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Abstract X-ray diffraction is commonly used in the pharmaceutical industry to 

determine the atomic and molecular structure of crystals. However, it is costly, 

sometimes time-consuming, and it requires a considerable degree of expertise. 

Vibrational circular dichroism (VCD) spectroscopy overcomes these drawbacks while 

also being highly sensitive to small changes in conformation and molecular packing in 

the solid phase. Here, we investigate the ability of VCD to distinguish between different 

crystal forms of the same molecule (polymorphs) and, thereby, identify those with the 

greatest pharmaceutical potential. First, we developed a universal experimental 

approach for obtaining reliable and reproducible solid-phase VCD spectra. Using three 

amino acids (serine, alanine, tyrosine) and one hydroxy acid (tartaric acid) as model 

pharmaceutical ingredients we investigated an effect of various experimental 

conditions on resulting VCD spectra. Solid samples were prepared using two 

techniques: (i) suspension of each model compound in oil (mulling agent); (ii) mixture 

of the model compound and crystalline powder (matrix) compressed into a pellet. 

Additionally, to achieve artifact-free results with a maximal signal-to-noise ratio, the 

following experimental conditions were optimized: time of spectral acquisition (0.5‒

3h), mulling agent (Nujol, fluorolube), pellet size (0.7 and 20 mm in diameter) and 

pellet matrix (KBr, KCl, CsI). Then, the optimized approach was successfully applied 

to distinguish three polymorphs of the antiviral drug sofosbuvir. Our results suggest 

that solid-state VCD represents a relatively rapid, cost-effective, and easy-to-use 

structural probe for the identification of crystal structures, with potential use in 

pharmaceutics. 
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1. Introduction 

In recent decades, research into solid-state chemical entities has grown in 

importance, with the determination of the hitherto-unknown structures of many solids 

proving essential in engineering,[1-3] as well as material and environmental science.[4, 

5] More recently, it has become invaluable in the pharmaceutical sector where solid 

formulations of active pharmaceutical ingredients (APIs) represent a convenient way 

of drug administration. However, as the physicochemical properties of solids vary with 

the distinct atomic arrangement, new drugs often face issues of low solubility and, 

consequently, low bioavailability.[6] To obtain accurate knowledge of the structure of 

a given solid API and thus resolve all pharmacokinetics issues (ADME), the 

development of reliable analytical techniques for solid-phase structures is needed.[7] 

Various technologies commonly used to analyze solid-state compounds have 

improved over time,[8, 9] but they retain some significant disadvantages. Thermal 

methods are commonly incapable of providing accurate atomistic insight into solid-

state structures. X-ray diffraction (especially single-crystal XRD) measurements are 

time-consuming and sample preparation is often difficult.[10] Nuclear magnetic 

resonance spectroscopy (NMR), due to its complex instrumentation requirements, is 

rather expensive. 

Conversely, vibrational (infrared (IR) and Raman) spectroscopy techniques are 

fast, relatively inexpensive, and require minimal sample preparation. Furthermore, 

these techniques are sensitive to the structure and conformation of solids.[11-13] They 

monitor vibrational motions sensitive to a particular atomic arrangement. Vibrational 

spectroscopy enables the detection of changes at the atomic level and, thereby, the 

differentiation of various crystalline forms of the API.[14, 15]  

A chiral variant of IR spectroscopy is vibrational circular dichroism (VCD). This 

chiroptical method measures differences in the IR absorption of left- and right-

circularly polarized light. It has extreme sensitivity to changes in the conformation and 

absolute structure of chiral molecules.[16, 17] Although VCD has been routinely 

utilized in the determination of absolute configuration in solutions, the use of VCD for 

solid-state analysis (ssVCD) has, thus far, been reported only recently.[3, 18-23] This 

is mainly because liquids provide an easy-to-measure ideal isotropic environment. On 

the other hand, natural anisotropy of the solid-phase results in various artifacts in 

ssVCD spectra,[24, 25] which must be adequately resolved for a reliable analysis. 

Consequently, effective ssVCD remains a challenging task, particularly in terms of 

reproducibility and reliability of recorded spectra. 
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Here, we develop a cost-effective and universal experimental procedure for the use 

of ssVCD in characterization of solid-state substances and even their higher-order 

crystal conformations. By thoroughly investigating various issues that influence the 

quality of recorded ssVCD, we identify the optimal approach and test it on samples of 

three amino acids and one hydroxy acid. Our approach is then applied to distinguish 

between three polymorphs of the antiviral drug sofosbuvir.  

