas-grain chemical model (UCL_CHEM) which re-
produce the observed column densities for these molecules rea-
sonably well, although it overestimates that for HCCCN. This
is probably due to the efficiency for its formation on the grains
being too high: a detailed investigation of the formation and de-
struction route for this species in chemical models is beyond the
scope of this work. More quantitative models ought to be able
to reproduce this molecule by investigating the efficiency of the
formation of HCCCN on the grains.
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Table IV.S1:  Table of molecular properties predicted ab initio for most stable 
conformers of -D-fructopyranose. 

 
α-pyranoses cc α 5C2 g- cc α 5C2 t c α 5C2 g+ 

    Aa /MHz 1592.73 1555.89 1653.52 
B /MHz 703.50 721.83 689.82 
C /MHz 666.47 711.17 686.88 
    
µa/D 1.2 2.9 -2.1 
µb/D 1.0 3.0 -1.7 
µc/D 0.1 1.6 -1.3 
    
ΔEMP2

b /cm-1 0 231.11 970.45 
    

 

   
 
 

   aAb initio calculations performed at the MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; μa, μb and μc 
are the electric dipole moment components. bMP2/6-311++G(d,p) relative electronic energies. 

 

Table IV.S2:  Table of molecular properties predicted ab initio for most stable 
conformers of β-D-fructopyranose. 
β-pyranoses cc β 2C5 g- (1)c cc β 2C5 t 

 
cc β 2C5 g+ cc β 2C5 g- (2) 

     Aa /MHz 1469.07 1244.58 1459.72 1434.43 
B /MHz 777.03 843.84 791.09 802.08 
C /MHz 614.09 717.72 629.35 637.40 

     
µa/D -0.2 -0.3 0.1 -0.8 
µb/D -0.0 -0.1 0.6 1.2 
µc/D 1.4 3.6 1.7 1.3 

     
ΔEMP2

b /cm-1 0 735.06 
 

1087.91 1090.50 
     

 
 
 

    

     aAb initio calculations performed at the MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; μa, μb and μc are the electric 
dipole moment components. bMP2/6-311++G(d,p) relative electronic energies. cA number has been added to provide MP2 energy ordering within the 
same family. 
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Table IV.S3. Observed frequencies and residuals (in MHz) for the rotational transitions 
of conformer cc β 2C5 g- of fructose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 
6 1 5 5 2 3 6530.00428 0.0085 
3 2 2 2 1 2 6707.54220 0.0062 
7 2 5 6 3 3 7010.00735 -0.0030 
4 1 3 3 0 3 7146.06083 0.0037 
7 1 6 6 2 4 7583.31269 -0.0040 
3 3 0 2 2 0 8008.75703 0.0039 
3 3 1 2 2 1 8031.09938 0.0045 
4 2 3 3 1 3 8324.05101 0.0059 
8 1 7 7 2 5 8394.04364 -0.0007 
5 1 4 4 0 4 9012.29197 0.0004 
4 3 1 3 2 1 9351.29076 0.0001 
4 3 2 3 2 2 9454.72478 0.0017 
5 2 4 4 1 4 10013.95919 -0.0012 
5 3 2 4 2 2 10643.72540 -0.0023 
5 3 3 4 2 3 10917.42665 -0.0026 
4 4 0 3 3 0 10949.90271 -0.0050 
4 4 1 3 3 1 10952.12859 -0.0041 
6 1 5 5 0 5 10992.21327 -0.0036 

 
  



Table IV.S4. Observed frequencies and residuals (in MHz) for the rotational transitions 
of conformer cc β 2C5 t of fructose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 
3 2 2 2 1 2 6236.5089 0.0146 
3 3 0 2 2 0 6975.0480 0.0093 
3 3 1 2 2 1 6996.7203 0.0017 
4 1 3 3 0 3 7331.1284 0.0105 
4 2 2 3 1 2 7544.0314 0.0168 
4 2 3 3 1 3 7968.3694 0.0087 
4 3 1 3 2 1 8490.9841 0.0111 
4 3 2 3 2 2 8587.7400 0.0071 
5 2 3 4 1 3 9185.2519 0.0078 
5 1 4 4 0 4 9256.8697 -0.0126 
4 4 0 3 3 0 9468.0368 0.0083 
4 4 1 3 3 1 9470.8474 -0.0038 
5 2 4 4 1 4 9754.6969 0.0076 
5 3 2 4 2 2 9973.0034 -0.0012 
5 3 3 4 2 3 10214.2357 -0.0128 
6 2 4 5 1 4 10920.3944 -0.0007 
5 4 1 4 3 1 11014.9909 -0.0046 
5 4 2 4 3 2 11033.6094 -0.0156 
6 1 5 5 0 5 11246.6565 -0.0057 
6 3 3 5 2 3 11451.6508 -0.0165 
5 5 0 4 4 0 11952.5895 0.0050 
5 5 1 4 4 1 11952.8752 -0.0087 
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Table IV.S5:  Cartesian coordinates for de ab initio predicted geometry (MP2/6-
311++G(d,p) level of theory) of conformer cc β 2C5 g- of  D-fructopyranose. 
 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        1.469070    0.476407    0.449641 

      2          6           0        1.706915   -1.018926    0.291881 

      3          6           0        0.434624   -1.768941    0.644130 

      4          8           0       -0.688651   -1.312048   -0.113395 

      5          6           0       -0.964607    0.066635    0.036563 

      6          6           0        0.248421    0.907059   -0.352835 

      7          8           0        2.062135   -1.333394   -1.044346 

      8          8           0       -1.262601    0.401895    1.377698 

      9          6           0       -2.180779    0.313868   -0.845757 

     10          8           0       -3.299524   -0.381885   -0.306175 

     11          8           0        0.002469    2.298574   -0.179741 

     12          8           0        2.634576    1.147752   -0.015743 

     13          1           0        1.296075    0.700185    1.511926 

     14          1           0        0.545533   -2.824746    0.391461 

     15          1           0        2.755231   -0.704821   -1.282997 

     16          1           0        0.232985   -1.664381    1.716899 

     17          1           0        2.501051   -1.331593    0.986954 

     18          1           0       -2.186780    0.143429    1.510968 

     19          1           0        0.451933    0.754537   -1.415975 

     20          1           0        2.384336    2.072544   -0.133360 

     21          1           0       -3.079821   -1.318881   -0.371510 

     22          1           0       -2.432470    1.374683   -0.838097 

     23          1           0       -1.955767   -0.008802   -1.867772 

     24          1           0       -0.381407    2.384078    0.703392 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):       1.4690715    0.7770307    0.6140926 

 

 
  



Table IV.S6:  Cartesian coordinates for de ab initio predicted geometry (MP2/6-
311++G(d,p) level of theory) of conformer cc β 2C5 t of  D-fructopyranose. 
 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        1.393111    0.605994    0.325807 

      2          6           0        1.721904   -0.877738    0.256608 

      3          6           0        0.607818   -1.663040    0.921582 

      4          8           0       -0.675717   -1.373543    0.358140 

      5          6           0       -1.044931   -0.012122    0.382626 

      6          6           0        0.019628    0.868142   -0.273860 

      7          8           0        1.834040   -1.309295   -1.088794 

      8          8           0       -1.180949    0.477012    1.706143 

      9          6           0       -2.377819    0.037239   -0.357281 

     10          8           0       -2.273986   -0.498963   -1.658012 

     11          8           0       -0.309034    2.250110   -0.178260 

     12          8           0        2.396313    1.301804   -0.405334 

     13          1           0        1.397442    0.923736    1.378699 

     14          1           0        0.757538   -2.732182    0.762815 

     15          1           0        2.404417   -0.662444   -1.523500 

     16          1           0        0.601148   -1.448588    1.997220 

     17          1           0        2.657734   -1.066596    0.804467 

     18          1           0       -1.943410    0.037522    2.102315 

     19          1           0        0.040040    0.627461   -1.338547 

     20          1           0        2.044066    2.185237   -0.571013 

     21          1           0       -1.847749   -1.358753   -1.556017 

     22          1           0       -3.116177   -0.512633    0.248591 

     23          1           0       -2.695239    1.076556   -0.455431 

     24          1           0       -0.543419    2.402826    0.746440 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):      1.2445809    0.8438373    0.7177238 
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Table V.S1. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer α 5C2 g+ s of tagatose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

5 1 5 4 1 4 6123.3130 0.0049 
5 0 5 4 0 4 6266.5299 0.0061 
5 2 4 4 2 3 6413.0993 0.0013 
5 2 3 4 2 2 6579.8950 0.0053 
3 2 2 2 1 1 6648.9030 0.0042 
5 1 4 4 1 3 6662.8266 0.0014 
5 1 5 4 0 4 6669.5152 0.0049 
3 2 1 2 1 1 6694.3786 0.0052 
4 1 3 3 0 3 6700.4264 0.0063 
3 2 2 2 1 2 6978.5885 0.0027 
3 2 1 2 1 2 7024.0758 0.0155 
6 0 6 5 1 5 7048.7925 -0.0003 
6 1 6 5 1 5 7329.3883 0.0058 
6 0 6 5 0 5 7451.7800 0.0007 
6 2 5 5 2 4 7679.0760 -0.0010 
6 1 6 5 0 5 7732.3609 -0.0079 
4 2 3 3 1 2 7769.5981 0.0011 
4 2 2 3 1 2 7903.2233 0.0031 
6 2 4 5 2 3 7946.7318 0.0017 
6 1 5 5 1 4 7962.6703 0.0078 
5 1 4 4 0 4 8304.6172 -0.0118 
7 0 7 6 1 6 8342.5302 0.0075 
4 2 3 3 1 3 8428.5018 0.0120 
7 1 7 6 1 6 8528.5812 0.0044 
4 2 2 3 1 3 8562.1190 0.0059 
7 0 7 6 0 6 8623.1184 0.0061 
3 3 1 2 2 0 8779.1790 -0.0018 
3 3 0 2 2 0 8779.6571 -0.0049 
3 3 1 2 2 1 8788.3560 -0.0034 
3 3 0 2 2 1 8788.8373 -0.0032 
7 1 7 6 0 6 8809.1685 0.0021 
5 2 4 4 1 3 8835.9955 0.0045 
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7 2 6 6 2 5 8936.3316 -0.0031 
5 2 3 4 1 3 9136.3992 -0.0067 
7 1 6 6 1 5 9240.8817 -0.0080 
7 2 5 6 2 4 9317.6281 -0.0028 
8 0 8 7 1 7 9603.0655 -0.0008 
8 1 8 7 1 7 9721.7381 0.0013 
8 0 8 7 0 7 9789.1194 -0.0010 
6 2 5 5 1 4 9852.2445 0.0016 
8 1 8 7 0 7 9907.7911 0.0002 
5 2 4 4 1 4 9931.5927 0.0000 
6 1 5 5 0 5 10000.7702 0.0026 
4 3 2 3 2 1 10046.5716 -0.0092 
4 3 1 3 2 1 10049.9345 -0.0011 
4 3 2 3 2 2 10092.0559 0.0005 
4 3 1 3 2 2 10095.4157 0.0055 
8 2 7 7 2 6 10183.9091 0.0095 
5 2 3 4 1 4 10232.0168 0.0091 
6 2 4 5 1 4 10420.3137 0.0028 
8 1 7 7 1 6 10492.3855 0.0094 
8 2 6 7 2 5 10681.6381 -0.0201 
7 2 6 6 1 5 10825.9191 0.0038 
9 0 9 8 1 8 10836.5110 -0.0102 
9 1 9 8 1 8 10909.9667 -0.0059 
9 0 9 8 0 8 10955.1880 -0.0034 
9 1 9 8 0 8 11028.6408 -0.0022 
5 3 3 4 2 2 11279.0739 -0.0093 
5 3 2 4 2 2 11292.3890 -0.0095 
5 3 3 4 2 3 11412.7155 0.0089 
9 2 8 8 2 7 11421.1688 -0.0065 
5 3 2 4 2 3 11426.0163 -0.0054 
6 2 5 5 1 5 11487.3534 -0.0081 

 
  



Table V.S2. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer α 5C2 g+ cc of tagatose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

