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ReSpecTh:
a joint reaction kinetics, spectroscopy, 

and thermochemistry information system

http://respecth.hu



Reaction kinetics

• Respecth Kinetics Data Format

• Database of combustion experiments

• Collection of Chemkin-format mechanisms

• Programs for the analysis of reaction mechanisms



Spectroscopy

• Experimental databases

The experimentally measured, assigned transitions validated by MARVEL: nine 
major water isotopologues, H3

+, H2D+, D2H+, NH3, ketene, C2

• MARVEL databases

MARVEL energy levels with uncertainties

• First-principles databases

BT2 line list of H2
16O, VTT line list of HD16O, own D2

16O energy levels, own energy
levels of H3

+, H2D+, and D2H+



Thermochemistry

• NEAT database

NEAT, standing for a “network of computed reaction enthalpies leading to atom-
based thermochemistry”, is a simple and fast, weighted, linear least-squares 
refinement protocol and code for inverting the information contained in a 
network of quantum chemically computed 0 K reaction enthalpies.

• Burcat’s thermochemical data

A mirror of Burcat’s thermodynamic data collection



Rovibronic (high-resolution)

molecular spectroscopy:

the traditional experimental paradigm

for accuracy and precision

First-principles variational

molecular spectroscopy:

a new computational paradigm

for accuracy



Experiment vs. Theory
Experiment Theory

Accuracy

in Spec: (10-4-10-6 cm-1) >> 10-1-10-3 cm-1

in Th: 1 kJ mol-1 ~  1 kJ mol-1

Completeness

in Spec: ~1-10% << ~100%

in Th: ~100% ~ ~100%

Results

Implicit Explicit

Conclusion: use experiment and theory together and 
connect them with ‘inversion tools’



Inverse problems
Measured quantities

refinement procedure

(inversion tools)

parameters of the physical model(s)



Why measure bound molecular 
states (spectra) of molecules?

Modeling in many scientific and engineering
applications (e.g., star formation models, 
atmospheric modeling, including the greenhouse
effect, and combustion) need detailed, precise, T-
dependent, line-by-line information, usually
deposited in old-fashioned databases

Most detailed information about the structure and 
dynamics of molecules

Resonances (quasibound states) and tunneling are
also of great potential interest, partly for advanced
reaction dynamics but also for scientific and 
engineering applications



Why compute bound molecular 
states (spectra) of molecules?

Test theoretical methods against wealth of experimental 
results (including testing of potential energy (PES) and dipole 
moment (DMS) hypersurfaces)

Combine theory and experiment to obtain the maximum 
information in order to determine complete spectra

Unravel complicated spectra, basis for new assignments

Predict experimentally not easily accessible or even 
unaccessible spectral regions or features

Bridge (overtone) spectroscopy (anharmonicity and 
resonances) and dynamics (e.g., IVR, vibrational adiabaticity, 
quantum ergodicity)



I U P A C 

Number: 2004-035-1-100

Title: A database of water transitions from experiment and theory

Task Group

Chairman: J. Tennyson (U.K.))

Members: P. Bernath (Canada), A. Campargue (France),

M. R. Carleer (Belgium), A. G. Császár (Hungary),

R. Gamache (Belgium), J. Hodges (U.S.A.), 

A. Jenouvrier (France), O. Naumenko (Russia),

O. L. Polyansky (Germany), L. Rothman (U.S.A.),

R. A. Toth (U.S.A.), A. C. VanDaele (Belgium),

and N. F. Zobov (Russia)

http://www.iupac.org/projects/2003/2004-035-1-100.html



Question: would experiment or theory provide
more useful data for scientific and engineering
applications?



Question: would experiment or theory provide
more useful data for the scientific and engineering
applications?

Answer: basically neither, the best approach
involves both and takes advantage of the strengths
of the two complementary approaches while
minimizing their weaknesses. This is true for high-
resolution spectroscopy and thermochemistry, as
well.



Spectroscopic networks (SN):
large, finite, weighted, 

undirected, and rooted graphs

• energy levels: vertices (nodes, with given, 
theoretical or experimental, uncertainties)

• allowed transitions: edges (links)

• transition intensities: weights

A. G. Császár, T. Furtenbacher, J. Mol. Spectrosc. 2011, 266, 99-103

T. Furtenbacher, A. G. Császár, J. Mol. Struct. 2012, 1009, 123







Pure absorption rotational spectrum
of the ground vibrational state of H2

16O



Pure absorption spectroscopic network
of the ground vibrational state of H2

16O





Spectroscopic databases

High-resolution

Transmission

Molecular 

Absorption

Database

(Harvard-

Smithonian)

Atmospheric

Radiation

Analysis

(GEISA)

Quantitative

Infrared

Database

(NIST)

Cologne

Database for

Molecular

Spectroscopy

(CDMS)
IUPAC database of water isotopologues:

JQSRT 110 (2009) 573, 111 (2010) 2160,

117 (2013) 29, and 142 (2014) 93.

ASA –

Atmos.

Spectr.

Appl.



• H2
16O: 184 667

• H2
17O:     9 169

• H2
18O:   32 325

• HD16O: 54 740

• HD17O:      485

• HD18O:   8 729

• D2
16O:  53 532

• D2
17O:       600

• D2
18O:  12 167

IUPAC 
transitions

• H2
16O: 18 486

• H2
17O:   2 723

• H2
18O:   5 131

• HD16O: 8 818

• HD17O:    162

• HD18O: 1 864

• D2
16O: 12 288

• D2
17O:      338

• D2
18O:   3 345

IUPAC 
energy levels



MARVEL: An inverse,  

Hamiltonian-free approach

to highly accurate

rovibrational energy levels

Measured Active

Rotational-Vibrational

Energy Levels

T. Furtenbacher, A. G. Császár, J. Tennyson, J. Mol. Spectrosc. 245, 115 (2007)

T. Furtenbacher, A. G. Császár, J. Quant. Spectr. Rad. Transfer 113, 929 (2012)
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Solve for E (in a least-squares sense, taking into account the experimental 

uncertainties of the ij) to obtain experimentally derived term values Ei, Ej, ....

