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Abstract: Solid-state ECD (ss-ECD) spectra of a model 
microcrystalline solid, Finasteride, dispersed into a KCl pellet, were 
recorded using synchrotron radiation source at Diamond B23 
beamline. Scanning a surface of 36 mm2 with a step of 0.5 mm, we 
measured a set of ECD imaging (ECDi) spectra very different from 
each other and from the ss-ECD recorded with a bench-top instrument 
(1 cm2 area). This is due to the anisotropic part of the ECD (ACD), 
which averages to 0 in solution or on a large number of randomly 
oriented crystallites, but can otherwise be extremely large. The two-
way Singular Value Decomposition (SVD) analysis, via experimental 
and simulated TDDFT spectra, disclosed that the measured and 
theoretical principal components are in line with each other. This 
finding demonstrates that the observed isotropic ss-ECD spectrum is 
governed by the anisotropy of locally oriented crystals. It also 
introduces a new quality for ss-ECD measurements and opens a new 
future for probing and mapping chiral materials in the solid state such 
as active pharmaceutical ingredients. 

Introduction 

Electronic Circular Dichroism (ECD) is one of the main tools for 
the determination of absolute configuration of small molecules,[1] 
notably chiral active pharmaceutical ingredients (APIs)[2] and 
natural products.[1, 3] Depending on the molecular structure, it can 
have high sensitivity to monitor and characterize even the 
smallest molecular stereochemical details both in solution and in 
the solid-state. This is the reason why ECD is also largely applied 
to biophysical studies.[4] It also provides unique information on the 
supramolecular chirality,[5] that has great importance in chemistry, 
physics and materials science. The development of sophisticated 
theoretical computational models coupled with an increased 
power of computing hardware has made the ECD approach even 
more relevant.[6] Not surprisingly, ECD, in comparison to other 
manifestations of natural optical activity, is nowadays the most 
deeply explored spectroscopy within the realm of chiroptical 

methods, both from the theoretical and the experimental points of 
view.[3b] 

Using bench-top ECD instruments, a divergent incident light 
beam usually irradiate a large area of the sample of about 1 cm2. 
For this reason, any spectrum recorded by using a bench-top 
ECD spectropolarimeter represents an average of the chiroptical 
properties of a huge ensemble of investigated molecules. This 
has no consequence for isotropic liquid solutions that constitute 
the majority of measurements. However, this is not the case for 
inherently non-homogeneous samples in the solid phase as thin 
films or pellets.[7] Measuring the ECD in the solid state of a large 
area has two consequences: first, the structural information 
related to small domains (size of ∼100 µm and below) is entirely 
lost; second, spectral artifacts due to local anisotropies, in 
particular linear dichroism (LD), and linear birefringence (LB) can 
be present and cannot be discriminated. The recent development 
of ECD imaging (ECDi) pioneered at Diamond B23 beamline[8] 
has enabled the mapping of large sample surfaces at various 
spectral resolutions down to 0.01 mm2 because of the highly 
collimated micro light beam of B23 beamline. Applications of ECDi 
have revealed the polymorphism of thin films of organic 
semiconductors and optoelectronic materials enabling the 
discrimination of different supramolecular architectures, possibly 
related to multiple aggregation pathways, within the areas 
investigated.[7] 

To our knowledge, the ECDi method has not been applied 
yet to characterize the chiroptical properties of pellets made of 
finely grounded crystalline molecules, in this case an active 
pharmaceutical ingredient (API) mixed with inert salt such as 
KCl.[3a, 9] These specimens were composed of microcrystallites of 
various sizes and orientations isotropically distributed in the pellet 
(Figure 1). In general, light passing through a region devoid of any 
microcrystallite will show no ECD. It is important to note, that the 
signal intensity and sign of the ECD of each microcrystallite will 
depend on its orientation relative to that of the propagation of 
incident light. The interaction of circularly polarized light (CPL) 
with chiral samples in isotropic media produces isotropic CD
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Figure 1. 2D structure (A), 3D X-ray structure (B), and scanning electron 
micrographs (SEM) of the crystal form I of Finasteride (C). 
 
reported as a pseudoscalar quantity ∆ε. The interaction of CPL 
with oriented samples produces instead anisotropic CD (ACD) 
which is described by a second-rank pseudotensor with elements 
∆εαβ (α,β = 1, 2, 3).[10] The isotropic CD is determined as follows: 

