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   (Greek: kheir 	
     Hand)	


n  A molecular structure is called chiral  if and only if  it does not 
have  an  axis  of  improper  rotation  Sn  (that  is,  an  n-fold  rotation 
followed  by  a  reflection  in  the  plane  perpendicular  to  this  axis), 
inversion center or plane of symmetry which maps the molecule onto 
itself. (NB: a chiral molecule is not necessarily asymmetric, that is completely 
devoid  of  any  symmetry  elements,  as  it  can  have,  for  example,  rotational  or 
permutation symmetry).	


n  A simplified rule applies to tetrahedrally bonded carbon: if all four 
substituents are different, the molecule is chiral.	


n  Point chirality centers around a single atom.	


n  Molecular Chirality is not a quantum mechanical observable.	


       Structural Chirality 



*	
 *	

*	


Cavicularin	


Camphor	


Point chirality:	

	

	

	

Axial and planar chirality:	

	

Axis or plane of chirality - an axis 
or  plane  about  which  a  set  of 
substituents  is  held  in  a  spatial 
arrangement  which  is  not 
superimposable  on  its  mirror 
image.	

	

	

Some molecules with	

helical (extended 	

axial) chirality:	


Y. Kondo, K. Takayanagi,  
Science 289, 606 (2000). 

Chiral Forms in Chemistry 



r	


-r	


P:  ΨL → ΨD ,  [ P,H ] = 0  

    r = (x,y,z)                 -r = (-x,-y,-z)	


E.Wigner, Z. Phys. 43, 624 (1927) 

P	


    (-x,y,z)	

σ(y,z)	
 ϕx(180o)	


Inversion in 3D space	


The Principle of Parity Conservation 



Camphor  C10H16O	
	

Cinnamomum camphora	


d-camphor	

l-camphor	


identical IR spectra	
 Mirror image symmetry is perfect 	

 Same spectroscopic properties 	

  for        and        in an achiral 	

 environment	


L R

Parity Conservation: Consequences 



e-,p+ e-,p+

!

QED
e-

n,p+

(u,d)

Z0

GSW

Bouchiat-Hamiltonian:	


Lee                Yang         Weinberg         Salam          Glashow	


GF= 1.16637 X 10-11 MeV-2 = 2.22255 X 10-14 a.u. 

! 

HeN
PNC =

GF

4mc 2
QW ,n " ipi,#n (rin ){ }

+
i,n
$

P,HeN
PNC!

"
#
$ % 0

at the microscopic level 
Breaking Mirror Image Symmetry 



W.Greiner, B.Müller, Gauge Theory of Weak Interactions, Springer, Heidelberg, 1996.	

J.Sapirstein, in Relativistic Electronic Structure Theory. Part I. Fundamentals, ed. 
P.Schwerdtfeger, Elsevier, 2002; pg.352.	

F. Halzen, A. D. Martin, Quarks & Leptons, Wiley, New York (1984).	

J. S. M. Ginges, V. V. Flambaum,  Phys. Rep. 397, 63 (2004).	

	

Bilinear Covariants:  Scalar                         	
+ under P, boson spin 0	


	
 Vector 	
 - under P, boson spin 1, e.g. 	

	
 Tensor                  	
    boson spin 2	

	
 Axial Vector 	
 + under P, boson spin 1, e.g. 	

	
 Pseudoscalar 	
  - under P, boson spin 0	


	


V-A Coupling:                                            ,                 vertex factors for a particle	
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Parity conserving Parity violating 

Z0 carries handedness	

MZ = 91.188 GeV	


PV, PNC	


Electroweak Electronic Structure Theory 
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IM!M (!riM ) +...

time-like component (Ae,VN):	

 
 
 
Weak charge 
 
Nuclear spin-dependent part, 
space-like component (Ve, AN):	
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anapole moment:  ! A ="µA2/3

J. S. M. Ginges, V. V. Flambaum,  	

   Phys. Rep. 397, 63 (2004).	

V. F. Dmitriev, V. B. Telitsin, Nucl. 	

   Phys. A 674, 168 (2000).	


