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A complex-polarization-propagator protocol for
magneto-chiral axial dichroism and birefringence
dispersion’

Janusz Cukras,”? Joanna Kauczor, Patrick Norman,© Antonio Rizzo,” Geert L.J.A.
Rikken,¢ and Sonia Coriani**/

A computational protocol to magneto-chiral dichroism and magneto-chiral birefringence disper-
sion is presented within the framework of damped response theory, also known as complex po-
larization propagator theory, at the level of time-dependent Hartree—Fock and time-dependent
density functional theory. Magneto-chiral dichroism and magneto-chiral birefringence spectra in
the (resonant) frequency region below the first ionization threshold of R-methyloxirane and L-
alanine are presented and compared with corresponding results for both the electronic circular
dichroism and the magnetic circular dichroism. The additional information content yielded by the
magneto-chiral phenomena, as well as their potential experimental detectability for the selected

species are discussed.

1 Introduction

Magneto-chiral dichroism (MChD) 1-10 is related to the difference
in the absorption coefficients of a chiral molecule in a magnetic
field parallel and antiparallel to the incident light beam. In other
words, if one shines light (in any polarization state) on a chiral
species in presence of a static magnetic field with a component
parallel to the direction of propagation of the light, the absorption
coefficient n'™" for B (magnetic field) and k (direction of propa-
gation) parallel to each other differs from the one measured for B
and k antiparallel, n'™. The same occurs for the refractive indices,
and the resulting birefringence, corresponding to an anisotropy of
the phase of the beams, is then known as magneto-chiral birefrin-
gence (MChB). 1911 The two effects will moreover be oppositely
signed for the two mirror-image enantiomers, or reversing the rel-
ative directions of the magnetic field and the propagation vector.

Magneto-chiral dichroism has long been considered a plausi-
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ble candidate for explaining the homochirality of life, in addition
to the Earth’s rotational motion and circularly polarized light in-
duced asymmetric photochemical reactions.>”:12 Yet, its experi-
mental detection in compounds of relevance in life sciences, like
aminoacids, is elusive. The only experimental reports of MChD
spectra of organic molecules concern a porphyrin complex 13 and
an artificial light-harvesting antenna.l4 Recently, a report ap-
peared on the detection of strong magneto-chiral dichroism in
a paramagnetic molecular helix observed by hard X-rays. 1°

This is clearly a case where computational simulations can be
of fundamental help. However, no computational protocol for
MChD has been proposed so far, despite the fact that a molecular
theory of the effect has been available for more than thirty years, 4
and it bears strong similarities with the theory of magnetic circu-
lar dichroism (MCD). 16-18

Building upon our expertise on the development of com-
putational methods for magnetic circular dichroism,!%-23 and
magneto-chiral birefringence, 2425 we present here the definition
and implementation of a computational protocol for magneto-
chiral dichroism and birefringence dispersion in the framework
of the complex polarization propagation approach (CPP), also
known as damped response theory.26-30 In the CPP approach,
an empirical line width parameter is introduced in the response
functions to account for the finite lifetime of the excited states.
The real and imaginary components of the resulting complex re-
sponse function are well-behaved even in the resonant regions of
the spectrum. Depending on the perturbation operators involved,
dispersion and absorption contributions to a given physical phe-
nomenon are identified by the real and imaginary components.
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These are almost straightforwardly identified with the molecu-
lar property tensors emerging within the semi-classical formalism
when considering the oscillating electric and magnetic multipole
moments induced by the incident light wave.!-31 Thus, for in-
stance, the imaginary part of the electric dipole—electric dipole
linear response function relates to the one-photon absorption
spectrum; 26 the real part of the electric dipole-magnetic dipole
linear response function yields the electronic circular dichroism
(ECD) spectrum;3? the real part of the electric dipole—-electric
dipole-magnetic dipole quadratic response function connects to
the MCD spectrum; its imaginary counterpart gives the dispersion
of the Faraday rotation (angle).2!

Our ultimate purpose is to use the proposed protocol to esti-
mate the effect on molecular systems important in life sciences,
in an attempt to identify which compounds may have a response
above the detectability limit of the current experimental setups.
Here, we will present pilot results for R-methyloxirane and L-
alanine.

