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Chirality

How Crystal Symmetry Dictates Non-Local Vibrational Circular
Dichroism in the Solid State

Sascha Jähnigen,* Katia Le Barbu-Debus, Régis Guillot, Rodolphe Vuilleumier, and
Anne Zehnacker*

Abstract: Solid-State Vibrational Circular Dichroism (VCD) can be used to determine the absolute structure of chiral
crystals, but its interpretation remains a challenge in modern spectroscopy. In this work, we investigate the effect of a
twofold screw axis on the solid-state VCD spectrum in a combined experimental and theoretical analysis of P21 crystals
of (S)-(+)-1-indanol. Even though the space group is achiral, a single proper symmetry operation has an important
impact on the VCD spectrum, which reflects the supramolecular chirality of the crystal. Distinguishing between
contributions originating from molecular chirality and from chiral crystal packing, we find that while IR absorption
hardly depends on the symmetry of the space group, the situation is different for VCD, where completely new non-local
patterns emerge. Understanding the two underlying mechanisms, namely gauge transport and direct coupling, will help
to use VCD to distinguish polymorphic forms.

Introduction

The importance of chirality in drug design and activity is
well recognised,[1,2] but at the same time pharmaceutical
industry often deals with solids whose properties affect
bioavailability and developability of potential drug
candidates.[3] Thorough characterisation of chiral solid
substances and of their various forms (polymorphs, hydrates,
etc.) is therefore one crucial step in modern pharmaceutical
development processes.[4] This may be achieved using NMR
spectroscopy or diffraction techniques, especially X-ray
diffraction (XRD),[4,5] whereas single-crystal XRD is the
most rigorous way to provide full chiral information. Yet,
single crystals can be inaccessible or not representative of
the full sample. Powder diffraction, in turn, does not yield

the absolute structure of the chiral sample due to the
isotropic experimental conditions.

In this context, chiroptical spectroscopy provides an
increasingly important, cost-effective alternative for the
study of chiral solids,[6–10] even though it delivers only
implicit information about the molecular configuration and
often requires computational interpretation. In recent years,
vibrational circular dichroism (VCD) has come into focus,
which is a ground-state property relying on a wealth of
absorption bands (in the infrared region), many more than
its electronic counterpart.[11] Being a very sensitive probe of
molecular conformation and environment, VCD has been
applied to a wide range of molecules including natural
products, host-guest systems, peptides and proteins, nano-
particles or catalysts,[12–21] supramolecular organisation in the
condensed phase,[8,22–32] and the formation of chiral phases
from achiral subunits.[5,33,34] In particular, the utility of solid-
state VCD for the resolution of molecular chirality and
supramolecular chirality has been noted by Sato and co-
workers.[35–37] VCD is distinguished from electronic circular
dichroism by the fact that it directly addresses vibrational
transitions in the supramolecular chiral framework, such as
functional groups connected by covalent or non-covalent
interactions (hydrogen bonds etc.).[36,37] Therefore, the
identification of enantiomorphisms in the crystal structure—
at constant IR absorption—is a key feature of solid-state
VCD, which can be used to distinguish polymorphic forms,
as demonstrated in several seminal works.[8,37–40]

A VCD spectrum of a molecule in solid state is very
different from one measured in solution. In the crystal, the
molecules are closely packed and the conformational
flexibility is dramatically reduced, which prevents conforma-
tional averaging of signals. Another consequence is a stable
supramolecular connection of the molecules giving rise to
delocalised vibrational modes and thereby to non-local
VCD contributions stemming from the chiral crystal.[36,41,42]
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Solid-state VCD thus bears plenty of meaningful informa-
tion, yet it requires a careful experimental protocol in order
to avoid spectral artefacts from the solid sample.[43,44] In
addition, the necessary reference calculations have to
suitably account for the supramolecular arrangement of
molecules in the crystal. Conventional static DFT calcula-
tions applied to isolated molecules or molecular clusters
have been successfully used to approximate the system
through sub-units extracted from the crystal
structure,[5,25,31,32,34,45–47] but this has limited applicability:
Boundary effects stemming from the finite size model can
substantially alter the frequencies or add artefacts to the
spectrum.[24] The result otherwise depends on how well a
small cluster describes the crystal. To some extent, it may
account for the delocalisation of local vibrational modes and
the non-local IR and VCD intensity enhancement due to
coupling between molecules. However, it has been shown by
means of fully periodic quantum calculations that, for
instance, in alanine crystals the observed VCD enhancement
was due to long-range effects related to helical arrangement
of oscillators, which is difficult to capture with a small
cluster.[41,48]

