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Abstract
The present study investigates the impact of the solid-state disorder of vortioxetine hydrobromide (HBr) on oxidative 
degradation under accelerated conditions. A range of solid-state disorders was generated via cryogenic ball milling. The 
solid-state properties were evaluated by calorimetry, infrared-, and Raman spectroscopies. While salt disproportionation 
occurred upon milling, no chemical degradation occurred by milling. The amorphous fraction remained physically intact 
under ambient storage conditions. Subsequently, samples with representative disordered fractions were mixed with a solid 
oxidative stressor (PVP-H2O2 complex) and were compressed to compacts. The compacts were exposed to 40°C/75% RH 
for up to 6 h. The sample was periodically withdrawn and analyzed for the physical transformations and degradation. Two 
oxidative degradation products (DPs) were found to be formed, for which dissimilar relations to the degree of disorder and 
kinetics of formation were observed. The degradation rate of the major DP formation obtained by fitting the exponential 
model to the experimental data was found to increase up to a certain degree of disorder and decrease with a further increase 
in the disordered fraction. In contrast, the minor DP formation kinetics was found to increase monotonically with the 
increase in the disorder content. For the similar crystallinity level, the degradation trend (rate and extent) differed between 
the single-phase disorder generated by milling and physically mixed two-phase systems. Overall, the study demonstrates 
the importance of evaluating the physical and chemical (in)stabilities of the disordered solid state of a salt form of a drug 
substance, generated through mechano-activation.
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Introduction

Diverse solid forms (salt, co-crystal, amorphous) are 
explored to enhance the stability, solubility, and dissolu-
tion of the active pharmaceutical ingredients (APIs) in 
early development stages [1–4]. Predicting the formation of 
degradation products (DPs) and the drug’s stability aids in 
setting shelf-life and storage specifications, thereby guaran-
tying safety and efficacy. The high energy disordered crys-
tal or amorphous state is reactive towards diverse physical 
and chemical instabilities [5]. While recrystallization of an 
amorphous API is commonly studied [6–8], a relationship 

between the physical and chemical stabilities of the disor-
dered solid states is less often explored. Drug degradation 
can compromise safety, efficacy, tolerability, and use [9]. 
Forced degradation is performed in the early stages of drug 
development to identify intrinsic reactivity to different stress 
conditions [10, 11]. Conventional methods to predict the 
solid drug’s degradation and shelf-life are empirical, and 
do not necessarily consider the effects of crystal disorder 
[12]. Drug oxidation is a common degradation reaction [13, 
14] and a risk factor to stability during manufacturing and 
upon storage, especially in the disordered solid state of sus-
ceptible APIs. The presence of reactive oxidative species in 
excipient(s) creates a high instability risk. To screen solid 
drug oxidation propensity, some methods have been reported 
in the literature [15–19], including some recent ones [20, 
21]. Although the finished product contains a uniform quan-
tity of drug, diverse solid states such as polymorphs, disor-
ders, morphology, and crystallinity can alter the chemical 
reactivity [22].
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Solid dosage processing such as milling, sieving, com-
paction, granulation, drying, and extrusion can generate 
surface or bulk crystal disorder [23]. Micronization is per-
formed for API crystal size reduction and for improving 
solubility [24]. Cryo-milling is increasingly recognized as 
a green and environment-friendly route for the generation 
of amorphous and nanomaterials for drug delivery [25]. 
Also, prolonged milling is the process applied to generate 
fine grades of excipients such as lactose to use as inhaled 
carrier [26]. The mechanical stresses exerted by milling can 
trigger the physical transformation [27]. Cryo-milling is a 
preferred route to generate the disordered forms [28]. Feng 
et al. showed that cryogenic milling of griseofulvin leads 
to a reduction in crystallinity and accumulation of crystal 
defects [29]. Mechano-activation is reported to induce Mail-
lard reaction between metoclopramide HCl and lactose [30]. 
Sagud et al. reported drug degradation during co-milling 
with excipients [31]. We have demonstrated the impact of 
solid-state disorder in simvastatin, nifedipine, and mifepris-
tone on their oxidative instabilities [20, 32–34]. Our group 
previously reported the application of mechano-activation as 
a tool to assess autoxidation of olanzapine and mifepristone 
[23, 35]. In addition to amorphization, salt disproportiona-
tion has been reported to occur during drug product process 
such as compaction [36, 37]. Yet, it is seldom reported under 
milling [38]. The disproportionation of a salt form loses 
the immediate benefit associated with drug solubility. The 
degradation kinetics can compete with physical transitions. 
While the physical stability of such solid drugs subjected to 
mechanically induced disorders (types/states) is well-studied 
[39], their effects in the chemical reactivity have been rarely 
addressed.

In this study, we assess the role of solid-state disorder 
on the chemical reactivity of an antidepressant drug, vor-
tioxetine (VOR), in its commercially available hydrobro-
mide salt form (VOR-HBr) [40]. The strong basic character 
of VOR  (pKa = 9.1) makes it prone to form salts with the 
weak acids. The acidic proton is transferred to the second-
ary N-atom on the piperazine ring of vortioxetine, forming 
the charge-assisted hydrogen bond  (N+–H…Br−) [41]. The 
oxidative susceptibility of VOR-HBr is reported in the lit-
erature [42, 43]. The current work aims at evaluating the 
(in)stability of short- and long-range solid disorders. The 
disproportionation of hydrobromide counter-ion is also 
investigated herein. The powder compacts were prepared 
of VOR-HBr pre-mixed with a PVP-hydrogen peroxide 
(PHP) powder as a solid stressor and exposed to 40°C/75% 
RH. The samples were evaluated for the physical change 
using Raman spectroscopy, and chemical change using 
LC–MS, respectively. Also, a quantitative relationship is 
established between the content of the oxidative stressor 
and the total drug degradation. The present work empha-
sizes the relation between the degree/types of disorder and 

the extent of chemical degradation, which could be useful 
in the development of predictive stability models.