2. Materials and methods 

Enantiomers of the model compounds (alanine, tyrosine, serine, and tartaric acid), 

mulling agents (Nujol, fluorolube), and inert matrix CsI, were purchased from Sigma 

Aldrich, KBr and KCl from Suprapur. Sofosbuvir was kindly provided by Zentiva k.s. 

and all its three studied polymorphs were prepared as described by Chatziadi et al. 

Ref. [26] and labelled as form 1, 6, and 7, or alternatively as form 1, A, and B in Ref. [27] 

2.1. Sample preparation 

The solid samples of model compounds were prepared using two techniques: (i) 

compressing a mixture of the studied compound and crystalline powder (matrix) into 

a pellet (ii) forming a suspension of the studied compound in oil (mulling agent). In 

the first approach, we prepared pellets by mixing the analyte with an inert matrix (KBr, 

CsI, KCl) in a ratio of approximately 1:100. The ratio was adjusted to obtain 0.8-1.0 

absorbance of the strongest IR bands in the studied spectral region. We ground the 

mixture in an agate mortar or by a mill (NARVA Vibrator DDR-GM9458) and then 

pressurized it into a thin transparent pellet using either a laboratory hydraulic press 

Specac Mini Pellet Press (pellets with 7 mm diameter) or a hydraulic press 

Dezimalpresse DP 36 (~200 kp/cm2) (pellets with 20 mm diameter).  

In the second approach, ca 100 mg of sample was ground for 3 min in an agate 

mortar using a pestle until the material appeared glassy. Then, using a Pasteur pipette, 

four drops of mulling agent (fluorolube, Nujol) were added and mixed by the pestle to 

form a paste. The paste was carefully transferred using a spatula onto an optical 

window (BaF2 and KBr) and covered by the second window. In hand, by gently pressing 

the glass plates together while rotating them in opposite directions, an even spread was 

assured. Amount of the paste was adjusted so that the IR absorbance of the strongest 

IR band was 0.8-1.0 in the spectral region of interest.   

2.2. VCD experiment 

All spectra were obtained using a ChiralIR-2XTM spectrometer (BioTools, Inc., 

U.S.A.) equipped with a dual-PEMTM system using two ZnSe photoelastic modulators 

(36.996 and 37.02 kHz, Hinds Instruments, Inc., U.S.A.) and a rotating cell (~0.3 

rad.s-1 along the axis of incident light) allowing simultaneous recording of IR 

absorption and VCD. In general, the spectra were recorded at room temperature with 
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spectral resolution of 4 cm-1, Blackman-Harris apodization function and PEM settings 

of 1400 cm-1 optimized for the mid-IR fingerprint region. Final spectra were created as 

an average of N recorded blocks; each block consisting of 1560 scans. Spectral 

treatment included the spectra subtraction of the corresponding matrices (measured 

using the identical parameters). All spectra are shown within the 1800-800 cm-1 

spectral region. The C-H stretching vibrations in the region around 3000 cm-1 are 

beyond the scope of this study and consequently are not discussed. Using D-alanine as 

a model compound, the following experimental conditions were varied and their effect 

evaluated: 1) recording time, 2) matrix material for pellet, 3) pellet size, 4) mulling 

agent, 5) sampling technique (mulls or pellets).  

IR and VCD spectra of the model substances as well as all sofosbuvir polymorphs 

were recorded in a larger (20 mm) KBr pellets using 6 scanning blocks. The IR spectra 

were then normalized to the most intense signals (~1620 cm-1) in the amide I region.  

VCD signals were adjusted using the same normalization factors as the corresponding 

IR spectra.  

2.3. Raman microscopy 

Raman maps of KBr, KCl and CsI pellets with D-alanine were recorded using a 

confocal Raman microscope alpha300 R by WITec equipped with a high-sensitivity 

CCD detector, an XYZ-motorized stage and a 532 nm excitation diode laser. The pellets 

were mapped using a Zeiss EC Epiplan-Neofluar Dic 100×/0.9 objective. All maps 

(image scans) were performed for selected 50 × 50 m regions and consisted of 28 900 

points (170 × 170 spectra). The integration time for a spectrum was 0.3 s with the laser 

power of 21 mW, and the used grating was 600 g/mm. Total duration time of a scan 

was ~3 h. A sum filter calculating the overall intensity of the selected range (3000±200 

cm-1) was applied to process the maps to visualize the presence of studied compound 

in a pellet. As the presence probe we picked intense vibrations from the CH stretching 

region of alanine (see Figure 4). The intensity of the blue colour reflects the intensity 

of the Raman signal in that area. Cosmic ray removal and polynomial baseline 

correction were performed using the standard procedure in WITec Project Five 

software (Version 5.3.13). 

