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Introduction

Ozone layer and the CFCs
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Introduction

Ozone layer and the CFCs

* Contains S0% of Atmospheric Ozone

» Beneficial Role: Acts as Primary UV
Radiation Shield

o Current Issues:

> Stratospheric Ozone — Long-Term Global Downward Trends
- Springtime Antarctic Ozone Hole
(The Ozone Layer) Each Year

— Springtime Arctic Ozone Losses
in Several Recent Years

* Contains 0% of Atmospheric Ozone
* Harmful Impact: Toxic Effects on
Humans and Vegetation

> Tropospheric Ozone | ® Current Issues:
— Episodes of High Surface Ozone
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Introduction

Ozone layer and the CFCs

Industrial and domestic use of CFCs

1929: Former gases used in refrigerators were (and still are!) toxic : NH;, SO, etc.




Introduction
Ozone layer and the CFCs

Industrial and domestic use of CFCs

Advantages: non-toxic, non-flammable, easily
stocked, relatively cheap

production, stable, versatile

(refrigeration, solvent, etc...)

1928-29: Thomas Midgley “invented” CFC-12
(CF,ClL)

e
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RAILWAY  AGE

...1S AIR-CONDITIONED WITH

November 3, 1934

SEREEO N>

HE 20th Century . . . travelers
who once journey eastward or
westward on this famous New York
Central limited never forget its lux-
ury and speed, its cool, refreshing,
airconditioned comfort!
Air-conditioned! That means coal-
ness in summer time . . . and a great
deal more! It means fresh, invigor
ating comfort all year round. It
means that day and night, winter
and summer, dust and soot and noise

Freon: The “safe” gas (3 de novembro de 1934) ., crc cremcais, e

are shut out.

“Freon” is the refrigerant used in
the Century’sair-conditioning equip-
ment. This refrigerant was selected
because, should there be a leak in
the system, “Freon” would not en-
danger health or life of the passen-
gers. On this train there is no odor
of wash-rooms or human bodies be-
cause of the efficient manner in v hich
the* airconditioning system
operates, It is for these reasons that

“Freon” is used on more than 99%
of all mechanically air-conditioned
railroad cars today.

, TENTH & MARKET STREETS, WILMINGTON, DELAWARE
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Introduction

Ozone layer and the CFCs

First studies concerning the effect of CFCs

1973: James Lovelock detected CFC-11 (CFCl;)

in the atmosphere.!

1974: Rowland e Molina suggested that CFC’s, when
reach stratosphere, absorb solar radiation, releasing
atomic Cl, which deplets O, cataliticaly.?

CFCI3 N hV ~ CFC|2 + Cl (CFC_]']') 185 nm (6.7 eV) < A
(:F2(:|2 + hv > CF2C| + Cl (CFC-12) < 200nm (6.20 eV) (UVC)

—Highest effect around 23 - 35 km .

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

Ozone layer and the CFCs

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.)

methane
J. Doucet, P. Sauvageau, and C. Sandorfy no* |

Citation: The Journal of Chemical Physics 568, 3708 (1973); C}Q.1063/1 1679722
nm) of CF;Cl, CF;Br, CF,HCI,

The photoelectron and vacuum ultraviolet absorption spectra (2001
CFH,Cl, CFHCI,, CF,Cl,, and CFCI, are reported and discussed. The 1dyest ionization potentials belong to
the chlorine or bromine lone pair orbitals, the next highest ones to the bonding orbitals of mainly C-Cl or
C-Br character. In the absorption spectra the lowest freugency bands are dux to weak valence-shell type
transitions. At higher freugencies we find much stronger Rydberg type bands related to the first ionization
potential. All absorption bands up to 84 000 cm~! depart from chlorine or bromine lone pair orbitals.
Some of the bands exhibit vibrational fine structure. An increase in the number of the fluorine atoms causes
a shift to either higher or lower energies of the ionization potentials belonging to orbitals of mainly C-H or
C-C1 character according to the cases while the lone pair ionization potentials and the absorption spectra
shift to higher energies in all cases,
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Introduction

Ozone layer and the CFCs

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.)