Materials and Methods

Materials

The crystalline materials, salt form vortioxetine hyd-
robromide (Mw, 379.37 g  mol−1; molecular formula, 
 C18H22N2S.HBr) and vortioxetine free base (molecular 
weight, 298.45 g  mol−1; molecular formula,  C18H22N2S) 
were purchased from Shenzhen Nexconn Pharmatechs 
Ltd. (Shenzhen, China). PVP-hydrogen peroxide stressor 
(PHP), a well-characterized and safe-to-handle solid-
state oxidative reagent was prepared using the in-house 
procedure as reported in a previous study [18]. All other 
chemicals and buffer salts were of analytical reagent 
grade.

Generation of Solid‑State Disorder Using 
Cryo‑milling

Approximately, 2 g of VOR-HBr crystalline powder sam-
ple was milled in a 50 mL jar with a 2.0-cm stainless steel 
ball at cryogenic temperature (liquid nitrogen) using the 
milling frequency of 25 Hz (Retsch Mill, Germany). The 
milling was carried out separately for 2 min, 5 min, 10 
min, 30 min, and 60 min. For each milling time point, 
using a thermocouple, the temperature of the powder was 
measured immediately after opening the jar.

The milled samples were handled under the controlled 
environment in the laboratory with RH < 55%. Immedi-
ately after milling, the collected powder samples were 
transferred to glass vials with air-tight closure. The glass 
vials were placed in the desiccator containing the silica-
gel as desiccant.

For simplicity, the milling-induced disorders (termed 
as single phases) are referred to as defective crystalline 
(short-time-milled), partially crystalline (intermediate 
milled comprises crystalline and amorphous fractions), 
and fully amorphous (longest-milled with short-range 
order) and abbreviated as DC, PC, and FA, respectively. 
The unmilled VOR-HBr is designated as a fully crystal-
line (FC). Further, within PC, the different time-milled 
fractions are abbreviated as PC5, PC10, and PC30. In 
parallel, a two-phase system was prepared by physically 
mixing (PM) the amorphous and highly crystalline frac-
tions (using an appropriate ratio of 2- and 60-min milled 
powders) as having expected crystallinity theoretically 
equivalent to a 10-min milled sample.
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Characterization of Solid States of Milled Samples

Fourier Transform Infrared (FTIR) Spectroscopy

The spectroscopic measurements of the VOR-HBr powder 
samples were performed using an FTIR spectrometer, VER-
TEX 70 (Bruker Optik GMBH, Germany) with an attenu-
ated total internal reflectance (ATR) sampling unit. The 
background was collected with 32 scans, and the spectra 
were collected as the average of 32 scans acquired in the 
spectral range from 600 to 4000  cm−1 with a spectral reso-
lution of 4  cm−1. Using these same parameters, the vortiox-
etine free base powder was also measured for comparing it 
to the HBr salt form.

Differential Scanning Calorimetry (DSC)

The thermal properties of the milled VOR-HBr samples 
were evaluated using the DSC 204 F1 Phoenix (NETZSCH, 
Germany) equipped with an autosampler and intra-cooler. 
Adamantane, indium, zinc, and bismuth were used as ref-
erences for temperature and enthalpy calibration. Calibra-
tion of heat capacity (Cp) was carried out using a Sapphire. 
Approximately, 10–15 mg of a powder sample was placed 
in an aluminum pan and covered with a lid with a pinhole. 
The samples were heated from 20 to 250°C at a heating 
rate of 10 K/min. The data was analyzed with NETZSCH 
Proteus Thermal Analysis Software version 6.1.0. The VOR-
HBr and VOR free base were evaluated using the same DSC 
method, as controls.

Particle Size Distribution Analysis

At the end of each milling cycle, the particle size distribu-
tion was evaluated by using laser diffraction (HELOS/KR, 
Sympatec GmbH, Clausthal-Zellerfeld, Germany) with a 
dry dispersing system (Rodos/L, Sympatec) and a vibrating 
chute (Vibri, Sympatec). A dispersion pressure of 2.0 bar 
was applied with a 30-s sampling time. The data evaluation 
was conducted using Windox 5.6.0.0 (Sympatec) software.

Preparation and Characterization of VOR‑HBr‑PHP 
Compacts

Preparation and Exposure to Storage Conditions

An equal amount of PHP complex (a PVP-H2O2 reagent) 
and drug powder was weighed accurately and mixed together 
[18]. The powder mixture was compressed (using a compres-
sion force of 50 kN for 30 s) into a compact disc employ-
ing a hydraulic hand press (PerkinElmer, Waltham, MA, 
USA). Of all the generated milled samples, an accelerated 
oxidation study was performed on 2-min milled (defective 

crystalline), 10-min milled (partial crystalline), and 60-min 
milled (amorphous) samples and was abbreviated as DC-
PHP, PC-PHP, and FA-PHP. The mixture of unmilled crys-
talline sample is termed as FC-PHP. The physically mixed 
two-phase system (theoretically equivalent to 10 min milled) 
is referred to as PM-PHP and treated similarly.