0.2397(13)	


NSI	
 NSD	




The unitary transformation from the Dirac- to the Schrödinger picture: 
 
 
 
 
 
 

1)  Diagonal perturbation operators f: 

Substitution of V by V+f in the power series leads to the following expression for the Pauli-
series through a FPFW transformation (in atomic units): 
 
 
Neglect of these higher order terms leads to the so-called picture change error which 
becomes important for heavy elements. 
 
2) Off-diagonal perturbation operators f, e.g. by                    : 
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The Nonrelativistic Formalism (Schrödinger Picture) 



Preliminary Results for the Anapole Moment 

Victor V. Flambaum         Miroslav Ilias                  Kyle Beloy        Anastasia Borschevsky 	

Molecule WA [Hz] !WA [Hz] Previous results [Hz] 
MgF 3.8 !"#$  
CaF 8.0 %&"'$  
SrF 40.7 (%")$ 65   (DeMille 2008) 
BaF 112.9 %!'"&$ 135 (Nayak 2009, DF); 160 (Nayak 

2009, CI); 164 (DeMille 2008); 111 
(Kozlov 1997, RECP+SCF); 
107 (Kozlov 1997,RECP+RASSCF); 
181 (Kozlov 1997,RECP+SCF+EO). 

RaF 1364 %'!%$ 1360 (Berger 2010, HF+spin. pol.) 
YbF 527 (#'$ 729 (DeMille 2008) 

484 (Titov 1996, RECP+SCF) 
ZrN 60.0 ')"($ 99  
LaO 149 %)&$ 222 (DeMille 2008) 
MgBr -8 *%'$ 18   (DeMille 2008) 
HgF 3025 +%',$  
$

HPV
a =

GF

2
!M

i,M
!

!
!i

!
IM
IM

!M ( !riM ) 

diatomic molecule MX, 
Hund’s case b), 2Σ state, 
preferably light nucleus 
X with I=0:	

	

	

	

	

DHF results, Gaussian 
nucleus, kinetic balance	


γ=1-2 (from atomic RPA+Brückner, V. Dzuba)	


ĤPV
eff !!MWA

!n "
!
S( )
!
IM

IM
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WA/RW=3.7×10-2 Z1.79	


Anapole Moment Z-Scaling with RW 

γWA/RW=4.1×10-2 Z1.88	


WA/RW=3.91×10-3 Z2.57	


γWA/RW=7.1×10-3 Z2.57	


s1/2 HPV
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! = 1) (Z*)2+, -.
1/2



CHFClBr 

ν 
R

 ≠ νS
 hνS

 

hνR
 

E1
R 

E0
R E0

S 

E1
S Ro-vibrational 

 energy 

1975:  Due to parity violation, two enantiomers do not have the same 
absorption spectrum (first time suggested in 1975 by V. S. Letokhov: 
Phys. Lett. 53A, 275 (1975)) 

1976 :  Proposition to search for parity violation effect in CHFClBr spectrum 
  [O.N. Kompanets et al., Opt. Commun. 19, 414 (1976) ] 

!"PV = "R #"S $ 0

Experimental attempts to measure PV in chiral molecules:	

	


Vib-Rot Spectroscopy: 	
 	
Ch.Chardonnet, Ch.J.Bordé, C. Daussy (Paris)        
Mössbauer/NMR Spectroscopy: 	
 	
R.N.Compton (Tennessee)                                         
Dynamics in excited electronic states: 	
M.Quack (Zürich)	

Spin-spin Coupling: 	
 	
 	
Dmitry Budker (Berkeley)	

Electronic Spectroscopy 	
 	
Melanie Schnell (Hamburg)	