The development of tools for the computation of VCD
has made great progress in recent years. On one hand, there
is the ever increasing accessibility of the two quantum
theoretical formulations in order to compute the electronic
contribution to the magnetic dipole moments: magnetic field
perturbation theory (MFPT)[49,50] and nuclear velocity per-
turbation theory (NVPT).[51,52] MFPT is now available in
many software packages[50,53,54] and is widely used for DFT-
based static calculations of VCD resting on harmonic
normal modes. NVPT, in turn, can efficiently be coupled to
molecular dynamics simulations and bulk phase
scenarios.[41,55,56] Very recently, MFPT and NVPT have also
been implemented into the CP2K package and a direct
comparison of the two methods is provided.[57] On the other
hand, anharmonicity or the extension of structural models to
mimic bulk scenarios are becoming practicable.[10,56,58–64] In
particular, ab initio molecular dynamics (AIMD), though
relying on classical nuclear mechanics, offer a workable
route to post-harmonic studies of bulk phase systems,
including crystals.[42,65–70] The IR and VCD spectra are
directly obtained from time-correlation functions (TCF),
which yield a continuous line shape function with peak
shapes determined by temperature effects and the thorough
sampling of shallow potential energy surfaces.[66,71,72] Still,
solid-state computations of VCD including full periodicity
have long been considered unfeasible in view of not
knowing the correct treatment of the magnetic gauge; only
recently this hurdle has been overcome by our group,[42] and
the corresponding tools are accessible through the ChirPy
package.[73]

Crystals formed by chiral molecules contain only proper
symmetry operations (translations, rotations, and combina-
tions thereof) and therefore belong to the Sohncke space
groups. The most common are monoclinic P21 and ortho-
rhombic P212121.

[74] Interestingly, these space groups, which
contain only twofold rotations, are actually achiral (i.e., non-
enantiomorphic) and can be superposed with their mirror

images. The chirality introduced by the asymmetric unit,
however, transforms through the lattice to form truly chiral
crystals.[75] Sato, Miyata, and co-workers have described the
mechanism of chirality generation by twofold rotation and
the connection between the two levels of chirality, one
stemming from the asymmetric unit itself and the other
bound to the chiral crystal packing.[36,37,76]

In this article, the VCD spectrum of monoclinic (S)-
(+)-1-indanol crystals with P21 symmetry (Scheme 1) is
analysed in detail. While there can be little doubt that VCD
patterns arise from supramolecular organisation, it is still
obscure how these patterns arise and what the role of
symmetry is.[41,42] We interpret the experimental data by
means of fully periodic quantum calculations based on
AIMD-NVPT and XRD data, and discuss non-local VCD
signatures stemming from the chiral crystal structure. We
show how a simple achiral twofold screw axis gives rise to
purely non-local VCD patterns based on the two different
mechanisms, gauge transport (GT) and direct coupling
(DC). On the way, we analyse the capability of static
calculations of a simple cluster model based on normal
modes and MFPT to account for these non-local effects.

Results and Discussion

(S)-(+)-1-Indanol crystallises in the Sohncke group P21,
whose only symmetry element is a twofold rotary translation
(screw axis).[77] The unit cell thereby contains two asymmet-
ric units related by this operation (Figure 1). The resulting
monoclinic crystal’s main feature are zigzag arrays of the
hydrogen bonded OH-groups, with a O� O-distance of 2.8 Å
and an OH···O angle of 168°. The aromatic rings are π-π-
stacked with an inter-ring distance of 4.8 Å. The intra-
molecular geometry corresponds to a slightly positive
puckering angle τ1(C9C4C3C2) of 12°, that is, a pseudo
equatorial conformation that is more planar than in the gas
phase.[78–80] The crystallographic data are collected in
Table S1.