2 Theory

The expression of the molecular quantities describing magneto-
chiral birefringence (MChB) and magneto-chiral dichroism
(MChD) can be derived either within the refractive index ap-
proach or within the rifrangent scattering approach, similarly
as for one-photon absorption (OPA), optical rotation dispersion
(ORD) and electronic circular dichroism (ECD), magnetic opti-
cal rotatory dispersion (MORD) and magnetic circular dichroism
(MCD). Both approaches have been extensively discussed in the
literature, see e.g. Buckingham?3! and Barron.! Here we follow
closely Ref. 4.

Within the refractive index approach, the refractive and ab-
sorption indices of incident light of circular frequency @ passing
through a diluted molecular medium of number density N are ex-
pressed in terms of appropriate combinations of dynamical molec-
ular tensors. For light linearly polarized along x and propagating
in the z direction we have, for the refraction (1) and absorption
() indices, respectively

n%l—F%[axx(f)"‘Cxxz(f)] (D
I’l/r"v’ %[axx(g)“'gxxz(g)"'] (2)

Above gy is the electric constant. The molecular tensors on

the right-hand side of the above expressions are components of
the complex dynamic dipole polarizability tensor (Barron’s nota-
tion1) Oup = Ogp — ial’xﬁ and of the optical rotatory tensor

Capr = Capr — iCopa 3

1 ]1
Capr = o [gw(A/a,m +Ap 02) +€5100ps +£51[3G(x6:| @

1|1
Ct;ﬂl = —a [gw(A(x,ﬁk _AB»(XA) +£57LOCG236 _SS/IﬁG/aE:| (5)

where ¢y is the speed of light in vacuo, and ¢, is the alternating
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(Levi-Civita) tensor. Each molecular tensor is further decomposed
in dispersive (i.e. a dispersion line-shape function is associated
with the tensor) and absorptive components, as indicated by the
(f) and (g) notation, respectively. For instance,

Qop = Qop (f) +iogp (&) - (6)

Explicit sum-over-states expressions for the electric dipole-
magnetic dipole (Gaﬁ =Ggp — iG’aﬁ) and electric dipole—electric
quadrupole (A~a,By =Aqpy— iA’aﬁy) dynamic molecular tensors
can be found e.g. in Refs. 1,31, see also Ref. 4.

For circularly polarized light the equations are*

W21+ N fara(f) + () + G+ Enelf) D

4g

F2logy (f) + Sy (N +--- 1,
”/R/L ~ % {(Xxx (8) + ayy(g) + Gz (g) + gyyz (g) (8)
0

F2lor (8)+ & (&) -0}

where superscripts R and L indicate right and left circular polar-
ization, respectively. For unpolarized light (regarded as incoher-
ent superposition of right and left circularly polarized light) we
have*

2 () + oy () G () + Gone()] )

4g,

/

" % [otr(8) + 0y (8) + Gz (8) + Gyz(8)]  (10)
0

The quantities oy, (g) + ayy(g) and (i (g) + §)y2(g), are inde-
pendent of the polarization state of incident light and, while
canceling out for natural optical activity, they are responsible
for conventional absorption and for magneto-chiral dichroism,
respectively. The polarization-dependent terms 0. (g) — Qyy(g)
and ayy(g) are responsible for linear dichroism, (i (g) — §yy:(g)
and y;(g) for gyrotropic dichroism, oy, (g) for magnetic circular
dichroism, and {},,(g) for natural circular dichroism. L4

When a static magnetic field B aligned with the direction of
propagation z is applied to the diluted medium, within a perturba-
tive approach including only terms linear in B, the electric dipole
polarizability &, and the molecular tensors entering Eqs. 4 and 5
are modified as follows

O (B2) = g + 1Ly B an
Ol (B2) = gy + a;l(g'f?Bz (12)
At gy (B2) = A gy +A:)(5723>}L_ZBZ (13)
Gap(By) = Gop + fog_,sz 14

MChB and MChD anisotropies arise when the effect of the static
perturbing magnetic field is included in the expressions of the re-
fractive indices for unpolarized light (Eqs. 9-10, and similarly for
linearly polarized light) for two different reciprocal orientations
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(parallel, 1, and antiparallel 1) of the direction of propagation
and of the external magnetic field. A classical Boltzmann average
over all orientations taken by the molecules of the medium in a
fluid yields then the following expressions

ittt B T Ay g )~ A g o)+ Eapa Gl ()}
= 3£COBZ{BA’(f)+BG(f)} (15)

