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Scope: automatic visScope: automatic vis--àà--vis comparisonvis comparison

Computational Spectroscopy

direct comparison with experiment
accuracy → interpretation   
easy-to-use procedure



Time independend and time dependent approachesTime independend and time dependent approaches

Computational Spectroscopy

The time independent approach:The time independent approach:

The time dependent approach:The time dependent approach:

Search for stationary points: minima (determination of structure), saddle 

points (determination of energy barriers and reactivity), 

Normal modes (internal motions, accurate determination of spectroscopic 

parameters)

Sampling of the energy surface: collection of trajectories (Molecular 

Dynamics approach). 

The energy (and the properties) are determined ‘on the fly’ during the 

integration on time of the Newton-like equations or by a previous 

calculation of grids on the energy surface.  



TimeTime--independent approach to compute independent approach to compute 
vibrationally resolved electronic spectravibrationally resolved electronic spectra

1. Theoretical framework 1. Theoretical framework –– short overview.short overview.

2. Effective scheme 2. Effective scheme to choose the most probable to choose the most probable 

transitions: transitions: FCClasses.FCClasses.

3. Implementation in G09 3. Implementation in G09 –– technical details.technical details.

4. Applications: accuracy and interpretation.4. Applications: accuracy and interpretation.



Calculation of the one photon absorbtion (OPA) or emission (OPE)Calculation of the one photon absorbtion (OPA) or emission (OPE) spectraspectra

Theoretical framework

Absorption stick spectrum 

Emission: the dependence on ω3;

0 K: Only excitations from zero-vibrational level considered.

Intensity proportional to integral:



One-photon absorption (OPA) or emission (OPE) 

Electronic circular dichroism (ECD) 

A general method to compute vibrationally resolved electronic spA general method to compute vibrationally resolved electronic spectra  ectra  [1].

Theoretical framework

In general casegeneral case of two two interacting transition dipole moments the intensity of a spectrum 
line is determined by:

iBffAi ϕϕϕϕ dd

ifBA µdd ==

electronic transition dipole moment

)( and ifBifA mdµd ℑ==

magnetic transition dipole moment

BornBorn--OppenheimerOppenheimer approximation
EckartEckart conditions (minimize the coupling between the rotations and vibrations)
HarmonicHarmonic oscillator

where φi and φf are the vibrational wave functions of the initial and final states, respectively

There is no general analytic solution for mif and µ if !
However,

1. V. Barone, J. Bloino, M. Biczysko, F. Santoro  J. Chem. Theory Comp. 5, 540 (2009) 



Approximation of the transition dipole momentsApproximation of the transition dipole moments

Theoretical framework

The Franck-Condon principle

Electron jump takes place in such a short time that nuclei are 
nearly unaltered by the molecular vibrations

Franck-Condon: dA and dB are constant during the transition

Herzberg-Teller: dA and dB vary linearly with the normal 
coordinates

Taylor expansion of dA and dB about the equilibrium 
geometry of the final state

� Computation of the overlap integrals between initial and 
final vibrational states requires the use of a common 
coordinates set.
� Duschinsky transformation: normal coordinates of the 
initial state (Q’) as linear transformation of the normal 
coordinates of the final state (Q’’).
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� Using recursion fotmulae it is in principle possible to evaluate the transition 
dipole moment integrals                                         by evaluating the overlap 
integrals between the vibrational initial and final states (FC integrals).
� In principle there is an infinite number of transitions to evaluate
But, most transitions have a low-to-negligible probability.

Selection of transitions to be computedSelection of transitions to be computed

Effecient computational strategies

fBifAi ϕϕϕϕ dd  and 



FCClassesFCClasses an an a prioria priori scheme to select the most intense transitions scheme to select the most intense transitions [1,2].

Effecient computational strategies

1. F. Santoro, R. Improta, A. Lami, J. Bloino, V. Barone, J. Chem. Phys. 126, 084509 (2007)
2. F. Santoro, A. Lami, R. Improta, J. Bloino, V. Barone, J. Chem. Phys. 128, 224311 (2008) 

Principle

Transitions are separated in classes depending on the number of 

simultaneously excited modes of the final state

Cheap transitions for classes 1 and 2 are calculated up to a set, safe limit and 

their values stored

Information from classes 11 (effect of the shift in equilibrium positions and 

frequencies on the vibrational progression of each mode) and 2 2 (effect of the 

Duschinsky mixing) are used to evaluate a priori the transitions to compute 

for each class starting from the third one.