The solid compacts were filled into the glass vial exposed 
open to 40°C/75% RH in controlled stability cabinets (WTC 
Binder, Tuttlingen, Germany). Within the 6 h of total expo-
sure, the samples were taken at intermittent intervals 0, 0.5, 
1, 2, 4, and 6 h. The PHP-only compact was also exposed 
to identical conditions. The solid compacts were subjected 
to physical and chemical evaluation after exposure. The 
degradation extent of the drug in these compacts was first 
converted to a fraction degraded (dividing the value by 100) 
and was plotted against exposure time using Origin software 
 (OriginLab®, Northampton, USA).

Analysis of Solid Compacts by Raman Spectroscopy

The solid compacts were analyzed by a RamanRXN Sys-
tems analyzer to evaluate the solid form. The spectra were 
acquired using a Kaiser PhAT Probe with a 6-mm large-area 
laser spot size providing a non-contact sample analysis. The 
emission power of the laser beam was kept below 500 mW at 
830 nm and scans ranged from 150 to 2000  cm−1. The expo-
sure time was kept 2 s, and triplicate samples were analyzed 
at each time point. Prior to Raman analysis, the morphology 
(physical form and color of compact) was visually noted.

Liquid Chromatography Photodiode Array/Mass 
Spectrometry (LC‑PDA/MS) Analysis

As per our previous study [18], the LC method employed 
a reversed-phase separation. Gradient elution was used for 
the separation of drug and degradation products (DPs) in a 
Waters Acquity UPLC instrument using HSS T3 2.1 × 100 
mm, 1.8 µm, column. The stability-indicating ability of the 
developed method was proven to separate the drug from oxi-
dative DPs. After each stability exposure, solid compacts 
were individually removed and dissolved in a diluent mix-
ture of acetonitrile and water (50:50 v/v). The final drug 
concentration was kept at 500 ppm, and the injection vol-
ume was kept at 1 µL. Detection of the drug was carried out 
using an ultraviolet-photo diode array detector (UV-PDA) 
at 230 nm. The degradation of FC-PHP, DC-PHP, PC-PHP, 
FA-PHP, and PM-PHP samples was expressed as an area 
percentage, i.e., based on the relative area under the curve 
(AUC) of the drug with respect to the DPs.

The solid compacts with the highest levels of DP-I and 
DP-II (after storing at 40°C/75% RH) were analyzed via 
LC–MS using a QExactiveTM Orbitrap (Thermo Fisher 
ScientificTM, USA) and electrospray ionization (ESI) 
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operating in a positive mode (scans range from 150 to 2000 
m/z). Data analysis was carried out using XcaliburTM 3.0. 
The line spectrum was derived from the total ion chroma-
togram (TIC) and extracted ion chromatogram (EIC) plots. 
The molecular ion peaks were compared with the literature 
reports for postulating possible chemical structures of DPs.

Estimation of Peroxide Content Using Amplex Kit and UV–
Vis Spectrophotometry

The peroxide content in the PHP complex was determined 
using an  Amplex® Red Hydrogen Peroxide/Peroxidase assay 
procedure. A calibration curve was established in the range 
of 1–25 µM from a 20 mM  H2O2 working standard solution 
dissolved in 1 × Reaction Buffer (PBS). The detection range 
chosen for UV–visible spectrophotometry was kept between 
590 and 560 nm. The sample solution (powder compact dis-
solved in 10 mL of phosphate buffer solution) was treated 
similarly to the standard using the same dilution regime. 
The content of hydrogen peroxide  (H2O2) was estimated for 
FC-PHP, DC-PHP, PC-PHP and FA-PHP, and PHP alone 
(used as a control). The peroxide content of stability samples 
(n = 3) was also analyzed at 0.5, 1, and 6 h.

Results

Physical Characterization of Solid‑State Disorder

Thermal Characterization

The milled samples were analyzed using the DSC method 
to evaluate the change in the thermal properties upon mill-
ing. The material properties related to the thermal event are 
tabulated in Table S1. The thermal events observed in each 
milled sample along with the unmilled (control) sample were 
integrated and reported. The unmilled VOR-HBr crystal 
demonstrated an onset of melting (Tm) at 230.60 ± 0.28°C 
having a melting enthalpy (ΔHm) of 110.75 ± 1.34 J  g−1. 
For the intermediate and longer milled samples at 5 min, 10 
min, 30 min, and 60 min, a glass transition event followed by 
recrystallization was clearly visible, while they were absent 
in unmilled (control) and were not clear in the profile of 
short-time milled (2 min) sample (Fig. 1).

Also mentioned in Table S1 (supplementary information) 
is the heat capacity change (∆Cp) related to the glass transi-
tion temperatue (Tg) for each of the milled samples. Fig-
ure 2a depicts the change in the Tg over milling time. Both 
Tg and onset of crystallization decreased for the sample with 
increased milling time. The Tg profile was distinctly higher 
for the lower milling time (lower amorphous fraction) and 
that was higher with the increasing milling time/amorphous 
content. Since the moisture content values obtained of the 

representative milled samples using Karl Fischer titration 
were below the quantification limit (< 0.10%), we assume 
there is no or trivial contribution of varying moisture content 
among disordered samples to their observed Tg. Next, the 
DSC data was used to estimate the degree of crystallinity of 
milled VOR-HBr (shown in supplement Table S1). Assum-
ing that the amorphous fraction undergoes recrystallization 
during DSC analysis, the degree of crystallinity was derived 
using Eq. 1 as follows:

where ∆Hc and ∆Hm are the enthalpy of crystallization and 
heat of fusion, respectively.