5 1 5 4 1 4 6146.7122 0.0088 
5 2 3 4 2 2 6594.9417 -0.0031 
3 2 1 2 1 1 6660.9177 -0.0022 
5 1 4 4 1 3 6676.7429 -0.0079 
4 1 3 3 0 3 6689.2552 0.0005 
3 2 2 2 1 2 6940.2203 0.0088 
6 1 6 5 1 5 7357.7974 -0.0121 
6 0 6 5 0 5 7478.3347 0.0115 
4 2 2 3 1 2 7874.5517 -0.0019 
5 1 4 4 0 4 8291.3773 -0.0034 
4 2 3 3 1 3 8390.8167 0.0003 
3 3 0 2 2 0 8713.4589 -0.0029 
3 3 1 2 2 1 8721.9929 0.0032 
5 2 3 4 1 3 9111.9866 0.0051 
8 0 8 7 0 7 9827.0427 -0.0010 
5 2 4 4 1 4 9893.6779 -0.0099 
6 1 5 5 0 5 9983.8099 0.0076 
4 3 1 3 2 1 9987.6349 0.0088 
4 3 2 3 2 2 10028.9239 -0.0046 
6 2 4 5 1 4 10399.1249 0.0038 
5 3 2 4 2 2 11234.5026 -0.0027 
5 3 3 4 2 3 11352.4916 -0.0048 
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Table V.S3. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer α 5C2 t cc of tagatose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

5 1 5 4 1 4 6715.3664 0.0082 
5 0 5 4 0 4 6829.1346 0.0075 
5 2 4 4 2 3 6970.6230 0.0024 
5 2 3 4 2 2 7132.1024 0.0000 
5 1 4 4 1 3 7186.0259 -0.0116 
6 1 6 5 1 5 8040.7446 0.0014 
6 2 5 5 2 4 8348.3237 0.0205 
6 1 5 5 1 4 8589.9334 0.0172 
6 2 4 5 2 3 8603.0775 -0.0054 
7 1 7 6 1 6 9359.9463 -0.0041 
7 0 7 6 0 6 9427.6452 0.0093 
7 1 6 6 1 5 9971.7566 -0.0109 
8 1 8 7 1 7 10673.9426 -0.0128 
8 0 8 7 0 7 10719.6337 -0.0059 
8 1 7 7 1 6 11327.0848 -0.0047 
8 2 6 7 2 5 11534.5266 -0.0008 

 
Table V.S4:  Molecular properties predicted ab initio for most stable conformers of α-
D-tagatopyranose.  
 

 

 α 5C2 g+ s α 5C2 g+ cc α 5C2 t cc α 5C2 g- cc α 5C2 g- cc (2) 

      
Aa /MHz 1636.6 1618.6 1474.9 1552.3 1562.1 

B /MHz 701.9 703.6 750.3 738.2 733.3 

C /MHz 592.3 595.7 653.6 603.7 608.0 

          
ǀµaǀ/D 1.9 1.0 2.7 2.3 0.8 

ǀµbǀ/D 1.7 0.1 1.4 0.7 0.6 

ǀµcǀ/D 1.4 1.7 0.0 0.3 1.8 

          
ΔEb/cm-

1 
0 91 288 618 1406 

      

 
 

 
    

aAb initio calculations performed at the MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; ǀμaǀ, ǀμbǀ and ǀμcǀ are absolute value 
of the electric dipole moment components. bMP2/6-311++G(d,p) relative electronic energies.  



Table V.S5:  Ab initio cartesian coordinates at MP2/6-311++G(d,p) level of theory for 
conformer α 5C2 g+ s of  D-tagatopyranose. 
 

                         Standard orientation:                          

 ---------------------------------------------------------------------  

 Center     Atomic      Atomic             Coordinates (Angstroms)      

 Number     Number       Type             X           Y           Z     

 ---------------------------------------------------------------------  

      1          6           0       -1.370074    0.472842    0.543441  

      2          6           0       -1.619500   -0.678317   -0.411362  

      3          6           0       -0.464270   -1.668191   -0.314165  

      4          8           0        0.757369   -1.016001   -0.658455  

      5          6           0        1.074503    0.064000    0.213995  

      6          6           0       -0.026614    1.122629    0.235367  

      7          8           0       -2.862885   -1.263176   -0.014117  

      8          6           0        2.402313    0.596838   -0.308910  

      9          8           0        1.211636   -0.381228    1.540014  

     10          8           0       -0.052560    1.753007   -1.035467  

     11          1           0       -0.416504   -2.084638    0.698626  

     12          1           0       -3.186948   -1.799167   -0.744319  

     13          1           0       -0.583649   -2.482822   -1.033516  

     14          1           0       -1.682712   -0.284074   -1.432240  

     15          8           0        3.409861   -0.392103   -0.108918  

     16          1           0        0.214536    1.846597    1.024383  

     17          1           0       -0.874199    2.260473   -1.048628  

     18          1           0        2.301426    0.874580   -1.360050  

     19          1           0        2.698022    1.467393    0.279821  

     20          1           0        3.171335   -1.126096   -0.686703  

     21          1           0        2.091900   -0.782988    1.583839  

     22          8           0       -2.356199    1.490581    0.399081  

     23          1           0       -3.208397    1.039203    0.421506  

     24          1           0       -1.360732    0.084086    1.569996  

 --------------------------------------------------------------------- 
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Table V.S6:  Ab initio cartesian coordinates at MP2/6-311++G(d,p) level of theory for 
conformer α 5C2 g+ cc of  D-tagatopyranose. 
 

                         Standard orientation:                          

 ---------------------------------------------------------------------  

 Center     Atomic      Atomic             Coordinates (Angstroms)      

 Number     Number       Type             X           Y           Z     

 ---------------------------------------------------------------------  

      1          6           0       -1.376645    0.470841    0.550633  

      2          6           0       -1.643206   -0.679896   -0.413449  

      3          6           0       -0.459086   -1.636306   -0.427285  

      4          8           0        0.742254   -0.919075   -0.754743  

      5          6           0        1.064659    0.080807    0.218376  

      6          6           0       -0.039057    1.134554    0.230462  

      7          8           0       -2.791648   -1.415629   -0.029881  

      8          6           0        2.429838    0.608384   -0.207429  

      9          8           0        1.135258   -0.451819    1.510159  

     10          8           0       -0.106583    1.812395   -1.024754  

     11          1           0       -0.363426   -2.122128    0.548117  

     12          1           0       -3.473109   -0.759615    0.161609  

     13          1           0       -0.579757   -2.394855   -1.202339  

     14          1           0       -1.782714   -0.269924   -1.426699  

     15          8           0        3.401240   -0.415259   -0.017342  

     16          1           0        0.186199    1.899172    0.978376  

     17          1           0       -0.038517    1.132950   -1.707709  

     18          1           0        2.402455    0.953103   -1.244071  

     19          1           0        2.713533    1.435842    0.445850  

     20          1           0        3.178492   -1.110642   -0.647243  

     21          1           0        2.010971   -0.861683    1.575617  

     22          8           0       -2.441780    1.413370    0.505594  

     23          1           0       -2.269956    1.963195   -0.270665  

     24          1           0       -1.353114    0.072421    1.569031  

 --------------------------------------------------------------------- 

  



Table V.S7:  Ab initio cartesian coordinates at MP2/6-311++G(d,p) level of theory for 
conformer α 5C2 t cc of  D-tagatopyranose. 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms)     

 Number     Number       Type             X           Y           Z    

 --------------------------------------------------------------------- 

      1          6           0       -1.287815    0.519691    0.569891 

      2          6           0       -1.602669   -0.428399   -0.579203 

      3          6           0       -0.670959   -1.628035   -0.524975 

      4          8           0        0.702736   -1.211031   -0.576201 

      5          6           0        1.066734   -0.329450    0.465415 

      6          6           0        0.179488    0.924839    0.511653 

      7          8           0       -2.928455   -0.925822   -0.480383 

      8          6           0        2.540886   -0.017431    0.209767 

      9          8           0        0.917861   -0.920217    1.737278 

     10          8           0        0.306828    1.742965   -0.644573 

     11          1           0       -0.863207   -2.198612    0.390246 

     12          1           0       -3.481324   -0.156469   -0.296868 

     13          1           0       -0.818278   -2.275897   -1.390244 

     14          1           0       -1.454848    0.103681   -1.527947 

     15          8           0        2.761479    0.518590   -1.088243 

     16          1           0        0.449126    1.489853    1.413820 

     17          1           0        1.227106    1.706269   -0.943455 

     18          1           0        2.881238    0.730214    0.929365 

     19          1           0        3.117575   -0.941383    0.357107 

     20          1           0        2.422986   -0.142739   -1.704986 

     21          1           0        1.467426   -1.714033    1.748061 

     22          8           0       -2.139323    1.659149    0.522110 

     23          1           0       -1.771039    2.229279   -0.166124 

     24          1           0       -1.499769    0.013490    1.515846 

 --------------------------------------------------------------------- 
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Table V.S8: Molecular properties predicted ab initio for most stable conformers of β-
D-psicopyranose. 

 

 β 2C5 g- s (1) β 2C5 g- s (2) β 2C5 t cc β 2C5 g+ s (1) β 2C5 g+ cc  β 2C5 g+ s (2) 

       Aa /MHz 1631.8 1635.8 1399.4 1447.9 1446.5 1504.8 

B /MHz 728.3 728.3 792.6 805.7 794.8 778.7 

C /MHz 665.3 664.9 759.3 691.3 690.7 679.8 

       
ǀµaǀ/D -0.4 0.2 3.6 -1.0 2.9 0.5 

ǀµbǀ/D 1.4 0.7 2.6 1.5 2.0 2.2 

ǀµcǀ/D 0.0 0.0 0.1 -0.2 1.0 1.3 

       
ΔEb/cm-

1 
0 73 828 1229 1295 1330 

       

 
 

 
     

aAb initio calculations performed at the MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; ǀμaǀ, ǀμbǀ and ǀμcǀ are absolute value 
of the electric dipole moment components. bMP2/6-311++G(d,p) relative electronic energies.  
 
Table V.S9. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer β 2C5 g- s (1) of psicose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

5 0 5 4 1 4 6197.3814 0.0063 
3 2 2 2 1 1 6865.3783 0.0032 
3 2 1 2 1 2 7066.9102 -0.0026 
5 1 5 4 0 4 7415.6221 0.0066 
6 0 6 5 1 5 7648.6072 0.0076 
7 1 6 6 2 5 7676.5252 0.0043 
4 2 3 3 1 2 8155.8918 0.0044 
4 2 2 3 1 3 8573.8906 0.0012 
6 1 6 5 0 5 8650.8672 -0.0002 
3 3 1 2 2 0 8828.1887 -0.0039 
3 3 0 2 2 1 8831.3667 -0.0066 
7 0 7 6 1 6 9088.5986 0.0085 
8 1 7 7 2 6 9258.7256 -0.0003 
5 2 4 4 1 3 9415.4152 0.0075 
7 1 7 6 0 6 9883.3235 -0.0029 
5 2 3 4 1 4 10140.5512 0.0015 
4 3 2 3 2 1 10205.8146 0.0023 
4 3 1 3 2 2 10221.8552 -0.0015 



8 0 8 7 1 7 10511.9921 -0.0068 
6 2 5 5 1 4 10644.9556 -0.0054 
9 1 8 8 2 7 10848.3285 -0.0100 
8 1 8 7 0 7 11120.8076 -0.0075 
5 3 3 4 2 2 11571.4618 -0.0020 
5 3 2 4 2 3 11619.9159 0.0060 

 
 
Table V.S10. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer β 2C5 g- s (2) of psicose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

4 1 4 3 0 3 6166.5409 -0.0020 
3 2 2 2 1 1 6863.3901 0.0180 
3 2 1 2 1 2 7070.5344 0.0081 
5 1 5 4 0 4 7411.9792 0.0050 
4 2 3 3 1 2 8153.1792 0.0052 
4 2 2 3 1 3 8583.2011 0.0137 
6 1 6 5 0 5 8646.1000 -0.0059 
3 3 1 2 2 0 8825.3679 0.0004 
3 3 0 2 2 1 8828.7279 0.0056 
7 0 7 6 1 6 9103.2970 0.0107 
8 1 7 7 2 6 9298.5276 -0.0078 
5 2 4 4 1 3 9411.1912 -0.0036 
4 3 2 3 2 1 10204.3316 -0.0128 
4 3 1 3 2 2 10221.2653 -0.0043 
5 3 3 4 2 2 11570.6964 -0.0159 
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Table V.S11:  Ab initio cartesian coordinates at MP2/6-311++G(d,p) level of theory for 
conformer β 2C5 g- s (1) of  D-psicopyranose. 
 