The calculations depend on the number of integrals (           )   to compute 

NOT on the dimensionality of the system

max
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AA prioripriori scheme to select the most intense scheme to select the most intense transitions:reliabilitytransitions:reliability [1,2].

Effecient computational strategies

1. F. Santoro, R. Improta, A. Lami, J. Bloino, V. Barone, J. Chem. Phys. 126, 084509 (2007)
2. F. Santoro, A. Lami, R. Improta, J. Bloino, V. Barone, J. Chem. Phys. 128, 224311 (2008) 

BUT - need to check the reliability! 

The total intensity calculated after eachafter each classclass is checked with the total 
intensity expectedexpected using analytic sum rules:

FC case
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Simulation of electronic spectra: ApproximationsSimulation of electronic spectra: Approximations

PES related approximations

displacements 
from 
gradients

Simplest zero-order harmonic approx. – PES in S0 and S1 do not differ – geometries, 

normal modes and freq. identical – most of the vibrational bands are missing.

+ S1 gradients at S0 geometry

Gradient FC approach (GFC) aka LCM

(linear coupling model) – translation vector 
(K’) between S1 and S0 PES

+ S1 Hessian at S0 geometry

Harmonic Vertical Hessian Franck-Condon approach (HFC): well suited 

for a proper description of low-resolution features and the region the region of 

maximum band. 



Displacements (K) frequency changes 
excited state 
geometry 
optimization

normal modes

PES related approximations

Simulation of electronic spectra: Simulation of electronic spectra: Harmonic Adiabatic FC ModelHarmonic Adiabatic FC Model

+ S1 Hessian at S1 geometry

Harmonic Adiabatic Franck-Condon (AFC) approach: 

excited states geometry optimisation and frequency 

calculations. S1: TD numerical Hessian from analytical 

gradients1. Better description and assignment of high 

resolution spectra.

1. Scalmani, G.; Frisch, M.J.; Mennucci, B; Tomasi, J.; Cammi, R; Barone, V.; J. Chem. Phys. 124 (2006) 094107. 



PES related approximations

Harmonic Adiabatic FC: Duschinsky rotationHarmonic Adiabatic FC: Duschinsky rotation

the normal modes in S0 and S1 are in general not coincident (J≠I)

Q’’i ≠ Q’i – Duschinsky rotation. 
Q’’i as a linear combination of the S0 ones:
Q’’=JQ’+K ; 
J - Duschinsky matrix
K - shift vector.

S0

Jik
2

0.0
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Beyond harmonic approximationBeyond harmonic approximation
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Perturbative anharmonic corrections in the ground state [1], aniPerturbative anharmonic corrections in the ground state [1], anisole[3], adenine [4,5]sole[3], adenine [4,5]

Beyond harmonic approximation

1. V. Barone, J. Chem. Phys. 122, 014108 (2005) 
2. A.D. Boese, J. Martin, J. Phys. Chem. A 108 (2004) 3085
3. J. Bloino, M. Biczysko, O. Crescenzi, V. Barone J. Chem.Phys. 128, 244105 (2008).
4. W. Zierkiewicz, L. Komorowski, D. Michalska, J.Cěrny, P. Hobza, J. Phys. Chem. B 112 (2008) 16734; 
5. M. Biczysko, P. Panek, V. Barone, Chem. Phys. Lett. 475, 105  (2009).

PT2 computationsPT2 computations

ωωωω’s the harmonic wave-numbers, 

ξξξξ’s simple function of 3rd (Fijk) and semidiagonal 4th (Fiijj)energy derivatives 

with respect to normal modes Q

Fijk and Fiijj evaluated from numerical differentiation of analytical Hessian

Proper treatment of Fermi resonances based on effective selection criterium [2]

Good agreement with experimental data.
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Anisole: B3LYP/6-311+G(d,p) 

Adenine: B3LYP/6-311++G(2df,2pd) 



Anharmonic corrections in excited statesAnharmonic corrections in excited states

Beyond harmonic approximation

S0: possibilities

1. Anharmonic calculations feasible

even for medium size systems

2. Accurate experimental data 

available.

