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((photochemicalphotochemical pathwayspathways andand

structuresstructures))
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

Credit:Center for Global Environmental Research, National Institute for Environmental Studies Japan
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

Problems caused by UV radiation
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

Industrial and domestic use of CFCs

1929: Former gases used in refrigerators were (and still are!) toxic : NH3, SO2, etc.
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

Industrial and domestic use of CFCs

1928-29: Thomas Midgley “invented” CFC-12 

(CF2Cl2)

Freon: The “safe” gas (3 de novembro de 1934)

Advantages: non-toxic, non-flammable, easily

stocked , relatively cheap

production, stable, versatile

(refrigeration, solvent, etc...)



8/11/2019

6

Laboratório de Modelagem Molecular de Reações QuímicasLaboratório de Modelagem Molecular de Reações Químicas 6

IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

First studies concerning the effect of CFCs

1973: James Lovelock detected CFC-11 (CFCl3) 

in the atmosphere.1

1 Nature, 1973(241) 194-196; 2 Nature, 1974(249), 810-812

1974: Rowland e Molina suggested that CFC´s, when

reach stratosphere, absorb solar radiation, releasing

atomic Cl, which deplets O3 cataliticaly.2

CFCl3 + hν → CFCl2 + Cl (CFC-11)

CF2Cl2 + hν → CF2Cl + Cl (CFC-12)
185 nm (6.7 eV) < λλλλ

< 200nm (6.20 eV) (UVC)

→Highest effect around 23 – 35 km .
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

First studies concerning the effect of CFCs

Molina group used previous knowledge about UV 

absorption spectrum, by J. Doucet et. al. (cited in 

Nature, 1974(249), 810-812.)

nσ* !



8/11/2019

8

Laboratório de Modelagem Molecular de Reações QuímicasLaboratório de Modelagem Molecular de Reações Químicas 8

IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

First studies concerning the effect of CFCs

Molina group used previous knowledge about UV 

absorption spectrum, by J. Doucet et. al. (cited in 

Nature, 1974(249), 810-812.)
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

First studies concerning the effect of CFCs

Molina group used previous knowledge about UV absorption spectrum, by J. Doucet et. al.

(cited in Nature, 1974(249), 810-812.)

Four and six different bands have been identified in the photoelectron spectra

of CF2Cl2 and CFCl3, respectively T. Cvitaš et. al. JCP, 1977, 67, 2687.
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012CF2Cl2
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

CFCl3
J. Doucet et. al.

9.92 eV 6.20 eV
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→Solar radiation reaching the atmosphere 

Source: Atmospheric Chemistry and 

Physics: From Air Pollution to Climate 

Change, Second Edition, by John H. 

Seinfeld and Spyros N. Pandis. Copyright 

© 2006 John Wiley & Sons, Inc. 

Low intensity for  

λλλλ < 200nm
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→UV radiation

⇒⇒⇒⇒However, one still has a significative intensity in the region:  

200 nm < λλλλ < 400 nm

→→→→UV: between 10 e 400 nm

UVA:  315 nm < λλλλ < 400 nm

UVB: 280 nm < λλλλ < 315 nm

UVC: 100 nm < λλλλ < 280 nm

This is more harmful to the cells ! 

(affects DNA)

⇒⇒⇒⇒There is also a “good” effect 

(270 nm < λλλλ <  310nm) is 

important to yield previtamin D3.

Source: M. Wackera & M. F. 

Holick, Sunlight and Vitamin

D, Dermato-Endocrinology 5:1, 51–

108; January/February/March 2013

conversion of 7-

dehydrocholesterol

to previtamin D3 in 

human skin.
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

→Cl is highly reactive with respect to O3, leading rapidly to 
O3 depletion, involving ClO radical:

Cl + O3 → ClO + O2
ClO + O → Cl + O2____________________

→Net reaction:         O3 + O →→→→ O2 + O2

→One single Cl atom can destroy 
~ 100000 O3 molecules3 !!