Vacuum ultraviolet and photoelectron spectra of fluorochloro derivatives of
methane

J. Doucet, P. Sauvageau, and C. Sandorfy

Citation: The Journal of Chemical Physics 68, 3708 (1973); doi: 10.1063/1.1679722

31, 21', 12, and 11 in the above order. The gﬂgtochgniigai
reactions of these compounds could not be understood

without a knowledge of their spectra. They might be
important from the point of view of their ecology.
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Introduction

Ozone layer and the CFCs

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 CF,Cl, and CFCl,, respectively T. Cvitas et. al. JCP, 1977, 67, 2687.
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Introduction

Ozone layer and the CFCs

CF,Cl,
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Introduction

Ozone layer and the CFCs

CECI e = j J. Doucet et. al.
73 %Q.% i i AP The Journal of Chemical Physics 58, 3708 (1973);
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Solar Spectral Irradiance,

2500

2000

500

LI 1 | L |

Sodrce: I/-\tmosph ric Chemistry and
Physics: From AirfPollution to Climate
Change, Second Hdition, by John H.
Seinfeld and Spyrps N. Pandis. Copyright
© 2006 John Wilgy & Sons, Inc.
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—>However, one still has a significative intensity in the region:
200 nm < A <400 nm

—UV: between 10 e 400 nm

UVA: 315nm <A <400 nm

UVB: 280 nm < A < 315 nm This is more harmful to the cells !
UVC: 100 nm < A <280 nm | (3ffects DNA)

12

10
=There is also a “good” effect

(270 nm < A < 310nm) is
important to yield previtamin D,.

conversior) of 7-

dehydrocHholesterol
to previtamin D; in
human skip.

Source: M. Wackera & M. F.
Holick, Sunlight and Vitamin
D, Dermato-Endocrinology 5:1, 51— 0
108; January/February/March 2013

Reciprocal of Dose (cm?/ J)
)
T

250 260 270 280 290 300 310 320 330
Wavelength (nm)
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Introduction
Ozone layer and the CFCs

—Cl is highly reactive with respect to O;, leading rapidly to
O, depletion, involving CIO radical:

Cl + O, — ClO + O,
CIO + 0 > Cl + O,

—Net reaction: 0;+0-50,+0,

—O0One single Cl atom can destroy
~ 100000 O5; molecules3 !!

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

14
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Introduction
Ozone layer and the CFCs

“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.

15
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Introduction
Ozone layer and the CFCs

1987: A team formed by 150 scientists from four countries went to
Antartida and concluded that CIO concentration there was ~ one
hundred times larger than everywhere alse.

1995: Nobel prize to Rowland and Molina.

......_....._..,.,
SE61 WMIND 3G 130N CIN TN
FHNITOW OIHYIe ‘MO

16
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Introduction

NASA monitoring

September 17, 1979

17
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Introduction

NASA monitoring

What would have happened to the ozone layer if
chlorofiuorocarbons (CFCs) had not been regulated?

—P. A. Newman et. al, Atmos. Chem. Phys., 9, 2113, 2009
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Br) can also deplete the

—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.

Total Chlorine, ppt

3400

3000

2000

1000

Human-made sources—

Natural

Sources
- A/

1%

4%

5%

7%

12%

23%

32%

16%

Other gases

Methyl chloroform (CH,CCL,)

HCFCs (e.g., HCFC-22 = CHCIF,)
CFC-113 (CCLFCCIF,)

Carbon tetrachloride (CCl,)

CFC-11 (CCI,F)

CFC-12 (CCL,F,)

Methyl chloride (CH,CI)

19
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. TABLE 5.3 Steady-State Ozone Depletion Potentials
_)RE|atlve to CFC—]— 1 (ODPs) Derived from Two-Dimensional Models®
Trace Gas Oobp
Source: CFC-11 (CFCly) 1.0
Atmospheric CFC-12 (CF,Cl,) 0.82
Chemistry and CFC-113 (CFCL,CF,Cl) 0.90
Physics: F Ai CFC-114 (CF,CICF,Cl) 0.85
ysics: From AIr CFC-115 (CF,CICF;) 0.40
Pollution to Climate CCly 1.20
Change, Second ;2;?;32 (CFHCY) g'(l)§4
a, . = 2 .
Ed_'t'onr by John H. HCFC-123 (CF5CHCL,) 0.012
Seinfeld and Spyros HCFC-124 (CF>CHFCI) 0.026
N. Pandis. Copyright HCFC-141b (CH;CFCl,) 0.086
. HCFC-142b (CH;CF,Cl) 0.043
© 2006 John Wiley HCFC-225¢a (CF,CF,CHCl,) 0.017
& Sons, Inc. HCFC-225¢b (CE,CICF,CHFCI) 0.017
CH;Br 0.37
H-1301 (CF;Br) 12
H-1211 (CF»CIBr) 5.1
H-1202 (CF,Br,) 13
H-2402 (CF,BrCF,Br) <86
CH;Cl 0.02
“World Meteorological Organization (2002).