The experimental IR absorption and VCD spectrum of
(S)-(+)-1-indanol, measured in KBr, are shown as black
curve in Figure 2. The VCD spectra of both enantiomers
with the expected mirror image relation can be found in
Figure S1; Figure 2 depicts the half difference between the
two spectra. The IR absorption spectrum is dominated by
three groups of intense bands that correspond to equally
characteristic patterns in the VCD spectrum. The region
above 1400 cm� 1 stems from modes mainly described in
terms of synchronous C1H/OH bending and aromatic CC

Scheme 1. (S)-(+)-1-Indanol with atom numbering.
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stretching motions. The region 1200–1400 cm� 1 involves
mixed CH and CH2 bending motions and that below
1200 cm� 1 is dominated by the intense CC and CO stretch
bands around 1050 cm� 1. The IR absorption in the solid
state does not resemble the one in a non-polar solvent
(CCl4), but it is somewhat close to that measured in
DMSO.[81] Consequently, the similarity of non-covalent
interactions found in the solid and for a strongly polar
solvent is sufficient to obtain comparable IR spectra, even
though in solution crystal symmetry is absent. Most interest-
ingly, this does not apply to the VCD spectrum, which is
very different in the solid state from those in solution. In
other words, mere inspection of the available experimental

data points to the important role of crystal symmetry for the
generation of VCD.

Recalling Rosenfeld’s equation, VCD can be expressed
as proportional to the product � (see the Supporting
Information for the used notation) of the current and
magnetic (transition) dipole moment, j and m:

written here in velocity form using the time-derivative of the
electric dipole moment, μ, with j=_m ¼ @

@t m.
[11,82] If we define

the total dipole moments of the system in terms of a sum
over individual molecular dipoles j ¼

P

k
jk and m ¼

P

k
mk,

we are able to distinguish local from non-local VCD:

j�m ¼
X

k

jk �mk

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
local

þ
X

k

X

l6¼k

jk �ml

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
non� local

:

(2)

The here presented calculations of solid-state VCD
follow our recent work and rest on a fully periodic bulk
crystal (2×2×1) and AIMD-NVPT calculations at DFT
level (B3LYP-D3 and BLYP).[42,83–85] We compare the
results with an often used, less computationally demanding
cluster study via extraction of a characteristic crystal feature
(cf., Figure 1, right) followed by static Hessian-based MFPT
calculations (B3LYP-D3BJ/6-311+ +G(d,p)) (see the Sup-
porting Information for computational details).[50,86] It is
important to note that neglecting the crystal’s periodicity in
the static calculations does not only exclude all
supramolecular interactions with crystal regions that are not
contained in the cluster, but that it also alters the vibrational
space due to the changed environment. Especially an
incomplete hydrogen bond network entails unsaturated non-
covalent interactions at the outer parts of the cluster
(dangling bonds). Consequently, spectral artefacts can arise
from both, the missing non-local interactions as well as the
finite boundaries themselves.

The AIMD-NVPT calculations of IR absorption and
VCD spectra are shown as green curves in Figure 2. Overall,
the IR spectrum is in excellent agreement with the experi-
ment, except for the CO/CC stretching band at 1050 cm� 1 in

Figure 1. Crystal topology of (S)-(+)-1-indanol in Sohncke space group P21. The unit cell (middle) contains two molecules that transform into each
other through a twofold screw axis. Molecules shown in the same colour are related through translation by the lattice vectors (left). The
characteristic crystal feature is a zigzag array of hydrogen bonded OH-groups that can be taken as a reference for static calculations of a tetramer
cluster (right, here shown as eight molecules).

Figure 2. IR absorption (top) and VCD (bottom) spectra of (S)-(+)-1-
indanol crystals: experimental data measured in KBr (black), AIMD-
NVPT results of a fully periodic bulk crystal (green), and static Hessian-
based calculations of a cluster model in gas phase (red). Asterisks
mark peak artefacts that stem from boundary effects of the finite
sample. Empty circles indicate the deficiency in the AIMD study in
capturing the CO/CC stretch band correctly. See Figure 3 for a detailed
analysis of the region marked in yellow.
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the experiment, which is misplaced by the calculations (see
Table S2 for a detailed peak assignment). We observed a
similar issue for this band in crystals of cyclohexanediol,[42]

which probably arises from a deficiency of the functional in
the AIMD. Expectedly, the good IR prediction materialises
in VCD, (Figure 2 bottom, green curve), where the overall
agreement with experiment is very good and the assignment
of absolute configuration and crystal structure confirmation
can be carried out unambiguously based on the calculations.
The important deficiency in describing the CO/CC stretch-
ing band, however, continues in the VCD spectrum with the
omission of the large positive peak found in experiment.
Minor deficiencies appear just below 1200 and at 1300 cm� 1.
Very noteworthy, in turn, is the good reproduction of the
peak shoulder at 1425 cm� 1. The analysis of the sub-
crystalline space (cf., Figure S5) within the AIMD prediction
reveals very important non-local contributions with peak
intensities depending on coupled modes of more than one
molecule in the crystal as will be discussed below. It
furthermore suggests that already a tetramer cluster in the
spirit of Figure 1 (right) reproduces large parts of the
experimental IR absorption and VCD spectrum.

