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Abstract

We introduce a new theoretical formalism to compute solid-state vibrational circu-
lar dichroism (VCD) spectra from molecular dynamics simulations. Having solved the
origin-dependence problem of the periodic magnetic gauge, we present IR and VCD
spectra of (1S5,25)-trans-1,2-cyclohexanediol obtained from first-principles molecular
dynamics calculations and nuclear velocity perturbation theory, along with the exper-
imental results. As the structure model imposes periodic boundary conditions, the
common origin of the rotational strength has hitherto been ill-defined and was approxi-
mated by means of averaging multiple origins. The new formalism relies on the velocity
representation of VCD and the time-correlation function, whose symmetry properties
are exploited to reconnect the periodic model with the finite physical system. It restores
the gauge freedom of finite models, but still allows fully accounting for non-local spatial
coupling terms from the gauge transport term. We show that even for small simulation
cells the rich nature of solid-state VCD spectra found in experiments can be reproduced
to a very satisfactory level. While the general workflow to compute solid-state VCD
spectra relies on the interplay of experimental data and theoretical simulation, expres-
sions of VCD in liquid state and for isolated systems can be derived as simplification

of the general equations.
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Vibrational circular dichroism (VCD) is an increasingly popular spectroscopic technique
that denotes chiral infrared (IR) spectroscopy, defined as the differential absorption of left-
and right-circularly polarised light.'™ In contrast to electronic circular dichroism, VCD is
bound to electronic and nuclear degrees of freedom alike. Yet being a ground state prop-
erty, it does not require the presence of separate UV-visible chromophore. Nowadays, mod-
ern spectrometers allow for an easy recording of VCD even though its intensity usually
amounts to only 107% to 10~* of that of IR absorption; VCD has become an invaluable
tool for the non-invasive determination of absolute configurations.!*%% Its applicability,

79

however, reaches beyond as it includes the analysis of natural products,”” encapsulation

10-13

processes, nanoparticles or catalysts, 17 liquid crystals, '8!

and structural aspects of
proteins.?° 22 The outstanding conformational sensitivity is boon and bane of the VCD ex-
periment: While a molecular substance can be characterised by VCD in terms of its con-
formations and non-covalent interactions, subtle conformational changes have the capacity
to invert the sign of peaks, which is further complicated for superposed signals.?32° Hence,
accurate computations are indispensable for the interpretation of VCD.! These have to prop-
erly sample the energy landscape of the system to not only get absorption frequencies right,
but more importantly to correctly describe the conformational dispersion within intra- and
intermolecular space.?? We recently published a survey on different computational tools to
describe conformational sampling.?* Typically, VCD is measured in liquid state or in or in

isolated conditions such as noble gas matrices, 2639

which is a largely standardised proce-
dure, but requires sample solubility and may exhibit spurious solvent effects. However, in
analogy to IR absorption, VCD can also be measured conveniently in solid state.3!3 This
circumvents the necessity of substrate solubility since the measurements are carried out di-
rectly on (powdered) microcrystals dispersed in a matrix material, typically KBr. Spurious
effects from the matrix are rare, but one has to deal with scattering effects and remnants

of linear dichroism,??% for the elimination of which the experimental procedures have been

devised, though.?373® Deprived of conformational flexibility in the packed solid, molecules ex-



hibit sharper and more intense VCD signals than in solution.? At the same time, VCD can
serve as a probe of crystal polymorphism as it contains information beyond local molecular
signatures adding important non-local contributions from packing effects.!!3% 4 We have
recently shown that strongly delocalised modes lead to VCD enhancement in crystals of
L-alanine determined by the chiral space group P2;2,2;.3!

Dealing with solid-state VCD today mainly challenges the theoretical treatment given
the large system size and the ubiquitous presence of non-covalent interactions. Conventional
simulations of VCD account for individual molecules, isolated or incorporated in a (model)
solvent, but it is inconceivable to theoretically study an entire microcrystal. In cases where
VCD is determined by non-covalent interactions with close neighbours only, isolated sub-
domains extracted from the crystal bulk have successfully been used in cluster or fragment
studies. 1%*1743 Yet, general applicability is offered by structural models that adhere to the
crystallographic information and make use of periodic boundary conditions (PBC). In this
letter, we present the adapted computational protocol to compute VCD in solid state within
periodic boundaries. Briefly outlining the problem of defining a magnetic gauge within an
infinite lattice model, we offer a solution that restores the original gauge freedom of VCD
of the finite world. As proof of principle, we measured and computed the solid-state IR and
VCD spectrum of (15,2.5)-trans-1,2-cyclohexanediol, denoted here as (15,25)-CHDO, using
first principles molecular dynamics (FPMD) simulations and nuclear velocity perturbation
theory (NVPT), following the general workflow presented in Scheme 1.