20
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—As they have at least one H atom, they are consumed
through reaction with ¢OH in the troposphere .

—Although they contain ClI, reaction with hidroxyl
radical (¢OH) decrease their probability to reach
stratosphere.

—However, they contribute to the greenhouse effect...

21
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TABLE 215 Aimospheric Halogens

1998 Mixing Lifetime

Compound Generic Name Ratio (pp1) (y1) Sources” Sioks”
CFCl; CFC-11 268 45 A Stral.bv
CFCEy CFC-12 533 100 A Strat.iv
CF,CICFCI, CFC-113 84 85 A Strathv
CF,CICRCl CFC-114 15 300 A Strat.hv
CCl, Carbon w2 35 A Seral.hv

1etrachloride
CH,CCly Methyl 69 48 A Trop. OH

chloroform
CH;C1 Methyl chloride 500 1.5 NO)BE  Trop. OH
CFHCI HCFC-22 132 119 A Trop. OH
CH3Br Methy] bromide 9-10 08 NOABB Trop. OH
CF;Br H-1301 25 65 A Strat.hv
CF, Perflucromethane 80 50,000 A Meso.hv
SF Sulfur 42 3200 A Meso.

hexafluoride elecirons
CF;CHCl, HCFC-123 14 A Trop. OH
CFCHFC1 HCFC-124 59 A Trop. OH
CH,CFCl, HCFC-141b 10 93 A Trop. CH
CH,CF,Cl HCFC-142b 11 19 A Trop. OH
CFyCFCHCI; HCFC-225¢ca 25 A Trop. OH
CCIF.CF.CHCIF HCFC-225¢b 66 A Trop. CH
CHCK Chloroform 055 AND) Trop. CH
CH,CL, Methylene chloride 04 A Trop. OH
CFRCF,Cl CFC-115 7 1700 A Stra. O('D)
CaCly Tetrachloroethene 04 A Trop. CH

“A — anthropogenic: N{0)) = natural {oceanic); BB = biomass burming.
PStrat fv — photolysis in stratosphere: Trop. OH = hydroxyl tadical reaction in woposphere: Meso.
electrons — mesasphere electron ympact; Strat. 0{'D) = reactions in siralosphere with excijed alomic oxygen
Sources: IPCC (20(1) and Smgh (1995)

22
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Initial motivation to the study of CI- release

Works by the group of R. P. Tuckett

— N.J. Rogers et. al., PCCP, 2010, 12, 10971

— . Vacuum-UYV negative photoion spectroscopy of CH3F, CH;Cl
—CH;X (X=F,Cl,Br); and CH,Br

T T T T T T T T T T - T T T

(a) ~_ FICHF
Hl/ (i)

(b)
.u&ﬂ

(i)

:c;""(,'v}"" '\ Bri/cHpr
Nk T
ML

‘" Maximum near 11.3 eV

CH;F - F~ + CH; ™

C|'fc|:H;c|
CH;Cl - CI” + CH;™

CH;Br - Br + CH;"

Relative Cross Section / Arbitrary Units

! T T | I A DA N |
90 95 100 105 10 115 120 125 13.0 135 140 145 150
Photan EI"'IE.'I'gy eV
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Resultados Experimentais

Rogers, et al. Phys. Chem. Chem. Phys. 2010(12) 10971-10980

CH;Cl — CI” + CH;"

800
£ 600 4 o ‘
o The arrows in Fig. 2 show the calculated A H°5y5 values for
P 400 + 7 possible ion-pair dissociation reactions (9)<(12). They take
T 200 4 values 9.85, 15.14, 19.85 and 17.19 eV, respectively.
S 01
9 8o .
c.:; 70 4 CHsCl - CI” + CH; (9)
o 60
S s0- CH;Cl - CI” + CH,™ + H (10)

40 4 ’ -

304 | 1 CHsCl > CI” + CH™ + 2H (11)

20 -

10 = CH5Cl —» CH,ClI™ + HT 12

o \u 3 2 (12)

LI INL DL I I L N T T T

: —
8§ 10 12 14 16 18 20 22 24 26 28 30 32 34
Photon Energy /eV —Higher energy peaks can

Fig.2  Absolute cross sections for CI (a) and CH,Cl™ (b) productior be associated to more

following vacuum-UV photoexcitation of CH;Cl Ion yields wert
measured between 8 and 34 eV at a wavelength resolution of fragments

0.6 nm. Solid arrows show the energies of the thermochemical threshold:
calculated for reactions (9)+12) (Section 4.2).