                        Standard orientation:                         

--------------------------------------------------------------------- 

Center     Atomic      Atomic             Coordinates (Angstroms)     

Number     Number       Type             X           Y           Z    

--------------------------------------------------------------------- 

     1          6           0       -0.210924   -1.056740    0.263409 

     2          6           0       -1.426112   -0.308259    0.823400 

     3          6           0       -1.614155    1.041040    0.124009 

     4          6           0       -0.310219    1.821483    0.118787 

     5          8           0        0.732044    1.052835   -0.488518 

     6          6           0        1.013196   -0.147964    0.223618 

     7          8           0       -2.587143   -1.116297    0.666663 

     8          8           0       -2.126265    0.850342   -1.192963 

     9          8           0        1.347590    0.115522    1.561983 

    10          6           0        2.200459   -0.759866   -0.508997 

    11          8           0        3.343523    0.067757   -0.308411 

    12          1           0       -1.266908   -0.138349    1.893130 

    13          1           0       -0.416583    2.715881   -0.497840 

    14          1           0       -1.445995    0.355702   -1.673048 

    15          1           0       -0.030223    2.103864    1.139942 

    16          1           0       -2.378903    1.618620    0.654831 

    17          1           0        2.275131    0.395051    1.542840 

    18          1           0       -3.047062   -0.754853   -0.103766 

    19          1           0        3.156542    0.889635   -0.776539 

    20          1           0        2.435105   -1.730333   -0.066959 

    21          1           0        1.962869   -0.881640   -1.567731 

    22          8           0       -0.453675   -1.486350   -1.075763 

    23          1           0       -1.224213   -2.065100   -1.018458 

    24          1           0        0.018166   -1.917108    0.904312 

--------------------------------------------------------------------- 

 
  



Table V.S12:  Ab initio coordinates at MP2/6-311++G(d,p) level of theory for 
conformer β 2C5 g- s (2) of  D-psicopyranose. 
 

                        Standard orientation:                         

--------------------------------------------------------------------- 

Center     Atomic      Atomic             Coordinates (Angstroms)     

Number     Number       Type             X           Y           Z    

--------------------------------------------------------------------- 

     1          6           0       -0.213975   -1.063167    0.198009 

     2          6           0       -1.407563   -0.336971    0.822514 

     3          6           0       -1.607504    1.037738    0.173909 

     4          6           0       -0.302845    1.813069    0.134922 

     5          8           0        0.740276    1.053467   -0.481191 

     6          6           0        1.016905   -0.159885    0.211109 

     7          8           0       -2.589105   -1.117460    0.677934 

     8          8           0       -2.061750    0.893015   -1.174385 

     9          8           0        1.331915    0.073303    1.559971 

    10          6           0        2.216113   -0.754318   -0.515408 

    11          8           0        3.353052    0.074393   -0.286993 

    12          1           0       -1.218524   -0.198638    1.891528 

    13          1           0       -0.421817    2.706350   -0.480841 

    14          1           0       -2.908270    0.433206   -1.113836 

    15          1           0       -0.012721    2.098948    1.151766 

    16          1           0       -2.342773    1.609661    0.756869 

    17          1           0        2.260458    0.350401    1.562240 

    18          1           0       -2.418056   -1.713371   -0.063811 

    19          1           0        3.164518    0.906164   -0.736797 

    20          1           0        2.448930   -1.731311   -0.086998 

    21          1           0        1.995817   -0.860835   -1.579711 

    22          8           0       -0.522459   -1.496077   -1.122046 

    23          1           0       -0.778198   -0.696735   -1.609046 

    24          1           0        0.008409   -1.967761    0.771986 

--------------------------------------------------------------------- 
 
 

                         
  



Appendix III. Supplementary Information 

Table V.S13:  Molecular properties predicted ab initio for most stable conformers of α-
L-sorbopyranose.  

 α 2C5 g- cc α 2C5 t cc α 2C5 g+ cc (1) α 2C5 g+ cc (2) 

     Aa /MHz 1527.89 1353.26 1570.64 1587.65 

B /MHz 727.52 759.86 734.11 726.92 

C /MHz 559.03 626.42 572.7 567.72 

     
ǀµaǀ/D 0.8 1.0 1.5 0.6 

ǀµbǀ/D 0.1 0.7 1.3 0.7 

ǀµcǀ/D 0.1 2.2 0.0 0.3 

     
ΔEb/cm-1 0 813 1021 1099 

     

 
 

  

  
aAb initio calculations performed at the MP2/6-311++G(d,p) level of theory. A, B and C are the rotational constants; ǀμaǀ, ǀμbǀ and ǀμcǀ are absolute value 
of the electric dipole moment components. bMP2/6-311++G(d,p) relative electronic energies.  
 
Table V.S14. Frequencies and residuals (in MHz) for the rotational transitions of 
conformer α 2C5 g- cc of sorbose. 
 

J   1K  1K  J   1K  1K  obs obs - cal 

5 0 5 4 0 4 6021.2268 0.0059 
5 2 4 4 2 3 6339.2743 0.0027 
5 4 1 4 4 0 6443.2885 0.0163 
5 3 3 4 3 2 6451.2005 0.0097 
5 3 2 4 3 1 6492.3986 0.0054 
5 1 4 4 1 3 6682.1359 0.0106 
5 2 3 4 2 2 6707.5563 0.0120 
6 1 6 5 1 5 7033.7343 0.0068 
6 0 6 5 0 5 7119.3808 0.0106 
6 2 5 5 2 4 7565.9460 0.0075 
6 3 4 5 3 3 7747.3909 0.0046 
6 3 3 5 3 2 7851.4857 0.0160 
6 2 4 5 2 3 8110.1274 -0.0009 
7 1 7 6 1 6 8163.9426 -0.0007 
7 0 7 6 0 6 8215.2508 0.0059 
7 2 6 6 2 5 8772.4819 -0.0037 
7 3 5 6 3 4 9036.4786 0.0099 



7 4 4 6 4 3 9055.9529 0.0025 
7 4 3 6 4 2 9073.0216 0.0028 
7 1 6 6 1 5 9112.3107 0.0096 
7 3 4 6 3 3 9249.7965 -0.0100 
8 1 8 7 1 7 9286.7967 0.0012 
8 0 8 7 0 7 9315.3224 -0.0018 
7 2 5 6 2 4 9487.1106 -0.0051 
8 2 7 7 2 6 9958.4199 -0.0095 
8 1 7 7 1 6 10243.5991 -0.0065 
8 3 6 7 3 5 10312.7610 -0.0099 
8 4 5 7 4 4 10370.1118 -0.0154 
9 1 9 8 1 8 10404.8701 -0.0115 
9 0 9 8 0 8 10419.9641 -0.0039 
8 3 5 7 3 4 10682.1180 -0.0048 
8 2 6 7 2 5 10823.0925 -0.0109 
9 1 8 8 1 7 11337.2271 0.0006 
9 3 7 8 3 6 11571.3693 -0.0072 

 
Table V.S15:  Ab initio coordinates at MP2/6-311++G(d,p) level of theory, for 
conformer α 2C5 g- cc of  L-sorbopyranose. 
                         Standard orientation:                          

 ---------------------------------------------------------------------  

 Center     Atomic      Atomic             Coordinates (Angstroms)      

 Number     Number       Type             X           Y           Z     

 ---------------------------------------------------------------------  

      1          6           0        0.569869   -1.756057    0.111748  

      2          8           0       -0.675946   -1.295459   -0.424963  

      3          6           0       -1.039560    0.004705    0.008886  

      4          6           0        0.037377    1.024325   -0.362348  

      5          6           0        1.396911    0.567030    0.148891  

      6          6           0        1.696312   -0.837468   -0.334242  

      7          8           0       -1.175316    0.070918    1.411602  

      8          6           0       -2.381384    0.272093   -0.659105  

      9          1           0        0.714636   -2.763647   -0.280322  

     10          1           0        0.529503   -1.792331    1.205650  

     11          1           0       -2.706109    1.288577   -0.434772  

     12          1           0       -2.278561    0.144838   -1.742090  

     13          8           0       -3.360440   -0.605581   -0.114660  

     14          1           0       -3.086836   -1.494880   -0.368846  

     15          1           0       -2.051130   -0.293770    1.608039  

     16          8           0       -0.277897    2.320109    0.131234  

     17          1           0       -0.540018    2.184861    1.052013  

     18          8           0        2.434559    1.415748   -0.327781  

     19          1           0        2.172752    2.318227   -0.109703  

     20          8           0        2.903311   -1.334896    0.218892  

     21          1           0        3.567050   -0.651134    0.069612  

     22          1           0        0.082979    1.112821   -1.452955  

     23          1           0        1.745996   -0.827832   -1.433167  

     24          1           0        1.386420    0.559790    1.248959  

 ---------------------------------------------------------------------  





SUPPLEMENTARY INFORMATION FOR CHAPTER VI 

 

Experimental Section 

2-deoxy-D-ribose (m.p.: 89-90ºC) was purchased from Sigma-Aldrich, without further purification, 

and prepared by mixing the powder of the solid with a commercial binder (Methylcellulose). The mixture 

was pressed to form cylindrical rods, which were placed in a laser ablation nozzle[12] to be vaporized 

using a 20 ps Nd:YAG laser (10 mJ/pulse). The vaporized molecules were seeded in the Ne carrier gas at 

backing pressure of 15 bar, to expand adiabatically into the vacuum chamber, and probed by broadband 

CP-FTMW (Valladolid)[21] or Balle-Flygare FTMW (Bilbao)[12] spectroscopies. 

The conformational survey used advanced Monte-Carlo and large-scale-low-mode MM methods to 

obtain a large set of plausible starting geometries, later classified in five structural families: α-/β-

pyranoses, α-/β-furanoses and open–chain conformations (see Fig. S3 and Tables S12-S14 of Supporting 

Information). All geometries in each structural class within energy windows of 15 kJ mol-1 are later fully 

reoptimized with the three quantum mechanical methods (B3LYP, M06-2X and MP2). The Gaussian09 

suite[35] was used in all the cases running in two supercomputers (SGI-IZO and i2Basque) with a 

maximum of 96 processors per calculation. 

 

 

Reference 35: 

 
Gaussian 09, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. 
P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. 
Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. 
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Table VI.S1. Experimental spectroscopic parameters for the six observed conformers of 2-deoxy-D-
ribose. 
Parameter Rotamer I 

c--pyr 1C4 
Rotamer II 
cc--pyr 1C4 

Rotamer III 
c--pyr 4C1 

Rotamer IV 
cc--pyr 4C1 

Rotamer V 
cc--pyr 4C1 

Rotamer VI 
c--pyr 4C1 

       A[a] /MHz 2437.82389(32)[e] 2449.4937 (10) 2934.16159 
(60) 

2921.37984 
(69) 

2484.4138 (40) 2505.0150 (12) 
B /MHz 1510.72826 (24) 1508.31836 

(62) 
1271.16880 

(34) 
1266.99318 

(79) 
1517.76532 

(26) 
1521.47507 

(52) C /MHz 1144.98038 (27) 1137.47992 
(43) 

1022.34668 
(32) 

1020.28439 
(76) 

1238.99757 
(27) 

1246.45004 
(53) DJ /kHz 0.0954 (47)   0.090 (20) 0.1063 (47) 0.107 (24) 

DJK  [kHz]   0.207 (17)    
DK  [kHz] 0.238 (22)  0.339 (82)    
d1  [kHz] -0.0117 (19)  -0.0138 (32)    

       
a

[b]/D Obsf Obs Obs  Obs Obs 
b /D Obs Obs Obs Obs   
c /D Obs Obs  Obs  Obs 

       σ [c] / KHz 5.2 7.3 5.3 7.0 1.8 4.0 
N [d] 67 21 45 20 19 16 

[a] A, B and C are the rotational constants; Watson’s quartic centrifugal distortion constants in the S reduction (DJ, DK, DJK, d1). [b] 
Electric dipole moment.1 D  3.335610-30 C m. [c] Rms deviation of the fit. [d] Number of fitted transitions.[e] Standard error in 
parenthesis in the units of the last digit. [f] Observation of a-, b-, and c-type transitions for each structure. 

Table VI.S2. Measured rotational transitions (in MHz) assigned to conformer c--pyr 1C4-1. 

