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ABSTRACT
Purpose To prepare and thoroughly characterize a new poly-
morph of the broad-spectrum antibiotic minocycline from its
hydrochloride dehydrate salts.
Methods The new minocycline hydrochloride polymorph was
prepared by means of the antisolvent effect caused by carbon
dioxide. Minocycline recrystallized as a red crystalline hydrochlo-
ride salt, starting from solutions or suspensions containing CO2

and ethanol under defined conditions of temperature, pressure
and composition.
Results This novel polymorph (β-minocycline) revealed charac-
teristic PXRD and FTIR patterns and a high melting point (of
247ºC) compared to the initial minocycline hydrochloride hy-
drates (α-minocycline). Upon dissolution the new polymorph
showed full anti-microbial activity. Solid-state NMR and DSC
studies evidenced the higher chemical stability and crystalline
homogeneity of β-minocycline compared to the commercial
chlorohydrate powders. Molecular structures of both
minocyclines present relevant differences as shown by multinu-
clear solid-state NMR.
Conclusions This work describes a new crystalline structure of
minocycline and evidences the ability of ethanol-CO2 system in
removing water molecules from the crystalline structure of this
API, at modest pressure, temperature and relatively short time
(2 h), while controlling the crystal habit. This process has therefore
the potential to become a consistent alternative towards the
control of the solid form of APIs.
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ABBREVIATIONS
API Active pharmaceutical ingredient
ASAIS Atomization of supercritical antisolvent induced

suspensions
DSC Differential scanning calorimetry
FTIR Fourier transform infrared spectroscopy
MRSA Methicillin-resistant Staphylococcus aureus
Nl Normal liter (mass of 1 l of gas at 1 atm and 20°C)
PR-EOS Peng-Robinson equation of state
PXRD Powder X-ray diffraction
RH Relative humidity
RVC Recrystallization visual cell
SAS Supercritical antisolvent
SELTICS Sideband elimination by temporary interruption

of the chemical shift
αMH Form α of minocycline hydrochloride
βMH Form β of minocycline hydrochloride

INTRODUCTION

Minocycline is a broad-spectrum long-acting, semi-synthetic
derivative of the antibiotic tetracycline, which inhibits the
bacterial protein synthesis preventing the binding of
aminoacyl-tRNA to the 30S bacterial ribosomal subunit.
Among the several antibiotics for clinical use, minocycline
(oral or intravenous administration) presents a broader spec-
trum when compared with other compounds from the tetra-
cycline family. This antibiotic shows a relevant potential
against bacterial multiresistant strains, such as methicillin-
resistant Staphylococcus aureus (MRSA) and Acinetobacter baumanii,
accountable for a high number of community- and hospital-
acquired infections. In addition, it is most commonly used to
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treat certain types of skin infections, mild rheumatoid arthritis,
urinary tract infections, gallbladder infections, and respiratory
tract infections, such as bronchitis, pneumonia, and sinusitis.
Minocycline is the most liposoluble of its class, effectively
crossing the blood–brain barrier. Recently neuroprotective
properties in different neurodegenerative diseases have been
related to minocycline’s anti-inflammatory and anti-apoptotic
effects. The increased lipophilicity also enhances minocycline
penetration into various tissues when compared to other tet-
racyclines (1–3).

Minocycline is commercialized in the form of a hydrochlo-
ride dihydrate salt (4). However, hydrates may pose several
drawbacks regarding products stability, particularly whenever
the product has poor crystallinity. In most cases, higher water
content is associated with higher rate of chemical degradation.
The magnitude of the “water effect” depends mostly on the
system being examined, as reviewed elsewhere (5,6). For ex-
ample, formulation instability may result from the redistribu-
tion of water from a crystallizing API to the remaining amor-
phous component (s), or vice versa. Overall, the control of the
crystalline form is crucial for pharmaceutical development
and formulation. Polymorphic behavior should be
acknowledged at an early stage of development as a mean of
ensuring reliable and robust processes and conformity with
good manufac tur ing prac t i ce s . Apar t f rom the
commercialized hydrochloride dihydrate salt, the literature
presents other five crystalline forms of minocycline with
lower melting temperatures. Mendes et al. (7) report three
crystalline polymorphic forms of this antibiotic by dissolution
and/or suspension of amorphous minocycline base in organic
solvents (ethers, esters or alcohols), followed by crystallization
from the mixture. The three polymorphs were
characterised by distinctive X-ray diffraction patterns
and infrared spectra. Xiurong et al. (8) describe two
other stable minocycline hydrochloride hydrate crystal
forms obtained through consecutive steps of dissolution,
crystallization, and drying of minocycline hydrochloride
in a binary mixture of alcohol and water. Both poly-
morphs were differentiated by characteristic diffraction
patterns and thermograms.