The theoretical protocol to a (Hessian-free) calculation of VCD comprises three steps:
molecular dynamics (MD), electromagnetic response, and time-correlation within a common
magnetic gauge.** 4% With MD a statistical ensemble of the system is generated containing
atom positions and velocities, while response calculations yield the electromagnetic dipole
moments on the time domain. Eventually, VCD is computed based on the Fourier transform
of the time-correlation function (TCF) that duly accounts for the magnetic gauge.*” If an

infinite lattice model is to be used, periodicity has to be reflected in the nuclear and electronic
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Scheme 1: Theoretical (magenta) and experimental (blue) workflow to obtain a solid-state
VCD spectrum. An important ingredient is the definition of the starting point for the MD
simulation, based on the experimental crystal structure. This letter focuses on “Correla-
tion and Gauge” as it contains a fundamental problem that is encountered under periodic
boundary conditions: defining a common origin for the magnetic gauge. The grey arrow icon
indicates the programme packages that have been used in this work.

degrees of freedom, and this in all three steps of the theoretical protocol. An important
supplement in Scheme 1 with respect to conventional calculations is the definition of the
starting point of the MD simulation based on the experimental crystal structure taken from
a database or crystallographic experiments. When several polymorphs exist, it is of prime
importance to select the one that corresponds to the experiment; the crystal phase does
usually not transform and ergodicity is readily reached for a single modification. Hence, due
to the limited conformational freedom of the solid state, convergence of the calculations can
be reached faster, which is a major advantage when FPMD calculations limited to rather
short trajectories are employed.

The electromagnetic response is obtained classically for the nuclei, but quantum me-
chanically for the electrons.?*" Yet, a standard quantum or DFT calculation relies on the
Born-Oppenheimer (BO) approximation and therefore has a vanishing electronic contribu-
tion to the magnetic dipole moment.*® In order to reach “beyond-BO” and to calculate VCD,
there exist two complementary formulations of quantum linear response theory: magnetic

field perturbation (MFPT),%5! yielding the magnetic susceptibility of the electronic wave



function, and nuclear velocity perturbation (NVPT),52754 delivering the electronic current
density from which the induced magnetic moment can be obtained. Kirchner and co-workers
introduced a semi-classical approach that aims at reconstructing the magnetic response from
the time-dependent electron density.?® While any scheme for steps 1 or 2 can be used before
going over to step 3, we rely on NVPT here as it is adapted to accurately sampling the phase
space of the FPMD trajectory. 4753

“Correlation and Gauge” in Scheme 1 is the focus of this letter as it connects to a funda-
mental problem that is encountered under periodic boundary conditions: defining a common
origin for the magnetic gauge. According to the Rosenfeld equation, VCD is proportional to
the rotational strength, R;; = Im[(i|p|f) - {f|m]:)].%® It depends on the vibronic transition
|i) — | f), where L and m denote the electric and magnetic dipole moment operator, respec-
tively. R;¢ can alternatively be expressed using the current dipole moment, j = ﬁt = dp/dt,
through the hypervirial theorem, (i|j|f) = iwis(i|{t|f).?” Thus assuming its “velocity form”,

the differential molar absorption coefficient for VCD reads in the Schrédinger picture:?

Ac(w) = #7;@ (1— e bhe) fzp Re[(il3If) - (fIli)] 8(wss — w) (1)

(using Gaussian-cgs units) at temperature 7' = 1/kpf with the density of initial states p;,
the number of units N and the refraction index of the medium n. Note the division factor
of 3 from isotropically averaging over all spatial orientations.?® When used in combination

with molecular dynamics simulations, Ae(w) can be expressed in the Heisenberg picture in

terms of the quantum TCF, C(t) < (t)): 4
Ac(w) = g (1= ) Re| oL [ dr e Gomn) ®)
3Nhen(w) o | o :