Parity Violation in Chiral Molecules 



n  P. Schwerdtfeger, in Computational Spectroscopy, J. Grunenberg (ed.), Wiley  
   (2010); pgs. 201-221. 
n  B. Darquié, C. Stoeffler, S. Zrig, J. Crassous, P. Soulard, P. Asselin, T. R. Huet,  
   L. Guy, R. Bast, T. Saue, P. Schwerdtfeger, A. Shelkovnikov, C. Daussy,  
   A. Amy-Klein, C. Chardonnet, Chirality 22, 870-884 (2010).  
n  M. Quack, J. Stohner, M. Wileke, Annu. Rev. Phys. Chem. 59, 741 (2008).  
n  J. Crassous, Ch. Chardonnet, T. Saue, P. Schwerdtfeger, Org. Biomol. Chem.  
   3, 2218–2224 (2005). 
n  R. Berger, in Relativistic Electronic Structure Theory. Part 2: Applications,  
   P. Schwerdtfeger (ed.), Elsevier, Amsterdam, 2004, pgs. 188-288. 
n  J. Crassous, F. Monier, J.-P. Dutasta, M. Ziskind, C. Daussy, C. Grain and C.  
   Chardonnet, ChemPhysChem 4, 541–548 (2003). 
n  M. Quack, Angew. Chem. Int. Ed. 41, 4618–4630 (2002). 
n  C. Chardonnet, C. Daussy, T. Marrel, A. Amy-Klein, C. T. Nguyen, C. J. Bordé,  
   in Parity violation in atomic physics and electron scattering, B. Frois and  
   M.A. Bouchiat (eds.), World Scientific, New-York, 1999, pgs. 325–355. 
n  M. Quack, Angew. Chem. Int. Ed. Engl. 28, 571–586 (1989). 

Reviews on Parity Nonconservation 
in Chiral Molecules 
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P.Schwerdtfeger, A.Kühn, R.Bast, J.K.Laerdahl, F.Faglioni, P.Lazzeretti, Chem. Phys. Lett. 383, 496 (2004)	


!" /" =

1085 cm-1	


1 Hz = 3.3×10-11 cm-1	


= 4.0 ×10-13 kJ/mol	

= 4.1 ×10-15 eV	

	


First exp. attempt: E. Arimondo, P. Glorieux, T. Oka, Opt. Commun. 23, 369 
(1977). 9.22 µm R(28) CO2 laser line for the vibrational excitation of d- and l-
camphor: Negative outcome: Δν < 300 kHz 

10-8 	
!" / " < (theoret:                        )	


First attempt to measure PNC effects in Chiral Compounds 



Last experiments done by Ch. Daussy et al., Phys. Rev. Lett. 83, 
1554 (1999); M. Ziskind et al, Eur. Phys. J. D 2, 219 (2002): 
Strong ν4 CF stretching mode which matches the R(14)-branch 
of the 9.4 µm CO2 laser band (1071 cm-1). Resolution: a few Hz.	


Ch. Chardonnet and co-workers (Paris)	


Nonlinear Laser Spectroscopy on Vibrational Transitions in  
CHFClBr and CHFClI - The Paris Experiments 1999/2000 
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C. Daussy et al., Phys. Rev. Lett. 83, 1554 (1999) 
M. Ziskind et al., Euro. Phys. J. D 20, 219 (2002)  

Results for  CHFClBr 



Anharmonic Vibrational Analysis 	

Quartic q-FF, aug-cc-pvtz basis sets for all atoms, VPT	


Property 
Mode 

 
MBPT2 

Harmonic 
MBPT2 

 
B3LYP 

 
PW91 

 
CCSD(T) 
+AH+BSI 

Exp. 
 

EZPVE  4668.5 4621.6 4494.1 4352.7 4585.4 - 

! (1)  CH str 3185.8 3053.6 3011.6 2930.9 3032.8 3025.5 

! (2)  FCH bend 1339.4 1309.4 1293.7 1238.0 1304.6 1306.2 

! (3)  (Cl,Br)CH bend 1246.5 1224.1 1185.3 1137.5 1214.3 1202.8 

! (4)  CF s tr 1093.5 1065.3 1047.2 1008.2 1073.6 1077.2 

! (5)  CCl s tr 808.7 793.5 731.1 712.8 779.4 787.0 

! (6)  CBr str 682.6 675.1 636.2 620.6 661.9 663.6 

! (7)  FCCl bend 431.7 427.4 413.6 404.4 421.7 425.2 

! (8)  FCBr bend 319.7 316.4 302.9 293.7 312.4 313.0 

! (9)  ClCCl bend 228.9 227.2 215.1 209.0 222.9 223.6 

rms    10.2 20.8 58.7 4.2 - 
 

G. Rauhut, V. Barone, P. Schwerdtfeger, J. Chem. Phys. 125, 054308 (2006).	

Exp. Values from A. Beil, H. Hollenstein, O. L. Monti, M. Quack, J. Stohner, J. Chem. Phys. 113, 2701 (2000).	