The selection of the most interesting polymorphs usually
faces a dichotomy: on one hand the thermodynamically
most stable form is preferred from a process control per-
spective; on the other hand, metastable polymorphs may
have more interesting physical-chemical properties, such as
melting point, bulk density, apparent solubility and
dissolution rate, ultimately determining the drug stability,
manipulation, and bioavailability (9,10). Therefore, the
key-factor for a reliable manufacture in terms of the
crystallization process lies in the careful evaluation of
both thermodynamic and kinetic parameters, aiming the
optimum therapeutic properties with best process control
and storage stability.

Technologies involving supercritical CO2 have been show-
ing great potential regarding the control of the crystalline form
of APIs (11). Furthermore, the miscibility of CO2 with organic
solvents provides alternative media for molecular recognition
events, enabling consequently the assembly of novel crystalline
structures, either polymorphs or cocrystals (12–15). Several
polymorphs have been produced by recrystallization with
supercritical CO2 (14,16–20) some of each are unique, i.e.
have not yet been produced by any other recrystallization
technique (14,17,20). Most of these polymorphs were obtain-
ed using the well-known Supercritical Antisolvent (SAS) pro-
cess. Briefly, the SAS process consists in dispersing a liquid
solution (typically through a nozzle) into supercritical CO2

(2,3,5,6,9,10). Crystallization is therefore the consequence of
supersaturation driven by the dissolution of CO2 in the liquid
and subsequent extraction of the solvent into the supercritical
phase (21). Conventional SAS processes require large volume
high-pressure equipment to perform these mechanisms, which
is a drawback. Yet an alternative has been proposed that
enables the exploitation of the antisolvent properties of CO2

in conventional spray-dryers by replacing the nozzle (ASAIS
process (14)).

The antisolvent properties of CO2 have been used before
to precipitate minocycline. Cardoso et al. (22) have used the
SAS process to micronize minocycline hydrochloride into
amorphous particles. It is difficult to control the crystalline
form using the SAS process because antisolvent crystallization
and solvent extraction occur simultaneously in the
precipitator, and therefore it is difficult to control competing
supersaturating mechanisms, which may lead to crystalline or
amorphous particles depending on subtle modifications in the
process conditions (14,21,23).

In this work, minocycline hydrochloride was recrystallized
in solution or suspension in three separated steps to enable
better control over its crystallinity: addition of CO2, recrystal-
lization under stirred conditions, and solvent extraction. This
process originated a new minocycline crystalline polymorph,
which recrystallized in ethanol-CO2 solutions as a dark-red
precipitate. This novel crystalline form was extensively char-
acterized, revealing a particularly high melting point of
247ºC. To distinguish this polymorph that recrystallizes by
the antisolvent effect of supercritical CO2, we thereby desig-
nate it as β-minocycline hydrochloride (βMH) from this point
forward.

EXPERIMENTAL METHODS

Materials

Minocycline chlorohydrate was kindly provided by
AtralCipan (Portugal). Absolute ethanol (99.5%) was supplied
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by Panreac (Spain) and was used as received. Carbon dioxide
99.98% pure was supplied by Air Liquide (Portugal).

Phase Equilibrium Studies

The precipitation of minocycline hydrochloride from ethanol
solutions was carried out in the experimental setup schemat-
ically described in Fig. 1. The recrystallization visual cell
(RVC) is represented in more detail in Fig. 2. It consists
essentially of an 8 cm3 stainless-steel high-pressure vessel with
a borosilicate glass window (Maxos™, Auer Lighting,
Germany), with an inlet and outlet ports. Pressure and tem-
perature were measured using, respectively, a pressure trans-
ducer (Omega model PX603) and a T-type thermocouple
assembly (Omega). The system pressure was controlled by a
Newport Compressor (model 46-13421-2) and a back-
pressure regulator (Tescom, model 26-1722-24). The RVC
was kept in a temperature controlled air chamber by using a
temperature controller Ero Electronic (model LDS) and a T-
type thermocouple (Omega).