The two formulations of VCD are in full analogy to vibrational absorption. 4758 Likewise,
the actual advantage of using Equation 2 lies in taking the classical limit of the quantum-

correlation function, C(t) — Cy(t) = <J (t)>, that is, to employ the computationally



affordable classical time-correlation function C,; instead.® Conveniently, the quantum cor-
rection for the classical treatment of the nuclei can be added a posteriori and is carried out
based on the classical limit of the Kubo-transformed time-correlation function.* 475 With
this, the expression of the differential molar absorption coefficient becomes

Ac(w) ~ 3;7;—% / Z dt e (3(0)m(1)). (3)

It is important to note that also in solid-state calculations isotropic conditions are generated
(see the SI for details of the experiment), which eliminates any contribution from electric
quadrupole moments. 3%

The magnetic dipole moment is defined with respect to an origin, which defines a gauge.
Being an axial vector it transforms upon spatial translation from one origin O to another

O, leading to the well-know equality,
o' (@] 1 / .
m® =m +2—C(O—(9)XJ(t). (4)

In finite systems this gauge dependence naturally vanishes in the velocity form of the rota-
tional strength,? likewise for Cy:

9 =c9 + 2ic<j(0) [(O0-0") xjt)])=C] = Ca. (5)

Even though all physical systems are finite, we have argued that simulating solid-state VCD
requires imposing periodic boundary conditions (PBC) on the structure model. Therein, the
absolute position is ill-defined and the magnetic dipole moment is, therefore, evaluated in
locally finite virtual cells, which corresponds to a distributed origin (DO) gauge.?%3% Yet to
eventually ensure gauge invariance (Equation 5), it has to be translated to a common origin

(CO).?351 With this the total magnetic dipole moment is found as the sum of the individual



contributions of virtual cells:

mo(t) = Z (mz(t) + Q—C(I‘Z(t) — O) X Jz(t)) , (6)

where the set of r; spans the distributed origin gauge for m;. Equation 6, however, is

ill-defined for an infinite crystal.

Figure 1: Sketch illustrating the common origin problem within periodic boundaries. Full
circles are molecular units in the cell (rose and blue), while empty circles correspond to
different periodic images of the same particles. The black dots represent three different
choices of a common origin within the cell with black lines indicating the magnetic gauge,
that is, the chosen pair of particles according to the nearest-image convention. Evidently,
each origin takes different pairs of particles, which changes the computational result and
introduces an additional origin-dependence into VCD. The new formalism presented here
evaluates the nearest periodic image always directly between particles (red lines), which
bypasses the origin.

Figure 1 illustrates the common origin problem that arises under PBC. The minimum
image convention ensures that pair distances are always between adjacent (nearest) neigh-
bours taking the periodic image if necessary. This convention can be expressed through a

conditional lattice translation Ag® and the gauge vector in Equation 6 becomes:

ri(t) — O 25 ri(t) — O + ALF (7)

ApC is a multiple of the lattice vectors translating r; in order to yield the nearest image to



the origin O. Figure 1 exemplifies for two distributed units and three commons origins that
depending on the choice of origin, different images of the units are considered (black lines).
However, this additional origin dependence of m(t) does not vanish upon evaluation of the
rotational strength since the value of AZ° is not a constant, but depends on the chosen unit

1. Hence by casting the system into PBC, an artificial gauge dependence is introduced:

¢g = (Om®) + 3-(JO X (0 - 04 257) 0] ) ¢ ®

7

with j(t) = >, j;(¢t) and m(¢) = Y. m,(¢). It is important to note that the artificial term
would disappear if a complete, finite microcrystal were simulated. We have shown in the
past that with this formalism fully periodic structure models can still be studied via averag-
ing multiple origins, but the VCD spectrum is not truly gauge invariant.®*” Furthermore,
spectral signatures may have been missed or artificially introduced (further discussion as
well as VCD spectra computed with different origins can be found in the SI).

We present a new formulation of the TCF that reconnects the infinite PBC model to
the finite physical world. Taking advantage of the symmetric properties of Cy it is possible
to obtain an explicitly gauge-independent expression where the origin O is bypassed and
only the vector (r;(t) —r;(0)) is involved. In the result, the nearest image convention is
taken directly between units (red lines in Figure 1), which leaves with the sole requirement,
in analogy to the finite case, the origin be common to the distributed origins (r;). Starting

from Equation 8, the final expression for the TCF reads (see the SI for a detailed derivation):
. 1 . 1 PBC .
Ca=(GOm(0) + 5. (O T | (n0+ 585°0) <] ). ©
i J
where A7P¢ indicates the nearest image convention between units i and j (see above).
is the vector, multiple of the unit cell vectors, that translates rj(0) to the minimum image

of j with respect to ri(0), as in miminum image convention for interactions. The first term

in represents the summed correlation of moments within and between spatial units in the
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distributed origin gauge; it thus contains local and non-local contributions to VCD alike.
The second, gauge transport, term is the transformation from distributed to common origin,
adapted for periodic boundary conditions, which is purely non-local. Unquestionably, both
terms have to be considered to deliver the physically relevant result. With Equation 9 gauge
invariance of the rotational strength is recovered within an infinite lattice, while non-local

correlations can still be computed in the limits of the used simulation cell.