The plot of the degree of crystallinity remaining over 
milling time is depicted in Fig. 2b. The crystallization 
enthalpy systematically increased upon milling for extended 
durations suggesting an increased formation of amorphous 
content upon milling. Although no clear glass transition and 
recrystallization exotherm signal were evident for the 2-min 
milled sample, we believe that surface disordering (forma-
tion of the local defects and crystal imperfections) would 
have already been initiated. The overall loss of crystallinity 
showed an exponential decay profile as a function of milling 
time. We applied here the assumption of a complete crys-
tallization of the amorphous fraction present during DSC 
analysis, and thus the degree of amorphicity is simply the 
ratio of area under the crystallization exotherm to that under 
the melting endotherm. However, as these two events occur 
far apart at different temperatures, there would be the need 
for correction for the temperature-dependent enthalpy. We 
are aware of the method applied by Grisedale et al. including 
the enthalpy correction [44]. While the actual crystallinity 
across the milled samples might differ, we speculate that 
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Fig. 1  Overlaid DSC thermograms of milled and unmilled vorti-
oxetine samples; FC (unmilled), DC (2 min milled), PC5 (5 min 
milled), PC10 (10 min milled), PC30 (30 min milled), and FA (60 
min milled). A zoomed inset of glass transition event is represented 
indicating the Tg onset
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the values obtained by enthalpy-corrected methods will be 
comparable as the crystallization regions are within a narrow 
temperature zone.

In addition to HBr salt form, the melting onset of VOR 
free base was 116.90 ± 0.17°C, and the corresponding melt-
ing enthalpy (ΔHm) was 30.27 ± 3.60 J  g−1 (see supplement 
Figure S1). These values are substantially lower than the 
HBr salt form.

The extent of recrystallization in the milled samples 
stored at 2–8°C (a temperature well below the Tg) was 
obtained after 30 days and 60 days. For a 10-min milled 
sample, the complete recrystallization was noted at the end 
of 30 days, and the fully amorphous sample (60-min milled) 
remained non-crystalline unit 30 days and fully crystallized 
after 60 days.

The WAXS measurements were performed on selected 
samples to verify the presence of a disordered phase formed 
upon milling. The intensity of Bragg peaks reduced upon 
milling for intermediate time (2–10 min), the intensity fur-
ther decreased, and the peaks completely disappeared upon 
milling for 60 min (shown in supplement Figure S2). For 
these milled samples, UPLC analysis depicts no degrada-
tion product peaks confirming the absence of chemical deg-
radation occurring during milling (shown in supplement 
Figure S3).

ATR‑FTIR Spectroscopic Analysis of Disordered Samples

As depicted in Fig. 3, the spectral profiles of the milled 
samples comprise a distinct change in the 3100–2400  cm−1 
region. As the milling progressed (with increased amorphi-
zation), a systematic broadening of the vibrational bands 
with a corresponding decrease in the peak intensity was 
evident. In the N–H stretching region (3100–2950  cm−1), 
a broadening of the peaks and a concomitant drop in the 
relative peak intensity at with the peak maximum of 2915 
 cm−1 were observed. The extent of broadening (owing to 
intermolecular H-bond disruptions) and drop in intensity fol-
lows the order of increasing amorphicity such that FA (fully 
amorphous) > PC30 (partially crystalline) > PC10 (partially 
crystalline) > PC5 (partially crystalline) > DC (defective 
crystalline) > FC (fully crystalline). The peak with a maxi-
mum at 2700  cm−1 (Ar–C–H region) also followed a similar 
decreasing trend over milling. A feeble, yet a clear change is 
observed for the shortest milled samples (2-min DC) as com-
pared to the unmilled samples (crystalline). Amorphization 
appears to disrupt the H-bonds in the between molecules in 
the crystal lattices.

For the peak with a maximum of 2450  cm−1 (a typical 
region of interest for the HBr) of the longest-milled sam-
ples (fully amorphous), a reduction in the peak intensity was 

Fig. 2  The plot of  Tg (a) and 
the degree of crystallinity (b) 
of VOR-HBr as a function of 
milling time

Fig. 3  Overlays of partial 
and normalized IR spectra of 
milled and unmilled VOR-HBr 
powders in the 3100–2400  cm−1 
region; FC (0 min milled), DC 
(2 min milled), PC5 (5 min 
milled), PC10 (10 min milled), 
PC30 (30 min milled), and FA 
(60 min milled)
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observed (Supplementary Figure S4). This peculiar observa-
tion was indicating the possibility of disproportionation of 
HBr counter-ion from the salt form (VOR-HBr) during mill-
ing. In order to confirm the disproportionation, we recorded 
the spectrum for the VOR free base. Clearly, the peak with 
the maximum at 2450  cm−1 was absent in the free base sam-
ple. Relatively, the drop in intensity for the milled sample 
(fully amorphous) form was about 75–80% of the crystalline 
salt form. A complete absence of this peak in the free base 
and a slight decrease in intensity in the fully amorphous 
(60 min milled) VOR-HBr signify an amorphization occur-
ring concomitantly with an extent of salt disproportiona-
tion. However, the exact extent of disproportionation was 
not quantified.