Wt 381:% Bo{ {35 5(8) — ALy o))+ Eapr G (8)}
=3 é:COBZ{BA’(g)JrBG(g)} (16)

Before proceeding we give here some relevant definitions and es-
tablish the notation used later when comparing our results for
MChD and MChB with other closely related dichroisms and bire-
fringences. In conventional OPA, the quantity of interest is the
absorption coefficient »’ for unpolarized light, and the molecular
tensor quantity responsible for it is then oy, (g) + o4y (g). For a
sample of randomly oriented (achiral) molecules, in absence of
external magnetic fields, tumble-averaging yields

/

N
n z67((/_00%“):((‘:’) an

In the following we will report the OPA spectra as absorption cross
section o in au (the SI unit is the barn = 10~28 m?)

w
o(@) =3 — eco oo (g) (18)
o(o)[au] ~ 3.05671 x 1072 x w[au] e (g)[au] (19)
o(o)[barn] ~ 8.55965 x 10° x @[au] 0gq(g)[au] (20)

The last two equations yield the observable in atomic units and
SI, respectively, when the circular frequency w and the molecular
tensor agq(g) are given in atomic units.

For circularly differential refractive effects, as those yielding
natural optical activity (NOA) and magnetic-field-induced optical
activity (MOA), we deal with an anisotropy of the refractive and
the absorptive indices for light polarized in the L and R directions.
This yields specifically a rotation A6 or an ellipticity 1, in radians,
which can (always) be written as (/ is the optical path length) !

wl

AG:Z—CO(nL—nR); 21)
wl
n= E(n/L —n'®) (22)

In experiments, the quantities of relevance are the specific or the
molar rotations ([o] and [¢], respectively) and ellipticities ([y]
and [@], respectively), defined as optical rotations (ellipticities)
per unit path length (given in decimeter for specific observables
and in centimeter for molar quantities) divided by the density d
of the sample (given in grams per liter for the specific observables
and in 102 moles per liter for molar quantities). Equations for
specific properties are given in the Appendix. Here we report
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explicit expression for molar quantities.

In NOA the polarization-dependent {;, (f) and ). (g) ten-
sors are of relevance. Tumble averaging further reduces the
anisotropies to the contribution from the G/, p tensor alone

M~ Gl ) 23)
M = Gl) 24)
In terms of molar observables
[91°% ~ *%G&a(ﬁ (25)
[P ~ ——103(;0“’? “Gale) =2 gt (26)

In the last equation we introduced the molar absorptivity &’ (SI
units of m> mol~!; usual units cm~!' mol~! dm?). N, is Avo-
gadro’s constant. The molar rotation (ellipticity) is obtained in
the commonly used units of deg x dm? x cm~! x mol~! via the
expressions (the conversion from radians to degrees implies the
multiplication by the factor 180/x)

[6]°R [deg x dm® x cm ™! x mol 1] ~ @27
—2.15524 x 10* x ®[au] x Glyo (f)[au]
[O]FCP[deg x dm® x em ™! x mol '] ~ (28)
—2.15524 x 10* x o[au] x Gl (g)[au]
[O]FCP[deg x dm® x cm™! x mol™!] ~ 29
—3.29821 x 10° x Ag’[cm™ 'mol ~!dm?]

where, as for Egs. 20 and 19 above and in other instances below,
we specify within square brackets the units to be employed for
the quantities in the right hand side to obtain the observable in
the units given in the left side of the Equations.

In MORD and MCD, manifestations of MOA, the effect of a
static magnetic field on the tensors entering the indices for the
RCP and LCP components of plane-polarized light (again Egs. 7-
8) to first order in the magnetic field is considered. Only the
first-order response aggi of the antisymmetric polarizability a"x B>
see Eq. 12, survives, yielding a non vanishing contribution to the
anisotropies. After averaging, we obtain

N 1(m)
An:—()—&)stamaam(f) (30)
N 1(m)
An' = _EBZEO‘I;A(X(X 2(8) (BD
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In terms of molar observables

25N, m

[9]MOR ~ *mBz&xﬁl a;ﬁ %(f) (32)
25N, m

OMCP ~ _ ey B.egpn o) (2) (33)