J   1K  1K  J   1K  1K  obs obs - cal 
5 3 3 5 2 4  6197.119 -0.003 
5 2 4 5 1 5  6273.829  0.008 
5 2 4 5 0 5  6355.121  0.010 
6 1 5 6 1 6  6760.802 -0.001 
6 3 4 6 2 5  6782.753 -0.005 
6 1 5 6 0 6  6794.030  0.011 
6 4 2 6 3 3  6893.377 -0.000 
2 1 1 1 0 1  6970.006  0.001 
3 0 3 2 1 2  6992.325 -0.000 
5 2 4 4 3 1  7175.708  0.020 
5 4 1 5 3 2  7321.567  0.006 
5 3 3 5 1 4  7333.391  0.009 
3 1 3 2 1 2  7368.466 -0.000 
6 2 5 6 1 6  7416.783  0.002 
6 3 4 6 1 5  7438.733 -0.004 
6 2 5 6 0 6  7450.001  0.004 
4 3 2 4 1 3  7531.385  0.004 
4 4 0 4 3 1  7554.370  0.007 
7 3 5 7 2 6  7577.221 -0.004 
3 0 3 2 0 2  7642.293 -0.000 
4 4 1 4 3 2  7646.419  0.001 
5 4 2 5 3 3  7654.174  0.002 
6 4 3 6 3 4  7735.180  0.001 
3 3 1 3 1 2  7896.466  0.009 



7 3 5 7 1 6  7912.382  0.007 
3 2 2 2 2 1  7967.117  0.001 
3 1 3 2 0 2  8018.434  0.000 
3 2 1 2 2 0  8291.938 -0.000 
3 1 2 2 1 1  8451.804  0.000 
2 2 1 1 1 0  8458.445 -0.000 
2 2 0 1 1 0  8547.065 -0.000 
7 2 6 7 1 7  8667.018  0.002 
7 2 6 7 0 7  8679.946 -0.002 
2 2 1 1 1 1  8824.195  0.002 
4 1 3 3 2 2  8834.523 -0.001 
2 2 0 1 1 1  8912.813 -0.000 
5 2 3 4 3 2  9434.836  0.014 
4 0 4 3 1 3  9563.080 -0.000 
4 1 4 3 1 3  9748.085  0.000 
2 2 0 1 0 1  9839.914  0.006 
4 0 4 3 0 3  9939.220 -0.000 
3 3 0 3 1 3 10090.931 -0.010 
4 1 4 3 0 3 10124.225 -0.000 
3 1 2 2 0 2 10199.015  0.001 
4 2 3 3 2 2 10552.875 -0.000 
3 2 2 2 1 1 10748.382 -0.018 
4 3 2 3 3 1 10766.046  0.003 
4 3 1 3 3 0 10845.995  0.001 
4 1 3 3 1 2 11131.119 -0.000 
3 2 1 2 1 1 11161.841 -0.001 
4 2 2 3 2 1 11234.665 -0.001 
5 1 4 4 2 3 11946.307 -0.004 
5 0 5 4 1 4 12009.428 -0.000 
5 1 5 4 1 4 12090.718  0.001 
5 0 5 4 0 4 12194.434  0.001 
3 2 1 2 1 2 12259.085  0.000 
5 1 5 4 0 4 12275.723  0.001 
4 2 3 3 1 2 12849.473  0.002 
5 2 4 4 2 3 13082.573  0.001 
5 3 3 4 3 2 13466.664 -0.000 
5 4 2 4 4 1 13474.421  0.002 
3 3 1 2 2 0 13478.354 -0.003 
5 4 1 4 4 0 13488.434 -0.000 
3 3 0 2 2 0 13492.260 -0.001 
5 1 4 4 1 3 13664.662 -0.001 
5 3 2 4 3 1 13721.233 -0.004 
5 2 3 4 2 3 14152.614 -0.005 
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Table VI.S3. Measured rotational transitions (in MHz) assigned to conformer cc--pyr 1C4-1. 
J   1K  1K  J   1K  1K  obs obs - cal 
3 0 3 2 1 2 6948.235 0.005 
2 1 1 1 0 1 6974.454 0.006 
3 1 3 2 1 2 7330.469 0.010 
3 0 3 2 0 2 7608.318 -0.011 
3 2 2 2 2 1 7937.391 -0.004 
3 1 3 2 0 2 7990.567 0.008 
3 2 1 2 2 0 8266.460 -0.000 
3 1 2 2 1 1 8428.904 -0.002 
2 2 1 1 1 0 8485.963 0.002 
2 2 0 1 1 0 8575.710 -0.014 
4 1 3 3 2 2 8766.842 -0.001 
2 2 0 1 1 1 8946.561 -0.002 
4 0 4 3 1 3 9508.279 -0.000 
4 1 4 3 1 3 9696.414 0.007 
4 0 4 3 0 3 9890.497 -0.011 
4 1 4 3 0 3 10078.645 0.009 
4 2 3 3 2 2 10512.356 -0.002 
3 2 2 2 1 1 10760.917 -0.004 
4 1 3 3 1 2 11098.859 0.002 
3 2 1 2 1 1 11179.763 0.013 
5 0 5 4 1 4 11942.134 -0.011 

 

Table VI.S4. Measured rotational transitions (in MHz) assigned to conformer c--pyr 4C1-1. 

J   1K  1K  J   1K  1K  obs obs - cal 
2 1 2 1 0 1 6001.204  0.004 
3 2 2 3 1 3 6124.073 -0.005 
7 2 6 6 3 3 6355.121  0.009 
3 1 3 2 1 2 6491.901  0.003 
4 2 3 4 1 4 6648.594 -0.003 
3 0 3 2 0 2 6778.821  0.004 
7 1 6 7 0 7 6864.596 -0.002 
3 2 2 2 2 1 6880.546  0.005 
3 2 1 2 2 0 6982.275  0.003 
3 1 2 2 1 1 7236.671  0.004 
5 2 4 5 1 5 7310.123 -0.000 
4 0 4 3 1 3 7777.357  0.000 
5 1 4 4 2 3 7785.713  0.002 
5 2 4 5 0 5 7893.328 -0.005 
3 1 3 2 0 2 7931.954  0.002 
6 3 3 6 2 4 7982.490  0.014 



6 2 5 6 1 6 8105.866  0.010 
5 3 2 5 2 3 8375.656 -0.007 
4 1 4 3 1 3 8629.349 -0.001 
4 3 1 4 2 2 8660.335 -0.006 
3 3 0 3 2 1 8826.483  0.003 
4 0 4 3 0 3 8930.495  0.001 
3 3 1 3 2 2 8952.398 -0.002 
4 3 2 4 2 3 9019.645 -0.002 
5 3 3 5 2 4 9149.676  0.003 
4 2 3 3 2 2 9153.870  0.001 
4 3 2 3 3 1 9221.117  0.001 
4 3 1 3 3 0 9231.210  0.002 
6 3 4 6 2 5 9365.125 -0.007 
4 2 2 3 2 1 9397.346  0.000 
6 3 3 6 2 5 9501.843  0.013 
4 1 3 3 1 2 9614.543  0.002 
2 2 1 1 1 0 9824.825  0.004 
4 1 4 3 0 3 9782.486 -0.000 
2 2 0 1 1 1 10099.532  0.003 
5 0 5 4 1 4 10165.358 -0.006 
6 1 5 5 2 4 10628.094  0.002 
5 0 5 4 0 4 11017.350 -0.008 
5 1 5 4 0 4 11600.564 -0.004 
5 2 4 4 2 3 11410.098 -0.003 
5 4 2 4 4 1 11525.011 -0.001 
5 4 1 4 4 0 11525.741 -0.002 
5 3 3 4 3 2 11540.123 -0.004 
5 3 2 4 3 1 11574.897 -0.014 
5 1 4 4 1 3 11957.887  0.004 

 

Table VI.S5. Measured rotational transitions (in MHz) assigned to conformer cc--pyr 4C1. 

J   1K  1K  J   1K  1K  obs obs - cal 
4 2 3 4 1 4 6608.584 -0.008 
2 1 1 1 0 1 6722.354 -0.003 
5 2 4 5 1 5 7264.448  0.010 
4 0 4 3 1 3 7759.706 -0.012 
5 1 4 4 2 3 7769.847  0.013 
3 1 3 2 0 2 7909.778 -0.006 
3 3 0 3 2 1 8779.458 -0.004 
3 3 1 3 2 2 8903.937 -0.008 
4 3 2 4 2 3 8970.444  0.008 
3 1 2 2 0 2 9388.367 -0.000 
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4 1 4 3 0 3 9757.655 -0.004 
2 2 1 1 1 0 9784.423  0.002 
2 2 0 1 1 0 9810.020  0.013 
2 2 1 1 1 1 10031.127 -0.003 
2 2 0 1 1 1 10056.717  0.001 
5 0 5 4 1 4 10141.575 -0.002 
7 2 5 7 1 7 11424.185 -0.005 
5 1 5 4 0 4 11573.100 -0.004 
3 2 2 2 1 1 11824.984  0.002 
3 2 1 2 1 1 11951.143  0.008 

 

Table VI.S6. Measured rotational transitions (in MHz) assigned to conformer cc--pyr 4C1. 

J   1K  1K  J   1K  1K  obs obs - cal 
3 1 3 2 1 2 7822.126 -0.001 
3 0 3 2 0 2 8072.940 -0.001 
3 2 2 2 2 1 8270.277 -0.001 
3 2 1 2 2 0 8467.612 -0.002 
3 1 2 2 1 1 8652.222 0.003 
4 1 4 3 1 3 10381.349 0.002 
4 0 4 3 0 3 10588.401 -0.003 
4 2 3 3 2 2 10986.165 0.001 
4 3 2 3 3 1 11115.169 0.003 
4 3 1 3 3 0 11151.538 -0.003 
4 2 2 3 2 1 11424.175 0.002 
4 1 3 3 1 2 11460.043 0.000 
5 1 5 4 1 4 12913.571 0.002 
5 0 5 4 0 4 13049.443 0.000 
5 2 4 4 2 3 13668.374 0.001 
5 4 2 4 4 1 13899.148 -0.002 
5 3 3 4 3 2 13907.452 0.001 
5 3 2 4 3 1 14028.156 -0.002 
5 1 4 4 1 3 14186.647 -0.001 

 

Table VI.S7. Measured rotational transitions (in MHz) assigned to conformer c--pyr 4C1-1. 

J   1K  1K  J   1K  1K  obs obs - cal 
2 1 1 1 0 1 7069.446  0.001 
3 1 3 2 1 2 7862.368  0.000 
3 0 3 2 0 2 8113.674  0.002 
3 2 2 2 2 1 8303.775 -0.006 
3 2 1 2 2 0 8493.892  0.001 
3 1 2 2 1 1 8681.631 -0.003 
2 2 0 1 1 0 8811.546  0.006 



2 2 1 1 1 1 9036.517 -0.003 
3 1 2 2 0 2 10265.272  0.006 
4 1 4 3 1 3 10436.609  0.003 
4 0 4 3 0 3 10647.125  0.004 
4 2 3 3 2 2 11032.447 -0.006 
4 3 2 3 3 1 11156.739  0.001 
4 2 2 3 2 1 11456.475  0.003 
3 2 1 2 1 1 11494.543 -0.006 
4 1 3 3 1 2 11502.650 -0.004 

 
 
Table VI.S8. Observed rotational transitions (MHz) and residuals (kHz) of minor isotopologues of 2-

deoxyribose c-β-Pyr-1C4-1. 

 

 

           





 

Table VI.S9. Rotational parameters of the monosubstituted isotopologues of 2-deoxyribose c-β-Pyr-1C4-

1. 

 
13

C1 
13

C2 
13

C3 

A (MHz)a 2432.69120(95) 2417.58510(79) 2428.9117(12) 
B (MHz) 1499.57198(11) 1508.364680(91) 1507.07202(14) 
C (MHz) 1139.154470(67) 1141.810570(55) 1141.769070(88) 
DJ (kHz) [0.09954] [0.09954] [0.09954] 
DK (kHz) [0.238] [0.238] [0.238] 
d1 (kHz) [-0.0117] [-0.0117] [-0.0117] 
Nb 7 7 7 
 / kHz 0.6 0.5 0.8 
    


13
C4 

13
C5 

18
O5 

A (MHz)a 2427.9974(14) 2410.4330(20) 2408.85090(61) 
B (MHz) 1505.32374(16) 1507.65325(22) 1495.280720(43) 
C (MHz) 1141.295570(99) 1139.73973(16) 1131.441210(20) 
DJ (kHz) [0.09954] [0.09954] [0.09954] 
DK (kHz) [0.238] [0.238] [0.238] 
d1 (kHz) [-0.0117] [-0.0117] [-0.0117] 

N 7 7 6 
 / kHz 0.8 1.1 0.1 

a Rotational constants (A, B, C). b Number of transitions (N) and rms deviation () of the fit. c Standard 
error in parenthesis in units of the last digit 
 

Table VI.S10. Substitution coordinates of the c-β-Pyr-1C4-1 conformer of 2-deoxyribose (principal-

inertial-axis coordinates in Å; ab initio data according to MP2(full)/6-311++G(d,p). 