Three initial concentrations of minocycline hydrochloride
in ethanol were studied: 5, 10 and 20mg/g. One gram of each
minocycline hydrochloride solution was loaded into the RVC.
The cell was pressurized with CO2 in small steps, correspond-
ing to a pressure increase of approximately 0.2 MPa, each
followed by a phase-equilibrium stabilization period of ap-
proximately 10 min with stirring (at 200 rpm) by means of a
magnetic stirrer (Selecta, model Agimatic-N). The procedure
was repeated until the formation of a precipitate was ob-
served. Preliminary runs were performed to determine rough-
ly the precipitation pressure. Afterwards, each point was re-
peated at least in triplicate and standard deviations were
calculated. The phase equilibrium of ethanol and CO2 was
calculated using the Peng-Robinson equation of state (PR-
EOS). The interaction parameter used in this calculation was
obtained from experimental data published in a previous work
(23). The calculations were made using the Matlab software
(MathWorks, USA).

Minocycline Recrystallization in Suspension

Minocycline hydrochloride (αMH)/ethanol mixtures in mass
proportion of 1:10 (100 mg of αMH to 1 g of ethanol) were
loaded in the recrystallization visual cell schematically shown
in Fig. 2. Because the minocycline composition in the mixture
was much higher than the solubility limit in ethanol – we
visually observed its precipitation when concentration reached
approximately 5 mg/g by saturating 1.0 g of ethanol – a
suspension was formed. This suspension was then mixed with
CO2 until the working pressure reached 8MPa (at 50°C). The
mixture was stirred at 200 rpm during the entire experiment.
The recrystallization time was 2 h in all runs. Afterwards,
50 l of fresh CO2 flowed through the RVC (with a flow-rate

of 2 l/min) to remove the ethanol. Afterwards, the high-
pressure vessel was slowly depressurized and the resulting
material was collected from the vessel. Experiments were also
carried out using N2 instead of CO2 under similar experimen-
tal conditions as a negative control of the antisolvent effect.
The samples were stored in a closed desiccator prior to their
characterization.

Differential Scanning Calorimetry (DSC)

Thermal analysis was performed using a Thermal Advantage
differential scanning calorimeter Q1000 V9.8 (TA
instruments-Waters, LLC) that was calibrated for temperature
and cell constants using indium and sapphire. Samples (1–
2 mg) were crimped in non-hermetic aluminium pans (30 μl)
and scanned at a heating rate of 10ºC/min in the range 25–
200ºC under a continuously purged dry nitrogen atmosphere
(with flow rate of 50 ml/min). The instrument was equipped
with a refrigerated cooling system. The data were collected in
triplicate for each sample and were analysed using TA
Instruments Universal Analysis 2000 V4.3A software.

Powder X-ray Diffraction (PXRD)

X-ray powder data were collected in a D8 Advance Bruker
AXS θ–2θ diffractometer, with copper radiation (Cu Kα, λ=
1.5406 Å) and a secondary monochromator. The tube voltage
and amperage was 40 kV and 40 mA, respectively. Each
sample was scanned with 2θ between 5° and 35° with a step
size of 0.01° and 0.5 s at each step.

Fourier Transform Infrared Spectroscopy (FTIR)

Dry samples of the new polymorph as well as the commercial
minocycline were mixed with pure potassium bromide (KBr)
powder and pressed. The FTIR spectra of the KBr pellets
were obtained using a Mattson Satellite spectrometer, over
the wave number range from 400 to 4,000 cm−1 at a resolu-
tion of 4 cm−1, with an average accumulation of 100 scans.