24



8/11/2019

Initial motivation to the study of CI- release

Works by the group of R. P. Tuckett

— 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.
SCF.Cl LI R NN BNNLAN NI BN R RN LN R AN NI R
CFEC]E — Cl™ + CFQ_{:]+ s o
“2150 °
[&]
A I
=
§100—
& A
gad ] |
5} q\j
0- -~ Maximum near 11.3 eV
8 .1|0I1i2l1l4.1l6.1|8.2|0I2l2'2l4.2|6.2|8.3l0.32
Photon energy (eV)
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Initial motivation to the study of CI- release

Works by the group of R. P. Tuckett

— 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.

—CH,Cl,

700+ (b)

2]

E 600 -

<—— Maximum near 10.0 eV

CH,Cl, — C1~ + CH,CI"

IIIII IIIIIIIIIIIIIIIIIII
8 10 12 14 16 18 20 22 24 26 28 30 32
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Initial motivation to the study of CI- release

Works by the group of R. P. Tuckett

— 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. M.J. Simpson, R.P. Tuckett, K.F. Dunn, C.A. Hunniford, and C.J. Latimer,

Vacuum-UV negative photoion spectroscopy of CF;Cl, CF;Br and CF;l,
2 4J0urnal of Chemical Physics 130, 194302,1-194302,11 (2009). *Reproduced

—CF;X (X=Cl,Br,I);

20 - .
Cl fromC F3c1

16 -

CF;Cl — ClI” + CF;"

12 -

Cross-section (107 cm’)

4M. J. Simpson, PhD
Thesis, School of

Chemistry, University of
Birmingham, Aug. 2010

Photoabsarption

TPES
Fluorescence

L) bd T Y
12 16 20 24 28 32
Photon energy (eV)

— Much higher
onset! Why ??

Signal (arb. uNts)
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Mechanisms for ion-pair formation

M. J. Simpson and R. P. Tuckett, Int. Rev. Phys. Chem. 2011(30) 197-273

(@) | pirect ion-pair formation O)[ indirect ion-pair formation

A+BC A+BC

ABC

ABC

r(A-BC) r(A-BC)

Figure 1 (colour online). (a) Potential energy (V) as a function of bond distance (r) showing direct
ion-pair formation process for the generic reaction ABC+hv— A~ +BC". E,, represents the
asymptotic ion-pair dissociation energy. (b) Potential energy (V) as a function of bond distance (r)
showing indirect ion-pair formation process via predissociation of a neutral excited state (ABC¥), i.e.
ABC+/v— (ABC*)— A~ +BC™.

28
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First outcome: nature of the bond in the ion-pair of CH;CI

RSC Advances

PAPER

@ CrossMark
&dick for updates

Cite this: RSC Adv, 2014, 4, 64085

ROYAL SOCIETY
&HEMISTIW

View Article Online
View Journal | View Issue

2014

Valence and Rydberg states of CH3zCl: a MR-CISD
study

Vanessa C. de Medeiros, Silmar A. do Monte and Elizete Ventura®

Article

pubs.acs.org/JACS

JJDURNJ\[ OF THE AMERICAN CHEMICAL SOCIETY

Photochemistry of CH;Cl: Dissociation and CH--Cl Hydrogen Bond
Formation

Vanessa C. de Medei_gos," Railton B. de Andrade, Ezequiel F. V. L.git:l?'u,T Elizete Ventura,”
Glauco F. Bauerfeldt,” Mario Barbatti,*® and Silmar A. do Monte*"’

+Departmento de Quimica, CCEN, Universidade Federal da Paraiba, Jodo Pessoa, PB 58059-900, Brazil

tDepm‘tm‘nentcn de Quimica, Instituto de Ciéncias Exatas, UFRR], Pavilhio Roberto Alvahydo (PQ), sala 44. km 7, Rodovia Br 465,
Seropédica, RJ 23890-000, Brazil
¥ Aix Marseille Université, CNRS, ICR UMR7273, 13397 Marseille, France
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What is a Rydberg state ?