∆𝜀𝜀 = 𝜀𝜀𝐿𝐿 − 𝜀𝜀𝑅𝑅 = 1
3

(∆𝜀𝜀11 + ∆𝜀𝜀22 + ∆𝜀𝜀33)   
 (1) 

where εL and εR are the molar extinction coefficient for left- and 
right- CPL, and the three ∆εαα are the diagonal elements of the 
ECD tensor. Upon randomized orientation, such as in solution, 
the measured CD amounts to the trace of the tensor expressed in 
Eq. (1). The same should in principle hold for measurements of 
pellets, where all possible molecular orientations are averaged 
when the whole area is irradiated by the large cross section of the 
incident light of bench-top CD instruments. For that reason, one 
would expect ECD spectra measured in solution and in the solid-
state of relatively rigid organic molecules to be qualitatively 
similar. There are, however, at least three reasons why this might 
not be the case: (i) the existence of intermolecular interactions 
generating exciton couplings between closely packed 
chromophores of the molecules in the crystals;[11] (ii) the impact 
of artifacts due to LD and LB contributions that might couple with 
instrumental defects;[12] and (iii) the role of the electric dipole-
electric quadrupole contribution (µQ) to the rotational strength.[13] 
For isotropic samples, this latter term vanishes, and the rotational 
strength is only determined by the electric dipole-magnetic dipole 
(µm) contribution. For oriented samples in the solid state where 
the µQ survives, and each tensor element may be partitioned into 
two components: 

∆𝜀𝜀𝛼𝛼𝛼𝛼 = ∆𝜀𝜀𝛼𝛼𝛼𝛼
𝜇𝜇𝜇𝜇 + ∆𝜀𝜀𝛼𝛼𝛼𝛼

𝜇𝜇𝜇𝜇     
   (2) 

It must be stressed at this point that not only ∆ε but each 
term ∆εαβ in Eq. (1), and possibly its components, the electric 
dipole-magnetic dipole (µm) and µQ of Eq. (2) are conceivably 
sources of structural information, both qualitatively for 
stereochemical fingerprint and quantitatively for theoretical 
calculations/ simulations. Each term will have its own sign and 
intensity for each electronic transition for a given enantiomer. This 
information, obviously lost for molecules in solution or in isotropic 
solid-state pellet, can be recovered using oriented samples. This 
method has been pioneered by Kuball, who investigated a vast 
number of organic compounds embedded in cholesteric 

phases,[14] and further developed by Watarai for a thin film of chiral 
DNA samples on glass and kidney bean leaf.[15] Unfortunately, it 
has many disadvantages including the use of specialized 
equipment capable of measuring the precise sample orientation, 
the necessity of recording spectra for several distinct orientations, 
the need for obtaining order parameters from independent 
methods such as NMR, and the fact that the decomposition into 
µm and µQ components cannot be achieved experimentally. More 
recently, ACD spectra have been measured and theoretically 
reproduced for oriented protein-pigment complexes, providing 
much richer structural information than the isotropic CD 
spectra.[16] 

As a model compound, we have studied pellets prepared 
from fine ground crystals of form I of Finasteride (Figure 1), a drug 
used for the treatment of male pattern hair loss and benign 
prostatic hypertrophy,[17] mixed with KCl using a bench-top CD 
instrument and the highly collimated microbeam of B23 beamline 
of Diamond Light Source synchrotron for CD imaging.[7a, 8] The 
aims of this ECD imaging study were the following: 1) to ascertain 
the role and possible impact of local anisotropies in the solid state 
by imaging the grid area of the pellet at high spatial resolution of 
about 100 µm; 2) to verify that the average over an ensemble 
representing all possible crystal orientations coincides with the 
conventional solid-state ECD spectrum and is therefore a true 
chirality measurement,[10, 14b] which can be used to assign the 
absolute configuration; and 3) to develop a new methodology to 
extract additional information from microcrystalline samples, 
without the need of orienting the sample specimens and of single 
large crystals (side ≥ 2 mm). Our findings obtained via a synergy 
between experimental ECDi data obtained using the highly 
collimated microbeam of B23 beamline[7a] and a theoretical 
approach for calculating isotropic CD and ACD spectral 
components paved the way for the characterization of the 
chiroptical properties of chiral molecules in the crystal form. 

Results and Discussion 

The spatial resolution that can be achieved with B23 
beamline[7a] is currently 50 μm[8] ECD imaging enables the 
recognition of domains of different supramolecular structure of 
heterogeneous samples, which would otherwise appear 
homogeneous using bench-top instruments because of their 
lower spatial resolution of about 2-3 mm or more.  