CHFClBr - Results 



!e (GHz) xe!e (GHz) !PV (mHz) "PV (mHz) #EPV (mHz)
CHFClBr 35.0
C-F 36,000 270 0.9 -1.0
C-Cl 25,900 54 -2.4 -3.5
C-Br 21,500 57 0.2 0.5
CHFBrI 1047
C-F 35,300 280 15.7 -17.9
C-Br 22,800 18 -55.3 -90.0
C-I 18,300 6 0.2 3.9
CHClBrI 659
C-Cl 24,600 120 7.6 -19.5
C-Br 21,600 9 -33.6 -39.5
C-I 16,700 3 -1.6 -0.9

J.K.Laerdahl, P.Schwerdtfeger, H.M.Quiney, Phys. Rev. Lett. 84, 3811 (2000)	

P. Schwerdtfeger, J.K.Laerdahl, C. Chardonnet, Phys. Rev. A 65, 042508 (2002)	


C-F Stretching frequencies for chiral methane derivatives 

from Dirac-Hartree-Fock results	

1 Hz = 3.3×10-11 cm-1	


= 4.0 ×10-13 kJ/mol	

= 4.1 ×10-15 eV	
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A comparison between 
different methods for CHFClBr	


The chiral center does not yield max PV 



DHF and DKS calculations on H2O2, H2S2, H2Se2, H2Te2, and H2Po2 
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Moving towards heavier elements: the Z5-scaling law	


J. K. Laerdahl, P. Schwerdtfeger, Phys. Rev. A 60, 4439 (1999).  J. Thyssen, J. K. Laerdahl, P. Schwerdtfeger, Phys. Rev. 
Lett. 85, 3105 (2000); J. N.P. van Stralen, L. Visscher, C. V. Larsen, and H. J. Aa. Jensen, Chem. Phys. 311, 81 (2005). 
More detailed analysis see: R. Bast, A. Koers, A. S. P. Gomes, M. Iliaš, L. Visscher, P. Schwerdtfeger, T. Saue, Phys. 
Chem. Chem. Phys. 13, 864 (2011).  

Method 	
c [kJ/mol]   γ	

	

HF  	
3.1×10-21    6.18	

MP2 	
5.1×10-21	
   5.95	

LDA 	
3.1×10-21 	
   6.21	

Xα 	
3.4×10-21 	
   6.19	

BLYP 	
3.4×10-21 	
   6.18	

B3LYP 	
3.5×10-21 	
    6.17	

CCSD(T) 	
3.9×10-20 	
    5.11	


log(Z)	


lo
g(
Δ

E P
V
) [

kJ
/m

ol
]	
 at τ = 45o	


! 

"EPV = cZ#

only two values	




O         O	
 S          S	


Chirality 	
 	
Nonzero EPV	

←
→	


Dependence on the HXXH torsional angle 



! corMn
PV =

"Ecor
"# # = 0

Mn=O
PV

J.Thyssen, J.K.Laerdahl, P.Schwerdtfeger, Phys. Rev. Lett.  85, 3105 (2000).	


Compare to real λ: ~ -10-14 to -10-12  (!)	


+ Basis set convergence, Electron correlation, missing Breit +QED 
interactions, Ve-Ae Coupling	


at τ = 45o	
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How accurate is DHF? 



Cu EFG vs. measured NQCC for copper halides (63Cu)	
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Worst case scenario for DFT 
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along the C-F normal coordinate	


P. Schwerdtfeger, T. Saue, J. N. P. van Stralen, L. Visscher, Phys. Rev. A 71, 012103 (2005). 	


How accurate is DFT for PV? 