3International Journal of Environmental Science and Development, Vol.2, No.1, February 2011
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

“Without a protective ozone layer in the atmosphere, animals 
and plants could not exist, at least upon land. It is therefore 
of the greatest importance to understand the processes that 
regulate the atmosphere's ozone content.” (Royal Academy of 
Sciences, announcing the 1995 Nobel Prize for Chemistry for 
Paul Crutzen, Mario Molina, and F. Sherwood Rowland) 

→The Ozone hole was initially detected in Antartida in 
1985, by the team of Joseph Farman (English scientist).

→ Since then it has been constantly monitorated

1985: Vienna convention about the ozone hole problem.
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IntroductionIntroduction

OzoneOzone layerlayer andand thethe CFCsCFCs
2011-2012

1987: A team formed by 150 scientists from four countries went to

Antartida and concluded that ClO concentration there was ~ one

hundred times larger than everywhere alse.

1995: Nobel prize to Rowland and Molina.
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IntroductionIntroduction

NASA NASA monitoringmonitoring
2011-2012
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IntroductionIntroduction

NASA NASA monitoringmonitoring
2011-2012

→P. A. Newman et. al, Atmos. Chem. Phys., 9, 2113, 2009

→Yes, scientific
knowledge saved
many lives !!
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→ Other gases containing Cl (and Br) can also deplete the 

ozone layer!

→Main sources of Cl in the atmosphere(1999):

Source: 

Atmospheric 

Chemistry and 

Physics: From Air 

Pollution to Climate 

Change, Second 

Edition, by John H. 

Seinfeld and Spyros 

N. Pandis. Copyright 

© 2006 John Wiley 

& Sons, Inc. 
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→Relative to CFC-11

→ ODP: ozone depletion potential.

Source: 

Atmospheric 

Chemistry and 

Physics: From Air 

Pollution to Climate 

Change, Second 

Edition, by John H. 

Seinfeld and Spyros 

N. Pandis. Copyright 

© 2006 John Wiley 

& Sons, Inc. 
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→ HCFCs as substitutes

→As they have at least one H atom, they are consumed 
through  reaction with •OH in the troposphere .

→Although they contain Cl, reaction with hidroxyl
radical (•OH) decrease their probability to reach 
stratosphere. 

→However, they contribute to the greenhouse effect…
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→Their lifetimes are also important!
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InitialInitial motivationmotivation toto thethe studystudy ofof ClCl-- releaserelease

Works Works byby thethe groupgroup ofof R. P. R. P. TuckettTuckett
2011-2012→ N.J. Rogers et. al., PCCP, 2010, 12, 10971 

→CH3X (X=F,Cl,Br);

→∆∆∆∆H= 11.18 eV

→∆∆∆∆H= 9.85 eV

→∆∆∆∆H= 9.53 eV
Maximum near 11.3 eV
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ResultadosResultados ExperimentaisExperimentais

Rogers, et al. Phys. Chem. Chem. Phys. 2010(12) 10971Rogers, et al. Phys. Chem. Chem. Phys. 2010(12) 10971––1098010980
2011-2012

→∆∆∆∆H= 9.85 eV

→Higher energy peaks can 
be associated to more 
fragments
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InitialInitial motivationmotivation toto thethe studystudy ofof ClCl-- releaserelease

Works Works byby thethe groupgroup ofof R. P. R. P. TuckettTuckett
2011-2012→ Vacuum-UV negative photoion spectroscopy of gas-phase

polyatomic molecules,Simpson, M. J.; Tuckett, R. P. International 
Reviews in Physical Chemistry, 2011, 30, 197–273.

→CF2Cl2

→∆∆∆∆H= 8.2 eV

Maximum near 11.3 eV
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InitialInitial motivationmotivation toto thethe studystudy ofof ClCl-- releaserelease

Works Works byby thethe groupgroup ofof R. P. R. P. TuckettTuckett
2011-2012→ Vacuum-UV negative photoion spectroscopy of gas-phase

polyatomic molecules,Simpson, M. J.; Tuckett, R. P. International 
Reviews in Physical Chemistry, 2011, 30, 197–273.