The synthesis and characterization of the crystal form I of 
Finasteride, N-(1,1-dimethylethyl)-3-oxo-4-aza-5α-androst-1-
ene-17β-carboxamide, was reported previously.[18] The main 
chromophore of Finasteride is an α,β-unsaturated δ-lactam 
moiety, contained in ring A, which is extremely rigid, similarly as 
the remaining rings B, C and D. The second chromophore is the 
amide group located at carbon atom C17 of ring D. For this 
substituent only a partial rotation around C17-C(=O) bond is 
expected. This structure allows for only a minimal number of 
possible conformations so that Finasteride creates packing 
polymorphs.[18] As expected, ECD spectra of three distinct 
polymorphs are almost identical making ECD spectroscopy 
unable to distinguish them.[18] This is not the case using 
vibrational CD (VCD) spectroscopy where different spectral 
bands observed in the range from 1525 to 1400 cm–1 can be used 
to discriminate the Finasteride polymorphs and used as 
fingerprints.
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Figure 2. (A) Solid-state ECD spectra of Finasteride in KCl pellet recorded on a bench-top instrument compared to the solution spectrum recorded in CH3CN, the 
blue scale on the right axis corresponds to the CH3CN spectrum, also shown in blue; (B) Solid-state LD; (C) Solid-state ECD spectrum of Finasteride compared 
with the TDDFT calculations based on X-ray data at CAM-B3LYP/TZVP level of theory; simulated curve was generated with σ= 0.6 eV; for better comparison with 
the experiment, the computed curve was divided by 1.5 and red-shifted by 25 nm; vertical bars represent rotational strength values (divided by 8). 
 
 

The measurements using bench-top ECD instrument 
revealed that the spectra of pure polymorphic form I of Finasteride 
in KCl pellet (Fin-I-KCl) recorded at 0° and 90° rotation around the 
propagation direction of the incident light showed very similar 
bisignate profile with band A negative and band B positive (Figure 
2A). This indicated that linear dichroism (LD) and linear 
birefringence (LB) contributions to the ECD were negligible. LD 
spectra of the pellet measured under the same conditions (Figure 
2B) showed small differences between 0° and 90° orientation with 
an overall small intensity magnitude range from +2.5 × 10–3 to –
1.0 × 10–3 ΔOD. For these reasons, the scanned ECD spectrum 
of Fin-I-KCl can be considered as pure isotropic ECD that, being 
qualitatively similar to that scanned in acetonitrile (Figure 2A) was 
indicative of similar molecular conformations in both the solid and 
solution states. However, one can see that the solution spectrum 
recorded in acetonitrile, compared to the solid-state spectrum, 
shows a blue shift of ca. 10 nm for both bands. A similar 
phenomenon occurs in the absorption spectrum (Figure S1†, 
Supporting Information). This is related mainly to crystal packing 
effects (solvent-to-crystal shift) and a similar phenomenon has 
been previously reported in several instances, including 
compounds with enone-type chromophores measured in 
acetonitrile and as KCl pellets.[19] The similarity between solution 
and solid-state ECD spectra implies that the intermolecular 
interactions between closely packed molecules were not affecting 
the molecular conformation of Finasteride, and that the ECD 
spectrum of Fin-I-KCl is governed by single-molecule effects and 
not, for example, by intermolecular exciton couplings in the crystal 
lattice. 

The ECD spectral features were simulated with quantum 
mechanical calculations using time-dependent density-functional 
theory (TDDFT) (Figure 2C) and the so-called solid-state 
ECD/TDDFT approach.[9b, c, 18] The simulated ECD spectra using 
the input structure from X-ray crystallographic data, with all H-
atoms optimized, were in very good agreement with the observed 
one with the bench-top instrument. For the TDDFT calculations, 
bands A and B (Figure 2A) were associated to the electronic 
transitions 1, 2 and 4 for the α,β-unsaturated lactam moiety and 
transition 3 for the amide chromophore (Figure 2C). 

Following the bench-top ECD measurements, the same Fin-
I-KCl pellet was studied by ECD imaging (ECDi) using the highly 
collimated micro beam of Diamond B23 beamline. For this 
measurement, the light beam was focused to a diameter size of 
~0.1 mm at the sample surface. The investigated sample area of 
6 mm × 6 mm was scanned as a grid of 12 columns by 12 rows 

at intervals of 0.5 mm corresponding to 144 synchrotron radiation 
CD (SRCD) spectra scanned in the 200-400 nm wavelength 
range. The thin pellet was held horizontally on a motorised XY 
stage (PI Instruments, Germany). The 144 spectra scanned with 
B23 ECDi showed a very large spectral variability (Figure 3E) 
unlike those scanned in solution and in the solid-state pellet using 
the bench-top instrument that were very similar (Figure 2A). 

It is important to note that the calculated average spectrum 
(Figure 3A) from the 144 ECDi spectra (Figure 3E) was very 
similar to those measured with the bench-top instrument both in 
solution and in the solid state as a pellet (Figure 2A). Also from 
the CD intensity magnitude at 265 nm of the 144 spectra, the 2D 
map of the 12×12 grid illustrates more clearly the change in sign 
from positive (red hues) to negative (yellow hues) of the ECD. At 
visual inspection of the 2D map, 54 points called “pixels” were 
positive, coloured with red hues, 20 were associated with weak 
signal coloured orange, and 70 were negative coloured in yellow 
hues, that were scattered randomly in the 6 × 6 mm investigated 
area within the range +150 to –150 mdeg (Figure 3B). 