Determination of the Chloride Content by Ion
Exchange Chromatography

The chloride content in the minocycline hydrochloride sam-
ples was determined from a calibration curve by using an ion
exchange chromatograph Dionex (USA) model DX-120 pro-
vided with an AS14A column and an Anion Self-
Regenerating Suppressor ASRS300, eluted with a 1 ml/min
flow of an 8 mM sodium carbonate and 1 mM sodium
bicarbonate solution.
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Water Determination Using Karl Fischer Titration

The water content in the minocycline hydrochloride samples
was measured by Karl Fischer titration using an 831 KF
coulometer apparatus with a 728 magnetic stirrer
(Metrohm). This technique was introduced by Karl Fischer
in 1935 (24) and improved by other authors as described
elsewhere (25).

Three different samples were analyzed: raw minocycline
(αMH), and particles obtained by recrystallization using N2

and using CO2. Each sample was dissolved in dichlorometh-
ane in a concentration of 1 mg/ml and then 300 μl of this
solution was injected into the Karl Fischer apparatus. A blank
assay was performed by determining the water mass of

dichloromethane. The analyses were performed in triplicate
and the results averaged for the water mass in each sample.

15N and 13C Solid-State NMR

Powdered samples of the β-minocycline (~200 mg) were
packed into 7 mm o.d. cylindrical zirconia rotors. 15N cross
polarization/magic angle spinning (CP/MAS) and 13C CP/
MAS spectra were obtained at 30.42 MHz and 75.49 MHz,
respectively, on a Tecmag Redstone/Bruker 300 WB spec-
trometer, at a rate of 3.5 kHz with 90° RF pulses of about 6 μs
and 4 μs, contact time of 3 ms and 1 ms, correspondingly, and
a relaxation delay of 3 s. The significant contributions of
the13C spinning side bands, particularly in the aromatic and
carbonyl regions, were evaluated by comparing spectra run
with and without the SELTICS sequence (Sideband
Elimination by Temporary Interruption of Chemical Shift)
(26). CP/MAS spectra with suppression of 13C non-
quaternary signals were achieved by interrupting proton
decoupling during 40 μs before the acquisition period.
Protonated 15N signals were also suppressed in part using
the same RF sequence and a 40 μs delay (total suppression
were observed with a delay of 650 μs). 15N and 13C chemical
shifts were referenced with respect to external glycine
(15NH2 observed at 32.4 ppm in the liquid NH3 scale,
and 13CO observed at 176.03 ppm). Typically, each
spectrum was recorded in about two hours in order to
accumulate 2,400 transients.

Fig. 1 Schematic diagram of
experimental setup. VSC vessel
storage cylinder; BPR back-
pressure regulator; RVC
recrystallization visual cell; F porous
filter; T temperature indicator. P
pressure indicator; Tc temperature
controller.

Fig. 2 Recrystallization visual cell. 1 inlet; 2 outlet; 3 glass window; 4 sealant
O-ring.
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Relative Humidity Stability Analysis

Relative humidity (RH) conditions were achieved at ambient
temperature (20°C) within sealed glass desiccator jars contain-
ing P2O5, for the 0% RH condition, and a saturated solution
of CuSO4.5H2O, for 90%. Relative humidity conditions were
monitored with humidity-indicator cards (Sigma-Aldrich). To
compare the stability of α-minocycline hydrochloride to that
of β-minocycline, open paper dishes containing 120 mg of
powder were stored in the RH chambers at ambient temper-
ature. A dish was removed for each material at each time
point.

RESULTS

Recrystallization of Minocycline with CO2

β-Minocycline precipitated in solution as a dark-red precipi-
tate. After drying, it was recovered as a dark orange powder.
The antimicrobial activity runs (not presented here) revealed
that the recrystallized minocycline (β-minocycline) retained
complete anti-microbial activity upon dissolution – the inhi-
bition halos observed for rawminocycline hydrochloride were
equivalent to those obtained with the new minocycline poly-
morph for all the reference antibiotic-susceptible isolates and
the multidrug resistant isolates experimented.

Figure 3 shows equilibrium solubility of minocycline in
mixtures of β-minocycline-ethanol-CO2 measured experi-
mentally and the corresponding CO2 composition calculated
from the Peng-Robinson equation of state. Figure 3 (a) shows
that the precipitation pressure increases with increasing tem-
perature, albeit the CO2 liquid composition required to pre-
cipitate minocycline (at constant initial composition) was little
sensitive to temperature in the range experimented here [see
Fig. 3 (b)]. When the minocycline composition was 5 mg/g,
the precipitation occurred in the vicinity of the critical point
(where dV/dP tends to infinite) and therefore the composition
could not be calculated using an equation of state.