 

 Substitution Coordinates MP2 (full) Coordinates 

Atom /a/ /b/ /c/ a b c 

C1 1.4691(10) 0.3239(46) 0.5824(26) -1.46187 -0.34001 0.58392 

C2 0.083(18) 1.1034(14) 0.7247(21) -0.15252 -1.09720 0.73596 

C3 0.8033(19) 0.7745(19) 0.4092(37) 0.81216 -0.77729 -0.40406 

C4 0.9446(16) 0.7321(20) 0.5581(27) 0.93198 0.73590 -0.56189 

C5 0.4194(36) 1.3612(11) 0.7179(21) -0.44313 1.35212 -0.72649 

O5 1.2458(12) 1.0569(14) 0.4180(36) -1.25148 1.05558 0.41822 
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Table VI.S11. The c--pyr1C4-1 structure of free 2-deoxyribose, and comparison with the -pyr1C4 

crystal structure (bond lengths and valence angles in Ångström and degrees, respectively). 

 

 Gas-phasea Crystalb 

 rs r0 re  
r(C1-C2) 1.596(20)c 1.574(23) 1.520 1.500 
r(C2-C3) 1.477(17) 1.485(11) 1.527 1.486 
r(C3-C4) 1.5205(49) 1.5222(43) 1.526 1.532 
r(C4-C5) 1.5106(65) 1.4982(76) 1.516 1.529 
r(C5-O6) 1.4347(78) 1.452(10) 1.432 1.405 
r(O6-C1) 1.4084(70) 1.419(11) 1.421 1.446 
r(C1-O1)  1.4322(48) 1.409 1.413 
r(C3-O3)   1.417 1.430 
r(C4-O4)   1.429 1.399 
(C1-C2-C3) 110.13(74) 110.77(72) 111.4 107.2 
(C2-C3-C4) 110.59(55) 110.50(25) 109.5 111.5 
(C3-C4-C5) 109.82(34) 110.20(29) 110.1 108.2 
(C4-C5-O6) 110.33(47) 110.19(27) 109.9 109.0 
(C5-O6-C1) 113.02(46) 113.10(61) 112.3 112.6 
(O1-C1-C2)  109.66(52) 107.4 133.0 
(O3-C3-C4)  109.37(71) 111.6 106.6 
(O4-C4-C5)  110.28(51) 109.8 112.3 
 (C1-C2-C3-C4) 52.7(12) 52.27(86) 50.4 56.8 
 (C2-C3-C4-C5) -56.4(12) -56.07(85) -53.9 -57.1 
 (C3-C4-C5-O6) 58.69(72) 58.49(35) 59.4 57.2 
 (C4-C5-O6-C1) -61.39(69) -60.75(85) -62.1 -61.1 
 (O1-C1-C2-C3)  70.03(97) 69.9 55.1 
 (O3-C3-C2-C1)  174.69(24) 173.2 177.3 
 (O4-C4-C3-O2)  66.1(12) 68.4 65.1 

aThis work. bRef. 9. 
 
Table VI.S12. Conformational search (>20 kJmol-1) of 2-deoxyribose according to B3LYP/6-311++G** 

(Electronic energies, zero-point energy corrections, Gibbs free energy and electric dipole moment 

components denoted respectively Δ(E+ZPVE), ΔG, μa, μb, μc). 

 

Conformer 
E + ZPVE) G a b c 

(kJ/mol) (kJ/mol) (Debye) (Debye) (Debye) 

Deoxyribose_lineal_10 9.1 0.0 1.2 0.6 -0.2 
AlphaDeoxyriboPyr_2 0.0 0.1 2.9 0.2 0.4 
Deoxyribose_lineal_3 8.5 0.8 -0.3 -0.7 0.1 
Deoxyribose_lineal_5 10.3 1.8 1.4 -1.6 1.1 
AlphaDeoxyriboFur_2 7.0 3.5 -0.6 -2.5 -0.5 
BetaDeoxyriboPyr_1 5.1 4.0 -2.5 1.3 0.5 

AlphaDeoxyriboFur_1 8.3 4.4 -1.3 -1.9 1.6 



 

Deoxyribose_lineal_7 14.5 5.2 -1.0 -0.6 -1.4 
Deoxyribose_lineal_13 13.6 5.5 2.4 -1.6 -0.5 
AlphaDeoxyriboPyr_4 5.9 5.7 -3.1 0.6 1.5 
BetaDeoxyriboPyr_2 7.8 6.3 -0.9 -2.1 -0.7 

AlphaDeoxyriboPyr_1 7.7 6.5 -1.7 1.6 -1.8 
Deoxyribose_lineal_22 15.5 6.6 0.5 -0.9 -0.1 
AlphaDeoxyriboPyr_7 7.5 7.2 -3.6 -0.8 2.8 
Deoxyribose_lineal_1 18.6 7.3 -3.9 -0.9 1.6 
BetaDeoxyriboPyr_3 9.0 7.5 -0.2 -1.0 -2.2 

AlphaDeoxyriboFur_3 11.9 7.9 1.9 -1.9 -0.5 
AlphaDeoxyriboFur_7 14.8 8.0 -1.1 -0.2 1.4 
BetaDeoxyriboPyr_5 9.9 8.0 -1.7 -2.0 0.0 
BetaDeoxyriboPyr_7 10.4 8.6 -0.2 2.2 -1.0 
BetaDeoxyriboFur_2 14.1 8.7 2.0 -0.9 0.5 
BetaDeoxyriboPyr_4 12.8 8.9 -0.4 0.0 0.0 
BetaDeoxyriboPyr_8 10.8 8.9 -2.0 -0.6 -1.0 

AlphaDeoxyriboFur_14 15.1 9.1 0.1 -0.9 0.7 
AlphaDeoxyriboFur_37 15.1 9.1 0.5 0.9 -0.6 
AlphaDeoxyriboFur_9 13.9 9.9 -0.9 -2.4 -0.4 
Deoxyribose_lineal_18 21.1 10.0 -3.0 -1.3 -0.5 
BetaDeoxyriboFur_6 15.4 10.1 -0.7 -2.5 -0.5 
Deoxyribose_lineal_9 19.7 10.1 0.8 -0.4 -3.3 
BetaDeoxyriboFur_1 16.1 10.2 -3.0 -0.5 0.8 

Deoxyribose_lineal_11 20.9 10.3 1.6 0.3 -0.7 
BetaDeoxyriboFur_5 13.8 10.3 0.6 0.1 1.2 

AlphaDeoxyriboPyr_3 11.9 10.5 -0.2 0.8 -0.1 
AlphaDeoxyriboFur_5 14.2 10.6 0.2 2.1 1.6 
BetaDeoxyriboFur_3 14.2 10.6 0.7 -1.7 -0.3 

AlphaDeoxyriboFur_11 15.2 10.7 0.4 -3.2 1.5 
BetaDeoxyriboFur_7 17.1 10.8 -1.1 -0.5 0.7 
Deoxyribose_lineal_2 20.0 10.9 -0.7 -1.4 2.2 
AlphaDeoxyriboFur_6 15.0 11.1 1.3 2.3 -0.2 
BetaDeoxyriboFur_4 13.8 11.2 -0.3 -2.0 1.8 

AlphaDeoxyriboPyr_9 11.6 11.2 1.0 3.3 1.6 
Deoxyribose_lineal_4 22.7 11.2 -4.0 -1.1 0.6 

Deoxyribose_lineal_19 20.7 11.3 -0.7 -1.2 -1.6 
Deoxyribose_lineal_27 22.3 11.5 0.2 -0.1 1.0 
BetaDeoxyriboFur_16 17.4 11.7 -0.3 -1.6 1.3 
BetaDeoxyriboFur_10 17.7 11.7 -2.1 -1.2 -1.5 
BetaDeoxyriboPyr_10 13.7 11.8 2.3 -1.4 2.1 

AlphaDeoxyriboFur_13 17.3 11.8 1.5 -2.6 1.8 
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Deoxyribose_lineal_26 21.7 11.8 -1.1 1.4 0.3 
AlphaDeoxyriboFur_4 15.9 12.1 -0.2 3.1 1.5 

AlphaDeoxyriboFur_10 19.1 12.1 -2.3 0.7 2.8 
AlphaDeoxyriboPyr_8 13.9 12.1 0.1 -1.4 -2.8 

AlphaDeoxyriboFur_29 16.7 12.4 -1.6 -1.3 1.7 
AlphaDeoxyriboFur_8 16.7 12.7 -1.8 3.0 3.0 
Deoxyribose_lineal_25 22.8 12.7 3.2 3.1 -0.2 
AlphaDeoxyriboFur_15 17.7 12.7 3.5 0.7 1.8 
Deoxyribose_lineal_12 19.2 12.8 -0.6 -0.7 -2.3 
AlphaDeoxyriboPyr_6 15.1 13.1 1.5 -2.0 -1.3 
Deoxyribose_lineal_23 19.6 13.2 2.2 -0.9 -2.7 
AlphaDeoxyriboFur_26 18.5 13.2 0.2 -2.0 0.3 
Deoxyribose_lineal_14 22.3 13.4 -1.0 0.0 0.7 
Deoxyribose_lineal_8 23.7 13.6 1.2 -0.2 0.1 

AlphaDeoxyriboFur_22 20.0 13.6 -0.4 0.2 2.4 
Deoxyribose_lineal_24 25.2 13.8 -3.9 0.7 -0.8 
BetaDeoxyriboFur_18 21.9 14.1 -0.9 -1.7 -0.5 
BetaDeoxyriboFur_9 20.0 14.1 1.3 -0.3 0.2 

AlphaDeoxyriboPyr_16 16.1 14.4 1.4 -0.1 -3.9 
Deoxyribose_lineal_21 22.7 14.4 0.0 -0.8 -1.4 
AlphaDeoxyriboFur_18 21.1 14.4 -0.3 2.2 0.3 
BetaDeoxyriboFur_11 21.4 14.6 3.0 0.8 1.3 

AlphaDeoxyriboFur_28 19.4 14.6 2.5 1.2 0.0 
Deoxyribose_lineal_15 23.4 14.7 -0.9 -1.3 0.7 
BetaDeoxyriboFur_20 18.7 14.8 -1.2 -2.3 -1.4 
BetaDeoxyriboFur_21 19.3 14.8 -1.9 0.3 -0.8 
BetaDeoxyriboFur_45 24.0 14.9 -2.2 -0.9 0.3 
AlphaDeoxyriboPyr_11 16.8 14.9 2.8 -0.8 -2.3 
AlphaDeoxyriboFur_16 20.0 15.0 0.8 -0.8 2.3 
BetaDeoxyriboFur_12 20.2 15.2 1.2 2.0 -0.5 
Deoxyribose_lineal_16 22.9 15.2 -0.7 2.7 1.4 
AlphaDeoxyriboFur_25 21.7 15.4 0.7 1.3 -0.4 
AlphaDeoxyriboFur_17 20.2 15.6 2.9 2.3 1.4 
Deoxyribose_lineal_6 24.7 15.6 -2.2 0.1 -1.6 

Deoxyribose_lineal_17 26.2 15.8 -1.0 -0.9 -0.7 
Deoxyribose_lineal_20 23.3 16.0 1.5 -2.2 1.2 
AlphaDeoxyriboFur_34 20.4 16.0 1.1 2.0 1.4 
BetaDeoxyriboFur_26 22.4 16.1 0.3 1.3 1.7 
BetaDeoxyriboFur_25 21.1 16.1 -1.5 -1.4 -0.3 
BetaDeoxyriboFur_44 20.9 16.2 -0.6 -4.0 -0.7 

AlphaDeoxyriboFur_27 24.9 16.2 1.3 -0.4 0.9 



 

AlphaDeoxyriboFur_21 21.1 16.3 3.9 2.4 -0.4 
BetaDeoxyriboFur_30 23.3 16.4 -1.4 0.0 -0.2 
BetaDeoxyriboFur_31 23.9 16.5 -0.9 -0.3 1.3 

AlphaDeoxyriboFur_31 21.3 16.6 2.3 1.2 3.1 
BetaDeoxyriboFur_39 20.8 16.7 -0.7 -2.1 0.9 
BetaDeoxyriboFur_17 20.3 17.0 0.6 -2.9 -0.7 
BetaDeoxyriboFur_33 24.6 17.1 1.7 0.8 0.4 

AlphaDeoxyriboFur_23 23.4 17.5 2.6 -0.9 0.6 
BetaDeoxyriboPyr_9 19.4 17.5 -0.1 0.1 -0.3 

BetaDeoxyriboFur_19 22.7 17.7 -2.6 1.8 0.6 
BetaDeoxyriboFur_37 22.8 17.7 -2.2 0.7 -1.4 
BetaDeoxyriboFur_36 22.0 17.7 -1.5 0.2 1.7 
BetaDeoxyriboFur_41 23.7 17.8 2.5 -1.3 1.3 

AlphaDeoxyriboFur_24 25.6 17.9 -1.8 3.0 1.4 
BetaDeoxyriboFur_22 25.7 18.1 0.5 -0.8 -1.8 
BetaDeoxyriboFur_34 25.3 18.3 0.6 0.7 -0.1 
BetaDeoxyriboFur_28 24.3 18.6 1.1 -2.3 0.2 
BetaDeoxyriboPyr_12 20.5 18.6 -3.1 -1.2 -0.4 

AlphaDeoxyriboFur_36 23.8 18.6 -2.1 2.0 2.4 
AlphaDeoxyriboPyr_5 20.0 18.8 -2.8 0.0 -0.4 
BetaDeoxyriboFur_38 25.6 18.9 -1.9 2.1 3.1 

AlphaDeoxyriboFur_32 26.2 18.9 -0.1 2.3 1.1 
BetaDeoxyriboFur_47 24.3 18.9 1.2 -0.7 1.9 
BetaDeoxyriboFur_27 25.8 19.0 -1.0 0.5 2.3 
BetaDeoxyriboFur_32 23.5 19.3 0.4 4.9 -1.2 
BetaDeoxyriboFur_56 26.7 19.4 -0.4 1.8 1.7 
BetaDeoxyriboFur_53 27.7 19.5 2.9 -1.1 2.3 
BetaDeoxyriboFur_29 25.9 19.6 0.0 2.0 2.1 
BetaDeoxyriboFur_48 27.2 19.7 0.8 -0.1 2.3 

AlphaDeoxyriboFur_33 27.0 19.9 -1.7 1.4 -0.7 
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Table VI.S13. Conformational search (>20 kJmol-1) of 2-deoxyribose according to M06-2X/6-311++G** 
(Electronic energies, zero-point energy corrections, Gibbs free energy and electric dipole moment 
components denoted respectively Δ(E+ZPVE), ΔG, μa, μb, μc). 
 