[0]MOR [deg x dm® x cm ™! x mol '] ~

—3.14128 x @au] x B [T] x £4p1 x ) (f)[au]  (34)

[OMCP[deg x dm? x cm ™! x mol ] ~

—3.14128 x au] x B[T] x £4p1 % o) (e)[an]  (35)

Although the MChB and MChD are not circular differential
properties, for the sake of comparing quantities with the same
units we generalize Eqs. 21 and 22 to axial anisotropies and de-
fine molar observables as

[9]MChB _ ﬂl(,m _ My g 200N

2¢o 38()6%

B {B'(N+B°()} (36)

wl 50N, '
[@]MChD _ f‘o(nm _n/N) ~ Wc;BZ {BA (g) —|—BG(g)} @37
0

[p1MEPE

deg x dm® x cm ™! x mol~!] (38)

~ 4.58460 x 102 x wau] x B,[T] x {BA’ (f) +BG(f)} [au]

[@]MChD[ 1

deg x dm? x ecm ™! x mol ™! (39

~ 4.58460 x 1072 x w[au] x B,[T] x {BA' (g)+BC (g)} [au]

Note that temperature-dependent terms have been omitted in the
expressions above, since they involve the expectation-value of the
magnetic dipole operator in the ground state, which is quenched
for closed shell systems as those we consider in this study.

A criterion to decide on whether or not magneto-chiral dichro-
ism in a particular absorption band is measurable for a given in-
strumental sensitivity is given by the so-called magneto-chiral dis-
symmetry (or asymmetry) factor gyvcha OF gmchp (also known as
5)’4,7

Wt BB (g) +B%(g)]

B — s (40)
gMChD( ) %(H’TT + n/m) co- Oqa (g)

The denominator in the magneto-chiral dissymmetry factor is
given by
l(anTJrn/N) - ﬁaaa(é’) (41)
2 6&y

which relates to the intensity of the OPA band.33 Similar dissym-
metry (or asymmetry) factors are defined for MCD and ECD
2(n'" —n'%) 2Gua(8)

8ECD = (n'L 4 n/'R) - co - O () @
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o BB 1B
MO T W B+ (=B)] 2 taals)
The above expressions are used to evaluate the empirical relation

8MChD = 8MCD 'gECD-33

2.1 Connection to (damped) response functions

The molecular quantity that yields the OPA spectrum is the imagi-
nary component of the damped electric-dipole—electric dipole lin-
ear response function 26

g (8) = —Tm((Has g ) (44)

where p,, indicates a cartesian component of the electric dipole
operator, 7 is the damping factor and o is the damped (complex)
frequency.

For ORD and ECD, the imaginary and real components of the
damped magnetic dipole-electric dipole linear response function

propagator are required, respectively 3234
Grp (f) = Im(({Hasmp))ty (45)
Grp(8) = Re((lasmp))ly (46)

where my, is the magnetic dipole moment operator component.

For MOR and MCD, the relevant complex propagator is the
quadratic response function involving two electric and one mag-

netic dipole operators21:22
o) (1) = Tm((as prg,ma ) 47)
o) (8) = —Re((uas g,m ), 48)
afA 8 IJ'OC’:u'ﬁvml ©:0

Generalizing the results of Ref. 24, for MChB, the molecular
tensors A::(zf'gpﬁl( f) and Ggg.k (f) in Eq. 15 correspond to the
quadratic response functions

Gl (~:0,0)(/) = Re((Haimgmi)yy  (49)

Aygp,z(—w;w,O)(f) = —Im({a:®pp.m)) 50 (50)

where (®g),) is the traceless quadrupole moment operator com-
ponent. The fact that the equations above involve the electric
dipole moment, the magnetic dipole moment and the traceless
quadrupole moment operators raises the issue of origin invari-
ance, which has been discussed in detail by Coriani and co-
workers.2* We refer to that source for further details on the cal-
culation of magneto-chiral birefringence in non-absorbing regions
of the sample.