→CH2Cl2

Maximum near 10.0 eV

→∆∆∆∆H= 8.6 eV
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InitialInitial motivationmotivation toto thethe studystudy ofof ClCl-- releaserelease

Works Works byby thethe groupgroup ofof R. P. R. P. TuckettTuckett
2011-2012→ Vacuum-UV negative photoion spectroscopy of gas-phase polyatomic

molecules,Simpson, M. J.; Tuckett, R. P. International Reviews in Physical 
Chemistry, 2011, 30, 197–273.

→CF3X (X=Cl,Br,I);

→∆∆∆∆H= 9.2 eV4

4M. J. Simpson, PhD 
Thesis, School of 
Chemistry, University of 
Birmingham, Aug. 2010

→ Much higher 
onset! Why ??



8/11/2019

28

Laboratório de Modelagem Molecular de Reações QuímicasLaboratório de Modelagem Molecular de Reações Químicas 28

MechanismsMechanisms forfor ionion--pairpair formationformation

M. J. Simpson and R. P. M. J. Simpson and R. P. TuckettTuckett, Int. Rev. Phys. Chem. 2011(30) 197, Int. Rev. Phys. Chem. 2011(30) 197––273273
2011-2012
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FirstFirst outcomeoutcome:: naturenature ofof thethe bondbond inin thethe ionion--pairpair ofof CHCH33ClCl

2011-2012

2016

2014
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WhatWhat isis aa RydbergRydberg statestate ??

⇒⇒⇒⇒⇒⇒⇒⇒ In In moleculesmolecules it it waswas firstfirst suggestsuggest byby N. BohrN. Bohr
2011-2012

⇒ A molecular Rydberg state corresponds to an electronic state
characterized by an excitation to a very diffuse orbital with n > nvalence

⇒ Consequently, this electron “sees” the molecule almost as a distant
positive charge.

⇒ In many cases the excitation energy fits to the Rydberg formula:

→(ii) Attempt to generalize the hydrogenic formula.

(in Hartrees)

→(iii) δl : quantum defect: to take the electronic repulsion into account;
atomic nature in a molecular orbital.

→(iv) IE : Ionization energy

→(i) Rydberg series: 3s, 4s, 5s, ... ; 3p, 4p, 5p, ...; 3d, 4d, 5d ...



8/11/2019

31

Laboratório de Modelagem Molecular de Reações QuímicasLaboratório de Modelagem Molecular de Reações Químicas 31

ResultsResults forfor CHCH33ClCl

ChoiceChoice ofof activeactive spacespace
2011-2012

σ’CH neClσ’’CH σ’’’CH neCl nσCl 2pσ(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)

RCCl=4,013Å

σ’CH neClσ’’CH σ’’’CH neCl σC-Cl σ∗C-Cl 3s(C) 3pe(C) 3pe(C) 3pσ(C)

RCCl=1,713Å

σ’CH neClσ’’CH σ’’’CH neCl nσCl 2pσ(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)

RCCl=10,013Å

Why ??
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ResultsResults forfor CHCH33ClCl

ChoiceChoice ofof activeactive spacespace
2011-2012

σ’CH σ’’CH σ’’’CH

RCCl=4,013Å

σ’CH σ’’CH σ’’’CH

RCCl=1,713Å

σ’CH σ’’CH σ’’’CH

RCCl=10,013Å

Why ??