Conformer 
E + ZPVE) G a b c 

(kJ/mol) (kJ/mol) (Debye) (Debye) (Debye) 

AlphaDeoxyriboPyr_2 0.0 0.0 2.9 0.2 0.3 
BetaDeoxyriboPyr_1 6.0 5.0 -2.6 1.2 0.5 

AlphaDeoxyriboPyr_4 5.4 5.3 -3.1 0.5 1.4 
AlphaDeoxyriboPyr_7 7.8 7.6 -3.6 -0.9 2.8 

BetaDeoxyriboPyr_2 10.0 8.6 -0.9 -2.1 -0.7 
AlphaDeoxyriboPyr_1 10.1 9.0 -1.8 1.6 -1.8 
AlphaDeoxyriboFur_2 12.2 9.2 -0.6 -2.6 -0.6 

BetaDeoxyriboPyr_3 11.8 10.5 -0.2 -1.0 -2.2 
BetaDeoxyriboPyr_7 13.0 11.2 -0.3 2.2 -1.0 

AlphaDeoxyriboPyr_9 11.6 11.3 0.9 3.4 1.5 
BetaDeoxyriboPyr_5 13.0 11.4 -1.8 -2.0 0.1 

AlphaDeoxyriboFur_1 15.3 11.6 -1.3 -1.9 1.5 
BetaDeoxyriboPyr_8 14.0 12.1 -2.2 -0.5 -1.0 
BetaDeoxyriboPyr_4 15.9 13.1 -0.5 -0.2 0.1 

AlphaDeoxyriboPyr_3 14.6 13.4 -0.2 0.8 -0.1 
AlphaDeoxyriboFur_3 17.9 14.2 2.0 -2.0 -0.5 
BetaDeoxyriboPyr_10 17.0 15.5 2.4 -1.5 2.0 
AlphaDeoxyriboPyr_8 17.6 15.7 0.2 -1.4 -2.8 
BetaDeoxyriboFur_2 22.3 16.3 1.3 2.1 0.1 
BetaDeoxyriboFur_4 19.2 16.5 -0.5 -1.9 1.8 

AlphaDeoxyriboFur_5 19.9 16.9 0.2 2.1 1.6 
AlphaDeoxyriboPyr_6 18.9 17.0 1.6 -2.0 -1.3 

AlphaDeoxyriboPyr_13 18.9 17.0 0.7 -1.4 -2.3 
BetaDeoxyriboPyr_9 19.2 17.2 -0.1 0.0 -0.3 
BetaDeoxyriboFur_8 20.6 17.5 0.5 0.2 1.4 

AlphaDeoxyriboFur_6 20.9 17.5 1.3 2.3 -0.2 
BetaDeoxyriboFur_3 20.8 17.5 0.6 -1.5 -0.3 

AlphaDeoxyriboFur_9 21.8 17.7 -1.0 -2.4 -0.4 
BetaDeoxyriboFur_5 23.6 18.2 -0.2 -1.0 0.7 

AlphaDeoxyriboFur_11 23.1 18.5 0.4 -3.2 1.5 
AlphaDeoxyriboPyr_16 20.9 19.2 1.5 0.0 -3.8 
AlphaDeoxyriboPyr_5 20.3 19.5 -2.9 0.0 -0.2 
AlphaDeoxyriboFur_4 23.3 19.6 -0.2 3.1 1.4 

BetaDeoxyriboFur_6 24.4 19.8 -0.7 -2.7 -0.5 
AlphaDeoxyriboFur_29 24.3 19.9 -1.9 -1.3 1.6 



 

Table VI.S14. Conformational search (>20 kJmol-1) of 2-deoxyribose according to MP2(Full)/6-

311++G** (Electronic energies, zero-point energy corrections, Gibbs free energy and electric dipole 

moment components denoted respectively Δ(E+ZPVE), ΔG, μa, μb, μc). 

 

Conformer 
E + ZPVE) G a b c 

(kJ/mol) (kJ/mol) (Debye) (Debye) (Debye) 

AlphaDeoxyriboPyr_2 0.0 0.0 2.9 0.3 0.3 
BetaDeoxyriboPyr_1 4.3 3.3 -2.6 1.2 0.5 

AlphaDeoxyriboFur_2 6.7 3.5 -0.6 -2.6 -0.6 
AlphaDeoxyriboPyr_4 4.7 4.7 -3.0 0.6 1.4 

BetaDeoxyriboPyr_2 7.0 5.6 -1.0 -2.1 -0.6 
AlphaDeoxyriboPyr_7 6.6 6.0 -3.6 -0.7 2.8 
AlphaDeoxyriboFur_1 10.2 6.5 -1.3 -2.0 1.5 

BetaDeoxyriboPyr_4 8.6 6.7 -1.2 2.6 -0.3 
AlphaDeoxyriboPyr_1 8.0 6.7 -1.8 1.6 -1.9 

BetaDeoxyriboPyr_3 8.4 6.8 -0.2 -1.1 -2.2 
AlphaDeoxyriboFur_3 12.0 8.5 1.9 -2.0 -0.5 

BetaDeoxyriboPyr_5 10.7 8.9 -1.7 -2.0 0.2 
BetaDeoxyriboPyr_8 11.5 9.4 -2.2 -0.6 -1.1 
BetaDeoxyriboPyr_7 11.4 9.6 -0.2 2.2 -1.0 

AlphaDeoxyriboPyr_9 11.2 10.6 1.0 3.3 1.6 
AlphaDeoxyriboFur_5 13.9 10.7 0.2 2.1 1.6 

BetaDeoxyriboFur_2 17.0 11.6 1.9 0.7 0.4 
AlphaDeoxyriboPyr_3 13.2 11.8 -0.3 0.7 -0.2 
AlphaDeoxyriboFur_6 15.3 12.0 1.3 2.2 -0.3 
AlphaDeoxyriboFur_9 16.2 12.3 -1.0 -2.4 -0.4 

AlphaDeoxyriboFur_11 16.9 12.4 0.4 -3.3 1.4 
AlphaDeoxyriboPyr_8 14.7 13.0 0.2 -1.3 -2.8 
BetaDeoxyriboFur_6 17.9 13.0 -0.5 -2.7 -0.6 

BetaDeoxyriboPyr_10 14.9 13.1 2.3 -1.4 1.9 
Deoxyribose_lineal_3 21.3 13.7 0.0 -0.6 0.0 

AlphaDeoxyriboFur_7 20.0 13.9 -1.1 -0.2 1.3 
AlphaDeoxyriboPyr_15 19.0 13.9 0.4 0.2 -1.8 

BetaDeoxyriboFur_4 16.2 14.0 -0.4 -1.9 1.7 
Deoxyribose_lineal_10 23.5 14.2 1.0 0.5 -0.2 

AlphaDeoxyriboFur_14 20.2 14.3 0.0 -1.0 0.6 
AlphaDeoxyriboFur_4 18.1 14.3 -0.2 3.1 1.4 
AlphaDeoxyriboPyr_6 16.4 14.5 1.5 -2.0 -1.3 
BetaDeoxyriboFur_8 17.2 14.5 0.5 0.1 1.4 
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AlphaDeoxyriboFur_15 19.4 14.5 3.6 0.6 1.6 
BetaDeoxyriboFur_3 17.5 14.7 0.6 -1.6 -0.3 

AlphaDeoxyriboPyr_13 17.4 14.9 1.3 2.3 0.0 
AlphaDeoxyriboFur_8 18.9 15.0 -1.8 3.0 3.0 

BetaDeoxyriboFur_1 20.5 15.1 -3.1 -0.8 0.8 
AlphaDeoxyriboFur_29 19.3 15.2 -1.9 -1.4 1.5 
AlphaDeoxyriboPyr_16 17.3 15.3 1.5 0.0 -3.9 
BetaDeoxyriboFur_16 21.1 15.3 -0.2 -1.6 1.2 
Deoxyribose_lineal_5 23.7 15.5 1.7 -1.4 1.1 

AlphaDeoxyriboPyr_14 19.3 15.7 0.4 0.3 -1.7 
BetaDeoxyriboFur_7 21.8 16.3 -1.0 -0.8 0.7 

AlphaDeoxyriboPyr_11 18.5 16.3 2.9 -0.8 -2.3 
AlphaDeoxyriboFur_13 21.7 16.5 1.5 -2.7 1.7 

BetaDeoxyriboFur_15 21.6 16.6 2.3 0.4 2.9 
AlphaDeoxyriboFur_17 20.6 16.7 2.9 2.4 1.5 

BetaDeoxyriboFur_10 22.5 17.2 -2.0 -1.4 -1.5 
AlphaDeoxyriboFur_16 22.3 17.4 0.8 -0.7 2.2 
AlphaDeoxyriboFur_28 22.0 17.6 2.5 1.3 -0.1 

BetaDeoxyriboPyr_12 19.5 17.7 -3.2 -1.2 -0.3 
BetaDeoxyriboFur_21 21.8 17.9 -1.9 0.4 -0.6 
Deoxyribose_lineal_7 27.3 17.9 -1.1 -0.5 -1.5 
BetaDeoxyriboFur_12 22.1 18.0 1.0 2.1 -0.4 

AlphaDeoxyriboFur_21 21.9 18.0 4.0 2.5 -0.4 
BetaDeoxyriboFur_9 23.2 18.3 1.2 -0.1 0.1 

BetaDeoxyriboFur_20 21.9 18.4 -1.3 -2.1 -1.0 
AlphaDeoxyriboFur_31 23.1 18.5 2.4 1.1 3.1 
AlphaDeoxyriboFur_10 25.1 18.5 -2.4 0.7 2.7 

BetaDeoxyriboPyr_9 19.0 18.6 -0.3 -0.4 -0.1 
Deoxyribose_lineal_13 26.6 18.6 2.7 -1.5 -0.4 

AlphaDeoxyriboFur_26 23.9 18.7 0.1 -2.0 0.2 
AlphaDeoxyriboFur_34 22.9 18.8 1.0 2.0 1.5 

BetaDeoxyriboFur_25 23.7 19.2 -1.5 -1.4 -0.1 
BetaDeoxyriboFur_18 25.6 19.5 -1.0 -1.7 -0.1 
BetaDeoxyriboFur_44 24.6 19.8 -0.5 -3.8 -0.5 

Deoxyribose_lineal_22 28.8 19.8 0.6 -0.8 -0.1 
BetaDeoxyriboFur_11 25.3 20.0 2.8 1.5 1.3 
BetaDeoxyriboFur_17 22.6 20.0 0.8 -3.1 -0.8 

      
 

 
 



 

Figure VI.S1. Interconversion barrier between conformers c--pyr 4C1-2  c--pyr 4C1-1 of 2-
deoxyribose calculated at the MP2 level of theory.  

 
Figure VI.S2. Interconversion barrier between conformers c--pyr 4C1-2  c--pyr 4C1-1 of 2-

deoxyribose calculated at the MP2 level of theory. 