For comparison, the 2D map generated from the ECD 
intensity of Figure 2A of the spectrum scanned with bench-top 
instrument would show a uniform orange colour (Figure 3F).  For 
clarity, eight of the 144 ECDi spectra were selected to depict the 
spectral variability in terms of shape and intensity (Figure 3C). 

A very useful method to analyse a large set of ECDi spectra 
of different spectral shapes and intensity magnitude is provided 
by the so-called similarity factors (SF) analysis[20] where the factor 
can vary from 0, for no similarity, to 1, for identity. For the present 
data, SF quantifies the degree of similarity of each data point of 
the grid with respect to a reference spectrum for which we chose 
the isotropic ECD spectrum recorded for the KCl pellet using the 
bench-top instrument. The distribution of the SFs for the spot 
measurements in the investigated grid area is shown as a 2D map 
in Figure 3D where a darker colour indicates higher similarity. This 
map highlights the huge variations of SF in local ECD spectra and 
the fact that nearby regions are not correlated with one another, 
which is consistent with the map of the 2D ECD image in Figure 
3B. Similar results were also obtained for a different area of the 
same pellet (Figure S2†). 

The results collected so far demonstrated that the average 
size of the microcrystallites is below the size of the “pixels”, e.g. 
0.25 mm2, and the microcrystallites are uniformly distributed over 
the pellet, meaning that there are almost no spots devoid of 
microcrystallites. The large variation of the ECDi spectra, together 
with the known properties of the solid-state ECD spectrum of 
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Finasteride (not affected by conformational factors or 
intermolecular couplings), is mostly due to ACD, i.e. to the 

different orientation of each crystallite with respect to the incident 
radiation, which is relevant for the following discussion. 

 

 
Figure 3. (A) Comparison of ECD spectrum of Fin-I-KCl recorded with a bench-top instrument with the calculated average spectrum from the 144 ECDi spectra 
scanned in a 12 × 12 grid area of 0.5 mm step size with a beam diameter of ∼0.1 mm. Note that the final ECD spectrum is not corrected for scattering effects in the 
range of 320-400 nm. (B) Color map representing the local values of ECDi at 265 nm recorded for the 144 spots of a 12 × 12 grid array with 0.5 mm step size. (C) 
Selected ECDi spectra with their similarity factors (SF). (D) Similarity factor map based on the comparison of single ECDi spectra with the ECD spectrum recorded 
on bench-top instrument. (E) 144 ECD spectra of the 12 x 12 grid at 0.5 mm steps. (F) Calculated 2D map at 265 nm from the measured spectrum with bench-top 
instrument illustrated in Figure 3A. Note: the numbers shown on the individual pixels in panels (B) and (D) correspond to the numbers of the spectra shown in panel 
(C). 
 

As the focused beam light on the sample surface was about 
100 µm diameter, each of the 144 spectra corresponds to the 
mean of all crystallites form I of Finasteride in that spot area. The 
average of the 144 ECDi spectra resembled that of the apparent 
isotropic CD measured in about 2.7 larger area as illustrated in 
Figure 3A. To understand what determines this situation, let us 
start with a very simple model, which will become more 
sophisticated and closer to reality thereafter. Let us assume that 
only one electronic transition is the origin of the n measured ECDi 
spectra of the grid area. Then, the ECD can be expressed as:   

∆𝜀𝜀 = 1
𝑛𝑛
∑ ∆𝜀𝜀𝑗𝑗𝐴𝐴𝑛𝑛
𝑗𝑗=1      

  (3) 

where n is the number of spots measured, and ΔεA is the CD 
associated with each spot. 
It appears that with large n, like in this case with 144 spectra, the 
average profile is very similar to the isotropic one. However, for 
small n (possibly limited to a few units), then ∆ε from Eq. (3) could 
be different than the isotropic average and be dominated by the 
anisotropic CD components. An important result of this ECD 
imaging study is that the isotropic ECD measured on the whole 
pellet is the average of ACD spectra for all possible orientations, 
meaning that the isotropic CD can be considered to be a true 
chirality measurement[10, 14b] to be used for the assignment of the 
absolute configuration. 
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Figure 4. (A) TDDFT-calculated isotropic ECD spectrum for a single molecule of Finasteride compared to the average one calculated for 100 orientations. (B) 
Singular values determined for a map of 144 experimental ECDi spectra and TDDFT calculations of Finasteride. (C) The comparison of six principal SVD spectral 
components taken out from experimental and calculated data, as described in the text. Note: simulated curves are constructed with σ= 0.83 eV and they are red-
shifted by 25 nm. 
 