→(i)Mebel and Lin: a valence state 
between two 3p states of CH3

5

5 Mebel, A. M.; Lin, S. Chemical Physics 1997, 215, 329–341.

→(ii)After many tests: inclusion of 
these orbitals lead to correction 
dissociation (correct orbital shapes 
and degeneracies)
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ResultsResults forfor CHCH33ClCl

SchemesSchemes usedused in in thethe wavefunctionswavefunctions
2011-2012

σ’CH neClσ’’CH σ’’’CH neCl σCl σ∗(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)

scheme used at the MCSCF level

CAS(12,7) AUX(4)1e

σ’CH neClσ’’CH σ’’’CH neCl σCl σ∗(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)

scheme used at the MR-CISD level

CAS(6,4) AUX(4)1eRAS(3) 1e
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ResultsResults

EletronicEletronic states states andand configurationsconfigurations

RCCl=1,712Å

11A1 (0.86)gs

11E (0.54)neσ* + (0.24)ne3s(C)

21E (0.46)ne3s(C) + (0.36)ne3pσ(C)

21A1 (0.86)ne3pe(C)

31E (0.88)ne3pe(C)

11A2 (0.88)ne3pe(C)

41E (0.44)ne3pσ(C)+(0.27)neσ*+(0.17)ne3s(C)

31A1 (0.81)σ3s(C)

41A1 (0.71)σσσσ3pσσσσ(C)+ (0.15)σσσσσσσσ*

51E (0.86)σ3pe(C)

51A1 (0.73)σCHσ*

σ’CH neClσ’’CH σ’’’CH neCl σCl σ∗(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)
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ResultsResults

EletronicEletronic states states andand configurationsconfigurations

RCCl=10,013Å

11A1+11E (2pσ)
1n(Cl)5

21A1 (2pσ)
0n(Cl)6 (ionic)

21E +31A1 (nσ,nε)
4 3s(C)1

31E+41E+11A2+41A1 (nσ,nε)
4 3pε(C)1

51A1+51E (nσ,nε)
4 3pσ(C)1

σ’CH neClσ’’CH σ’’’CH neCl nσCl 2pσ(C) 3s(C) 3pe(C) 3pe(C) 3pσ(C)

RCCl=1,712Å

11A1 (0.86)gs

11E (0.54)neσ* + (0.24)ne3s(C)

21E (0.46)ne3s(C) + (0.36)ne3pσ(C)

21A1 (0.86)ne3pe(C)

31E (0.88)ne3pe(C)

11A2 (0.88)ne3pe(C)

41E (0.44)ne3pσ(C)+(0.27)neσ*+(0.17)ne3s(C)

31A1 (0.81)σ3s(C)

41A1 (0.71)σ3pσ(C)+ (0.15)σσ*

51E (0.86)σ3pe(C)

51A1 (0.73)σCHσ*
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ResultsResults

PotentialPotential energyenergy curvescurves
2011-2012

R
el

at
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e

E
n
er

g
y

(e
V
)

Curves at MR-CISD/aug-cc-pVDZ(Cl,H)/d-aug-cc-pVDZ (C) level

C-Cl Distance (Å)

11.43 eV (108.5 nm)   : largest f
(0.340)gs → 41A1

CI upon
symmetry 
reduction

-δ

+δ

Å Å

1.152Å

→Experimental
threshold :~ 10.0 eV

High density of states

R. Locht et. al. 
Chem. Phys. 
2001, 272, 259
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ResultsResults

Some Some characteristicscharacteristics ofof thethe hydrogenhydrogen bondedbonded contactcontact ionion--pairpair
2011-2012

X%

(i) Charge separation: δ = 0,88;

(ii) Highly polar: 10,41 D (MR-CISD with 
augTZ(H,Cl)/d-aug-TZ(C) basis set);

(iii) Configuration: 0,75(2pσ(C))0(nσ(Cl))2 + 0,11σσ*

(iv) Binding energy: 4.65 eV (MR-CISD+Q/valence with 
ZPE and augTZ(H,Cl)/d-aug-TZ(C) basis set)

-δ

+δ

Å
1.152Å
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ResultsResults

ContinuationContinuation ... HCFC... HCFC--133a (CF133a (CF33--CHCH22Cl)Cl)
2011-2012

X%

largest f (0.361): same transition
as before, σ4pσ (12.07 eV: CI+Q)