When the frequency of the incident light approaches the ab-
sorbing region of the sample, the dichroism (MChD) emerges.
Similar to what we did in the case of the magnetic circular dichro-
ism, 2122 we consider the absorptive counterparts of the quadratic
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response functions describing the MChB, that is
G (—0:0,0)(g) = Im({ugsmg,my)), (51)
aB.r > W, 8 Has (SRRLYS ®,0

1(m)

Ao (~0:0,0)(8) = —Re((Ho:@pp,my))f . (52)

3 Computational details

To start the investigation we chose the R-methyloxirane molecule
as the smallest organic chiral system. Next, in order to stay in the
context of biologically relevant species, we investigated a chiral
proteinogenic aminoacid, L-alanine.

The calculations on R-methyloxirane were performed on the
optimized structure of the (R) enantiomer taken from Ref. 24,
where it has been obtained at the MP2/cc-pVTZ level of theory.
For natural amino-acid L-alanine, we considered the equilibrium
structures of the two lowest lying gas-phase conformers Ala-I and
Ala-IIA fully optimized at the coupled-cluster [CCSD(T)/cc-pVTZ]
level of theory by Jaeger et al.3> The authors of Ref. 35 com-
puted a relative energy between these two conformations of 2.11
kJ mol~!, corresponding to Boltzmann weights of ~0.7 and ~0.3
for Ala-I and Ala-IIA, respectively. The same authors discuss a
third conformer (labelled Ala-IIB) very close in energy to Ala-ITA
and which they claimed as still unobserved when the paper was
published. We did not include this conformer in our analysis.
OPA, ECD, MCD and MOR as well as MChB and MChD spectra
were computed both at the Hartree-Fock and at the TD-DFT level
(B3LYP and CAMB3LYP functionals) in the (multiply-) augmented
correlation consistent basis sets aug-cc-pVDZ, d-aug-cc-pVDZ, t-
aug-cc-pVDZ. The convergence threshold of the response calcula-
tions was set to 1077,

In the CPP calculations, we used the empirical linewidth y
equal to 1000 cm~! (0.00456 a.u.) and the step between suc-
cessive frequencies in the transition region equal to 0.0025 a.u.
Obviously, the choice of y affects the calculated spectra, a larger
value yielding broader spectral features with lower peak intensi-
ties. As we here deal with pure electronic structure calculations
where various factors (such as vibronic couplings) affecting the
experimental linewidths are not considered, the value of y can be
empirically adjusted to approximately match the observed spec-
tra. So far there exist no experimental spectra for MChD for the
chosen compounds, and we rely in our selection of y in previous
application of the CPP approach for MCD in systems of composi-
tion comparable to the present ones. 30:37

The code to evaluate the MChD and MChB properties was
implemented within the DALTON program.383° The plots, ob-
tained by spline fitting the computed observables, were done us-
ing the Python Scipy#® and Matplotlib#! libraries. The code was
first tested against the MChB results obtained in Ref. 24 and
it was found that the values obtained therein could be repro-
duced, in particular, the values of B(A’) and B(G) for H,0, and
R-methyloxirane.

4 Results and discussion

As mentioned above, we have computed the dispersion and ab-
sorption spectra both at (TD)-Hartree-Fock and (TD-)DFT levels,
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the latter with two different functionals, and three basis sets, aug-
cc-pVDZ, d-aug-cc-pVDZ and t-aug-cc-pVDZ. Spectra were simu-
lated in the wavelength region including the lowest ten electronic
excitations. The full set of results is collected in the Supplemen-
tary Information file, and we refrain in the following from a very
detailed discussion, limiting ourselves to summarizing here the
main points. The results reported and discussed in the following
are those obtained in the largest (t-aug-cc-pVDZ) basis set.

For R-methyloxirane all three basis sets yield, for each individ-
ual electronic structure model, rather similar spectral profiles, the
differences mainly emerging at higher frequencies (lower wave-
lengths) consistent with the increasing number of excited states
when approaching the ionization limit.

Table 1 collects the excitation energies, the OPA oscillator
strengths and the ECD rotational strengths of the first ten exci-
tations.

Much more pronounced are the differences, in the same ba-
sis sets, between Hartree-Fock and DFT results, and, to a lower
extent, between the two sets of DFT results. As commonly seen,
Hartree-Fock spectra are shifted towards lower wavelengths (first
excitation at 8.83 €V in the t-aug-cc-pVDZ basis), followed by the
CAMB3LYP (first bright excitation at 7.01 eV) and then by the
B3LYP (6.44 eV) ones. Note that the first ionization limit has been
estimated by Koopmans’ theorem at 11.8 eV for Hartree-Fock, at
9.26 eV for CAMB3LYP and 7.43 eV for B3LYP.