In summary, the ECD imaging technique has demonstrated 
that the CD of the full large 1 cm2 area of the samples pellet in the 
solid state measured with bench-top instruments arises from the 
average of all the orientations of the fine ground crystals, that with 
KCl constitute the pellet, which are also consistent with randomly 
oriented molecules in solution. In turn, this allows a direct 
comparison with the computational results obtained from the trace 
of the rotational strength tensor.[9c] 

It is important to note that the orientation of the crystallites 
of a single spot ECD imaged of the grid is random and cannot be 
controlled let aside measured. If controlled, it would enable the 
determination of the orientational coefficients by which each ACD 
spectrum ΔεA could be expressed as a combination of the 
elements Δεαβ of the second-rank tensor. 

To be closer to reality, several electronic transitions have to 
be considered, each characterized by a rotational strength tensor. 
Each tensor will be diagonal in its own principal frame, but in the 
general case there exist no molecular orientation in which all the 
rotational strength tensors will be diagonal. At the same time, the 
emergent ΔεA is the superposition of the contributions from 
several (possibly all) transitions. The combined effect of these two 
considerations is that one cannot extract the ΔεA tensor elements 
from the ECDi spectra. On the other hand, our experiments on 

large number of randomly oriented microcrystallite ensembles 
lend themselves for a statistical treatment, meaning that each 
ECDi spectrum ΔεA can be obtained as a linear combination of 
the tensor elements. 

To extract the required information from the ECDi 
measurements, a singular value decomposition (SVD) analysis 
was performed (Figure 4). We identified and quantified the main 
six components responsible for the diversity of the ACD spectra 
recorded on the grid area of the Fin-I-KCl pellet (Figure 4B). We 
found that ECD spectra of these single components were very 
different from one another (Figure 4C). Consistent SVD 
components were obtained from the analysis of a second ECDi 
map recorded using a different area (Figure S2-S3†) of the same 
pellet. The singular values demonstrated that the first six 
components do indeed contribute extensively to the overall ECD 
spectrum (Figure 4B). The similarity factor between the observed 
experimental spectrum and that reconstructed from the first six 
components is SF = 0.958. We can therefore identify these six 
SVD spectra with a combination of the six expected elements of 
the ACD tensor. It is important to note that only the symmetric 
components of the ACD tensors can contribute to the SVD 
spectra, as the antisymmetric components are averaged to zero 
(see Experimental Section). 
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Figure 5. Representation of Finasteride molecules randomly arranged along the incident light path. The generation of random rotation matrices corresponds to 
varying the orientation of the principal axes x, y and z of each molecule. 
 

In order to further confirm this hypothesis, we pursued a 
computational analysis based on TDDFT calculations aimed at 
reproducing the observed spectra. As reported in Figure 2C, a 
simulated isotropic ECD spectrum of Finasteride in the solid state 
was calculated with the so-called solid-state ECD/TDDFT 
methodology. By choosing the proper keyword, a full transition 
analysis was printed [IOp(9/33)=1] by the Gaussian’16 software, 
which provided the elements of the rotational strength total tensor 
(dipole velocity gauge), as well as µm and µQ components, for 
each electronic transition. Hundred distinct rotation matrices were 
randomly generated and applied to the rotational strength tensor 
by a Fortran routine, and the Δεzz element of each rotated tensor 
was extracted. In the next step, an ECD spectrum was obtained 
by convoluting the series of Gaussian functions (one for each 
transition) using a bandwidth σ= 0.5 eV. The average of the 100 
different ECD spectra is fully consistent with the calculated 
isotropic ECD spectrum (Figure 4A). Finally, the whole set of 
spectra was again analysed by SVD. The aim of this procedure 
was to obtain a set of components to be linked with the 
experimental ones. 

This approach would be equivalent, but much less 
computationally demanding, to that from a set of TDDFT 
calculations of randomly oriented structures as visualised in 
Figure 5 that might in principle be achieved by precluding 
molecular reorientation using the nosymm keyword in 
Gaussian’16 software and then extracting the rotational strength 
tensor components. 

The analysis of the singular values indicates that a good 
reconstruction of the ECD spectra was achieved combining only 
the first six SVD components (Figure 4C). The reconstructed ECD 
spectrum corresponds with the average one calculated for 100 
orientations of molecule of Finasteride (Figure 4A, black curve). 
More importantly, the six SVD components from TDDFT 
calculations were in good agreement with the main six SVD 
components extracted from the ECDi measurements in particular 
for SVD2 and SVD4 devoid of light scattering artifacts (Figure 4C). 
It is important to notice that this theoretical model does not 
consider the impact from light scattering or artifacts due to LD.[21] 
The former may be taken as responsible for the significant ∆ε 
intensity values of SVD1, SVD3 and SVD6 in the long wavelength 
range of 340-400 nm where no electronic transitions do occur. 