We therefore selected the tetramer cluster structure for
the static Hessian-based reference calculations. The results
are shown as red curves in Figure 2. The IR absorption is in
satisfactory agreement with the experiment and can well
reproduce the CO/CC stretch band around 1050 cm� 1. Only
the region between 1240 and 1350 cm� 1 is at odds with the
experiment, in terms of intensities, and with additional
peaks just below 1300 cm� 1. These are typical examples of
artefacts that result from neglecting periodic boundary
conditions in the computation of normal modes and linear
response, leading to frequency shifts and peak splitting. The
effect is strongest for modes that include dangling bonds at
the boundaries, which is why especially the OH/CH bend
region coupled with intense CH2 wagging and twisting is
affected the most, while it is negligible in other spectral
regions. The static calculations for VCD predictions (Fig-
ure 2 bottom, red curve) justify using the tetramer model for
this system as it is in overall good agreement with the
experiment. The artefacts’ marked presence, however, may
obstruct the determination of crystal packing effects or
polymorphism that relies on peak details beyond overall
agreement. Generally, in regions of poor prediction of IR
absorption, like in the region of artefacts (1240–1350 cm� 1),
the prediction of VCD is unreliable, too. But an unambig-
uous assignment of the absolute configuration is possible
and non-locality due to crystal packing is captured to some
extent. Interestingly, the CO/CC stretch region, which is
very well reproduced here, mainly consists of local VCD
since it appears already in the monomer model (cf., Fig-
ure S5), and therefore does not stem from crystal packing.
Care must be taken when non-local effects shall be studied
by simply changing the cluster size, because for each sub-
cluster fragment (monomer, dimer, etc.) a new Hessian has
to be calculated. This renders frequencies and intensities
size-dependent and subject to finite boundary effects, and
predictions of non-locality eventually unreliable.

We have shown that the generation of non-local VCD
patterns from delocalised modes can be much more subtle
than in IR absorption.[41,42] This is due to the way these
patterns emerge: The rotational strength, which defines
VCD, is determined by the relative orientation of electric
and magnetic (transition) dipole moments. However, the
magnetic dipole moment is a pseudovector which depends
on a reference origin, that is, the point in space where it is
evaluated:

mO
0

¼ mO þ
1
2c
O � O0ð Þ � j, (3)

where O and O0 correspond to different origins. If the non-
local coupling of molecular electric and magnetic polar-
isation is to be considered, different regions of the system
will be combined, and since a pseudovector is involved, the
relative positions of the molecules involved will be relevant.
This peculiar property of the rotational strength gives rise to
direct coupling (DC) and gauge transport (GT) as two
genuine terms of non-local VCD, with the origin-dependent
part of the magnetic dipole moment being encoded in the
GT term only (see the Supporting Information for a detailed
derivation).[41,42,87,88]

Both terms, DC and GT, can be illustrated as in
Scheme 2, which shows a system of two units (i.e.,
molecules). According to Equation (2), the overall polar-
isation of the system due to vibrational excitation can be
described as electric and magnetic transition dipole mo-
ments localised in each molecule. When the vibrational
transition is delocalised, the molecules oscillate collectively;
moreover, a strong oscillation of one molecule can induce
changes in the polarisation of a neighbouring molecule if
they are strongly connected by non-covalent interactions,
especially hydrogen bonds. In both cases, vibrational polar-
isation of one molecule alone does not sufficiently describe
the observed spectra (local scope). The cross coupling
between molecules can then be easily obtained by the
combination of dipole moments of different units. For the
direct coupling (DC) term, only the “intrinsic” moments of
each unit are taken, that is, current (electric) dipole mo-
ments together with magnetic dipole moments that emerge
in the local scope of each molecule. For the gauge transport
(GT) term, the current (electric) dipole moment is combined
with the magnetic dipole moment induced by the current of
the other molecule at a chosen origin. Consequently, there is
no GT term for IR absorption, because only current
(electric) dipole moments, thus no pseudovectors, are
combined here. DC and GT terms have been discussed in
the past, especially by Nicu an co-workers[88] as well as
Abbate[87] and co-workers. Traditionally, non-local VCD has
been viewed through pure electric dipole-electric dipole
contributions and the coupled oscillator (CO) model,[89]

which is equivalent to the GT term described here. But
already for signature systems like carbonyl oscillators,
contributions from the ’’intrinsic’’ magnetic dipole moment,
hence the DC term, turned out to be important.[87] Within
the generalized CO (GCO) model, this term has been
referred to as “correction term”.[88,90]