Despite the shift in the spectra and the underlying different
composition of the bands in terms of individual excited states,
both DFT functionals show qualitatively similar band features in
the CPP spectra, see upper panels of Fig. 1.

The ECD spectrum has a +/— band structure in both cases in
correspondence to the first five excitations. The MCD spectrum
exhibits a weak negative peak around the first excitation in the
CAMB3LYP case, not evident in the B3LYP spectrum, otherwise
both functionals yield a positive band in the region around the
second to fourth excitation. The MChD spectra have a —/+ pat-
tern for both functionals. Remarkably all three dichroisms show
different sign patters, indicating that three effects yield comple-
mentary information.

Inspection of the figures also shows that the different spectro-
scopic effects have very different intensities (yet the two function-
als give comparable intensities). The MCD signal is about one or-
der of magnitude weaker (per unit of magnetic field) of the ECD
one. The MChD signal is two to three orders of magnitude weaker
than the MCD one.

The dispersion curves, see Fig. 1 (lower panels), also show
some qualitatively similar features for the two functionals, and
give an indication of the origin of the resonances in the MCD and
MChD CPP spectra, as they correspond to inflection points on the
dispersion profiles.

A detailed investigation of pure and cascaded magneto-chiral
dichroism has led Rikken and Raupach33 to the conclusion that
in diamagnetic media, between the magnitude of the anisotropy
factor for the pure magneto-chiral effect and that for natural and
magnetic circular dichroism, the following relation should hold
approximately:

lemcnp| =~ |gecpl|gmep| (53)
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Table 1 Excitation energies, oscillator strengths (f) and rotational strengths (R) for the first 10 excitations of R-methyloxirane. Hartree—Fock and

TD-DFT results in the t-aug-cc-pVDZ basis set.

Hartree-Fock CAMB3LYP B3LYP

No. w;, eV A, nm f R w;, eV A, nm f R w;, eV A, nm f R

1 8.831 140.4 0.0026 —1.009 7.101 174.6 0.0075 —14.047 6.442 192.5 0.0092 —16.326
2 8.980 138.1 0.0068 4.706 7.365 168.3 0.0169 —8.042 6.836 181.4 0.0068 7.493
3 9.214 134.6 0.0457 —19.796 7.515 165.0 0.0134 8.717 6.866 180.6 0.0221 —2.007
4 9.265 133.8 0.0326 —10.746 7.671 161.6 0.0160 6.089 6.899 179.7 0.0040 5.471
5 9.366 132.4 0.0198 —4.041 7.851 157.9 0.0053 9.508 7.214 1719 0.0005 —1.080
6 9.514 130.3 0.0130 —-12.327 8.244 150.4 0.0090 —9.597 7.273 170.5 0.0007 0.616
7 9.648 128.5 0.0075 10.261 8.279 149.8 0.0147 9.733 7.280 170.3 0.0012 —0.250
8 9.870 125.6 0.0347 6.773 8.309 149.2 0.0260 —10.258 7.284 170.2 0.0009 0.911
9 9.997 124.0 0.0030 —2.728 8.349 148.5 0.0042 0.74 7.302 169.8 0.0056 6.634
10 10.160 122.0 0.0305 7.693 8.373 148.1 0.0103 —5.869 7.313 169.5 0.0001 0.243

For R-methyloxirane, the dissymmetry factors of ECD, MCD and
MChD, together with their absolute values and the product of
the ECD and MCD factors, are plotted in Fig. 2. The compar-
ison shows that the curves yielded by the approximate relation
above are rather different from those computed directly from the
simulated MChD and OPA results, yet the order of magnitude is
roughly the same. In the specific case the factor obtained from the
ECD and MCD product is lower that the one computed directly for
MChD.

Turning our attention to the two conformers of L-alanine, see
Figs. 3 and 4 and ESI file, we note that, like in R-methyloxirane,
the basis set effects on the spectra are contained, despite signif-
icant differences on the underlying composition of the spectral
bands, as also appreciated from the results tabulated in Tables 2
and 3.