β-Minocycline could also be recrystallized from suspen-
sions of minocycline hydrochloride in CO2-ethanol mixtures.
However, we observed the reconversion of the dark red pre-
cipitate to the original yellow color during the depressuriza-
tion of the system. Minocycline could only be recovered in the
red crystalline form when the suspension was dried before
depressurization by circulating 50 l of dry CO2.

β-Minocycline Characterization

β-Minocycline was thoroughly characterized using several
techniques . Figure 4 shows comparat ive PXRD
diffractograms of the raw minocycline hydrochloride (αMH)
and the newminocycline polymorph. Clearly distinctive peaks

can be observed at 5.5, 9.6, 11.0, 13.5, 15.6, 15.8, 16.5, 16.8,
17.4, 18.3, 19.0, 19.2, 20.8, 22.0, 22.2 e 23.3±0.2° 2θ, being
the most evident peak at 9.6 θ.

β-Minocycline is also characterized by having distinctive IR
peaks at 1664, 1617, 1583, 1510, 1460, 1405, 1343, 1291,
1214, 1193, 1131, 1094, 1044, 1002, 973, 957, 876, 831,
717, 755, 670, 576 e 544±4 cm−1, as Fig. 5 (b) shows. Small
differences may be found in the IR spectra when comparing
raw minocycline hydrochloride with β-minocycline. The ab-
sorption bands of the raw material are represented by sharp
peaks and are assigned to the O-H and N-H stretching vibra-
tions (3,480–3,355 cm−1), whereas in β-minocycline these ab-
sorption bands (3,434–3,253 cm−1) are broader. α-Minocycline
hydrochloride range of peaks [see Fig. 5 (a)] are well separated
from the O-H and N-H bands, probably due to the presence of
Csp2-H and Csp3-H stretching vibrations (3,089–2,879 cm−1),
whilst the new polymorph shows a more extended set of corre-
sponding peaks (2,998–2,780 cm−1). Furthermore, an inversion
in the intensity of the peaks concerning the conjugated C=O
and C=C absorptions bands can be observed from α-

Fig. 3 Precipitation of minocycline hydrochloride from CO2-ethanol mix-
tures for initial minocycline concentrations of 5 mg/g (black square), 10 mg/g
(black triangle), and 20 mg/g (black circle). (a) pressure-temperature of
observed precipitation points; (b) calculated liquid composition of CO2 at
precipitation conditions, using the Peng-Robinson equation of state. Lines
correspond to calculated equilibrium CO2-ethanol isotherms at 35ºC (solid
line), 40ºC (long dashed line), and 45ºC (short dashed line).
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minocycline hydrochloride to β-minocycline. In the latter, the
first peak (1,617 cm−1) is weaker than the second peak
(1,583 cm−1), an opposite profile found for the former
minocycline hydrochloride where the first peak (1,601 cm−1)
is stronger than the second one (1,586 cm−1).

The chemical analyses revealed that all the recrystallized
minocycline forms are chloride salts with 1:1 stoichiometry.
However, the water content of β-minocycline is one third of
the water content of the other forms, showing that
minocycline lost most of its water during the recrystallization
step with CO2. The stoichiometry of the common
(yellowish) minocycline hydrochloride corresponds ap-
proximately to 2 water molecules per molecule of
minocycline, as expected, while the stoichiometry of
the new minocycline polymorph is 0.7.

Figure 6 compares the thermograms of the raw
minocycline hydrochloride and of the β-minocycline. The
raw product shows two endothermic peaks at 187ºC and
197ºC, approximately followed by its degradation. On the
contrary, β-minocycline shows a single melting peak at 247ºC
and a significantly higher thermo-stability. Figure 7 shows that
β-minocycline reverts back to the yellowish hydrochloride
after approximately 3 days storage in a 90% RH atmosphere.