Scattering effects are discarded from our consideration, but we 
do show the long-wavelength range in Figure 4 to give a clear 
picture of all associated problems. Artifacts arising from the 
coupling of linear dichroism (LD) with instrumental defects, as well 
as other anisotropy effects due to a combination of (LD) and linear 
birefringence (LB),[12] could contribute as well to the ECD around 
300-320 nm like for SVD5 (Figure 4C). Apart from these 
discrepancies, the overall agreement between the set of 
experimental and TDDFT calculated SVD spectra is quite good. 

Many stereochemical assignments rely on the comparison 
between observed and calculated ECD spectra. Our results 
expand the space for this comparison and to offer a theoretical 
proof of this we studied 17-epi Finasteride, an epimer of 
Finasteride with inverted configuration at C-17 where the t-butyl 
carboxyamide is attached. Inversion from 17β to 17α 
configuration completely alters the surrounding of this amide 
chromophore. Nevertheless, the overall TDDFT-calculated ECD 
spectrum of 17-epi Finasteride was quite similar to that of 
Finasteride (Figure S5†). However, when the computational 
procedure described above was applied to the isomer, some of 
the 6 SVD components displayed sizable difference (Figure S6†) 
than those of Finasteride in Figure 4C. In summary, the 
comparison of a number of ECD spectra rather than a single one 
is much more informative as a source of structural information. 

Since Gaussian’16 outputs the components for the two µm 
and µQ tensors, we also reconstructed ECD spectra by applying 
the SVD procedure to the two sets separately. The results indicate 
that the µm contribution overwhelms that of µQ (see discussion in 
the Experimental Session) excluding, at least theoretically, a 
significant impact from the latter to the ECD of the microcrystalline 
state that reconciles with that in solution. It is worth noting that the 
other source of discrepancy, namely intercrystalline exciton-like 
couplings, may also be quantified through computational 
means.[11] 

Conclusion 

The measurement of ECD spectra of microcrystalline 
compounds mixed with KCl in pellets is a useful method to 
investigate the stereochemistry of chiral species in the solid state. 
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When the determination of the absolute configuration is sought, 
looking at a crystalline sample rather than in solution might avoid 
the need for conformational analyses. Polymorphic forms of chiral 
compounds, like those of APIs with possible different ADME 
(absorption, distribution, metabolism, excretion) parameters, may 
be investigated directly in their pill or tablet form. Some 
compounds like chiral metal-organic frameworks (MOFs) and 
coordination polymers have been found to retain chirality only in 
the solid state.[22] 

Samples made of microcrystals dispersed in a salt matrix 
are intrinsically anisotropic. Two approaches can be used. One of 
Kuball and collaborators that measured anisotropic CD (ACD) 
spectra with a special apparatus and demonstrated the relation 
with ECD tensor components. The other requiring ECD spectra of 
standard pellets measured at various rotations around the axis 
parallel to the direction of the incident light and also flipped 
orthogonally to ascertain whether the spectra are unchanged 
namely isotropic or different namely anisotropic. In here, we have 
expanded the second approach by demonstrating that local 
anisotropies of chiral microcrystalline Finasteride mixed with KCl 
average over relatively large areas of the investigated pellets 
resembling isotropic solution media. This was achieved by ECD 
imaging using the highly collimated miocrobeam generated at 
Diamond B23 synchrotron beamline. 

The ECD spectra were analysed with SVD method and the 
reconstructed spectra were also in good agreement with TDDFT 
calculations demonstrating that the spectral variation observed 
when mapping grid areas using the ECD imaging method 
pioneered at Diamond B23 beamline were due to the local 
anisotropies. These local anisotropies were generated by the 
random orientations of the microcrystallites of the chiral sample 
mixed with KCl in the pellet, and could only be detected because 
of the higher spatial resolutions of about 100 μm, achievable at 
B23, but unattainable with bench-top instruments. In this manner, 
the measurement of each grid point of the pellet was revealed to 
be an ACD spectrum. The averaging of a sufficient number of grid 
points, each being the average of local microcrystallites 
orientations within 100 μm led to an ECD spectrum that was very 
similar to that measured in solution. The same average can in turn 
be related to a calculated isotropic ECD spectrum. The standard 
pellet technique is fully justified as a source of structural 
information, provided that the common procedures for excluding 
LD- and LB-and light scattering related artifacts are followed. 

A possible way of reproducing the variability of ACD spectra 
with computational means is by generating a set of random 
molecular orientations and fixing them in the calculation. In these 
conditions, the program Gaussian’16 we employed for the 
calculations would provide a different ECD tensor for each 
orientation. More practically, we generated 100 tensors by 
applying a random rotation matrix. While the two sets of spectra, 
experimental and calculated, cannot be directly compared, the 
application of the SVD procedure led to six component spectra, 
showing a strong resemblance between the calculations and the 
experiment, apart from scattering effects. From a theoretical 
viewpoint, these components are a linear combination of the ACD 
tensors. In general, most of the absolute configuration 
assignments rely on the comparison between experimental and 
calculated chiroptical properties from ECD, VCD, OR data. ECD 
spectra often suffer from an intrinsically limited small number of 
bands, unlike with IR/VCD spectroscopy when one talks in fact of 
a fingerprint region. Our results overcome these limitations for 

ECD by multiplying the number of spectra suitable for the 
comparison and providing a kind of ECD fingerprint that can be 
successfully used to assign the absolute configuration of chiral 
molecules. 

