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NWHClI: A Small and Compact Chiral Molecule with Large
Parity-Violation Effects in the Vibrational Spectrum**
Detlev Figgen, Anton Koers, and Peter Schwerdtfeger*

Chirality plays a central role in many chemical and biological
processes.[1, 2] Nature is intrinsically homochiral and, in fact,
biomolecular homochirality is one of the many necessary
conditions for the existence of life on earth. Whilst the origin
of biomolecular homochirality is still the subject of ongoing
intense debate,[3] it is well-known that the standard model in
physics predicts that parity violation (PV) (or breakdown of
mirror-image symmetry) originating from the Z-boson
exchange between electrons and nucleons lifts the degeneracy
between enantiomers by 10�11 kcalmol�1 or less, depending
on the chiral system involved.[4, 5] Despite many attempts to
measure these tiny energy differences between enantiomers
(and a few irreproducible claims to have actually found
them), PV in chiral molecules has never been unambiguously
identified by experiment.[6–8] However, over the last 30 years,
attempts to measure these effects improved considerably, and
now aims at sensitivities of about 0.01 Hz.[9]

The synthesis and enantiomeric purification of thermo-
dynamically stable chiral compounds with enhanced PV
effects suitable for spectroscopic measurements currently
constitutes one of the most challenging tasks in this field of
research.[8, 10–12] It is well-known that PV effects scale approx-
imately with Z5 (Z being the nuclear charge) for electronic
and vibrational transitions.[13] This fact implies that chiral
molecules with heavy atoms at or close to the center of
chirality are the best candidates for the search of large PV
effects.[14–16] Moreover, small and compact molecules are
ideally suited for such experiments as they provide a more
favorable partition function. Another important fact to
consider is the operational range of tunable lasers: For
example, Chardonnet and co-workers use frequency-stabi-
lized CO2 lasers in the 878–1108 cm�1 range,[6] and a number
of heavy-element-containing compounds with vibrational
transitions in this range have been investigated in the past
by theoretical methods.[10,16–21]

Herein we present a new simple, compact, and yet
thermodynamically stable chiral molecule, N�WHClI, with
a parity-violation energy difference in the N–W stretching
mode between the enantiomers of 0.71 Hz (2.4 � 10�11 cm�1).
The molecule is depicted in Figure 1 together with the

simulated vibrational spectrum. The related NWH3 and
NWF3 molecules have already been detected by Wang and
co-workers[22, 23] and their vibrational spectra have been
analyzed by trapping in solid argon. The fundamental N–W
stretching modes are 1092 cm�1 for NWH3 and 1091 cm�1 for
NWF3, and thus lie within the desired CO2 frequency range.
At the B3LYP level we obtain the N–W stretching frequen-
cies of 1148 cm�1 for N�WH3 and 1143 cm�1 for N�WF3.
Therefore, we expect that our B3LYP frequency of 1132 cm�1

for N�WHClI corresponds to an experimental frequency of
about 1078 cm�1, thus lying in the correct laser frequency
range.

To discuss the stability of N�WHClI, we consider a
hydrogen shift from tungsten to nitrogen, leading to
HN=WClI [Eq. (1)].

The singlet state of HN=WClI lies 5.8 kcal mol�1 above
the global minimum of N�WHClI at the B3LYP level of
theory, with an activation energy of 28.7 kcalmol�1 for the H-
shift; therefore, the barrier is high enough to exclude
tunneling. Triplet HN=WClI lies only 0.1 kcalmol�1 above
the N�WHClI singlet state, but again with a rather high
barrier of 53.0 kcalmol�1 to triplet N�WHClI, which lies

Figure 1. Simulated B3LYP vibrational spectrum of (R)-NWHClI. The
equilibrium bond lengths are given in �, and anharmonic frequencies
in cm�1.