2.4. Calculations 

The X-ray unit cell structures of all three sofosbuvir polymorphs (CCDC Entry: 

CUZROG01, CUZROG02, CUZROG03) were optimized as fully periodic systems in the 

CASTEP program.[11] Core electrons were described by OTFG ultrasoft 

pseudopotentials. Valence electrons were described using plane waves with 

plane-wave basis-set energy cut-off of 630 eV and the ultrafine SCF tolerance. The 

optimization was performed at the DFT level using PBE functional[28] with semi-

empirical dispersion correction (G06 correction scheme by Grimme[29]). Fine k-point 
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set-up (1×2×1) was employed to sample the Brillouin zone via a Monkhorst–Pack 

grid.[30] Lattice parameters and symmetry were fixed during the optimization and 

only atomic positions were relaxed. Final calculated enthalpies were normalized to the 

number of sofosbuvir molecules in the unit cell and related to the lowest value in the 

series. 

Additionally, structures containing two optimized unit cells in different a, b, and c 

directions were systematically constructed (i.e. 2×1×1, 1×2×1, 1×1×2). Single-point 

energies of these structures were then calculated at the wB97X-V/6-

31+G**/cosmo(water) level in Jaguar.[31] Calculated energies were then used to 

estimate the crystal elongation energies in each direction as: 𝐸elongation = 𝐸(2×1×1) − 2 ∙

𝐸(1×1×1), where 𝐸(1×1×1) is the energy of a single unit cell.  

2.5. Sofosbuvir characterization 

The absolute configuration at the chiral centre of sofosbuvir (phosphorus atom) is 

the same in all three forms. Form 1 is conformationally more distinct from forms 6 and 

7. Although forms 6 and 7 are conformationally similar, free rotation around a single 

bond allows the relative dislocation of the isopropylester group denoted as 2 in 

Figure 1 with respect to the rest of the molecule. Form 1 crystallizes in a monoclinic 

lattice (P21 space group) containing four molecules in its unit cell. Although 

conformational packing and non-covalent hydrogen bonding interactions cooperate 

and stabilize the whole crystal structure, form 1 is the most unstable and transforms 

easily to other forms [26]. Form 6 has an orthorhombic system (P212121 space group) 

with four molecules in a single elementary cell. In this form, the intermolecular 

interactions create rigid molecular stacks connected strongly with zigzag H-bonds. 

Experimentally, form 6 has been found the most compact and stable polymorph.[26] 

Form 7 crystallizes in a monoclinic lattice (P21 space group) like form 1, but has only 

two molecules in the elementary cell. Its stacking arrangement is similar as in form 6. 

Previously estimated energy framework (by a simplified method in 

CrystalExplorer[32]) revealed weaker interaction between molecular layers in form 7 

than form 6, which makes form 7 less stable.[26] 

 
Figure 1. Three polymorphs of sofosbuvir with distinct manner of crystal packing indicated. 
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3. Results 

3.1. Experimental procedure for ssVCD 

Different sampling technique and some recommendations for ssVCD experiments 

have been already introduced.[33] However, no comprehensive and universal 

procedure for recording reliable VCD spectra of solid samples has yet been established 

estimating the effect of various experimental conditions on resulting spectra. 

Therefore, we will discuss various parameters of measurement that were accounted for 

to set up an optimal experimental protocol for ssVCD. 

We paid special attention to artifact reduction. Common artifacts arise mostly from 

anisotropy of the solid-state sample, uneven distribution of particles, and their 

size.[34] Other sources of artifacts include different refractive indices of the sample, 

matrix or mulling agent, which may lead to birefringence and consequently significant 

linear dichroism. For that reason, we tested different sample preparation techniques 

(pellets or mulls) and related experimental conditions (matrix material, mulling oil, 

etc.). We performed testing experiments for D-alanine. Figure S1 and Table S1 in 

Supporting Information (SI) show the complete band assignment of D-alanine spectra. 