For Ala-I, a remarkable difference between B3LYP and
CAMBS3LYP is observed in the intermediate region of the ECD
spectrum, which can be attributed to the different rotational
strengths for the second and third excited states. The MCD spec-
tra, on the other hand, are qualitatively similar in terms of band
structure (+/—/4). An interesting feature in comparing the MCD
and MChD spectra is the fact that no MChD band emerges around
the second excited state, whereas it clearly does so in the MCD
spectrum. As for R-methyloxirane, the predicted MChD intensi-
ties are roughly the same for both functionals, and significantly
smaller than the MCD (and ECD) ones.

In Ala-TIA the sign pattern of the ECD bands corresponding to
the lowest excited states is similar for the two functionals. The
MCD signal is almost quenched in correspondence of the two first
excited states (at least in the given ordinate scale), whereas a pos-
itive band emerges for the first excited state in the MChD spec-
trum. The larger separation between the first and second excited
state probably accounts for the appearance of a weak band in the
CAM spectrum in correspondence to the second excited state. For
the higher states, the MCD and MChD signals have the same sign
pattern, yet with a different composition in terms of contributions
from the excited states underlying the various bands. Once again,
the spectral intensities are comparable for the two functionals.

The dispersion profiles for OR, MOR and MChB have also been
included in Figs. 3 and 4.

The two conformers have rather different spectra and disper-
sion profiles. The curves have been combined according to their
Boltzmann weights and are shown in Fig. 5. The curves corre-
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sponding to the Ala-I and Ala-IIA conformers were included in
the total spectrum with the factors of 0.7 and 0.3, respectively.

The corresponding dissymmetry factor curves are shown in
Fig. 6.

5 Conclusions

A protocol for the calculation of magneto-chiral dichroism and
magneto-chiral birefringence has been proposed and imple-
mented within the complex polarization propagator formalism
of Hartree-Fock and density functional response theory. Pilot
results have been presented for R-methyloxirane and L-alanine.
Despite the differences in the fine spectral details, both B3LYP
and CAMB3LYP yield similar results (in terms of intensity) for
the MChD, which is computed two to three orders of magnitude
smaller than the corresponding MCD signal. The MChD dissym-
metry factor curves are different from the product of the dissym-
metry factors for MCD and ECD, but roughly of the same order of
magnitude.

In a previous experiment on chromium tris-oxalate > a resolu-
tion of g of a few times 10~® T~! had been reached. The com-
putational predictions are at the limit of the current experimental
resolution, obtained in the visible wavelength range, and should
stimulate the development of a similar resolution in the UV and
deep UV, in view of the ongoing discussion on the role of magneto
chiral dichroism in the homochirality of life. The rational search
for organic molecules of biological relevance with a detectable
magneto-chiral dichroism has just begun.

Appendix: More definitions and unit conver-
sions

In terms of specific observables, rotations and ellipticities become,
for NOA

ON;

la] ~ — 3e0c2M Goal(f) 69
0
ONg
[y]~— 38()6%M Goalg) (55)

where M is the molar mass. The specific rotation (ellipticity) is
obtained in the commonly used units of deg x cm? x dm~! x

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 R-methyloxirane. Upper panels: One Photon Absorption (OPA) cross sections, Electronic Circular Dichroism (ECD), Magnetic Circular
Dichroism (MCD) and Magneto-chiral Dichroism (MChD) calculated at the B3LYP/t-aug-cc-pVDZ (left) and CAMB3LYP/t-aug-cc-pVDZ (right) levels.
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Table 2 Excitation energies, oscillator strengths (f) and rotational strengths (R) for the first 10 excitations of Ala-1. Hartree—Fock and TD-DFT results in
the t-aug-cc-pVDZ basis set. lonisation potentials according to Koopmans’ theorem: B3LYP = 7.12 eV; CAMB3LYP=8.92 eV; SCF=11.24 eV

Hartree-Fock CAMB3LYP B3LYP

No. w;, eV A, nm f R w;, eV A, nm f R w;, eV A, nm f R

1 6.625 187.1 0.0016 8.218 5.806 213.5 0.0012 7.65 5.591 221.8 0.0024 7.249

2 7.760 159.8 0.0214 —2.045 6.363 194.9 0.0123 —-1.519 5.870 211.2 0.0046 —7.145
3 8.654 143.3 0.0105 1.091 6.664 186.1 0.0025 1.518 5.972 207.6 0.0012 7.463