This may be beneficial in a number of controversial 
situations, for example with compounds that have similar or 
identical solid-state ECD spectra also for different isomorphs of a 
API, or with two epimers of a chiral substance. Such closely 
related compounds may yield a different set of SVD spectra to be 
used for their chiroptical characterization as fingerprints. The ECD 
imaging technique could be also extended to characterise the 
distribution of API’s in pills or tablets in different pharmaceutical 
formulations and, by applying the fingerprint concept, to find the 
producer of the active substance using a previously constructed 
database. This might be profitable also for controlling the traffic of 
illegal substances. 

Experimental Section 

Solid-state ECD measurements 

Solid-state sample of form I of Finasteride for measurements was prepared 
using the pellet technique (~0.1 mg powder per 150 mg KCl). The 
crystalline form I of Finasteride was mixed with previously dried KCl, finely 
grounded in a ball mill (Super-Shak IR SS-01 S.T. Japan Ltd.) for 15 sec 
using 3600 rpm and pressed at 10 tons under vacuum for 3 min to make 
a 13-mm diameter transparent pellet. Then, the solid-state ECD spectra 
were recorded between 400-200 nm at room temperature using Jasco J-
815 ECD spectropolarimeter. All spectra were obtained using 100 nm/min 
scanning speed, step size of 0.2 nm, bandwidth of 1 nm, a response time 
of 0.5 sec, an accumulation of 5 scans, a continuous scanning mode and 
standard sensitivity. The pellet was mounted on a rotatable holder in ECD 
spectropolarimeter and then several ECD spectra were measured upon 
rotation of the disk around the incident axis direction at various rotation 
angles. Moreover, the pellets were measured from the backside. These 
spectra were almost identical, demonstrating the absence of detectable 
spectral artifacts. 

In the next steps, the same pellet was used for all ECDi experiments. ECD 
mapping was performed under N2 purging using the end-station B 
spectrophotometer available at B23 beamline for synchrotron radiation CD 
(SRCD) of Diamond Light Source.[23] The sample was held horizontally 
with the vertical incident light passing through the pellet. For each pellet, 
data were recorded with two different orientations of the pellet, upon 
flipping it around the vertical axis.). The detailed measurement procedure 
is given in the Results and Discussion section. The raw data were 
processed and SVD analysis carried out using the B23 software program 
CDApp.[24] 

 

COMPUTATIONAL DETAILS 

Solid-state TDDFT ECD calculations 

All calculations were run with Gaussian’16 suite of programs.[25] The 
calculations were performed using as an input structure the X-ray data for 
the form I (CSD code[26] WOLXOK02) of finasteride. After optimization of 
hydrogen atoms at B3LYP/6-31G(d) level of theory, ECD/UV spectra were 
simulated in vacuum using the CAM-B3LYP functional and TZVP basis 
set. TDDFT calculations were repeated using B3LYP/TZVP level of theory. 
In all cases, the agreement with experimental data was good. Therefore, 
we focused herein only on results obtained from CAM-B3LYP functional. 
The geometry of 17-epi-finasteride was generated by that of finasteride by 
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inversion of C-17 chirality center. The three possible conformers were 
optimized at B3LYP/6-31G+(d) level of theory, yielding the conformer 
shown in Figure S5 as the only populated conformer at 300K. TDDFT 
calculations were run at the same CAM-B3LYP/TZVP level of theory. 

SVD Analysis 

Single value decomposition (SVD) was used as factor analysis of 
calculated spectra.[27] SVD were carried out using an in-house program 
written in fortran90, that calls the SVD routine DGESVD from the LAPACK 
libraries. More specifically, the Intel Math Kernel Library (MKL) provided 
with the Intel Parallel Studio XE 2020 suite of compilers was employed. 

Simulation of anisotropic spectra 

The simulation of anisotropic spectra was performed using an in-house 
fortran90 program. The program reads the total rotational strength tensors 
(RST) and frequencies of the computed transitions and generates the 
desired number of random rotation matrices using the following algorithm: 
• Three uniformly distributed random numbers are drawn and used as 

components of a 3x3 skew-symmetric matrix 
• The exponential of such a matrix is computed: this is an orthogonal 

matrix and can be used as a random rotation matrix. 
All the RSTs are then rotated and the “zz” component is extracted. The 
resulting components are used to generate a spectrum as a convolution of 
gaussian functions with fixed, given standard deviation. 