The quality and reproducibility of ssVCD spectra of enantiomers were later inspected 

using both enantiomers of alanine (see section 3.2).  

3.1.1. Artifacts 

Rotating the sample (the pellet or the cell with a mull) along the axis of incident 

light should remove artifacts originating from inhomogeneity of the distribution of 

studied compounds within the sample. Figure S2 in SI shows a comparison of the 

VCD and IR spectra of D-alanine obtained with and without sample rotation. Static 

spectra were recorded for different orientations of the 7 mm KBr pellet, which were 

achieved by rotating it (by 0, 90, 180, and 270 degrees) in a plane perpendicular to the 

incident beam. The spectra of the manually rotated sample were then averaged and 

compared with the spectrum obtained with continuously rotated sample using the 

rotating cell. We see that rotation effectively replaces tedious averaging of individual 

orientations observable in VCD spectra. On the other hand, IR spectra are not 

influenced by sample rotation. Moreover, we tested flipping the sample along the axis 

perpendicular to the light beam. Figure S3 in SI reveals no significant effect of such 

flipping, which indicates sufficient isotropy of our larger pellets. The spectra are stable 

in the range of 1800-800 cm-1.  

3.1.2. Recording time 

 Time may be a limiting factor for the practical utilization of a technique in real 

industrial operation. Therefore, we monitored the time evolution of the quality of 

ssVCD spectra. We inspected ssVCD spectra of D-alanine recorded using KBr pellets 
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for different number of blocks N (N=1 to 6) summed blocks, each consisting of 1560 

scans. We used pellets of two different sizes (ø ~ 7 mm and 20 mm). One block lasted 

approximately half an hour and the longest experiment took ~3 hours.  

 

Figure 2. The effect of the number of spectral blocks (and recording time) on ssVCD spectra 
of D-alanine. Spectra were recorded in the larger KBr pellet (20 mm diameter; top), as well as 
in the smaller pellet (7 mm diameter; bottom). IR spectra (grey line) for each pellet are also 
presented. 

Figure 2 shows a comparison of VCD spectra recorded with a different number of 

blocks. Spectra obtained with the 20mm pellet reveal spectral stability to ~800 cm-1 

already for N=2 and three-hour recording (6 blocks) provides converged high-quality 

spectra with both pellets. However, all the spectral characteristics in the region of 

1800-1000 cm-1 for both type of pellets are well resolved already after two blocks. 

Although, the observed time evolution of ssVCD spectra may be system-dependent, 

experiments with 2-6 blocks worked well for all solid-state samples studied in this work 

(alanine, serine, tyrosine, tartaric acid, and sofosbuvir). Therefore, we recommend 

them as a good starting point for any other ssVCD experiment. 

3.1.3. Pellet materials 

In this section, we focus on the eventual spectral differences due to the use of 

different pellet matrix materials. The pellets of 7 mm diameter with D-alanine were 

prepared using three alkali halides (KBr, KCl, CsI) (see Methods for details) and their 

IR and VCD spectra (Figure 3) were compared. Figure S4 shows the IR and VCD 

spectra of the pure matrices recorded under the same conditions as for D-alanine. The 
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figure confirms the applicability of all matrices in the region 1800-900 cm-1. As shown 

in Figure 3, we observed only minor differences between pellets of D-alanine prepared 

with different matrices in the range of 1800-900 cm-1. Samples with all matrices 

provide comparable ssVCD spectra with all bands well discernible, same spectral 

patterns and similar relative intensities.  

 

Figure 3. Comparison of D-alanine ssVCD (top) and IR (bottom) spectra measured in the 
7mm pellets (7 mm diameter) prepared using three different matrix materials.  

 We thoroughly examined prepared KBr and CsI pellets by Raman microscopy. 

Figure 4 shows Raman maps for both pellets with D-alanine. The blue regions 

represent areas with a significant presence of alanine. Raman mapping of pellet 

surfaces in Figure 4 indicate that distribution of analyte in the KBr and CsI matrix, as 

well as the size of alanine crystalline particles, is comparable for both matrices. Typical 

size of alanine crystalline particles is of about 1 - 3 µm. Note that the average size of a 

crystal unit cell of D-alanine is small enough (e.g., 6.0×12.3×5.8 Å; deposition number 

1102380 in CCDC) to ensure sufficient replication (~1000× in the c axis) of unit cells 

within the particle. This enables us to obtain the required enhancement of the VCD 

signal attributed to conformational consistency, native molecular ordering in crystal, 

and coherent delocalization of periodically stacked atoms.[35, 36] However, due to 

larger refractive index (RI) of CsI (RI = 1.74) in comparison to KBr (RI = 1.53) and KCl 

(RI = 1.44), higher price of CsI, and its high hygroscopicity, the use of CsI is not 

recommended. 