3. Appropriate scaling factors well

established

1. Direct PT2 or VSCF calculations not 

feasible for larger systems

2. PT2 – lack of TD-DFT analytical 

Hessians

3. Appropriate scaling factors not well 

established

make use of the data available for the ground electronic state

S1: problems



� For  each normal mode Qi in S0: mode specific scaling factor αααα(i)

�Anharmonicity ∼∼∼∼ PES, if PES(S0) = PES(S1) ⇒ one-to-one relation between 
the normal modes Q(i) and Q’(i) of the ground and excited states ⇒⇒⇒⇒ αααα(i)=αααα′(i)

�Excited state normal modes expressed as a function of ground state ones:                 
QQ’’’’=JQ=JQ’’+K+K’’ ; J - Duschinsky matrix  , K’ - shift vector.

�Make use of  TA or EA anharmonic frequencies for the ground state, to derive 
effective ‘mode specific’ scaling factors αααα’(i) for excited state:

υυυυ’’(i)=αααα’’(i)ωωωω’’(i)

A scheme to evaluate anharmonic corrections in excited states [1A scheme to evaluate anharmonic corrections in excited states [1].

Beyond harmonic approximation

1. J. Bloino, M. Biczysko, O. Crescenzi, V. Barone J. Chem. Phys. 128, 244105 (2008)
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Implementation in Gaussian09Implementation in Gaussian09

1.1. Fully integrated procedure: an overview. Fully integrated procedure: an overview. 

2.2. Simple test case: input and output description.Simple test case: input and output description.

3.3. Options to fineOptions to fine--tune spectra computations.tune spectra computations.



Franck: a fully integrated  procedureFranck: a fully integrated  procedure

Gaussian09 Revision A.02

� Implementation as an easy-to-use 
procedure integrated in a quantum mechanical 
computational package, GAUSSIAN

�Direct access to precise data on the 
properties of electronic states inside the 
computational package GAUSSIAN

�Efficient and versatile procedure to 
compute vibrationally resolved electronic 
spectra

�Few required settings from the user but 
many possibilities to fine-tune the 
calculations

�Clear output with description of the most 
intense transitions



Simple test case: Simple test case: 22AA22←← 22BB1 1 absorption spectrum of  phenoxyl radicalabsorption spectrum of  phenoxyl radical

Gaussian09 Revision A.02



An automatic  blackAn automatic  black--box procedurebox procedure

Simple test case: OPA spectrum of phenoxyl radical



Gaussian input for  2Gaussian input for  2--step procedure step procedure 

Simple test case: OPA spectrum of phenoxyl radical

In the input file for the second step, the keyword FC,FCH or HT is given for 
Frequency

22--step procedure:step procedure: 1. Calculation of the frequencies for the final state

2. Calculation of the frequencies for the initial state 
followed by the generation of the spectrum.

SaveNM: not generally mandatory (save the frequencies and normal modes in the 
checkpoint file). 
But necessary for QM/MM calculations or when dealing with frozen atoms .



Gaussian input for  3Gaussian input for  3--step procedure step procedure 

Simple test case: OPA spectrum of phenoxyl radical

33--step procedure:step procedure: 1. Calculation of the frequencies for the initial state.

2. Calculation of the frequencies for the final state.

3. Generation of the spectrum, input file:

22--step procedure step procedure requires the computation of frequencies each time a spectrum 
must be generated thus is not well suited when diverse parameters must be tried. 
A second way of using GAUSSIAN is through a 33--steps proceduresteps procedure where the last 
step is broken down in two separate steps as follows:

Steps 1Steps 1--2 2 can be done simultaneously.



Gaussian output: generation of the spectrumGaussian output: generation of the spectrum

Simple test case: OPA spectrum of phenoxyl radical

Type of : Type of : approximation of the electronic transition dipole moment (FC) (FC) and 
transition (OPA)(OPA)

Starts:Starts:

The actual calculation:The actual calculation:



Gaussian output: generation of the spectrumGaussian output: generation of the spectrum

Simple test case: OPA spectrum of phenoxyl radical

After each class the convergencethe convergence of the spectrum is printed:

The most intense most intense transitions (PrtInt=) are printed by incrementing class:

Finally, the spectrum the spectrum generated by GAUSSIAN:GAUSSIAN:

modemode^̂quanta quanta 



Gaussian output: generation of the spectrumGaussian output: generation of the spectrum

Simple test case: OPA spectrum of phenoxyl radical

� Stick spectrum

� Convoluted spectrum 

� Assignment of vibronic transitions 



Gaussian input: ReadFCHT sectionGaussian input: ReadFCHT section

Options to fine-tune spectrum computations

Input:Input:

� General parameters of the calculations: FC/FCHT/HT, ABS/EMI

� Sources of input data: Calc/Chk/Out, NState

� User-given input data or modification: InpDEner, SclVec, JDusch/JIdent

� Parameterization of the GAUSSIAN output: PrtMat, AllSpectra, PrtInt

� Setting of the spectrum layout: SpecMin, SpecMax, NoRelI00, SpecRes, 
SpecHWHM



Options ruling spectrum accuracy:Options ruling spectrum accuracy:

Options to fine-tune spectrum computations

� MaxOvr(MaxC1): Sets the maximum quantum number that has to be 
considered for each mode of C1 (C1

max), default=20;

� MaxCmb(MaxC2): Sets the maximum quantum number to consider for 
each mode involved in the combination bands in C2 (C2

max) default=13;

� MaxInt: Sets the maximum number of integrals (NI
max, expressed in 

million) to compute for each class above C2, default=100 (10^8 integrals).

� MaxBands: Sets the maximum class to consider. Calculations can end 
before if there are not enough excited modes or DELTASP is also defined and 
the condition imposed by the latter is met before; default=7;

� DeltaSP: Sets a condition on the spectrum convergence. If the spectrum 
progression with respect to the total intensity between two consecutive classes is 
below DeltaSP (in absolute value), then the calculations end, default= 0.0.



Parameterizing the prescreening method: Photodetachment spectrumParameterizing the prescreening method: Photodetachment spectrum of SFof SF66
--::

Options to fine-tune spectrum computations

� The default settings are insufficient to correctly reproduce the photodetachment 
spectrum of SF6

-

MAXC1=20MAXC1=20



Illustrative examplesIllustrative examples

1.1. Efficiency of Efficiency of a prioria priori selection schemeselection scheme

2.2. Spectrum convergenceSpectrum convergence

3.3. Full vs. reduced dimensionality vibrational treatmentFull vs. reduced dimensionality vibrational treatment

4.4. Accuracy and interpretationAccuracy and interpretation

5.5. Environmental effects by discrete or continuum modelsEnvironmental effects by discrete or continuum models

6.6. DFT for spectroscopy and nonDFT for spectroscopy and non--covalent interactions.covalent interactions.



Photoelectron Spectrum of Adenine and Adenine@Si(100) [1].

1. V. Barone, et al J. Chem. 
Theory Comp. 5, 540 (2009) 

A priori scheme  - almost all spectrum intensity (about 98%) for an isolated molecule or a
macrosystem at an equivalent computational cost (localized transition).

Computational cost related to the number of integrals not the system size.
Spectrum changes upon adsorption - insights into the nature of adsorbate-surface  interactions

Adenine: 

39 normal modes

B3LYP/6-31+G(d,p)

Adenine@Si(100): 

> 600 normal modes

ONIOM, QM: Adenine –

B3LYP/6-31+G(d,p)

MM: Si119 – UFF force field

A priori A priori selection schemeselection scheme

FWHM=200 cm-1

FWHM=2 cm-1
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Phosphorescence Spectrum of Chlorophyll c2 [1].

1. V. Barone, J. Bloino, M. Biczysko, F. Santoro  J. Chem. Theory Comp. 5, 540 (2009) 

Spectrum quality ∼∼∼∼∼∼∼∼ intensity convergence ∼∼∼∼∼∼∼∼ number of integrals ∼∼∼∼∼∼∼∼ computational cost.
Line shape - information about most important transitions, converges much faster than 
spectrum intensity: 10^2 integrals ≈ 40%,  10^9 ≈ 80% , 10^12 ≈ 90 %.
Main spectrum features well reproduced by cheap computation with only 10^2 integrals.

Chlorophyl c2: 

213 normal modes

S0, T1: B3LYP/6-31+G(d,p)

Spectrum convergence, intensity vs. lineSpectrum convergence, intensity vs. line--shapeshape
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.. A2B1 ←X2A1 electronic transition of phenyl radical [1].

1. M. Biczysko, J. Bloino, V. Barone
Chem. Phys. Lett. 471, 143 (2009)
2. G.S. Kim, A. Mebel, S. Lin 
Chem. Phys. Lett. 361, 421 (2009)

Good agreement with shifted experimental spectra:
transition assign as 0–0 progression to the excited vibrational state of A2B1?

Limited dimensionality simulations [2] – spectrum almost featureless:

Full dimensional vibronic models – reproduce the spectrum shape
Full-D prior to analyze the possible role of nonadiabatic effects.