Particle Size and Specific Surface Area as a Function 
of Milling

Particle size distribution (PSD) of the sample was deter-
mined by laser diffraction. The measured particle size 
(mean ± standard deviation (SD), n = 3) of the unmilled 
VOR-HBr (FC) powder was 372.41 ± 6.64 µm (d50) with 
the specific surface area (SSA) of 0.92 ± 0.02  m2  g−1 (calcu-
lated using the particle size and powder true density). After 
milling, the d50 decreased to a specific value and remained 
comparable to all the milled samples over time. The sur-
face area of the powder was calculated using the volumet-
ric particle size d50 obtained from laser diffraction. The d50 
(and corresponding SA) for the various fraction was deter-
mined as 14.13 ± 1.15 µm (2.29 ± 0.12  m2  g−1), 3.28 ± 0.29 
µm (3.79 ± 0.05  m2  g−1), 5.29 ± 0.10 µm (3.07 ± 0.03  m2 
 g−1), 4.77 ± 0.21 µm (3.23 ± 0.31  m2  g−1), and 3.09 ± 0.55 
µm (3.89 ± 0.07  m2  g−1) for the 2-min (DC), 5-min (PC5), 
10-min (PC10), 30-min (PC30) and 60-min (FA) milled 
samples, respectively.

Physical and Chemical Transformation 
under Accelerated Storage Conditions

Physical Appearance

The physical appearance of the solid compacts after 6 h 
exposure to 40°C/75% RH was distinctive. The coloration 
(off-white to browning of the tablet) was noted which could 
have resulted from oxidation of VOR and from the dispro-
portionation of HBr acid from the salt (Fig. 4). An intense 
color change was evident for the samples with a lower crys-
tallinity (higher amorphous content). The enriched color 
shades reflect the chemical change which was further con-
firmed with chromatographic and mass spectroscopic anal-
yses. Among all, for the defective crystalline state (origi-
nates from shortest milling), a sticky and slight shrinking 
mass was noted. This could have resulted from the high 

hygroscopicity of the PVP in addition to the enhanced sur-
face area.

Physical Transformation Evaluated Using Raman 
Spectroscopy

In order to confirm the solid-state property over the stor-
age, the solid compacts were immediately subjected to the 
Raman analysis. The benefit of using a PhAT probe was 
the wide coverage of the sample area, good spectral resolu-
tion, and reduced variations associated with sub-sampling. 
In addition, the same sample was subsequently used for the 
chemical analysis via UPLC. For the given solid compacts 
containing the crystalline to amorphous range of disorders, 
the distinct spectral region was identified (Fig. 5).

The ratio of the peak intensity of the Raman band 
at 1580  cm−1 to that at 1605  cm−1 in the initial powder 
compact was found to systematically decrease with the 
decrease in the amorphous content. This Raman band 
ratio in the stability samples overall remained unaltered 
over the exposure period (seen in supplement Table S2). 
Moreover, the lack of interference of the PHP signal in 
this spectral region was confirmed by comparing that 
with the pure PHP spectrum (data not shown). In gen-
eral, as seen in Fig. 6, the relative trend of crystallinity in 
VOR-HBr powder compacts with PHP remained largely 
unchanged during the exposure period. Our objective 
of this ratiometric representation of the Raman spectral 
data is to provide an indication of the change in the rela-
tive crystallinity or not. At this moment, we are unable 
to present the exact spectral assignment of the selected 
peak, even though they are more likely attributable to the 
Raman polarizability of double bond systems. Even so, 
we found a systematic response of the ratio of these two 
peaks that was useful to provide insight into the relative 

Fig. 4  Physical appearance for representative solid compacts of VOR-
HBr and PHP exposed to 40°C/75% RH; a 0 min milled, b 2 min 
milled, c 10 min milled, and d 60 min milled. The upper panel dem-
onstrates unexposed samples at time zero (T0), while the lower panel 
is for exposed samples withdrawn after 6 h
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crystallinity of the sample. The signal ratio was selective, 
yet we admit that the values are not fully quantitative 
as we did not develop any calibration curve to quantify 
crystallinity using this method nor we verify this to other 
methods.

Degradation Kinetics in the Solid State

As illustrated in our previous study [18], by using the solu-
tion state peroxide stress, a specific and precise stability-
indicating UPLC method was developed for the separation 

Fig. 5  Raman spectra of solid compacts of VOR-HBr with PHP exposed to 40°C/75% RH recorded after different time points (h) of exposure: a 
0 min milled, b 2 min milled, c 10 min milled, and d 60 min milled

Fig. 6  Plots of the peak inten-
sity ratio of Raman bands for 
solid compacts of VOR-HBr 
and PHP exposed to 40°C/75% 
RH for 6 h; 0 min milled (light 
blue square), 2 min milled (pur-
ple diamond), 10 min milled 
(red triangle) and 60 min milled 
(black circle). Vertical bars in 
each point represent s.d. among 
triplicate measurements
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of the drug from its oxidative degradation products. The 
same chromatographic method was employed in this study 
for the assessment of stability samples. The separation of the 
drug peak from its degradation products is evident (as shown 
in supplement Figure S5). The calculated relative retention 
time (RRT) and observed UV λmax for DP-I were 0.68 and 
240 nm. For DP-II, these values were 1.08 and 234 nm, 
respectively. The UV spectral maxima show a bathochromic 
shift in λmax by 13 nm for DP-I and 7 nm for DP-II relative 
to the parent drug (227 nm). Unlike the solid samples, the 
liquid stress degradation study was found to form only DP-I.