The larger blue areas on maps in Figure 4 are probably clusters of crystalline 

particles resulting from imperfect homogenization of the sample in the agate mortar. 

Nevertheless, the inhomogeneity of the sample distribution in the matrix or the crystal 
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size distribution does not negatively affect the resulting VCD spectra (see section 3.2 

on reproducibility). 

 
Figure 4. Monitoring the distribution of D-alanine in KBr (top) and CsI (bottom) pellets using 
Raman mapping. The Raman spectra on the left were taken from a region with high alanine 
concentration (blue regions on the right) for the demonstration. A sum filter for the range 
3000±200 cm-1 (the blue-green marked part of the spectra; CH stretching region) was applied 
to visualize the presence of alanine in a pellet. Before pressing the pellets, the matrix/D-alanine 
mixtures were ground using an agate mortar and pestle. 

3.1.4. Pellet size (KBr) 

We investigated also the pellet size effect on VCD experiments. For this purpose, 

pellets with a diameter of ~7 mm and ~20 mm were tested. In Figure 5, an overlay of 

the spectra of D-alanine obtained using 7mm (blue) and 20mm (red) KBr pellet is 

shown. Except for the pellet size, the same experimental settings were used. 
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Figure 5. Comparison of ssVCD (top) and IR (bottom) spectra of D-alanine obtained using 
KBr pellets of different diameters. 

While the IR spectra of both types of pellets resemble each other in the whole 

spectral range, for VCD the reproducibility is sufficient only in the region above 

~900 cm-1. In general, the 7mm pellet is more affected by noise and to distinguish 

between true signal and artifacts is rather difficult (see Figure S5). Thus, below 

900 cm-1, the quality of VCD for the 7mm pellet decreases. To get better signal quality 

in the low wavenumber region (1250 – 700 cm-1) we prepared 7 mm pellet with a higher 

analyte concentration (so that the absorption of the most intense IR bands in this 

region was ~0.8, see Figure S6 in SI), and recorded their VCD spectra. For this setup 

we observe well-distinguishable VCD signals even for this type of pellet at lower 

wavenumbers and 823 cm-1 band was confirmed to be a low concentration artifact. In 

case of the 7mm pellet, a significant part of the incident light is blocked by the metal 

ring, because its hole diameter is smaller than the beam width (~20 mm). 

Furthermore, pathlength of this pellet is larger than for the 20mm diameter pellet 

because of different pressure used for their preparation. These facts lead to an increase 

of offset of the absorption signal for the 7mm pellet. Thus, with the same amount of 

analyte the 20 mm pellet is more suitable for VCD measurements. 

3.1.5. Mulling agent type (Nujol, fluorolube) 

As an alternative to pellets, we also measured VCD spectra of D-alanine in 

suspension with mineral oils – nujol and fluorobe. Nujol exhibits two intense bands at 

1460 and 1375 cm-1 ( (CH2)  (CH3). While nujol is suitable for the spectral region 

above ~900 cm-1; fluorolube is applicable only for higher wavenumbers because it 

strongly absorbs below 1300 cm-1 due to (CF2) and (CF3) vibration (Figure 6, middle 

panel). The broad band at ~900 cm-1 in IR spectra is due to the cut-off of BaF2 windows 
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used for the measurements. Although both mulling agents are achiral (see also Figure 

S4), they increase noise in VCD spectra, which results in the loss of spectral quality. 

Based on these issues, we suggest either using nujol over fluorolube for ssVCD, or 

spectra for both oils may be joined in one final spectrum as depicted in Figure 6. 

Despite this obstacle, after subtracting signals of pure mulling agents, we acquire the 

VCD spectrum of D-alanine with well-resolved bands in the spectral region of 

1800-900 cm-1.  

 
Figure 6. Joined IR (bottom panel) and VCD (top) spectra of D-alanine recorded as fluorolube 
and nujol mulls. The middle panel shows IR absorption of pure mulling agents.  