[*] Dr. D. Figgen, Prof. Dr. P. Schwerdtfeger
Centre for Theoretical Chemistry and Physics, New Zealand
Institute for Advanced Study, Massey University Albany
Private Bag 102904, North Shore City, Auckland 0745
(New Zealand)
E-mail: p.a.schwerdtfeger@massey.ac.nz

A. Koers
Department of Theoretical Chemistry, Faculty of Sciences, Vrije
Universiteit Amsterdam
De Boelelaan 1083, 1081 HV Amsterdam (The Netherlands)

[**] This work was supported by the Royal Society of New Zealand
through a Marsden grant (06MAU057). A.K. thanks L. Visscher
(Amsterdam) for continuous support. We thank Roman Schwerdt-
feger for the design of the cover picture.

Angewandte
Chemie

2941Angew. Chem. Int. Ed. 2010, 49, 2941 –2943 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



48.9 kcal mol�1 above the corresponding singlet state.
Although this near-degeneracy in energy of singlet
N�WHClI and triplet HN=WClI may complicate the syn-
thesis of N�WHClI, it should not influence the detection of
PVeffects using tunable lasers, as the N–W stretching mode in
HN=WClI is over 100 cm�1 smaller than that in N�WHClI
(1011 versus 1132 cm�1 at the AVTZ/B3LYP level of theory).
Furthermore, at the same level of theory, the dipole moment
of triplet HN=WClI is 1.93 D and thus 0.5 D smaller than the
value for singlet N�WHClI (2.44 D). Decomposition path-
ways to HCl + NWI, HI + NWCl, ClI + NWH, or W+ NHClI
(considering the most stable spin states) are all endothermic
by 77.3, 78.9, 126.3, and 217.4 kcal mol�1, respectively, thus
confirming the high thermodynamic stability of NWHClI.

The by far most important individual PV contribution is
that of tungsten, which outweighs the second-largest contri-
bution of iodine by a factor of about 30 (B3LYP) and about 50
(LDA). Therefore, the PV energy shift for (R)-NWHClI,
which is �69 Hz (�2.3 � 10�9 cm�1) at the B3LYP level of
theory (see Computational Methods) is completely domi-
nated by the chiral tungsten center. Moreover, the absolute
values of EPV are an order of magnitude larger than those for
SeOClI investigated recently.[20,21] The PV effects on the
fundamental and overtone vibrational transitions for the
N–W stretching mode of (R)-NWHClI follow the formula
Dn0!n

PV = a1 n + a2 n2 (n is the vibrational quantum number),
with a1 = 353 mHz and a2 = 2 mHz at the X2C-B3LYP and
a1 = 446 mHz and a2 = 4 mHz at the X2C-LDA level of
theory. Therefore the difference DRSEPV between the PV
effect on the 0!1 transition for the R and S enantiomer
amounts to 0.71 Hz (2.4 � 10�11 cm�1) at B3LYP level and
0.90 Hz (3.0 � 10�11 cm�1) at LDA level. Thus, these effects
exceed previously estimated PV effects for the Se–O stretch-
ing mode in SeOClI by a factor of 6–8, and for the C–F
stretching mode in CHFBrI[24] by two orders of magnitude.
Faglioni and Lazzeretti obtained harmonic frequency shifts in
the Hz range for BiHFBr and BiHFI,[25] but these values are
in the low-frequency range far below the CO2 laser line. Thus,
N�WHClI is the most promising candidate to date for the
detection of PV in chiral molecules. Moreover, the molecule
may also be a good candidate for NMR or UV spectroscopic
PV measurements. If synthesis and isolation in solid form
proves to be too difficult, the N�WHClI molecule could be
obtained in small amounts in the gas phase, mass-selected,
and finally trapped at ultracold temperatures.[26]

Computational Methods
The minimum geometry, vibrational frequencies, and normal modes
for all the molecules studied were obtained from density functional
theory (DFT) calculations,[27] and the anharmonic frequencies used
throughout this work are from a perturbative approach as described
in detail by Schaefer et al. and Barone et al.[28, 29] For the lighter
elements (H, N, Cl) we used all-electron augmented correlation-
consistent triple-zeta (AVTZ) Gaussian basis sets,[30–32] whereas for
the heavier elements (I, W) AVTZ basis sets together with small-core
energy-consistent relativistic pseudopotentials[33, 34] were employed.
The PV shift to the total electronic energy, EPV, was obtained from
Dirac–Hartree–Fock (DHF) and Dirac–Kohn–Sham (DKS) calcula-
tions[35] (local density approximation, LDA, and B3LYP[36]) at the