The relative percentage of degradation was reported in 
the area percentage of the drug peak with respect to that 
of the DPs. The compacts containing varying amounts of 
disorder showed a faster VOR-HBr degradation as compared 
to the compacts with pure crystalline powder. For the stud-
ied powder solid compacts, both DPs formed to a different 
extent. DP-I was assigned as a major degradation product 
and the extent of degradation ranged from 2 to 20% among 
the samples. DP-II was assigned as a minor DP, and the 
extent was overall less than 2% among the stored samples. 
The formation of DP-I in the crystalline (FC-PHP) and fully 
amorphous (FA-PHP) samples was within the 5%, while for 
the defective crystalline (DC-PHP), partially crystalline 
(PC-PHP), and two-phase disorder (PM-PHP) samples, the 
amount exceeded 5% level. However, DP-II in FC-PHP and 
DC-PHP was formed below 0.5% and slightly able 0.5% 
in PC-PHP, FA-PHP, and PM-PHP samples. The exact 
amounts formed at each stability time point are presented 
in supplement Table S3. For the formation of DP-I, the 
order of degradation upon exposure was fully crystalline 
(FC-PHP) < fully amorphous (FA-PHP) < defective crystal-
line (DC-PHP) < partially crystalline (PC-PHP), while for 
DP-II formed upon exposure increased systematically with 

the initial amorphous content, crystalline (PC-PHP) < defec-
tive crystalline (DC-PHP) < partially crystalline (PC-
PHP) < fully amorphous (FA-PHP). The two-phase disor-
dered solid compact (PM) (with equivalent crystallinity) 
differs from respective the single-phase with comparable 
crystallinity.

Using the degradation data of each time point (0–6 h), the 
kinetics of each DP was plotted and compared as depicted 
in Fig. 7. The resulting experimental degradation kinetics 
were fitted by modified Avrami’s model [45], as expressed 
in Eq. 2.

where k is the reaction rate constant  (h−1), t is the exposure 
time (h), and n is the reaction order. In all the cases, the 
value of n obtained was below 0.5, suggesting the diffusion-
controlled degradation reaction. The diffusion of peroxide to 
the disordered and reactive solid surface can be considered 
as the rate-determining step in this case.

The extracted k for the disordered samples and the good-
ness of fit (R2) data are listed in supplement Table S4. As 
evident from Fig. 7, the degradation followed non-linear 
kinetics to form the major (DP-I) and the minor (DP-II) deg-
radation product. The reaction rates were found to generally 
increase with the increase in the milling time; hence, the 
degradation depends on the levels of disorder. However, the 
rate of formation of DP-I is lower for the fully amorphous 
sample as compared to the partially crystalline counterparts. 
The latter perhaps suggests that the rate-limiting step of the 
peroxidation in fully amorphous systems might differ from 
that in the one-phase system.

For the physical mixture (PM-PHP), i.e., a two-phase 
system comprising of equivalent crystallinity to a 10-min 

(2)Fraction degraded =
k × x

n

1 + K × tn

Fig. 7  Degradation kinetic profile for a DP-I (major DP) and b DP-II 
(minor DP); unmilled (black), 2  min milled (blue), 10  min milled 
(red), 60 min milled (green), and physically mixed two-phase system 
theoretically equivalent to 10 min milled (purple and dotted fit). The 

data points were fitted using a modified Avrami model [45]. The ver-
tical error bars in each point represent the standard deviation of three 
independent measurements, and the lines represent the best fit to the 
presented data points
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milled sample, the degradation (extent and profile) was not 
similar to the single-phase system suggesting the reactive 
role of defects present within the crystal lattice. This result 
indicates an important aspect of the relation between disor-
der type and degradation. Thus, the same level of disorder 
present as a continuum in a crystalline particle versus that 
present as a separate phase in the powder mixture can result 
in a differing reactivity.

Furthermore, using the observed MS data and literature 
information, the chemical structures were postulated for both 
DPs. The molecular ion peaks [M +  H]+ in the ESI positive 
mode appeared at m/z 299.1601, 315.1544, and 377.0682 
corresponding to the drug, DP-I, and DP-II, respectively. 
The presence of N–H and O–H functionalities in the drug 
structure allows the use of ESI positive mode leading to 
better ionization efficiency during MS analysis. The MS 
line spectrum for DP-I showed an addition of 16 Da unit 
mass (equivalent to an oxygen atom) and for DP-II by 78 Da. 
Interestingly, for DP-II, the presence of isotopic abundance 
pattern in MS spectra was clearly attributing to bromina-
tion, as evident by its characteristic isotopic pattern (1:1) 
of 50.50% and 49.50% corresponding to 79Br (M + 1) and 
80Br (M + 2), respectively. The EIC corresponding to the 
m/z of drug and DPs and TIC plots along with line spectra 
are provided in supplement Figure S6.

For DP-I, the most probable structures derived and corre-
lated to the reported one was 3-methyl-4([2-(piperazin–1-yl)
phenyl]sulfanyl)phenyl)methanol [42]. However, the other 
structural possibility of DP-I carrying similar m/z also 
cannot be ruled out [43]. The obtained MS data and iso-
topic abundance enabled to propose the structure for DP-II 
to be a known impurity of vortioxetine, 1-(2[(3-bromo-
2,4dimethylphenyl)-sulfanyl] phenyl)piperazine (Fig. 8) 
[46]. These results indicate that the oxidation of the drug in 
the solid state occurred mainly at the methyl group attached 
to the phenyl ring (para position to the sulfur atom) as was 

reported in our prior study [18]. In addition, a minor product 
was formed by bromination occurring at the carbon in the 
phenyl ring (meta position to the sulfur atom). The FTIR 
spectral data also reveals the disproportionation tendency 
of the salt form (liberating bromine) upon milling. The per-
oxide/free radical catalyzed anti-Markovnikov bromination 
reaction is a widely reported mechanism. The favorable con-
ditions including elevated temperature, accessible peroxide 
species, and bromine from the salt disproportionation seem 
to be contributing to this chemical reaction [46, 47].