One may argue that spectra from Figure 6 were obtained using BaF2 windows, 

whereas KBr windows would be a better option, as KBr has an excellent transmission 

range between 40 000-400 cm-1. The reason is our goal to utilize ssVCD in the 

pharmaceutical industry, where it would be more advantageous to use the more 

resilient BaF2 than hygroscopic KBr. To demonstrate the reasonable applicability of 

BaF2 windows, we compared the IR and VCD spectra of the nujol suspension of D-

alanine in BaF2 windows with the same sample in KBr windows. In Figure 7, it is 

apparent that KBr optical widows provide slightly better-structured spectrum (1600-

1400 cm-1). Nevertheless, we obtained very well resolved bands in most of the spectral 

range of our interest (1800-900 cm-1) with reasonable intensity even for BaF2. As 

expected, the high hygroscopicity of KBr makes sample preparation and handling 

difficult, making this method impractical for routine industrial use.  
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Figure 7. Comparison of solid-state IR (bottom) and VCD (top) spectra of D-alanine recorded 
using different optical windows. 

3.1.6. Pellets versus mulls (KBr vs Nujol) 

Figure 8 compares the VCD spectra obtained using both the KBr pellet and the 

Nujol mull placed in the KBr optical windows. As expected, we observe comparable 

VCD and IR spectra. The major difference in the intensity was observed at 1456 cm-1, 

where also  the Nujol mull spectrum has strong absorption due to the deformation CH2 

vibration ((CH2)) . Interestingly, the shape of carbonyl vibration band (1620 cm-1) is 

rather different, which might be caused by the mechanical pressure applied during 

pellet preparation.  

However, for further experiments we decided to use the pellet technique for the 

following reasons: (i) oil absorption interferes with the IR spectrum and increases VCD 

noise; (ii) concentration adjustment is easier and faster for pellets (iii) analyte 

consumption is lower for pellets; (iv) sample preparation of the suspension is more 

laborious than pellet preparation. 

For the KBr pellet we also tested the effect of a different grinding technique. Two 

7mm pellets were prepared by using either an automatic vibrational mill or a pestle 

and mortar and both were pressurized by Specac Mini Pellet Press. Spectra of both 

measurements are presented in Figure S7 in SI. No significant differences in the 

spectra were observed, suggesting that the grinding had no effect on the resulting VCD. 
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Figure 8. Comparison of IR (bottom) and ssVCD (top) spectra of D-alanine recorded using 
the 20mm pellet with KBr matrix and the Nujol suspension in KBr windows.  

3.2. Enantiomers and reproducibility 

Here we present the final spectra obtained from all previous experimentation and 

optimization: 20mm pellet, KBr matrix, vibrational mill. Figure 9 shows mirror-

image VCD spectra of alanine enantiomers with corresponding IR spectra. Our 

procedure is optimal for studying enantiomers by ssVCD in the range of ~1800-

750 cm-1, which is a wider range than reported so far. Using the same experimental 

model, but for the 7mm pellet, we also tested the reproducibility of our recorded ssVCD 

spectra by measuring five individually prepared samples (Figure S8). We can see 

stable and reproducible spectra. 
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Figure 9. Solid-state VCD (top) and IR (bottom) spectra of both enantiomers of alanine 
recorded using the 20 mm diameter KBr pellets. 

3.3. Model compounds 

We apply this optimized approach for ssVCD to other model compounds (serine, 

tyrosine, and tartaric acid enantiomers). The samples were prepared according to same 

protocol as used for L- and D-alanine in 3.2. 

Figure 10 shows the results for all six model compounds. Although there are a few 

unrealistic spectral features, such as bands at ~820 cm-1 in the serine or ~1310 cm-1 in 

the tyrosine ssVCD spectra, VCD patterns very well meet the general specification of a 

good-quality spectrum. According to our results, we can distinguish and assign most 

signals to vibrations as well as signal splitting. Even though tyrosine is structurally the 

most complicated molecule, we observe that all the VCD features are well reproduced 

for both strong and weak signals. If a higher resolution of relatively lower absorbance 

bands is needed, it is necessary to focus on the given area while increasing the analyte 

concentration. 
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Figure 10. Solid-state VCD (top) and IR (bottom) spectra of both enantiomers of serine (A), 
tyrosine (B), and tartaric acid (C) recorded using the 20 mm diameter KBr pellets. 