S0-B3LYP/N07D +

PT2 anharmonicity 

S1-TD-B3LYP/N07D+

(TA) (EA) correction scheme

FullFull--dimensional vibronic treatmentdimensional vibronic treatment



Energy [cm -1]

AEgas≈≈≈≈3.2eV
exp

VEgas≈≈≈≈3.7eV
exp

In
te

n
s
it
y
 [

a
rb

it
ra

ry
 u

n
it
s
]

UV Spectrum of Acrolein in the Gas Phase [1].

1. V. Barone, et al. J. Chem. Theory Comp. 5, 540 (2009)  2. K. Aidas, et al. J. Chem. Phys. 128, 194503 (2008)

Origin and band maximum of n→π* electronic transition agree well with experiment [2].
Weakly allowed n→π* transition, FCHT (with homogenous broadening) better reproduce
vibrational structure of gas phase experimental spectrum [2]. 

Gas phase:
S0-B3LYP/6-311++G(2d,2p)
S1-TD-B3LYP/6-311++G(2d,2p)
FWHM=400 cm-1, 
homogoneous (Lorenzian) broadening
Broad band: 
FWHM=1500 cm-1

inhomogenous (Gaussian) broadening

FC vs FCHT approximationFC vs FCHT approximation



Energy [cm -1]

VEgas≈≈≈≈3.69eV
exp

VEwater≈≈≈≈3.94eV
exp

shift exp 

shift comp
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Vibrationally resolved electronic spectra:Vibrationally resolved electronic spectra:
UV Spectrum of Acrolein in the Gas Phase and Aqueous Solution [1].

1. V. Barone, et al. J. Chem. Theory Comp. 5, 540 (2009)  2. K. Aidas, et al. J. Chem. Phys. 128, 194503 (2008)

Straightforward simulation of both the gas phase and aqueous solution absorption spectra.
Solvent spectra – observed featureless broad band [2], simulation: detailed description of 
underlying vibrational contributions.  Solvent shift well reproduced by DFT/CPCM.

Gas phase:
S0-B3LYP/6-311++G(2d,2p)
S1-TD-B3LYP/6-311++G(2d,2p)
Water:
S0-B3LYP/6-311++G(2d,2p)
+CPCM
S1-TD-B3LYP/6-311++G(2d,2p)
+CPCM
Both: FWHM=1500 cm-1

inhomogenous (Gaussian) broadening

Environmental effectsEnvironmental effects



Refinement: absolute and relative energies: Refinement: absolute and relative energies: S1←S0 electronic transition of anisole [1].

1. J. Bloino, M. Biczysko, O. Crescenzi, V. Barone J. Chem. Phys. 128, 244105 (2008) 

AccuracyAccuracy

S0: 

CCSD/aug-cc-pVDZ//

B3LYP//6-311+G(d,p);  

S1: 

EOM-CCSD

/aug-cc-pVDZ//

TD-B3LYP/6-311+G(d,p)

TD-DFT

EOM-CCSD

Exp.

> 1000 cm-1

< 500 cm-1
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Refinement of the electronic transition origin by coupled cluster computation. 
To achieve fit between spectra, electronic transition would need to be computed with the 

accuracy of ≈10 cm−1 → necessary to  compare spectra shifted to the 0-0 origin.



Anharmonic corrections in ground and excited state:Anharmonic corrections in ground and excited state:
S1←S0 electronic transition of anisole [1].

1. J. Bloino, M. Biczysko, O. Crescenzi, V. Barone J. Chem. Phys. 128, 244105 (2008) 
2. V. Barone, J. Chem. Phys. 122 (2005) 014108

A very good agreement between computed and experimental REMPI spectrum has only been 
possible when the frequencies have been corrected for anharmonicity.

S0: B3LYP/6-

311+G(d,p)

Perturbative (PT2) 

anharmonic corrections 

[2],

S1:TD-B3LYP/6-

311+G(d,p) 

Anharmonic corrections 

derived from ground 

state data[1].