optimized geometries. A Gaussian nuclear charge distribution was
chosen.[37] For the total number of nucleons, values of 1, 14, 35, 127,
and 184 were chosen for H, N, Cl, I, and W, respectively (for details,
see reference [8]). For the light elements (H, N), uncontracted
Dunning AVTZ basis sets were employed; for the heavier elements
(Cl, I, W), we employed Fægri dual-family-type basis sets[38] with
additional augmentation functions, that is, 6s3p2d for H, 11s6p3d2f
for N, 16s10p5d3f for Cl, 22s19p11d4f 3g for I, and 24s22p16d11f4g
for W. These four-component DHF and DKS calculations were used
to validate the applicability of the two-component relativistic
Hamiltonian (X2C)[39] using the AMFI code.[40] These two-component
results agree well with the four-component results, with the deviations
being in general less than 4%; therefore, for the calculation of the
vibrational PV shift, we applied the X2C approximation only. The
frequency analysis was carried out with a numerical Numerov–Cooley
procedure, which gave the PV-induced frequency shift nn

PV for each
state with vibrational quantum number n. The PV contribution to the
vibrational transition n!m can then easily be calculated as Dnn!m

PV =

nm
PV�nn

PV. This local mode analysis contains all the anharmonicity
effects along the individual N–W stretching mode, but neglects the
coupling between the normal modes. Nevertheless, the anharmonic
result (coupling all modes) of ñ = 1132 cm�1 is in excellent agreement
with the one-dimensional anharmonic result of 1134 cm�1, thus
indicating that such coupling terms are negligible for this molecule.
The PV matrix elements EPV(q) were obtained pointwise along the
normal coordinate q of the N–W stretching mode (Figure 2) and

subsequently fitted to a polynomial; the outermost points of the
resulting potential curve were equivalent to a displacement along the
normalized gradient vector of � 0.5 �. This normal mode almost
exclusively describes the change of the N–W distance, and a
displacement of 0.5 � along the normal mode is identical to the
elongation of the N–W triple bond by 0.536 �. For the X2C-HF case,
a simple polynomial fit was impractical owing to HF deficiencies in
describing the elongation of the N�W bond, which leads to a rather
complicated behavior for q> 0.1 � (see Figure 2). For this reason,
vibrational PV shifts were obtained at the DFT level only.

Received: December 11, 2009
Revised: February 8, 2010
Published online: March 23, 2010

.Keywords: chirality · density functional calculations ·
parity violation · vibrational spectroscopy

Figure 2. EPV(q) curves along the normalized N–W stretching mode of
(R)-NWHClI.

Communications

2942 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 2941 –2943

http://www.angewandte.org


[1] R. N. Compton, R. M. Pagni, Adv. At. Mol. Opt. Phys. 2002, 48,
219.

[2] P. Cintas, Angew. Chem. 2007, 119, 4090; Angew. Chem. Int. Ed.
2007, 46, 4016.

[3] U. J. Meierhenrich, Amino Acids and the Asymmetry of Life,
Springer, Berlin, 2008.

[4] D. W. Rein, J. Mol. Evol. 1974, 4, 15.
[5] V. S. Letokhov, Phys. Lett. A 1975, 53, 275.
[6] C. Daussy, T. Marrel, A. Amy-Klein, C. T. Nguyen, C. J. Bord�,

C. Chardonnet, Phys. Rev. Lett. 1999, 83, 1554.
[7] A. Lahamer, S. M. Mahurin, R. N. Compton, D. House, J. K.

Laerdahl, M. Lein, P. Schwerdtfeger, Phys. Rev. Lett. 2000, 85,
4470.

[8] P. Schwerdtfeger in Computational Spectroscopy (Ed.: J. Grue-
nenberg), Wiley, New York, 2010, and references therein.

[9] C. Daussy, O. Lopez, A. Amy-Klein, A. Goncharov, M. Guinet,
C. Chardonnet, F. Narbonneau, M. Lours, D. Chambon, S. Bize,
A. Clairon, G. Santarelli, M. E. Tobar, A. N. Luiten, Phys. Rev.
Lett. 2005, 94, 203904.