Proof that there can only be 6 independent components in a 
simulated anisotropic spectrum 

The program described before generates a spectrum, given n rotation 
strength tensors and transition frequencies, 

𝜎𝜎(𝜆𝜆) = �[𝑅𝑅𝑘𝑘]𝑧𝑧𝑧𝑧𝑔𝑔(𝜆𝜆 − 𝜆𝜆𝑘𝑘),
𝑛𝑛

𝑘𝑘=1

 

Where Rk is the rotational tensor associated with the k-th transition and g 
is a gaussian lineshape function. For later convenience, it is worth 
introducing a tensor function 

𝐼𝐼(𝜆𝜆):𝑅𝑅 → 𝑅𝑅3𝑥𝑥3, 𝐼𝐼(𝜆𝜆) =  �𝑅𝑅𝑘𝑘𝑔𝑔(𝜆𝜆 − 𝜆𝜆𝑘𝑘),
𝑛𝑛

𝑘𝑘=1

  

so that the spectrum 𝜎𝜎(𝜆𝜆) can be seen as the zz component of the tensor 
function I. 
Let us now consider a set of random rotation matrices Ui, i = 1, Nr. We 
obtain a spectrum in the random orientation as  

𝜎𝜎𝑖𝑖(𝜆𝜆) =  �[𝑈𝑈𝑖𝑖𝑇𝑇𝑅𝑅𝑘𝑘𝑈𝑈𝑖𝑖]𝑧𝑧𝑧𝑧𝑔𝑔(𝜆𝜆 − 𝜆𝜆𝑘𝑘) =
𝑛𝑛

𝑘𝑘=1

𝑈𝑈𝑖𝑖𝑇𝑇 ��[𝑅𝑅𝑘𝑘𝑈𝑈]𝑧𝑧𝑧𝑧𝑔𝑔(𝜆𝜆 − 𝜆𝜆𝑘𝑘)
𝑛𝑛

𝑘𝑘=1

�𝑈𝑈𝑖𝑖

= [𝑈𝑈𝑖𝑖𝑇𝑇𝐼𝐼(𝜆𝜆)𝑈𝑈𝑖𝑖]𝑧𝑧𝑧𝑧   
We want to show that any 𝜎𝜎𝑖𝑖(𝜆𝜆) can be written as the linear combination 
of at most 6 independent functions or, in other words, that only the 
symmetric component of the tensor function I contributes to the rotated 
spectrum. Let 𝐼𝐼(𝜆𝜆) = 𝑆𝑆(𝜆𝜆) + 𝐴𝐴(𝜆𝜆), where 

𝑆𝑆 =
𝐼𝐼 + 𝐼𝐼𝑇𝑇

2 ,   𝐴𝐴 =
𝐼𝐼 − 𝐼𝐼𝑇𝑇

2  
are the symmetric and antisymmetric components of I, respectively. We 
will show that all the diagonal components of 𝑈𝑈𝑖𝑖𝑇𝑇𝐴𝐴(𝜆𝜆)𝑈𝑈𝐼𝐼 vanish: 

[Ui
T AUi ]𝛼𝛼𝛼𝛼 = �𝑈𝑈𝑖𝑖,βα𝐴𝐴βγ𝑈𝑈𝑖𝑖,γα

βγ

= −�𝑈𝑈𝑖𝑖,βα𝐴𝐴γβ𝑈𝑈𝑖𝑖,γα
βγ

= −�𝑈𝑈𝑖𝑖,γα𝐴𝐴βγ𝑈𝑈𝑖𝑖,βα
βγ

= −[𝑈𝑈𝑖𝑖𝑇𝑇𝐴𝐴𝑈𝑈𝑖𝑖]αα 
And therefore, [𝑈𝑈𝑖𝑖𝑇𝑇 𝐴𝐴𝑈𝑈𝑖𝑖 ]𝛼𝛼𝛼𝛼 = 0. 
As there are at most six independent components in a symmetric matrix, 
there are at most six independent functions of which the rotated spectrum 
can be a linear combination. This explains why when computing the SVD 
of the computed randomly oriented spectra we find exactly six non-
vanishing singular values. 

We note that this is of course an idealized situation that assumes that all 
the spectral lines have exactly the same line shape and that there is no 

experimental noise of any sort. In a real situation, one can expect to find 
more nonzero singular values. 

The code for ACD analysis and example data can be found at 
https://github.com/filippolipparini/cdsvd. 
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By exploring with the spatial resolution of 0.1 mm granted by synchrotron source randomly formed domains of microcrystalline 
Finasteride dispersed in a KCl pellet, we noticed that anisotropic ECDi (ACD) spectra might be very different from the emergent solid-
state ECD spectrum recorded using a commercial instrument, which is similar to the solution ECD. Consequently, we got an exclusive 
insight into the critical role played by local domains. 
 
 

 

 
 