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, e202215599 (4 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202215599 by U

niversite Paris-Saclay, W
iley O

nline L
ibrary on [06/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Although modern calculations often do not distinguish
sharply between non-local DC and GT terms and local
contributions to VCD, this becomes very important for the
modelling of solid-state VCD.[42] First, because non-local
terms adhere to the symmetry of the space group; their
resolution thus provides deeper understanding of how
crystal packing or specific solid-forms determine the spec-
trum. Second, because within periodic boundaries, the GT
term requires special attention for the correct consideration
of periodic images of units or molecules.[42]

It is worthwhile to take a closer look at how the P21
space group, however simple it appears, determines non-
local VCD and imposes specific combination rules on the
dipole moments. GT terms can only emerge from symmetry
operations that include rotations, but not from simple
translation, hence their range lies within the scope of one
unit cell operation (here: 5 Å). The most peculiar effect of
the single screw axis, however, is that it introduces an
directionality into the DC terms: It supports the non-local
combination of only sub-components of the dipole moments,
that is, either parallel or orthogonal orientation with respect
to the axis of rotation, but not both at the same time. With
this selective quenching and enhancement of polarisation,
DC terms can give rise to non-local peaks that are absent
locally—and become as equally important as GT terms. The
Supporting Information contains a comprehensive treatment
of VCD terms under P21 crystal symmetry, wherefrom the
directionality in the DC and GT terms can be deduced and
the conditions for non-vanishing VCD be defined. Interest-
ingly, these conditions are fulfilled only for certain bands in
(S)-(+)-1-indanol, which directly connects crystal symmetry
with the VCD spectrum.

Figure 3 (top) depicts the possible construction steps in
order to form a P21 bulk crystal. Going from the level of
individual molecules (units) that correspond to local IR and
VCD signatures, two layered lattices can be defined through
simple translation in two dimensions (shown in rose and
blue, respectively). These layers transform with the 21
symmetry operation and eventually construct the complete
crystal. The local and non-local IR and VCD spectra related
to these construction steps are shown in Figure 3 (bottom)
with special focus on the 1350–1550 cm� 1 region. The results
support the symmetry argument that GT terms can only
arise for rotational symmetry operations and with this role it
mediates between adjacent layers, yielding new non-local
peaks. DC terms, in turn, appear for both operations,
translation and screwing, whereas the former can only
enhance (or decrease) what is present in the local scope.
Again, it is the 21 operation that leads to novel peaks and
underlines the complementary effect of the crystal structure
on the VCD outcome. Interestingly, in the selected
frequency range of Figure 3, DC and GT terms partially
cancel leading to the peculiar peak shoulder between 1400
and 1450 cm� 1 that is also found in the experiment, whereas
there is hardly any change in the IR absorption spectrum. A
depiction of the corresponding vibrational mode and bound
polarisation can be found in Figure S7. This band is there-
fore a good example of the interplay of symmetry and
polarisation leading to non-local VCD as explained in
Scheme 2.

Scheme 2. Sketch illustrating the non-local terms of VCD: Local units (e.g., molecules) are shown as grey cubes and the twofold screw axis as a
half-arrow (the displacement not shown for clarity). Vibrational excitation of the molecules results in electric (here in velocity form: current) and
magnetic transition dipole moments, j and m, pointing in directions dictated by the orientation of the molecules. The rotational strength defining
VCD is determined by the relative orientation of these moments. Current dipole moments are shown as full arrows, magnetic dipole moments as
empty arrows. Upper panel: Direct coupling involving only the ’’intrinsic’’ dipole moments of the units, resulting in positive VCD for the shown
example. Lower panel: Gauge transport describing the origin dependence of the magnetic dipole moment (chosen origin shown as a black dot),
resulting in negative VCD for the shown example. Ultimately, the VCD spectrum does not depend on the choice of origin.[42] It is important to note
that in the example shown, both terms give rise to new VCD peaks, which are absent in the local domain where only moments of the same unit are
combined.
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Conclusion