3.4. Polymorphs of sofosbuvir 

Spectra of sofosbuvir polymorphs were recorded in 20 mm KBr pellets, as well as 

in 7 mm pellets as a control measurement (see Figure S9). The IR spectra of all three 

studied polymorphs of sofosbuvir (Figure 11) exhibit only a few minor differences. 

Specifically, the splitting in the amide I region (~1700 cm-1) in form 1 is not as 

significant as it appears in the other two polymorphs. On the other hand, the VCD 

signals of this region are much more distinct in terms of both intensity and spectral 

patterns. Form 1 exhibits a -/+/-/+ pattern in amide I region, the opposite to forms 6 

and 7. The spectral pattern of form 7 is very similar to form 6 but in overall spectrum 

but the signals are at the same concentration twice as intense as the signals of form 6. 

Also the other significant differences could be observed in the fingerprint region; form 

1 has a pronounced +/- band at 1380 cm-1 contrary to forms 6 and 7. On the other hand, 

form 1 exhibits only one peak in the region between 1260 – 1210 cm-1 (see the blue 

marked region in Figure 11), whereas forms 6 and 7 have more complex patterns. We 

see another characteristic region at ~945 cm-1, where forms 1 and 7 have +/- and -/+ 

signals, respectively. However, this band is missing in form 6. 

The weaker intensity of form 6 VCD compared to form 7 cannot be simply 

explained by its stability, as form 6 was previously determined (both experimentally 

and computationally) as the most stable form.[26] Interactions between sofosbuvir 

layers were estimated stronger for form 6 than form 7.[26] However, the 

computational determination of the stability of the polymorphs was based on relatively 

simplified estimates of the interaction energies. These were calculated based on a 

single molecular wave function obtained for sofosbuvir followed by fitting the 

interactions between surrounding molecules to the dispersion-corrected DFT energies 

for the test set.[26] We decided to calculate energies (enthalpies) for all forms fully at 

the DFT level (see Methods for details). These are summarized in Table S2, where 

they are shown as relative energies related to form 7 and normalized to the number of 
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sofosbuvir molecules in the cell. The enthalpy relates to the lattice energy 

dissimilarities between different forms and thus reflects the structure and mutual 

interactions of molecules within the unit cell rather than larger interaction patterns 

between molecular layers and cells. Table S2 in SI reveals that form 7 has the lowest 

lattice energy followed by form 1 (1.41 kcal/mol) and 6 (1.78 kcal/mol). Thus, it seems 

the intensity of VCD correlates with relative energies (enthalpies; in kcal/mol) of 

individual forms. On the other hand, the stability of a crystal form is influenced by 

larger interaction networks as partially documented by Table S3 in SI, where we tried 

to estimate elongation energy for all forms using a simplified model. The elongation 

energy corresponds to the elongation of a crystal (represented by a single unit cell) by 

additional unit cell in a certain direction (a, b, and c; see schematic explanation in 

Table S3). Here we will discuss only the lowest 𝐸elongation energies for each form that 

always corresponded to interactions of molecules of the stacks. When we compare 

these numbers for all forms, we observe the lowest 𝐸elongation for form 6 (-24.5 kcal/mol 

= -102.6 kJ/mol) closely followed by form 7 (-23.4 kcal/mol = -97.9 kJ/mol). The 

energy for form 1 was substantially higher (-20.3 kcal/mol = -85.0 kJ/mol). This trend 

agrees with conclusions on stability reported before.[26] In addition, the reported 

interaction energies[26] (for molecules of the stacks) of -72.9, -109.6, and -101.6 

kJ/mol are in good agreement with our observed 𝐸elongation. Thus, our calculations 

might indicate a relatively local environmental impact on the solid-state VCD rather 

than an effect of any long-range interactions. 
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Figure 11. ssVCD (top) and IR (bottom) spectra of three polymorphs of sofosbuvir in KBr 
matrix (20 mm diameter pellets, 6 scanning blocks). 

4. Discussion 

In the previous sections, we have presented and revealed the advantages and 

disadvantages of two alternative approaches used in sample preparation for the 

subsequent VCD experiment of solid samples. This involves mixing the analyte with an 

inert matrix and pressing it into a pellet, and preparing a sample suspension in mineral 

oil. In terms of method optimization, we have investigated the effect of different 

experimental conditions on the quality of spectra. 