 

Figure VI.S3. Conformational distribution in 2-deoxyribose. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER VII 

 

 

Table VII.S1. Measured rotational transitions (in MHz) assigned to conformer -G-g+/cc/t using CP-

FTMW spectroscopy. 

J  1K 1K J  1K 1K   
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Table VII.S2. Measured rotational transitions (in MHz) assigned to conformer -G+g-/cc/t using CP-

FTMW spectroscopy. 

J  1K 1K J  1K 1K   

  



 

Table VII.S3. 

J  1K 1K J  1K 1K   

Table VII.S4. 

J   
1K  

1K  F   J   1K  
1K  F   obs obs - cal 
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Table VII.S5. 

J   
1K  

1K  F   J   1K  
1K  F   obs obs - cal 



 

Table VII.S6. 

J   
1K  

1K  F   J   1K  
1K  F   obs obs - cal 





 

SUPPLEMENTARY INFORMATION FOR CHAPTER VIII 

 

 

Table VIII.S1. Measured frequencies and residuals (in MHz) for the nuclear quadrupole coupling 

hyperfine components of histidine.  

J´ K´-1
 K´+1 J´´ K´´-1

 K´´+1
 F´1 F´2 F´ F´´1 F´´2 F´´ obs obs-cal 

              
1 1 1 0 0 0 2 2 1 1 1 1 2591.8881 0.0027 
1 1 1 0 0 0 0 1 2 1 2 3 2591.9708 0.0018 
1 1 1 0 0 0 2 1 0 1 0 1 2592.1041 0.0037 
1 1 1 0 0 0 2 2 3 1 1 2 2592.5997 -0.0012 
1 1 1 0 0 0 0 1 1 1 1 1 2593.1625 -0.0044 
1 1 1 0 0 0 2 3 4 1 2 3 2593.4948 0.0007 
1 1 1 0 0 0 1 2 3 1 2 2 2593.7008 -0.0030 
1 1 1 0 0 0 2 3 3 1 2 3 2594.0987 0.0004 
1 1 1 0 0 0 2 1 1 1 2 2 2595.3370 0.0006 
1 1 1 0 0 0 2 1 2 1 1 2 2595.3818 -0.0025 
              
2 1 2 1 1 1 3 4 5 2 3 4 3069.4436 0.0020 
2 1 2 1 1 1 2 3 4 1 2 3 3069.4819 0.0015 
2 1 2 1 1 1 3 4 4 2 3 3 3069.5193 -0.0001 
              
2 0 2 1 0 1 3 4 5 2 3 4 3150.0738 0.0006 
2 0 2 1 0 1 2 3 4 1 2 3 3150.0889 0.0009 
2 0 2 1 0 1 3 4 4 2 3 3 3150.1196 0.0025 
              
2 1 1 1 1 0 3 4 4 2 3 3 3240.9537 -0.0015 
2 1 1 1 1 0 3 4 5 2 3 4 3240.9999 -0.0012 
2 1 1 1 1 0 1 2 3 2 1 2 3241.0357 0.0008 
2 1 1 1 1 0 3 4 3 2 3 2 3241.0976 -0.0028 
              
2 1 2 1 0 1 3 3 2 2 2 1 4084.0661 0.0005 
2 1 2 1 0 1 3 3 4 2 2 3 4084.3272 -0.0005 
2 1 2 1 0 1 2 2 3 1 1 2 4084.4197 -0.0014 
2 1 2 1 0 1 1 2 3 0 1 2 4085.2867 -0.0012 
2 1 2 1 0 1 3 4 5 2 3 4 4085.3506 0.0004 
2 1 2 1 0 1 3 2 3 2 2 3 4085.5313 -0.0004 
2 1 2 1 0 1 2 3 4 1 2 3 4085.6356 -0.0021 
2 1 2 1 0 1 3 4 4 2 3 3 4086.0266 0.0015 
2 1 2 1 0 1 2 3 3 1 2 2 4086.2490 0.0009 
2 1 2 1 0 1 3 2 3 2 1 2 4086.7377 0.0010 
2 1 2 1 0 1 2 1 2 2 1 2 4087.0727 -0.0009 
2 1 2 1 0 1 2 1 1 2 1 0 4087.1150 -0.0001 
              
3 1 3 2 1 2 4 5 6 3 4 5 4601.0869 0.0001 
              
3 0 3 2 0 2 4 4 5 3 3 4 4712.1537 0.0006 
3 0 3 2 0 2 3 3 4 2 2 3 4712.1751 0.0007 
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3 0 3 2 0 2 4 5 6 3 4 5 4712.2347 -0.0008 
3 0 3 2 0 2 3 4 5 2 3 4 4712.2706 -0.0048 
3 0 3 2 0 2 4 5 5 3 4 4 4712.3144 -0.0009 
3 0 3 2 0 2 3 4 4 2 3 3 4712.3412 0.0023 
3 0 3 2 0 2 4 3 4 3 2 3 4712.3660 0.0011 
              
3 1 2 2 1 1 3 3 3 2 2 2 4858.0021 -0.0032 
3 1 2 2 1 1 3 4 4 2 3 3 4858.1296 -0.0002 
3 1 2 2 1 1 4 4 4 3 3 3 4858.1485 -0.0005 
3 1 2 2 1 1 3 4 5 2 3 4 4858.1753 -0.0009 
3 1 2 2 1 1 4 5 5 3 4 4 4858.2022 0.0002 
3 1 2 2 1 1 4 5 6 3 4 5 4858.2170 -0.0013 
3 1 2 2 1 1 3 2 3 3 2 3 4858.2989 -0.0001 
3 1 2 2 1 1 4 4 3 3 3 2 4858.3539 0.0016 
3 1 2 2 1 1 4 4 5 3 3 4 4858.3976 0.0012 
              
3 1 3 2 0 2 4 4 3 3 3 2 5535.2364 0.0008 
3 1 3 2 0 2 4 4 5 3 3 4 5535.4262 0.0043 
3 1 3 2 0 2 3 3 4 2 2 3 5535.6358 0.0043 
3 1 3 2 0 2 4 5 6 3 4 5 5536.3659 -0.0031 
3 1 3 2 0 2 3 4 5 2 3 4 5536.6652 -0.0020 
3 1 3 2 0 2 4 5 5 3 4 4 5537.0443 0.0006 
3 1 3 2 0 2 3 4 4 2 3 3 5537.2958 0.0033 
3 1 3 2 0 2 4 3 3 3 2 2 5537.5194 -0.0024 
              
4 1 4 3 1 3 5 6 7 4 5 6 6129.1638 0.0018 
4 1 4 3 1 3 5 6 6 4 5 5 6129.2063 0.0040 
4 1 4 3 1 3 5 6 5 4 5 4 6129.2423 0.0000 
              
4 0 4 3 0 3 3 4 5 2 3 4 6259.6101 0.0015 
4 0 4 3 0 3 5 6 7 4 5 6 6259.6216 -0.0007 
4 0 4 3 0 3 4 5 4 3 4 3 6259.6401 -0.0001 
4 0 4 3 0 3 4 5 6 3 4 5 6259.6697 -0.0004 
4 0 4 3 0 3 5 4 5 4 3 4 6259.6873 0.0001 
4 0 4 3 0 3 4 3 4 3 2 3 6259.7386 0.0017 
4 0 4 3 0 3 5 6 6 4 5 5 6259.7844 -0.0039 
4 0 4 3 0 3 4 5 5 3 4 4 6259.8209 -0.0012 
              
4 1 3 3 1 2 4 4 4 3 3 3 6470.9716 -0.0046 
4 1 3 3 1 2 4 5 6 3 4 5 6471.0527 0.0004 
4 1 3 3 1 2 5 6 7 4 5 6 6471.0636 0.0007 
4 1 3 3 1 2 4 4 5 3 3 4 6471.0857 0.0002 
4 1 3 3 1 2 5 5 6 4 4 5 6471.1291 0.0005 
4 1 3 3 1 2 4 3 4 3 2 3 6471.1608 -0.0002 
4 1 3 3 1 2 5 4 5 4 3 4 6471.2294 -0.0001 

 

 

 

 



 

Figure VIII.S1. Variation of the quadrupole coupling constants calculated at the MP2/6-311++G(d,p)level 

with the dihedral angle <HNCC for histidine conformer εIIa. 
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Table VIII.S2.  Cartesian coordinates for the εIIa conformer of histidine. The geometry has been optimized ab 

initio at the MP2/6-311++G(d,p) level of theory. 

                        Standard orientation:                            

---------------------------------------------------------------------    

Center     Atomic      Atomic             Coordinates (Angstroms)        

Number     Number       Type             X           Y           Z       

---------------------------------------------------------------------    

     1          7           0       -2.558340   -0.862911   -0.398551    

     2          6           0       -1.509677   -1.104038    0.457380    

     3          6           0       -0.935527    0.134820    0.687170    

     4          7           0       -1.610762    1.111324   -0.021923    

     5          6           0       -2.583667    0.475140   -0.664757    

     6          6           0        0.293374    0.454607    1.475112    

     7          6           0        1.495879    0.661776    0.536189    

     8          6           0        1.758479   -0.658794   -0.211910    

     9          8           0        1.855161   -0.519046   -1.538076    

    10          7           0        1.309919    1.747960   -0.436248    

    11          8           0        1.860447   -1.720646    0.362304    

    12          1           0        0.323859    2.003538   -0.500193    

    13          1           0        2.392751    0.853691    1.136587    

    14          1           0        0.522444   -0.367369    2.158331    

    15          1           0        0.134160    1.367030    2.059515    

    16          1           0       -1.249332   -2.093961    0.801134    

    17          1           0       -3.320243    0.928062   -1.313273    

    18          1           0       -3.194215   -1.554721   -0.769854    

    19          1           0        1.729042    0.451892   -1.666165    

    20          1           0        1.837795    2.573699   -0.177961    

---------------------------------------------------------------------    

Rotational constants (GHZ):      1.8174613      0.8621925      0.7715727 
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Table VIII.S3.  Cartesian coordinates for the εIIb conformer of histidine. The geometry has been optimized ab 

initio at the MP2/6-311++G(d,p) level of theory. 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          7           0        3.365123   -0.515438   -0.252728 

      2          6           0        2.206573   -1.232600   -0.062389 

      3          6           0        1.255705   -0.299660    0.314737 

      4          7           0        1.820462    0.961125    0.353636 

      5          6           0        3.090234    0.796243    0.005431 

      6          6           0       -0.189522   -0.518457    0.623300 

      7          6           0       -1.115895    0.090711   -0.443942 

      8          6           0       -2.551512   -0.335763   -0.107999 

      9          8           0       -3.286817    0.641067    0.443368 

     10          7           0       -1.022029    1.555445   -0.426840 

     11          8           0       -2.953879   -1.463819   -0.280561 

     12          1           0       -0.088369    1.843357   -0.134595 

     13          1           0       -0.865880   -0.352916   -1.415668 

     14          1           0       -0.432693   -0.065751    1.593206 

     15          1           0       -0.400125   -1.590208    0.687567 

     16          1           0        2.156769   -2.302538   -0.199936 

     17          1           0        3.837327    1.574194   -0.065152 

     18          1           0        4.263327   -0.892958   -0.519862 

     19          1           0       -2.685855    1.421326    0.414677 

     20          1           0       -1.177325    1.936747   -1.355995 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):      2.9931597      0.5676125      0.5011361 

 

  



 

Table VIII.S4.  Cartesian coordinates for the δIIa conformer of histidine. The geometry has been optimized ab 

initio at the MP2/6-311++G(d,p) level of theory. 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic     Atomic              Coordinates (Angstroms) 

 Number     Number      Type              X           Y           Z 

 --------------------------------------------------------------------- 

    1          6             0        1.799147   -0.618432    0.013468 

    2          6             0        1.428293    0.820243    0.413234 

    3          8             0        1.650947   -1.565168    0.758176 

    4          8             0        2.308747   -0.725463   -1.214657 

    5          1             0        2.225692    0.184414   -1.580794 

    6          7             0        1.316539    1.630796   -0.802832 

    7          1             0        0.349179    1.636945   -1.127311 

    8          1             0        1.592397    2.592447   -0.635196 

    9          6             0        0.172700    0.811142    1.304483 

   10          1             0        2.280329    1.192122    0.996114 

   11          6             0       -1.025090    0.320663    0.561706 

   12          6             0       -2.095713    0.983882   -0.023150 

   13          7             0       -2.943355    0.103131   -0.654257 

   14          6             0       -2.394807   -1.090136   -0.464153 

   15          7             0       -1.239988   -1.008157    0.261678 

   16          1             0       -2.303852    2.045846    0.008821 

   17          1             0       -0.618684   -1.767520    0.517145 

   18          1             0       -2.787603   -2.031581   -0.822170 

   19          1             0        0.367742    0.193641    2.186564 

   20          1             0       -0.022295    1.834174    1.643030 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):      1.9172176      0.8258574      0.7292662 
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Table VIII.S5.  Cartesian coordinates for the δIa conformer of histidine. The geometry has been optimized ab 

initio at the MP2/6-311++G(d,p) level of theory. 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic     Atomic              Coordinates (Angstroms) 