Database of observed

transition wavenumbers

ij with assignments and

uncertainties

The ij  are determined by

term values Ei, Ej, ....

=



Building of the spectroscopic network

Several graph-theoretical algorithms:

- Floyd–Warshall

- Dijkstra

- DFS (depth-first search)

- BFS (breadth-first search)



MARVEL
MARVEL: Measured Active Rotational

Vibrational Energy Levels

Database:

Basic equation (Ritz):

levelsenergy lower  and

upperfor  labels unique andijij wv
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MARVEL
MARVEL: Measured Active Rotational

Vibrational Energy Levels

Database:

Least-squares solution:

levelsenergy lower  and

upperfor  labels unique andijij wv
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MARVEL
Obtaining the energy levels and the associated

uncertainties is not a simple inversion process

We employ an iterative method to adjust the
uncertainties to get a self-consistent database

Method: Robust reweighting

22

1

ijij
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MARVEL
Solving the system of linear equations

A) Exact uncertainties: 

Sparse-adaptive LDLT decomposition
(Cholesky)

B) Approximate uncertainties:

conjugate gradient method

1 jjj A

sum

1 11

AA
A

ii

jj 



Experimental information systems



IUPAC water database II.
HD16O, HD17O and HD18O

HD16O HD17O HD18O

No. of transitions collected 54 740 485 8 729

Maximum J 30 11 18

Highest VBO (cm-1) 22 625 1 399 9 930

No. of energy levels 8 818 162 1 864

No. of sources 74 3 18

J. Tennyson, P. F. Bernath, L. R. Brown, A. Campargue, A. G. Császár, L. Daumont, R. R. Gamache, J. T. 

Hodges, O. V. Naumenko, O. L. Polyansky, L. S. Rothman, R. A. Toth, A. C. Vandaele, N. F. Zobov, S. 

Fally, A. Z. Fazliev, T. Furtenbacher, I. F. Gordon, S.-M. Hu, S. N. Mikhailenko, and B. Voronin, IUPAC 

Critical Evaluation of the Rotational-Vibrational Spectra of Water Vapor. Part II. Energy Levels and 

Transition Wavenumbers for HD16O, HD17O, and HD18O, J. Quant. Spectr. Rad. Transfer 2010, 111, 2160-

2184.



IUPAC water database. III. 
H2

16O

H2
16O

No. of transitions collected 184 667

Maximum J 42

Highest VBO (cm-1) 41 121

No. of energy levels 18 486

No. of sources 93

J. Tennyson, P. F. Bernath, L. R. Brown, A. Campargue, A. G. Császár, L. Daumont, R. R. Gamache, J. 

T. Hodges, O. V. Naumenko, O. L. Polyansky, L. S. Rothman, A. C. Vandaele, N. F. Zobov, A. R. Al 

Derzi, C. Fábri, A. Z. Fazliev, T. Furtenbacher, I. E. Gordon, L. Lodi, and I. I. Mizus, IUPAC Critical 

Evaluation of the Rotational-Vibrational Spectra of Water Vapor. Part III. Energy Levels and Transition 

Wavenumbers for H2
16O, J. Quant. Spectrosc. Rad. Transfer 117 (2013) 29-58.



Summary of MARVEL analyses

property H3
+ H2D+ HD2

+

no. of sources 26 13 9

range (cm-1) 7 – 16 506 5 – 7 105 23 – 6 581

no. of transitions (A/V) 1610 / 1410 194 / 185 154 / 136

energy levels – ortho 259 63 52

– para 393 46 52

– floating 105 14 27

no. of VBOs 13 7 6

T. Furtenbacher, T. Szidarovszky, C. Fábri, A. G. Császár, Phys. Chem. Chem. Phys. 15, 10181 (2013).
T. Furtenbacher, T. Szidarovszky, E. Mátyus, C. Fábri, A.G. Császár, J. Chem. Theory Comput. 9, 5471 (2013).



MARVEL vibrational band origins
of D2H

+



Predictive power of MARVEL



Predictive power of MARVEL



Predictive power of MARVEL



Predictive power of MARVEL



Predictive power of MARVEL





New calibration standards: H2
16O, 

H2
18O, D2

16O (15-170 cm-1)

• only para-water transitions

• measured with internal precision better than 33 kHz

• underlying energy levels are involved in at least three 
measured transitions

T. Furtenbacher, A. G. Császár, J. Quant. Spectr. Rad. Transfer 109, 1234 (2008)

H2
16O H2

18O D2
16O

752,033.104(13) 203,407.502(30) 643,247.288(37)

916,171.405(13) 322,465.170(30) 692,243.579(36)

987,926.743(16) 517,181.960(30) 714,087.313(36)

1,207,638.714(13) 745,320.142(36) 743,563.526(36)



Recalibration of measurements



H3
+ measurements



H3
+ rovibrational measurements



C2 rovibronic measurements



Summary

• Spectroscopic networks (SN) are weighted, 
undirected graphs, whereby energy levels are the 
nodes, allowed transitions are the links, and weights 
are provided by intensities.

• SNs provide highly useful concepts for high-
resolution molecular spectroscopy and for database
management.

• MARVEL, based on SNs, allows to turn scattered
information into focused knowledge.

• A large number of spectroscopic-quality energy
levels can be determined via MARVEL.