[10] F. De Montigny, R. Bast, A. S. P. Gomes, G. Pilet, N. Vanthuyne,
C. Roussel, L. Guy, P. Schwerdtfeger, T. Saue, J. Crassous, Phys.
Chem. Chem. Phys, in press.

[11] M. Quack, J. Stohner, M. Willeke, Annu. Rev. Phys. Chem. 2008,
59, 741, and references therein.

[12] J. Crassous, C. Chardonnet, T. Saue, P. Schwerdtfeger, Org.
Biomol. Chem. 2005, 3, 2218, and references therein.

[13] J. K. Laerdahl, P. Schwerdtfeger, Phys. Rev. A 1999, 60, 4439.
[14] R. A. Hegstrom, D. W. Rein, P. G. H. Sandars, J. Chem. Phys.

1980, 73, 2329.
[15] P. Schwerdtfeger, J. Gierlich, T. Bollwein, Angew. Chem. 2003,

115, 1331; Angew. Chem. Int. Ed. 2003, 42, 1293.
[16] R. Bast, P. Schwerdtfeger, Phys. Rev. Lett. 2003, 91, 023001.
[17] P. Schwerdtfeger, R. Bast, J. Am. Chem. Soc. 2004, 126, 1652.
[18] J. K. Laerdahl, P. Schwerdtfeger, H. M. Quiney, Phys. Rev. Lett.

2000, 84, 3811.
[19] P. Schwerdtfeger, T. Saue, J. N. P. van Stralen, L. Visscher, Phys.

Rev. A 2005, 71, 012103.
[20] D. Figgen, P. Schwerdtfeger, Phys. Rev. A 2008, 78, 012511.
[21] D. Figgen, P. Schwerdtfeger, J. Chem. Phys. 2009, 130, 054306.
[22] X. Wang, L. Andrews, Organometallics 2008, 27, 4885.
[23] X. Wang, L. Andrews, R. Lindh, V. Veryazov, B. O. Roos, J. Phys.

Chem. A 2008, 112, 8030.
[24] P. Schwerdtfeger, J. K. Laerdahl, C. Chardonnet, Phys. Rev. A

2002, 65, 042508.

[25] F. Faglioni, P. Lazzeretti, Phys. Rev. A 2003, 67, 032101.
[26] M. Schnell, G. Meijer, Angew. Chem. 2009, 121, 6124; Angew.

Chem. Int. Ed. 2009, 48, 6010.
[27] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul,
S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe,
P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez,
J. A. Pople, Program Gaussian 03, Revision C.02, Gaussian, Inc.,
Wallingford, CT, 2004.

[28] A. A. Clabo, Jr., W. D. Allen, R. B. Remington, Y. Yamaguchi,
H. F. Schaefer III, Chem. Phys. 1988, 123, 187.

[29] V. Barone, J. Chem. Phys. 2004, 120, 3059.
[30] T. H. Dunning, Jr., J. Chem. Phys. 1989, 90, 1007.
[31] R. A. Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys.

1992, 96, 6796.
[32] D. E. Woon, T. H. Dunning, Jr., J. Chem. Phys. 1993, 98, 1358.
[33] D. Figgen, K. A. Peterson, M. Dolg, H. Stoll, J. Chem. Phys.

2009, 130, 164108.
[34] K. A. Peterson, D. Figgen, E. Goll, H. Stoll, M. Dolg, J. Chem.

Phys. 2003, 119, 11113.
[35] DIRAC, a relativistic ab initio electronic structure program,

Release 3.1, written by T. Saue, T. Enevoldsen, T. Helgaker, H. J.
Aa. Jensen, J. K. Laerdahl, K. Ruud, J. Thyssen, L. Visscher.
http://dirac.chem.sdu.dk; T. Saue, K. Fægri, Jr., T. Helgaker, O.
Gropen, Mol. Phys. 1997, 91, 937.

[36] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[37] L. Visscher, K. G. Dyall, At. Data Nucl. Data Tables 1997, 67,

207.
[38] K. Fægri, Theor. Chem. Acc. 2001, 105, 252.
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