NB: Vibrational Transitions remain basically unaffected	
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Moving towards the 1 Hz accessible region	


158	
!"R# S (mHz) =

!"R# S (mHz) = 219	


R. Bast, P. Schwerdtfeger, Phys. Rev. Lett. 91, 023001-1-3 (2003).	


Two orders of magnitude improvement (NB: 2 mHz for CHFClBr)	


The Search for a better candidate: Using the Z5-law 



Re	


Cl	

O	


Re=O str.	


B3LYP	


ν [cm-1]	


= +1.29 Hz	
!"R# S (mHz) =

The Search for a better candidate: Stable Compounds 



Os	


P	

Cl	


Cl	


Cl	


Os=C str.	


B3LYP	


ν [cm-1]	


P. Schwerdtfeger, R. Bast, J. Am. Chem. Soc. 126, 1652-1653 (2004).	

F. De Montigny, R. Bast, A. S. Pereira Gomes, G. Pilet, N. Vanthuyne, C. Roussel, L. Guy, 	

P. Schwerdtfeger, T. Saue, J. Crassous, Phys. Chem. Chem. Phys. 12, 8792-8803 (2010). 	


= -3.58 Hz	
!"R# S (mHz) =
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New chiral methyl-trioxorhenium compounds 

The French - New Zealand collaboration	

Jeanne Crassous (Rennes): 	

to be synthesized	




A very recent paper from the Crassous group 

N. Saleh, S. Zrig, T. Roisnel, L. Guy, R. Bast, T. Saue, B. Darquié, J. 
Crassous, Phys. Chem. Chem. Phys. Xx. Xx-xx (2013).	


ΔE=5.4 kJ/mol	


Calculated reduced masses (in amu), 
vibrational transition frequencies (in cm-1) 
of the anti-symmetric and symmetric Re=O 
stretches for the conformers 3a-c1 and 3a-
c2, with corresponding Dirac-Coulomb 
Hamiltonian PV fundamental transition 
frequency differences Δν0→1 (in Hz).	




W	


N	


I	


H	

Cl	


Molecule 	
ΔEPV [Hz]	

	

R-NWHFCl 	
     7.8	

R-NWHFBr 	
  -15.1	

R-NWHFI 	
  -49.8	

R-NWHClBr 	
  -54.2	

R-NWHClI 	
-138.4	

R-NWHBrI 	
  -84.7	

S-NWFClBr 	
  -24.0	

S-NWFClI 	
  -61.3	

S-NWFBrI 	
  -37.6	

S-NWClBrI: 	
   -0.4	


Other possibilities: PWXYZ, AsWXYZ,	

NUXYZ etc.	


DKS-B3LYP	


ΔνRS= 0.71 Hz	


1078 cm-1	


D. Figgen, A. Koers, P. Schwerdtfeger,  Angew. Chem. Int. Ed. 49, 2941 (2010). 	


New candidates: NWHClI etc. 



J.R.Robert, A.L.Barra, Chirality 13, 699 (2001); G. Laubender, R.Berger, ChemPhysChem 4, 395 (2003)	

	

What molecule? 	

	

- Nuclear spin I=1/2 (for I>1/2 line broadening due	

  to the NQM	

-  One or more heavy atoms because of Z-scaling: 	

    187Os (Δν = 10 Ηz), 183W(Δν = 2 Ηz), 	

   117,119Sn (Δν = 3.5 Ηz)	

   For Os NMR: see R. Benn et al., 	

      J. Am. Chem. Soc. 111, 8754 (1989)	

	

Problems:	

	

-  PV chemical shift contribution ~ B        	

        large magnetic fields	

   Current B0 for a 900 MHz NMR: 21.1 T	

-  High-resolution gas-phase NMR (10 mHz)	

- Low Z-scaling behaviour.	

                - enhancement due to relativistic effects?	


	
-  Not beyond the mHz range at 20 T?	


Nuclear Spin dependent PNC:  NMR Spectroscopy 



0

1

2

3

4

|!"PV|/B0 [µHz/T]

5 10 15 20 25 30 35

Z17-O

33-S

77-Se	


G. Laubender, R.Berger, ChemPhysChem 4, 395 (2003)	

A. Soncini, F. Faglioni, P. Lazzeretti, Phys. Rev. A 68, 033402 (2003).	


Lazzeretti: Magnetic fields of 105 T needed !	