a) P3;21 b)

Figure 2: Left: Unit cell of (15,25)-CHDO with asymmetric unit and main symmetry op-
erations.%? The cyclic diol crystallises with trigonal lattice in the chiral space group P3;21
containing a principal threefold screw axis and a global C2 symmetry. Right: Starting from
a C'2-symmetric dimer, a twisted three-dimensional OH-network is formed that traverses the
entire unit cell by means of 3; rotary translation. For the AIMD simulations a single unit
cell has been used (blue cage).

We added the new gauge algorithm to the ChirPy code, available on GitLab,% and
applied it to crystalline (15,25)-CHDO. The cyclic diol crystallises with trigonal lattice
in the chiral space group P3;21 containing a principal threefold screw axis and a global
C2 symmetry (Figure 2, left).%* The asymmetric unit consists of a single (15,25)-CHDO
molecule that is propagated to form a dimer. The two hydroxyl groups are not equivalent,
with one forming a stable intramolecular hydrogen bond and the other bridging to the
neighbouring diol. While in gas phase the isolated monomer exists in two almost iso-energetic
equatorial conformers, with either quasi-perpendicular or quasi-colinear OOH orientation, %

the latter is favoured in the crystal. In this way a twisted three-dimensional OH-network

that traverses the entire unit cell can be formed by means of 3; rotary translation (Figure 2,
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right). Following the protocol in Scheme 1, we considered a single unit cell only, containing
120 atoms, and carried out FPMD calculations using the CP2K package® 8 with the hybrid-
functional B3LYP% and obtained the quantum response with the CPMD package by means
of projected NVPT.4"7 Assembling the gauge under PBC, we choose whole molecules as
the smallest unit of the distributed gauge that enters Equation 9, and compare the obtained
spectra with solid-state VCD measurements of (15,25)-CHDO in KBr (see the SI for the

experimental methods and computational details).

—— solid-state measurement in KBr
- individual molecular contributions
—— with coupling between molecules

non-local
local

non-local
local

-0.6

]
1600 1500 1400 1300 1200 1100 1000 90 800
wavenumber / cm™!

Figure 3: IR (top) and VCD (bottom) spectra of (15,25)-CHDO obtained with the gauge-
invariant formalism using FPMD simulations. The VCD spectrum is very rich in detail and
strongly determined by non-local contributions from the chiral crystal. Peak alignment was
done based on the IRSA algorithm originally developed by Riniker and co-workers. ™

Figure 3 shows the computational and experimental results, for which we adapted the
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recently presented IRSA algorithm by Riniker and co-workers to continuous spectral densi-
ties.”™ Hence, the computational peaks are aligned to their experimental pendants, using a
scoring function for peak position and intensity, in order to facilitate the comparison between
simulated and experimental spectra (see the SI for details). It is important to note that we
choose to align the IR spectra, which is more reliable than seeking for an alignment of the
congested VCD spectra, but nevertheless improves the significance of predicted VCD peaks.

The IR absorption spectrum is gauge-independent, but may include local and non-local
contributions, distinguishing between correlations stemming only from the same molecule (or
any other chosen smallest unit) as opposed to the full spectrum, including coupling between
units. 3147 In the case of (15,29)-CHDO, Figure 3 (top) reveals that indeed there are changes
in IR intensity of certain peaks, but no overall change of the spectrum is observed. The overall
strongest absorption in spectrum is found in the CO-stretching region (1000-1100 cm™1),
where intermolecular coupling further increases the peak intensity. In the experiment this
band appears as doublet from two non-equivalent hydroxyl groups with additional shoulders
at high and low frequency from modes corresponding to combined CC-stretch and CHs-
twist, which is in principal reproduced by the FPMD, but the predicted intensities are
overestimated especially for the peak at lower frequency. For the remaining IR absorption
spectrum the agreement with FPMD is almost impeccable, with only the mixing between
CC-stretching and CHy-rocking (850 cm™1) showcasing two separated peaks in the simulation
instead of a peak with shoulder in the experiment. The applied frequency scaling due to IRSA
(cf. Figures S5 and S6) varies between spectral regions with hardly any shift resulting for
the CO-stretching band, and a proposed red-shift for the remaining parts. Hence for actual
peak assignment, post-processing the computational results with IRSA is more adapted to
the individual deviation of frequencies from computed spectra than a single scaling factor
for the entire spectrum.