Estimation of Peroxide Content

In order to quantify the amount of peroxide in the samples, 
the Amplex Red Hydrogen Peroxide/Peroxidase Assay 
method was implemented. As highlighted in Figure S7 (sup-
plementary), the obtained amount of 3.99 ± 0.30 mmol  H2O2 
per g (average ± s.d., n = 3) in PHP correlates with the theo-
retical amount. Interestingly, over the entire exposure period 
(6 h), the level of peroxide remains constant and matches 
the value at T0 for pure PHP. While for the drug and PHP 
complex, the peroxide levels were found to decrease with 
the time (compared to its starting value). This observation 
indicates the consumption of peroxide by the API oxidation.

Discussion

VOR-HBr is known to be susceptible to exclusive peroxide-
mediated degradation. The cryo-milling was chosen for 
amorphization via mechano-activation, thereby generat-
ing the samples with controlled disorder content. The PHP 
stressor was utilized to perform oxidative reactions in solid 
compact form. Furthermore, the exposure to 40 °C/75% RH 
yields the kinetic profiles of the physical (recrystallization) 
and chemical (degradation) transformation for the selected 

Fig. 8  Chemical structures of a drug (VOR-HBr), b DP-I (major DP), and c DP-II (minor DP)
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disorder states, when exposed in the form of solid compacts 
(drug + PHP).

Generation of Crystal Disorder

As reported, the crystal structure of VOR-HBr contains one 
molecule of each ion in the asymmetric unit, specifically, 
 NH2

+ and  Br− ions are bonded through ionic interactions 
[41]. The two phenyl rings bridged by the S-atom are per-
pendicular to each other, while the piperazine ring adopts 
a chair conformation. Upon varying milling times, a suffi-
cient solid-state disorder was generated. The shortest time-
point milled solid (2 min) led to a defective crystal (with 
no sign of amorphous fraction with Tg in DSC). Milling for 
5–30 min resulted in a partial crystallinity, and the longest 
time-point milling generated a fully amorphous phase. The 
DSC profiles confirmed that milling was able to progres-
sively amorphize the drug. The exponential relationship of 
milling-induced amorphization kinetics of dexamethasone 
was described previously by Oliveira et al. [48] wherein 
an empirical model was fitted to the experimental profile 
to obtain average relaxation time. In VOR-HBr case, the 
model did not converge to fit the experimental profile. This 
is presumably due to the sudden change in the structural 
relaxation dynamics from the glassy to super-cooled liquid 
state as the temperature of the milled solid exceeds the Tg 
of amorphous phase. Another important feature was the 
concomitant salt disproportionation observed with disor-
dering during milling. As notable in Fig. 2b, the Tg values 
of earlier milling time points were notably higher than that 
of later time points. The Tg drop over the increase of the 
milling period reflects the contribution of the amorphous 
state of free base version of vortioxetine. The first two mill-
ing times led to trivial salt disproportionation, while last 
two milling time led to prominent salt form conversion to 
free base as noted clearly in infrared red spectra. While we 
did not measure the Tg of free base form of drug due to the 
limited availability of the same, we had measured and thus 
reported its melting point which is 100 °C lower than salt 
form (Fig. S1). Therefore, we expect free base would have 
lower Tg than the salt form contributing to the lower overall 
Tg of highly milled samples. Moreover, the solids generated 
upon milling were not degraded and physically stable (no 
polymorphic or solid-state form changes were observed). 
For the fully amorphous form, the nucleation induction time 
was sufficiently longer (> 30 days). The recrystallized form 
was similar to the original polymorphic form of VOR-HBr 
(matching Tc and Tm).

Disordering during milling followed an interesting mani-
festation on the PSD behavior. As can be noted, there is an 
abrupt reduction (from 370 to 14 µm) in particle size just by 
2 min intensive milling, which is an indication of a sharp 
mechano-active brittle fracture of the crystals. From 2 to 

5 min, the particles go from 14 to 3 µm, less drastic, yet 
brittle deformation seems to still occur. Interestingly, from 
5 min onward, the overall range of d50 values was between 3 
and 5 µm. Although the replicate measurements are repro-
ducible (low RSD), these values indicate that from 5 min 
onward, particles exhibit plastic deformation to mechani-
cal response as they turn increasingly amorphous and get 
smaller. A slight increase in PSD between 5 and 30 min mill-
ing could be due to the agglomeration of high energy parti-
cles that again tend to slightly de-agglomerate upon longer 
milling (30 min). To duly factor the effect of these particle 
changes and thus account only to amorphization, we thus 
expressed degradation as the rate constant per unit surface 
area of the powder (derived from the measured PSD).

The FTIR spectral signatures revealed the salt dispropor-
tionation of VOR-HBr. In the literature, ample cases of salt 
disproportionation have been reported. However, to the best 
of our knowledge, this is the first time mechano-activated 
disproportionation is shown. High volatility of the HBr can 
enhance salt disproportionation. Comparison of the FTIR 
spectral signatures with that of the free base form enabled 
confirming this phenomenon. The LC–MS analysis of the 
stability samples of disordered forms supports the forma-
tion of brominated DP. The elucidated structure matches the 
known brominated impurity of the drug.