= In molecules it was first suggest by N. Bohr

= A molecular Rydberg state corresponds to an electronic state
characterized by an excitation to a very diffuse orbital with n > N, jence

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

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

AE =1E — Z/2(n — &) (in Hartrees)
—(i) Rydberg series: 3s, 4s, 5s, ... ; 3p, 4p, 5p, ...; 3d, 4d, 5d ...

— (i) Attempt to generalize the hydrogenic formula.

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

—(iv) IE : Ionization energy

30
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Results for CH;CI

Choice of active space
Reg=1,713R _Why ??

31
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Results for CH;CI

Choice of active space

Reg=1,713R Why ??

—(i)Mebel and Lin: a valence state
between two 3p states of CH;>

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

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

32



8/11/2019

Results for CH;CI

Schemes used in the wavefunctions

scheme used at the MCSCEF level

33
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Eletronic states and configurations

Req=1,712R
1'A; [(0.86)gs
11E (0.54)n,c* + (0.24)n.3s(C)
2'E (0.46)n.3s(C) + (0.36)n.3p,(C)
21A; |(0.86)n.3p.(C)
3'E [ (0.88)n.3p,(C)
1'A, [ (0.88)n.3p,(C)
41E (0.44)n.3p4(C)+(0.27)n,6*+(0.17)n,3s(C)
3'A; [(0.81)c3s(C)
4'A; |[(0.71)03p4(C)+ (0.15)c0*
5'E [ (0.86)03p,(C)
5'A; [(0.73)ogy0"
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Eletronic states and configurations

8/11/2019

Rea=1,712R Req=10,013A
1A, |(0.86)gs 1A +1E (2p,)'n(Cl)°
E (0.54)n,0* + (0.24)n,3s(C) 21A, (2p,)°n(Cl)8 (ionic)
2'E | (0.46)n,3s(C) + (0.36)n,3p,(C) 2'E +3'A, (NgN,)* 3s(C)"
21A, |(0.86)n,3p,(C) 3IE+4TE+11A+41A, (Ng,,)* 3p,(C)"
3'E [ (0.88)n,3p,(C) 5'A,+5'E (Ng,N,)* 3p4(C)"
11A, [ (0.88)n.3p,(C)

4'E | (0.44)n.3p,(C)+(0.27)n,0*+(0.17)n3s(C)
3'A; |[(0.81)c3s(C)

4'A, |(0.71)03p,(C)+ (0.15)c0

5'E | (0.86)c3p,.(C)

5'A; |(0.73)ocn0"
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Results

Potential energy curves

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

14
1 -
. S A1 —Experimental R. Locht et. al.
4'A 5'E threshold :~ 10.0 eV Chem. Phys.
12 v High density of states 2001, 272, 259
CH,(3p °A, ") + CICP)
10 v :
< v CH(3p *E") + CI(P)
N 2 . 2
= 8- i CH,(3s °A,") + CICP)
2 CH,"('A,) + CI('s)
GC) * 1.152, +8
W 6- . )
© CI upon ) 3.2987K° f 1-_‘?%0 )
S | symmetry
] reduction 2 2
£ 44 CH,(1°A,) + CI(P)
&J -
1 11.43 ev (108.5 n largestf % |ib) l CricHal
2 gs —|41A, (0.340) 1)‘|'|.|| |
0
. B M
8 j"‘ i)
0 - 11A1 ® et ————]
B?D 85 100 105 110 MIS 12|.D 125 130

I [P I —
C-Cl Distance (& Photen Energy / eV
2 ¢ )4 o 10

0

o
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Results
Some characteristics of the hydrogen bonded contact ion-pair

(i) Charge separation: 6 = 0,88;

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

(iii) Configuration: 0,75(2p,(C))%(n,(Cl))? + 0,11c06*

(iv) Binding energy: 4.65 eV (MR-CISD+Q/valence with
ZPE and augTZ(H,Cl)/d-aug-TZ(C) basis set)
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Results
Continuation ... HCFC-133a (CF;-CH,CI)