The VCD spectrum of (15,25)-CHDO is very rich in detail, which points to the confor-

mational rigidity that is typical of molecular crystals. Furthermore, it is strongly determined
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by non-local contributions — much more than the IR absorption spectrum — as revealed by
the computations (Figure 3, bottom), which is an indication of the crystal structure’s strong
influence (cf. Figure 2); in turn, the local scope, carried within individual molecules, cannot
reproduce large parts of the spectrum. It is then not surprising that almost all bending
vibrations involving the outer atoms of (15,25)-CHDO, like the CHy-deformation (1450-
1500 cm™!) and OH-/CH-rocking (1200-1400 cm™!) bands, but also the CO-stretching bands,
are tracers of the crystal’s chirality. Especially, the CO-stretching band exhibits strong non-
local effects with peaks appearing superposed, partially cancelling each other, which renders
the VCD band very sensitive to small shifts in frequencies. Like it is the case for IR absorp-
tion, this VCD band is overestimated by the simulation; it is for these two reasons that this
band is less reliable for assignment. In contrast, the CC-stretching band (850 cm™!) is a local
feature and does not depend much on chiral crystal packing. Interestingly, it nevertheless
exhibits an origin-dependence (cf. Figure S1) giving a good example of how significantly
Equation 9 mediates the gauge between molecules under PBC. The OH-bending bands at

approximately 1350 cm™*

appear as a couplet that is only partially encountered in the ex-
perimental spectrum, but the overall agreement of theory and experiment is very convincing
in light of the small simulation cell that has been used. Figure 3 allows for an unambiguous
assignment of the absolute configuration of (15,25)-CHDO in the sample, but also for the
verification of the investigated polymorph. 547273

Our results verify the new formalism allows for the computation of solid-state VCD in the
periodic gauge. While the conventional equations of VCD in isolated systems are inapt for
periodic boundaries as they depend on the chosen common origin, the new equations yield
the desired gauge-invariant result. We are able to reproduce the very rich solid-state VCD
spectrum of of (15,25)-CHDO crystals already on the basis of a single FPMD run of one
unit cell only. This is even more astounding as non-local contributions play an important

role in this system reflecting the complex spatial organisation of molecules in the unit cell.

Solid-state VCD can extend its explanatory power towards the determination of a molecule’s
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crystal structure as soon as the computations no longer depend on crystallographic data as
input. However, the capability to distinguish crystal modifications through VCD is already
of pharmaceutical interest and merits due attention.! We present herewith a straightforward
workflow for solid-state VCD that can be integrated into industrial drug design schemes; a
python code example and the required files to generate the spectra in this work, as well as a
snapshot version of the ChirPy package are available online.% Although FPMD simulations
are too costly to be implemented into high-throughput schemes, it nevertheless delivers an
almost black-box access to VCD of very realistic model systems and bulk phases. Nowadays
with more and more computational resources available, workable FPMD implementations
are omnipresent and their acceleration, for instance via machine learning or linear scaling
schemes, target of ongoing research.%™ An attractive alternative are polarisable force fields
that can dramatically reduce the computational cost of MD and electromagnetic response
(steps 1 and 2 in Scheme 1),” and subsequently use the gauge formalism presented here.
They have the potential to improve the statistical sampling with longer time scales and larger
system size, but may suffer from a lack of accuracy. It should be noted that the presented
gauge formalism can compute VCD in gas or liquid phase as well, but simplifications can be
made therefor without loosing accuracy, leading to known theoretical formulations of VCD in
finite boundaries (see SI).*” For large simulation cells, the pseudo-isolated approximation can
be imposed to clip chiral centres and to accelerate the evaluation of Equation 9. Although
the presented theoretical treatise is done in the Heisenberg picture, it can be carried out
in the Schrédinger picture as well, which would yield the corresponding terms for static

calculations.
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