The well-characterized PHP solid prudently allowed 
to study the degradation behavior of the selected disorder 
systems. For DP-I, the defective crystalline state was more 
reactive as compared to other forms. For DP-II, the amorphi-
zation order follows the chemical reactivity. For the 2-min 
milled sample, we believe that surface disorder would have 
higher interfacial energy enabling higher reactivity over the 
amorphous forms. Interestingly, the physical appearance of 
solid compacts upon exposure to high humidity suggested 
the formation of a sticky, shrink mass (could be due to higher 
surface moisture absorption). As was reported earlier [18], 
the measured microenvironment pH of the oxidative reagent 
(PHP complex) was neutral (around pH 6.6). Also, the crys-
tallinity level of the stability samples of VOR-PHP remained 
nearly the same as the initial values. In our previous study, 
the higher oxidative reactivity of a partially crystalline state 
(having the highest nanoscale powder heterogeneity) over 
its crystalline and fully amorphous counterpart was demon-
strated for a simvastatin [32].

Relationship of Drug Crystallinity Versus 
Degradation Potential

A visualization of the oxidation degradation rates in the 
powder compacts as a function of the physical transfor-
mation is shown in Fig. 9. A peculiar relation among the 
degree of disorder to the types of degradation is notable. 
The rate of DP-I formation increased with the increase in 
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the disorder up to 75% disorder (10-min milled sample) 
and abruptly decreased in the case of fully amorphous 
sample (60 min). Whereas, in the case of DP-II formation 
kinetics, a monotonic increase in the DP is observed with 
the decrease in the crystallinity.

DP-I was found to form both in the peroxide solution 
and in the solid state. In contrast, DP-II formed only in the 
solid state. If we hypothesize that DP-I is formed mainly 
in a liquid layer of the solid compacts (via dissolved drug 
and peroxide fraction in the surface water layer), it would 
be sensible that with the increase in amorphous content to 
a certain level (up to 10 min milling), the rate of dissolu-
tion increases, thereby the availability of reacting drug in 
liquid is higher. However, this does not directly explain the 
drop in DP-I formation for a completely amorphous sam-
ple (60 min milled). In this case, it can be expected that 
due to the highest amorphicity and smaller particle size, 
a drastic increase in particle growth and agglomeration 
could take place. This can lead to a decrease in the avail-
able surface for dissolution. Since DP-II was only formed 
in the solid state, this reaction appears to commence on a 
viscous solid surface with a few molecular layers of water 
present. A higher surface energy of an amorphous state 
could favor the reaction, despite an intense agglomeration 
at the mesoscopic scale. Also, DP-II formation will depend 
on the rate of HBr formation from the parent compound. 
DP-I results from direct peroxidation, while DP-II via bro-
mination with peroxide plays a catalytic role. Since this 
anomalous relation of the relative crystallinity to the two 
different types of degradation reaction of the same mol-
ecule is firstly observed, our hypothesis further needs a 
carefully designed experiment to (dis)prove them.

Similarly, the reduction in peroxide content is due to the 
consumption of peroxide species. As illustrated in Fig. 10, 
the consumption of peroxide and reduction in drug content 
(based on the chemical degradation) show a good linear 
relationship (R2 = 0.99). This observation clearly links and 
confirms the oxidative susceptibility of drug in the presence 
of reactive oxidative species.

Another important factor that can contribute to this anom-
alous relation of initial crystallinity to the degradation rate 
would be the moisture sorption behavior of the samples. 
While one would expect that the higher the amorphicity, 
the higher the moisture sorption propensity, we have found 
in our earlier study on the disordered simvastatin solid that 
moisture sorption extent can have a complex relation to the 
crystallinity [32]. Therefore, future attempt to clarify this 
unique degradation profile of disordered solid needs to duly 
report and interpret the role of moisture content.

Conclusion

Through this study, we report a differential oxidative reactiv-
ity of the vortioxetine hydrobromide solid state containing 
varying degrees of disorders. The formation kinetics of a 
minor brominated product catalyzed by peroxide was found 
to increase with the amorphous content of the sample. In 
contrast, the major oxidative degradation product formed 
via direct peroxidation was found to have a lower rate of 
formation in a fully amorphous sample than the partially 
crystalline sample. This highlights the importance of moni-
toring both degradation kinetics as well as degradation path-
way and product types as a function of the solid state of the 

Fig. 9  The plots of the rate constants of formation of DP I (KDP-
1) and DP-II (KDP-2) in the solid compacts of VOR-HBr and PHP 
exposed to 40 °C/75% RH for 6 h versus the degree of crystallinity 
of the samples obtained by DSC. Vertical bars in each point represent 
S.D. among replicate measurements (n = 3)
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Fig. 10  Plot showing the relationship between the amounts of hydro-
gen peroxide consumed versus the decrease in drug content in the 
solid compacts. Bars represent standard deviation among replicate 
measurements (n = 3)
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reactant. The thermal and spectral (infrared, Raman, and 
mass) signatures helped in interpreting the transformations. 
For an equivalent crystallinity level, the outcome for the oxi-
dative chemical reactivity was different between the milled 
single-phase and the physically mixed two-phase disordered 
system. Also, mechano-activated salt disproportionation was 
evidenced. This led to the involvement of bromine counter-
ion in drug degradation reaction catalyzed by peroxide. 
A wider case study involving diverse salt forms of drugs 
is needed to further explore these findings and to build a 
quantitative relationship between disordered–disproportion-
ated–degraded forms of the drug. In general, the traditional 
accelerated stability designs do not account for or measure 
the implications of solid-state disorder, salt disproportiona-
tion, etc. on the chemical degradation of drugs. Hence, the 
outcome of this study suggests the criticality of solid-state 
properties such as molecular mobility, Tg, and crystalliza-
tion rate constant to better predict the chemical stability of 
pharmaceuticals.
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