The presence of non-locality in solid-state VCD spectra is
very common and by no means exceptional due to the
intimate non-covalent connection of molecules in a crystal.
Our results underline that also achiral space groups like P21
have the capacity to create important non-local VCD
patterns. We illustrated by means of a combined experimen-
tal and theoretical study of (S)-(+)-1-indanol crystals how
DC and GT terms equally contribute to VCD and that these
terms figure integral parts of the solid-state spectrum. The
chiral crystal’s symmetry is directly conveyed to VCD
through specific combination rules of (transition) dipole
moments. GT terms are restricted to comparably short
ranges in P21 groups (approx. 5 Å) since they do not result
from translation, which is equivalent to two turns of the
screw axis, impeding giant VCD enhancement. DC terms, in
turn, reflect the directionality of the screw axis. We thus find
that new VCD details emerge as soon as the chiral
asymmetric unit is passed through the lattice, while the IR
absorption spectrum does not change as much. These non-
local VCD signals emerging from supramolecular chirality
usually surpass the local signals, which makes VCD suitable
for distinguishing polymorphic forms and other solid forms.

With this, our work connects to preliminary investigations
on structural chirality, but we find that the structural
concepts of helicity do not simply translate into an
equivalent concept of oscillator helicity since mode phase
and relative orientation of polarisation vectors enter as
additional factors.[36]

Our analysis is based on a fully periodic AIMD-NVPT
study, but we compare the computational results to conven-
tional static cluster calculations. Even though the cluster
model lacks important peak details from the chiral crystal
structure, it can reproduce the main VCD features and, in
the case of (S)-(+)-1-indanol, even excels over AIMD in
describing the CO stretching band. However, it misses
important non-covalent interactions of the crystal leading to
finite boundary effects that appear as significant peak
artefacts in the spectrum. Hence, for comparably simple
crystal symmetries, static cluster calculations can be used for
the assignment of absolute configurations, but may come to
their limits when the effect of the crystal packing or
polymorphism shall be investigated. To these ends, the static
approach has to be extended to fully periodic bulk crystal
models, like it is used in the reference AIMD study. This
would come with the advantage that one single point
calculation sufficiently describes the conformational land-

Figure 3. The emergence of non-local VCD in P21 crystals of (S)-(+)-1-indanol. The decomposition of the crystal following the point group’s
symmetry is shown together with the corresponding IR absorption and VCD (sub-)spectra from AIMD-NVPT calculations (frequency range
according to marked region in Figure 2; for the full spectrum see Figure S6). Note that, while the analysis, being a post processing, is performed
on individual molecules or layers, their dynamics and polarisation accounts for the presence of the entire crystal. Contributions stemming from
direct coupling (DC) and gauge transport (GT) are shown in purple and yellow, respectively, while the full spectrum, which summarises all
contributions from left to right is shown in green. Left: IR absorption and VCD from individual molecules correspond to the local scope; no non-
local terms are defined. Centre: Layers, which are formed following the translation (T) symmetry of the space group, give rise to a non-vanishing
DC term, while no GT term can be found (apart from noise). T-symmetry alone does not qualitatively change the IR or VCD spectrum found locally.
Right: The 2D layers are connected through the twofold rotary-translation (21) operation of the space group. It is found that, by generating
supramolecular chirality,[76] the 21 symmetry also leads to new non-local peaks due to symmetry-selective quenching or enhancement of
polarisation. Note that there can no GT term be defined for IR absorption.
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scape due to the immobilisation of the molecules and that
therefore a comparably high level of theory can be
employed.

The thorough understanding of non-local VCD in solid
state is still in an early stage, but it is going to enable the
construction of crystal spectra from calculations of local
units, which allows for a cost-effective analysis of large
systems and supramolecular chirality.
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How Crystal Symmetry Dictates Non-Local
Vibrational Circular Dichroism in the Solid
State

Solid-State Vibrational Circular Dichro-
ism (VCD) is intimately linked to crystal
symmetry and therefore has the capa-
bility to distinguish between polymor-
phic forms. In this article, we classify the
non-local terms due to crystal chirality
versus the local terms due to molecular
chirality. We find that already an achiral
screw axis leads to significant changes
in the VCD spectrum that are intrinsic to
the crystal structure.
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