12.00
i RIS | 2 —Similar ref
iU IGLCRORGAYOICR)  Space as
% . = O before, but now
i Pl & = 2 &1 3} CR.CH,(3s) + CICP)  without prigd
] g 2 : —d-augTz(Cl)/ = 1A" inner  valence
o T augDZ(C,H,F) o 2AY orbitals
S 8.00 ) ‘ basis set o A
2 ] 'y o oo b [CRCET +CF . gia0
g £ oPT withf®) <« s'A’
g 6.00 (@) no - - valence » §'a'—Binding energy of
e | orbitals onl 7'A'3'53 eV at the
b= . e [t CI+Q(valence)  with
gﬂ 4,00 o - * 8 A'augTZ(C,H,Cl)/TZ(F)
& Rt TTTIO - A
& ammescreH+ach) N\ ?M 5=0.93  and
s *NA" u=9.44 D
2.00 - e °
largest f (0.361): same transition”
i as before, 04p, (12.07 eV: CI+Q) *
X - REYT X
B
Ll I 1 Ll 1 Ll 1 I Ll I Ll 1 +
14 16 18 20 22 24 26 28 30 32 34 36 38 CFHCH + cI
C - Cl distance (A) —non-adiabatic dynamics (TD-DFT/wB97XD ): p@\%’; +
) Cl- yields (10.0 versus 11.2 eV o, = CF,CFH
G. P. Rodrigues et. al., J. Phys. v ( ) 5 PP
Chem. A. 2019, 123, 1953 —Increases from 4 to 15%
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CF;Cl: sometimes the ion-pair is very close to a nearby state

Relative Energy (eV)

—Similar ref
space as that of
CH,CI

(RAS, CAS, AUX)
, but now the

inner valence
(RAS) is a ng
orbital

—Binding energy
of 4.0 eV
—0=1.42 and
H=11.56D

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

1 - | | | | L |
o - (5)
$A: (4)
124 W . i 3
4'E —d-augTZz(C)/
3'E augTZ(F,Cl) basis set (2) m—
104 1A
1 oPT 4
- I
B 11E valence b
6 @ -
4 -
2 Cl- is associated with multi-
fragmentation channels (> 16eV)
) CFCl — CI” + CE," + F
04 1a ¥ CRCl — CI + CF*+ 2F
T T T T T L] T v L
0 4 6 8 10

C-Cl Distance (Angstroms)
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Under study

Hydrogen bonded contact ion-par in CH;-CH,CI

J. Phys. Chem. A, Vol. 101, No. 7, 1997 —Phodissociation at 10.48 eV
A —Focused on the R* fragment
Rydberg \/
\/:".;:“; '''''  — e

ion-pair

Energy

—Valence includes de o4/ 0, * 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

—.5=0.67 and p=9.56 D
ground

r (R-X)
| |
I, (cov) +

I, (ion-pair)

VUV

Figure 1. Photopreparation of a Rydberg state and dissociation of |
ion-pair state of alkyl halides by vacuum ultraviolet excitation.

—Hydrogen shared and 3
orbitals in the ethyl cation
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Under study

CF,Cl,, MCSCF: 20 pairs + 4n(Cl) + AUX(3s(C), 3p(C)) (also CH,CI,)

AE(eV)
14,000
Hd-augDZ(C)/augDZ(F Cl) —a—1A'
12,000 ./I—I\.\ . ——2A
M—./ — ——E——E——E—==g——" ——E——a———a 3A'
= —E—a— e ,
10,000 NSESEm—S—2 """ = - _:::l—l—l =0 _, 4,
S o = — BN
N ——— e ‘
8,000 N-N\g* = d— £-BA
N —-—7A
o-8A'
6,000 '
OPT witi\reduced valence: —e—9A
ng + ng + N\ 2p, X—10A'
4,000 - ——11A"
—Experimental threshold
for CI- :~ 10.35 eV —#—12A
2,000 —m—13A"
c-Cl dist "
0,000 - istance A"
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,N08 3,508 3,608 3,708 3,808
—The four lowest excited states are no*, at both MCSCF and CI levels
—There are no* states of much higher energies
—Structure similar to that of [CF;]*CI- but ~ 0.193A longer
— & = 0.60, p = 7.51D and binding energy of 3.00 eV at CI +Q(complete
valence)/augDzZ
— Next lower state 0.32 eV lower (at CI level): deactivation ?
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—High level MR-CISD calculations are required for details concerning photochemical
reactions (dissociation channels, emitting structures (fluorescence), minima, conical
intersection (deactivation), ...)

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

—Computational effort versus accuracy

—For the studied chloroalkanes the generated Cl (or CI") atom is in its ground state: at
the end the excitation energy is in the fragment (methyl, ethyl, CF;, CF;CH,, ...)

—The C*—H---Cl- moiety (observed in the CH;Cl and CF;CH,Cl 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
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