The most convenient experimental approach for measuring solid-state VCD 

spectra is to prepare a KBr pellet large enough in diameter to cover the whole cross-

section of the incident beam of infrared circularly polarized light. Nevertheless, even a 

pellet twice as small, which deprives us of a significant part of the light, can provide 

qualitatively well-structured spectra in the range 1800-1000 cm-1. The mulling 

technique is also applicable; however, the absorption of mulling agents and a 

considerably laborious preparation of the sample make this possibility not 

advantageous.  

According to our results, an hour-long spectral recording represents a minimum to 

obtain a satisfactory spectrum, however, a three-hour recording is preferable and 

provides us with a good-quality and reproducible spectrum. Although, this may be a 

system-dependent issue, 1-3 hours experiments provided qualitatively good spectra for 

all solid-state samples studied in this work (alanine, serine, tyrosine, tartaric acid, and 

sofosbuvir). 

 In case of the tested samples, the method of grinding an analyte turned out to 

be unimportant because the resulting sizes of particles of all tested compounds were 

comparable. Nevertheless, we cannot rule out the possibility that for some crystals the 

grinding method may be essential. We showed the necessity of averaging multiple 

orientations due to the anisotropic occurrence of the solid phase. It is always preferable 

to rotate the sample holder to eliminate the anisotropy of the sample. 

By measuring other acids besides alanine, we confirmed the reliability and 

robustness of the experimental approach. In the case of alanine and serine, we achieved 

even better spectra compared to data published before.[18, 37] Furthermore, our 

approach for ssVCD was applied for a wider region of wavenumbers (2000 – 800 cm-1) 

than published before.[18, 37] The amino- and hydroxy acids are, however, quite small 

and the conformations of each are similar. To test the universality of our approach, 

larger molecules with energetically distant conformers and more polymorphs should 

be tested. We also expect that slight modification (different concentration at least) of 

the approach is necessary for ssVCD in the CH stretching region. 
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The ssVCD analysis of the antiviral drug sofosbuvir proved that polymorphs can be 

well and unmistakably distinguished using ssVCD. The validation of our optimized 

methodology revealed trends in the relationship between spectral pattern and crystal 

structure. Based on the well-described crystal structure and stability of all three 

polymorphs, we conclude that the spectral patterns remain similar when the molecules 

in the crystal lattice are conformationally similar; this applies to forms 6 and 7. On the 

other hand, the intensity of signals increases in the case of a specific space group. Both 

forms 1 and 7 crystallize in the P21 and exhibit higher VCD intensity, whereas form 6 

with a different space group (P212121) has rather low intensities of signals. Therefore, 

enhancement of VCD intensity of solids seems to be related to the symmetry of the 

crystal structure. 

5. Conclusion 

In this work, we designed an optimal approach to obtain reliable VCD spectra of 

solid-state samples in the region of 2000-800 cm-1. We assessed the effect of various 

experimental conditions on resulting spectra of selected crystalline acids. Thus, we 

suggest that a three-hour-long experiments performed for a sample in a 20 mm pellet 

provide high-quality and reproducible spectra. Nevertheless, most spectral features 

can be obtained even within an hour for a 7 mm pellet prepared using a simple table 

press. Different alkali halides (KBr, KCl, CsI) used as the matrix pellet material cause 

only minor changes. Samples prepared using mineral oils provide comparable VCD 

spectra as pellets, however their utilization is more elaborate, therefore the pellet-

based approach is recommended. The effect of sample grinding on recorded VCD was 

negligible. Using presented optimized approach, we acquired almost perfect mirror 

image spectra of enantiomers of alanine, serine, tyrosine, and tartaric acid. 

Furthermore, we successfully distinguished three polymorphs of sofosbuvir using 

ssVCD. The DFT calculations helped us to decipher observed differences in 

experimental spectra. We conclude that conformational polymorphism of sofosbuvir 

results in significant spectral differences, while different spatial symmetry of a crystal 

lattice influences rather the signal intensities. 

Thus, we demonstrate that solid-state VCD is a promising alternative method for 

solid-state analysis that can broaden the portfolio of standard solid-state methods. 

Although simple XRPD phase analysis can be performed in tens of minutes, VCD still 

can be valuable as it is sensitive to chirality and provides additional structural 

information. This chiral variant of vibrational spectroscopy is very sensitive to weak 

molecular interactions, and as we demonstrated on sofosbuvir could detect differences 

between polymorph structures. Contrary to X-ray, it provides global information on a 

macroscopic sample. Therefore, it represents a great potential in many scientific and 

commercial fields and should find its application in pharmaceutical research and 

development.  
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