→Similar ref
space as
before, but now
without the
inner valence
orbitals

→d-augTZ(Cl)/
augDZ(C,H,F)
basis set

HBCIP

OPT with
valence
orbitals only

→Binding energy of
3.53 eV at the
CI+Q(valence) with
augTZ(C,H,Cl)/TZ(F)

→δ=0.93 and
µ=9.44 D

→non-adiabatic dynamics (TD-DFT/ωB97XD ):
Cl- yields (10.0 versus 11.2 eV)

→Increases from 4 to 15%
G. P. Rodrigues et. al., J. Phys.
Chem. A. 2019, 123, 1953
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ResultsResults

CFCF33Cl: Cl: sometimessometimes thethe ionion--pairpair is is veryvery close to a close to a nearbynearby statestate
2011-2012

X%

→Similar ref
space as that of
CH3Cl
(RAS, CAS, AUX)
, but now the
inner valence
(RAS) is a nF
orbital

→d-augTZ(C)/
augTZ(F,Cl) basis set

OPT with
valence
orbitals only

→Binding energy
of 4.0 eV

→δ=1.42 and
µ = 11.56 D

→Cl- is associated with multi-
fragmentation channels (> 16eV)

V. C. de Medeiros
et. al., JCTC
(2018), 14, 4844
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UnderUnder studystudy

HydrogenHydrogen bondedbonded contactcontact ionion--parpar in CHin CH33--CHCH22ClCl
2011-2012

X%

→Phodissociation at 10.48 eV

→Focused on the R+ fragment

→Valence includes de σCH/σCH* pair

→Binding energy of 3.28 eV (CI+Q
with augTZ(Cl)/augDZ(C,H)

→Much larger H bond distance than
in the previous cases

→δ=0.67 and µ=9.56 D

→Hydrogen shared and 3
orbitals in the ethyl cation
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UnderUnder studystudy

CFCF22ClCl2 2 , MCSCF: 2, MCSCF: 2σσ pairspairs + 4n(Cl) + AUX(3s(C), 3p(C)) (+ 4n(Cl) + AUX(3s(C), 3p(C)) (alsoalso CHCH22ClCl22) ) 
2011-2012

X%

0,000

2,000

4,000

6,000

8,000

10,000

12,000

14,000

1,808 1,908 2,008 2,108 2,208 2,308 2,408 2,508 2,608 2,708 2,808 2,908 3,008 3,108 3,208 3,308 3,408 3,508 3,608 3,708 3,808

1A'

2A'

3A'

4A'

5A'

6A'

7A'

8A'

9A'

10A'

11A'

12A'

13A'

1A"

2A"

∆E(eV)

C–Cl distance (Å)

→The four lowest excited states are nσ*, at both MCSCF and CI levels

OPT with reduced valence:

n
σ

+ n1 + n2 + 2p
σ

→Structure similar to that of [CF3]+Cl- but ~ 0.193Å longer

→ δ = 0.60, µ = 7.51D and binding energy of 3.00 eV at CI +Q(complete
valence)/augDZ

nσ*

→Next lower state 0.32 eV lower (at CI level): deactivation ?

→Experimental threshold
for Cl- :~ 10.35 eV

→d-augDZ(C)/augDZ(F,Cl)

→There are nσ* states of much higher energies
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ConclusionsConclusions

2011-2012

X%

→High level MR-CISD calculations are required for details concerning photochemical
reactions (dissociation channels, emitting structures (fluorescence), minima, conical
intersection (deactivation), …)

→For the studied chloroalkanes the generated Cl (or Cl-) atom is in its ground state: at
the end the excitation energy is in the fragment (methyl, ethyl, CF3, CF3CH2, …)

→A judicious choice of orbitals is crucial ! Sometimes a RAS/CAS/AUX scheme is
necessary

→Computational effort versus accuracy

→The C+−H···Cl− moiety (observed in the CH3Cl and CF3CH2Cl systems) is an uncommon
structure, but here it has been observed in excited states

→It has been observed previously (though in the ground state) in systems where the C
atom is part of a heteroaromatic ring (in ionic liquids)

→Deactivation of the ion-pair can take place