 Number     Number      Type              X           Y           Z 

 --------------------------------------------------------------------- 

    1          6             0        1.537260    0.492987    0.642722 

    2          6             0        1.654188   -0.576377   -0.427667 

    3          8             0        1.767799   -0.365771   -1.614262 

    4          8             0        1.640325   -1.810035    0.122095 

    5          1             0        1.690784   -2.436373   -0.615584 

    6          7             0        1.445695    1.802673   -0.010307 

    7          1             0        2.066963    1.830325   -0.815527 

    8          1             0        1.742924    2.528064    0.636076 

    9          6             0        0.283029    0.249265    1.503183 

   10          1             0        2.428117    0.388723    1.281544 

   11          6             0       -0.940870    0.068805    0.666786 

   12          6             0       -1.928640   -0.904832    0.647943 

   13          7             0       -2.865173   -0.639599   -0.324266 

   14          6             0       -2.450814    0.484390   -0.898686 

   15          7             0       -1.305595    0.954831   -0.322597 

   16          1             0       -2.002867   -1.775989    1.285332 

   17          1             0       -2.938446    0.990928   -1.719909 

   18          1             0       -0.703150    1.717364   -0.618006 

   19          1             0        0.423954   -0.649086    2.110583 

   20          1             0        0.177323    1.101732    2.187334 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):      1.8052882      0.8468902      0.7848799 
 
 

  



 

Table VIII.S6.  Cartesian coordinates for the εIIa conformer of histidine. The geometry has been optimized ab 

initio at the MP2/cc-pVTZ level of theory. 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -2.577156    0.485901   -0.680604 

      2          7           0       -2.562446   -0.849090   -0.429549 

      3          6           0       -1.526907   -1.104712    0.429339 

      4          6           0       -0.947071    0.121400    0.676972 

      5          7           0       -1.608404    1.107169   -0.024799 

      6          6           0        0.270079    0.423095    1.478836 

      7          6           0        1.474901    0.648125    0.557326 

      8          7           0        1.300553    1.742391   -0.403571 

      9          6           0        1.765269   -0.653231   -0.202764 

     10          8           0        1.802274   -1.735069    0.337582 

     11          8           0        1.979063   -0.469125   -1.507406 

     12          1           0        0.307058    1.931552   -0.523943 

     13          1           0        2.360863    0.843298    1.163833 

     14          1           0        0.494178   -0.409170    2.142985 

     15          1           0        0.107595    1.318287    2.079242 

     16          1           0       -1.276321   -2.094131    0.765687 

     17          1           0       -3.299883    0.948209   -1.329785 

     18          1           0       -3.198104   -1.529358   -0.809898 

     19          1           0        1.855567    0.507367   -1.608884 

     20          1           0        1.735757    2.590744   -0.069837 

 --------------------------------------------------------------------- 

 Rotational constants (GHZ):      1.8388175      0.8592330      0.7689911 





 

SUPPLEMENTARY INFORMATION FOR CHAPTER IX 

 

 

Table IX.S1. Measured frequencies and residuals (in MHz) for the rotational transitions of the 

observed rotamer of cytosine water complex. 

 

J' K'-1 K'+1 J'' K''-1 K''+1 νobs νobs - νcal 

2 1 2 1 1 1 3312.78 0.05 
2 0 2 1 0 1 3505.17 -0.08 
1 1 1 0 0 0 4502.95 0.23 
3 1 3 2 1 2 4962.56 0.10 
3 0 3 2 0 2 5230.92 0.06 
3 1 2 2 1 1 5572.10 -0.24 
2 1 2 1 0 1 6057.56 0.18 
4 1 4 3 1 3 6605.10 0.37 
4 0 4 3 0 3 6925.42 0.22 
3 1 3 2 0 2 7514.18 -0.41 





 

SUPPLEMENTARY INFORMATION FOR CHAPTER X 

 

 
Table X.S1. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer I of synephrine. 

 
J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
2 1 1 1 0 1 3  2 3872.6771  0.0017 
      2  1 3872.9006  0.0010 
5 1 5 4 1 4 6  5 3938.0789  0.0019 
5 0 5 4 0 4 5  4 4012.2456  0.0006 
      6  5 4012.2578  0.0031 
      4  3 4012.2983 -0.0022 
5 1 4 4 1 3 6  5 4097.0777  0.0035 
      5  4 4097.1352  0.0023 
3 1 3 2 0 2 3  2 4532.9559 -0.0010 
      4  3 4533.7254 -0.0033 
      4  3 4724.3066  0.0018 
3 1 2 2 0 2 3  2 4724.7265 -0.0009 
6 1 6 5 1 5 7  6 4724.7976  0.0036 
      6  5 4724.8152  0.0008 
6 0 6 5 0 5 6  5 4810.9581  0.0000 
      7  6 4810.9776  0.0016 
      5  4 4811.0057 -0.0007 
6 1 5 5 1 4 7  6 4915.5281 -0.0006 
      6  5 4915.5637  0.0014 
      5  4 4915.5757  0.0041 
4 1 4 3 0 3 4  3 5273.9107 -0.0004 
      5  4 5274.6173  0.0001 
      3  2 5274.8760  0.0010 
7 1 7 6 1 6 8  7 5511.0331 -0.0019 
      7  6 5511.0462  0.0014 
7 0 7 6 0 6 7  6 5607.6705 -0.0007 
      8  7 5607.6942 -0.0017 
      6  5 5607.7175 -0.0023 
7 1 6 6 1 5 8  7 5733.4217 -0.0032 
      7  6 5733.4411 -0.0033 
      6  5 5733.4540 -0.0033 
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Table X.S2. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer II of synephrine. 

 
J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
5 1 5 4 1 4 6 5 3943.3160  0.0039 
      5 4 3943.3565  0.0016 
5 0 5 4 0 4 5 4 4012.8274 -0.0014 
      6 5 4012.8358  0.0023 
      4 3 4012.8795  0.0006 
5 1 4 4 1 3 6 5 4091.6041  0.0011 
      5 4 4091.6622  0.0007 
3 1 3 2 0 2 3 2 4541.3981 -0.0016 
      4 3 4542.0797 -0.0007 
      2 1 4542.4835 -0.0011 
3 1 2 2 0 2 4 3 4719.8427  0.0015 
      3 2 4720.1695  0.0001 
6 1 6 5 1 5 7 6 4731.1924 -0.0011 
      5 4 4731.2014  0.0029 
      6 5 4731.2181  0.0015 
6 0 6 5 0 5 6 5 4812.1432 -0.0017 
      7 6 4812.1599  0.0029 
      5 4 4812.1848 -0.0025 
6 1 5 5 1 4 7 6 4909.0942  0.0016 
      6 5 4909.1252 -0.0017 
      5 4 4909.1345  0.0022 
4 1 4 3 0 3 4 3 5286.4873  0.0010 
      5 4 5287.1000 -0.0008 
      3 2 5287.3375  0.0017 
7 1 7 6 1 6 8 7 5518.6570 -0.0017 
      7 6 5518.6720  0.0011 
7 0 7 6 0 6 7 6 5609.7145 -0.0026 
      8 7 5609.7320 -0.0031 
      6 5 5609.7555 -0.0027 
7 1 6 6 1 5 8 7 5726.0982 -0.0012 
      7 6 5726.1210  0.0011 

 
 



 

Table X.S3. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer III of synephrine. 

 
 

J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
5 1 5 4 1 4 4 3 3877.3231 0.0023 
      6 5 3877.3550 0.0029 
      5 4 3877.3854 0.0032 
5 0 5 4 0 4 5 4 3921.1871 0.0037 
      6 5 3921.1987 0.0006 
      4 3 3921.2474 0.0029 
3 1 3 2 0 2 3 2 4337.7117 0.0008 
      4 3 4339.0497 -0.0014 
      2 1 4339.6872 0.0004 
6 1 6 5 1 5 6 5 4652.5098 0.0022 
      5 4 4652.4796 0.0020 
      7 6 4652.4937 -0.0014 
6 0 6 5 0 5 6 5 4704.0660 -0.0019 
      7 6 4704.0900 -0.0020 
      5 4 4704.1229 -0.0014 
6 1 5 5 1 4 7 6 4762.3099 0.0030 
      6 5 4762.3462 0.0003 
      5 4 4762.3712 0.0017 
4 1 3 3 0 3 3 2 5269.6916 -0.0011 
      5 4 5269.9016 0.0021 
      4 3 5271.0003 0.0007 
7 0 7 6 0 6 7 6 5486.2158 -0.0045 
      8 7 5486.2468 -0.0056 
7 1 6 6 1 5 8 7 5555.5518 -0.0021 
      7 6 5555.5759 -0.0010 
5 1 5 4 0 4 5 4 5825.8375 -0.0006 
      6 5 5827.0897 -0.0006 
      4 3 5827.3894 -0.0001 
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Table X.S4. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer IV of synephrine. 

 
J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
5 1 5 4 1 4 4 3 3888.2896  0.0041  
      6 5 3888.3195  0.0034  
      5 4 3888.3526  0.0040  
5 0 5 4 0 4 5 4 3924.0673  0.0012  
      6 5 3924.0765  0.0015  
      4 3 3924.1233  0.0016  
5 1 4 4 1 3 6 5 3962.3287  0.0037  
      5 4 3962.3967  0.0027  
6 0 6 5 0 5 6 5 4707.9960  0.0032  
      7 6 4708.0094 -0.0006  
      5 4 4708.0386 -0.0037  
6 1 5 5 1 4 7 6 4754.5836 -0.0010  
      5 4 4754.6486  0.0013  
      6 5 4754.6271  0.0011  
7 0 7 6 0 6 7 6 5491.4336 -0.0046  
      8 7 5491.4565 -0.0061  
      6 5 5491.4802 -0.0057  
3 1 3 2 0 2 3 2 4347.2253 -0.0003  
      4 3 4348.5639  0.0009  
      2 1 4349.2007 -0.0004  

 
Table X.S5. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer V of synephrine. 

 
 

J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
3 1 3 2 0 2 3 2 4058.2337 -0.00002 
      4 3 4058.4760 -0.00199 
6 0 6 5 1 5 5 4 4636.6293  0.00149 
      7 6 4636.6433 -0.00157 
      6 5 4636.8178  0.00001 
4 1 4 3 0 3 4 3 4959.9368 -0.00009 
      5 4 4960.1392  0.00194 
      3 2 4960.2353 -0.00153 
5 1 5 4 0 4 5 4 5849.5637  0.00025 
      6 5 5849.7417  0.00249 
      4 3 5849.8048  0.00182 
6 1 6 5 0 5 6 5 6728.3590 -0.00024 
      7 6 6728.5143 -0.00365 
      5 4 6728.5640  0.00095 

 
 



 

Table X.S6. Observed frequencies and residuals (in MHz) for the nuclear quadrupole coupling hyperfine 
components of the rotamer VI of synephrine. 

 
 

J´ K´-1 K´+1 J´´ K´´-1 K´´+1 F´ F´´ nobs. nobs.-n cal. 
3 1 3 2 0 2 3 2 4062.8027 -0.0025 
      4 3 4062.9565 -0.0008 
      2 1 4063.1170  0.0012 
3 1 2 2 0 2 3 2 4217.3152  0.0014 
      4 3 4217.3891  0.0006 
      2 1 4217.5211  0.0013 
6 0 6 5 1 5 7 6 4635.0423  0.0005 
      6 5 4635.1351 -0.0005 
4 1 4 3 0 3 4 3 4968.4379 -0.0005 
      5 4 4968.5504  0.0043 
      3 2 4968.6179 -0.0050 
4 1 3 3 0 3 4 3 5225.8944  0.0001 
      5 4 5225.9200 -0.0027 
      3 2 5225.9799  0.0008 
5 1 5 4 0 4 5 4 5862.6219  0.0012 
      6 5 5862.7083  0.0032 
      4 3 5862.7481 -0.0030 
6 1 6 5 0 5 6 5 6746.4581 -0.0001 
      7 6 6746.5289  0.0007 
      5 4 6746.5587 -0.0004 
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