AccuracyAccuracy

νCOC bend

ν6b+ν6a

ν6b-ν6a

ν1

ν12

ν1+ν12

RMSD=15cm-1

νCOC bend

ν6b+ν6a

ν6b-ν6a

ν1

ν12

ν1+ν12

RMSD=15cm-1

Energy (cm-1) relative to the S1←S0  origin
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S1←S0 electronic transition of anisole dimer [1,2]: structure of the complex

Rotational constants in the ground and first excited 

electronic state

Systems with non-covalent interactions: Accuracy

1. M. Pasquini, ..., M. Becucci, M. Biczysko, J. Bloino, V. Barone submitted J. Phys. Chem. A; 
2. N. Schiccheri, ..., M. Becucci, M. Biczysko, J. Bloino, V. Barone in preparation



S1←S0 electronic transition of anisole dimer [1,2]: 
Dimer vs. monomer OPA spectra

Structures: S0: M05-2X/6-31+G(d,p), S1: TD-M05-2X/6-31+G(d,p)

Anharmonic corrections: ground state (PT2) B3LYP-D/6-31+G(d,p)  + ‘mode-specifig scaling 

factors’ scheme  for excited state

Systems with non-covalent interactions: Interpretation

1. M. Pasquini, ..., M. Becucci, M. Biczysko, J. Bloino, V. Barone submitted J. Phys. Chem. A; 
2. N. Schiccheri, ..., M. Becucci, M. Biczysko, J. Bloino, V. Barone in preparation

Energy (cm-1) relative to the S1←S0  origin
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More intense More intense 
νν6b6b++νν6a6a

Shift Shift νν6b6b--νν6a6a

Shift Shift ννCOC bendCOC bend

InterInter--molecular modesmolecular modes



Performance of long-range/dispersion corrected DFT functionals [1]:
PES of adenine dimer.

1. M. Biczysko et al. Chem. Phys. Lett. 475, 105  (2009) 2. P. Jurečka, et al. Phys. Chem. Chem. Phys. 8 (2006) 1985

DFT-D models and the M06-2X functional: a binding energy in good agreement with the
benchmark data [2]; Standard B3LYP →→→→ NOT suitable for the studies of molecular
complexes bound by dispersion/stacking interactions, 

B3LYP/6-311+G(d,p) 

scan: distance between 

parallel molecular planes, 

internal coordinates of 

adenine moieties

and their mutual orientation 

fixed ( JSCH-2005 

database[2])

Systems with nonSystems with non--covalent interactionscovalent interactions
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Performance of long-range/dispersion corrected DFT functionals [1]:
Anharmonic frequencies

1. M. Biczysko, P. Panek, V. Barone Chem. Phys. Lett. 475, 105  (2009)

From DFT approaches which correctly describe dispersion interaction in adenine dimer 
only B3LYP-D/DM yield anharmonic frequencies with agreement to experimental data.

Perturbative (PT2) anharmonic 

corrections [2]

6-311++G(2df,2dp) basis set.

normal modenormal mode

∆
ν

∆
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T
2

PT
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Systems with nonSystems with non--covalent interactionscovalent interactions



Perturbative anharmonic corrections in ground state[1]:Perturbative anharmonic corrections in ground state[1]:
adenine [2,3], adenine@Si.

1. V. Barone  J. Chem. Phys. 122 (2005). 014108,  
2. W. Zierkiewicz, L. Komorowski, D. Michalska, J.Cěrny, P. Hobza, J. Phys. Chem. B 112 (2008) 16734
3. M. Biczysko, P. Panek, V. Barone, Chem. Phys. Lett. 475, 105  (2009)

Possibility of reduced dimensionality computation: 55 most intense bands of 
adenine and their shift upon absorbtion on Si28 cluster.

Reduced anharmonicity:

Adenine@Si(100): ONIOM

B3LYP/6-311++G(2df,2pd)

+UFF, 

5 of 195 normal modes

Anharmonic correctionsAnharmonic corrections

mode adenine adenine@Si28 shift

ν(NH2)asym
3539 3541 +2

ν(N-H)str
3497 3491 -6

ν(NH2)sym
3432 3441 +9

νννν(NH2)sciss
1616 1636 +20

ν(N-C)str
1591 1597 +6

ν(NH2)sciss

ν(N-C)str



Computational spectroscopy with G09Computational spectroscopy with G09

� A fully integratedintegrated method in a well-known, general-purpose 
quantum mechanical computational package, GAUSSIAN: 
highly accurateaccurate calculations from internal data, possibility to 
combine with all toolsall tools available within package

��EasyEasy--toto--useuse with high possibilities of adjustmentsadjustments for special 
cases

��FastFast and reliable results for medium-to-large systems

�Integrated analysisanalysis of the most important transition lines

�Scalable to the study of large systemslarge systems. 
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Further developmentsFurther developments

Circular dichroism, MultiCircular dichroism, Multi--photonphoton Spectroscopy + Temperature effectsSpectroscopy + Temperature effects
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