4 8.875 139.7 0.0336 12.43 7.070 175.4 0.0763 —13.15 6.323 196.1 0.0605 —3.580
5 8.918 139.0 0.0622 —38.31 7.171 172.9 0.0076 —2.206 6.527 190.0 0.0018 —0.928
6 9.324 133.0 0.0273 2.183 7.394 167.7 0.0062 —-0.637 6.644 186.6 0.0106 3.214

7 9.404 131.8 0.0353 9.016 7.524 164.8 0.0077 1.751 6.694 185.2 0.0162 —9.533
8 9.525 130.2 0.0766 —4.452 7.856 157.8 0.0073 —-0.374 6.900 179.7 0.0003 —0.481
9 9.546 129.9 0.0004 —0.775 7.951 155.9 0.0053 5.397 6.956 178.2 0.0006 0.109

10 9.641 128.6 0.0053 —1.803 7.979 155.4 0.0016 0.294 6.976 177.7 0.0001 —0.045

Table 3 Excitation energies, oscillator strengths (f) and rotational strengths R for the first 10 excitations of Ala-1lA. Hartree—Fock and TD-DFT results
in the t-aug-cc-pVDZ basis set. lonisation potentials according to Koopmanns theorem: B3LYP = 7.27 eV; CAMB3LYP= 9.08 eV; SCF=11.54 eV

Hartree—Fock CAMB3LYP B3LYP

No. w;, eV A, nm f R w;, eV A, nm f R w;, eV A, nm f R

1 6.4805 191.3 0.0015 1.759 5.664 218.9 0.0010 3.967 5.536 224.0 0.0014 11.68
2 7.8523 157.9 0.0166 1.634 6.420 193.1 0.0098 —4.790 5.759 215.3 0.0106 —-12.91
3 8.8477 140.1 0.0412 -9.635 7.124 174.0 0.0402 4.835 6.559 189.0 0.0008 —2.827
4 9.0465 137.0 0.0055 12.44 7.374 168.1 0.0015 —1.924 6.602 187.8 0.0296 2.747
5 9.1889 134.9 0.0614 —-16.92 7.505 165.2 0.0100 —-11.31 6.704 184.9 0.0014 —-2.127
6 9.2661 133.8 0.1258 8.618 7.593 163.3 0.0126 —-9.311 6.772 183.1 0.0128 —9.692
7 9.5483 129.8 0.0096 2.867 7.817 158.6 0.0093 —5.362 7.010 176.9 0.0009 —0.422
8 9.6668 128.2 0.0202 —16.92 7.973 155.5 0.0040 —2.759 7.069 175.4 0.0074 —6.236
9 9.6709 128.2 0.0004 2.49 8.053 154.0 0.0003 —0.604 7.110 174.4 0.0003 —0.432
10 9.8265 126.2 0.0085 5.183 8.106 153.0 0.0006 0.964 7.124 174.0 0.0001 —0.069
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(right) levels. Note that the MCD and MChD dissymmetry factors are given for 1 T of magnetic field intensity.
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Fig. 3 L-Alanine, conformer |. Upper panels: One Photon Absorption (OPA) cross sections, Electronic Circular Dichroism (ECD), Magnetic Circular
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Fig. 4 L-Alanine, conformer IIA. Upper panels: One Photon Absorption (OPA) cross section, Electronic Circular Dichroism (ECD), Magnetic Circular
Dichroism (MCD) and Magneto-chiral Dichroism (MChD), calculated at B3LYP/t-aug-cc-pVDZ (left) and CAMB3LYP/t-aug-cc-pVDZ (right) levels of
theory. Lower panels: Natural Optical Rotatory (OR), Magnetic Optical Rotation (MOR) and Magneto-chiral Birefringence (MChB) dispersions,
calculated at B3LYP/t-aug-cc-pVDZ (left) and CAMB3LYP/t-aug-cc-pVDZ (right) levels of theory. Absorption cross sections are reported in atomic
units. OAIl other quantities are given in degxdm?xcm~!xmol~!. MCD, MChD, MOR and MChB spectra were computed at 1 T of magnetic field
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