Wiesenfeld: For 205-Tl NMR ~ 100 µHz/T	

A.L.Barra, F.B.Robert, L.Wiesenfeld, Phys. Lett. 115, 443 (1986)	


!"PV # ($ n /% )&n
isoB0

| !"PV |~ Z
2.7

τ = 45o	




ZORA-BLYP calculations for NWHClI	

S. Nahrwold, R. Berger, P. Schwerdtfeger, to be published.	


! 

"ab
PV =

# 3E
#Ba#Ib#$

PV

! 

"ab
PV ="ab,dia

PV +"ab,para
PV +"ab,SO

PV B=11.7 Tesla used	




V. Weijo, P. Manninen, J. Vaara, J. Chem. Phys. 123, 054501 (2005)	


in CHFBrI: J(19F127I)= 66.2 Hz, JPNC(19F127I)= 7.2 nHz	


1 µHz resolution possible	


PNC in Nuclear Spin-Spin Coupling 
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Simply going for the largest J coupling constant?	


B3LYP results from V. Weijo, P. Manninen, J. Vaara, J. Chem. Phys. 123, 054501 (2005)	


19F79Br	


19F127I	


19F79Br	


13C19F	
 13C1H	


F	


Cl	
 Br	

H	




!E (eV) singlet triplet quintet
1 1.98 1.87 3.01
2 2.00 1.88
3 2.01 1.90
4 2.12 1.95

Ground state? (TDDFT/PW91, ADF)	


	


[Fe(phen)3]2+	


In closed-shell systems parity violation effect in Mössbauer	

transitions are suppressed significantly:	

Consider the Dirac bispinor Ψ,	

	

Ψ K = KΨ,   K = -iσ2C = γ 1γ 3C,    K†K = 1,      [K,D] = 0	

	

with K being time reversal Kramers operator. K commutes with the γ5	

Matrix but anticommutes with the αi-matrices in the Dirac equation.	

Hence we obtain:	

	

< Ψ K |H1

pv | Ψ K > = <Ψ |H1
pv | Ψ >     and    	


< Ψ K |H2
pv | Ψ K > = - < Ψ |H2

pv | Ψ >	

	

where	


	
	

	

               Open-shell systems are needed !	


I=1/2

I=3/2

14.41 keV

L

L

mI=3/2

mI=1/2 L

NQCC                PNC

!PNC ≈ 1.9 x10-10eV ?

!NQCC ≈ 2 x10-8eV

57-Fe
R

R

R

 

H =
GF
2 2

QW ,n
i,n
! " i

5#n(
!ri )

HPV
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$
GF
2

%n (1 - 4 sin2&W )
i ,n
!

!
'i
!
In#n(

!ri )

HPV
2

 + ...

A. S. Lahamer, S. M. Mahurin, R. N. Compton, D. House, J. K. Laerdahl, 
M. Lein, P. Schwerdtfeger, Phys. Rev. Lett. 85, 4470 (2000).	


Mössbauer Spectroscopy 



-  High resolution vibrational spectroscopy has perhaps the	

  best chance for success (CHFClI, CDFClI, (XY)Se=O, (XYZ)W≡N).	

-  NMR experiments are currently underway (Tennessee, Berkeley), 	

  it looks more promising now.	

- PNC in electronic transitions are also currently investigated.	

-  Theoretical calculations need to become more precise in	

  order to confirm future experimental work (Breit interactions).	

-  The search for suitable chiral molecules (thermodynamically 	

  stable and in the right frequency range) including heavy	

  elements is less than trivial. Currently no simple lego-PV model  	

  available. We started on chiral uranium compounds.	

-  Effects have to be in the > 1 Hz range, also more optimistic	

  estimates of the Paris group for future high resolution	

  experiments are moving towards 10-100 mHz.	

-  Future prospects: Trapped molecules at ultracold temperatures 	

  (1 mK and below), lasers which operate between 1-20 µm.	


Conclusions 



Thank	  You!	  