NMR Analysis of β-Minocycline Structural
Modifications

15N and 13C solid-state NMR were used to obtain detailed
information about eventual structural modifications when
comparing the raw minocycline hydrochloride with the new
minocycline polymorph. Firstly, we must point out that

tetracyclines comprise two different π-electronic systems
(chromophores): a smaller one located on ring A, and a larger
one located on rings BCD. Also, minocycline is the only
tetracycline that has a N(Me)2 group para to the aromatic
phenol (see Scheme 1) and the π-electronic system of the
BCD-chromophore is slightly perturbed by the electron do-
nating N(Me)2 group. It is generally accepted that the fully
protonated species (Scheme 1) adopts a geometry different
from that of the completely deprotonated species (27).

To our knowledge, the first 15N CP/MAS study of
tetracyclines was reported by Curtis and Wasylishen (28) who
demonstrated that 15N is a sensitive probe of the protonation of
the A ring of tetracyclines. Figure 8 shows 15N CP/MAS
spectra recorded from raw minocycline hydrochloride and β-
minocycline. The final chemical shifts are presented in Table I.

Only three 15N resonances were observed on the CP/MAS
of α-minocycline hydrochloride spectrum, which were
assigned to the N,N-dimethylamino nitrogens attached at
the C7 position of the aromatic D ring (49.8 ppm), at the C4

position of the A ring (41.9 ppm), and to the amide group
CO15NH2 (99.8 ppm). These results agree well with previous
reported data on minocycline hydrochloride (see Table I)
(29). Figure 8 also shows 15N CP/MAS spectra from β-
minocycline (b) and α-minocycline hydrochloride (d) which
were run with 40 μs dipolar dephasing before the acquisition
period. The selection of a dipolar dephasing delay short
enough to enable recording NH2 signals facilitates observing
the trend followed by other resonances when submitted to that
delay. Accordingly, it is observed an intensity decrease of the
three 15N minocycline hydrochloride signals while for β-
minocycline the resonance at lower frequency (24.4 ppm) is

Fig. 4 PXRD diffractograms of
minocycline hydrochloride (before
recrystallization – commercial,
unprocessed product) and of the
new minocycline polymorph after
2 h recrystallization in a CO2-
ethanol suspension.
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not affected. This result clearly shows that in β-minocycline one
N (CH3) 2 only is protonated that, at this stage, is not possible to
assign unequivocally. Also, 15N signal at 48.4 ppm may be
assigned to deprotonated 4-N(CH3)2 or 7-N(CH3)2.
Moreover, the fact that the signal of the NH2 group of β-
minocycline is observed at a frequency (120.7 ppm) higher than
the signal of the NH2 group of raw minocycline (99.8 ppm) is
consistent with a modification of the involvement of NH2 in
hydrogen bonding when compared with raw minocycline. 15N
chemical shift is more sensitive to the presence of the hydrogen
bonds than 13C due to the wider chemical shift range of the

former. For the 15N isotropic chemical shift, the protonation
induced shifts are of the order of about 25 ppm toward higher
frequencies for aliphatic amines (30).

Further elucidation on the structures of both minocyclines
was obtained from 13C CP/MAS spectra. Figure 9 shows
relevant 13C CP/MAS spectra of α-minocycline hydrochlo-
ride and of the new polymorph obtained with elimination of
spinning side bands. Two spectra are presented for each
minocycline thus enabling to identify signals from strongly
dipolar coupled nuclei (CH and CH2). These signals are
suppressed in Fig. 9 (b) (the spectra were acquired using a

Fig. 5 FTIR spectra: (a) α-
minocycline hydrochloride; (b)
β-minocycline hydrochloride.
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RF sequence that enables observing only quaternary and
methyl resonances), whilst Fig. 9 (a) shows all the resonances.
The corresponding chemical shifts are listed in Table I. The
assignments of the α-minocycline and of the β-minocycline
spectra were primarily based upon comparison to solution
(31–35) and solid-state results (29). Previous assignments from
solid studies are also shown in Table I. 13C CP/MAS tech-
nique was already used to obtain high resolution solid-state
I3C NMR spectra of several tetracycline antibiotics (29).

Both 13C CP/MAS spectra are assigned to crystalline com-
pounds, in the NMR scale, with one molecule in the unit cell
because only one resonance is assigned to each carbon species.
All signals are well resolved, except those from carbons bound to
14N (e.g. C4, 2-CONH2), because of the extent of dipolar
broadening due to the neighboring quadrupolar nuclei. The
chemical shifts of theminocycline hydrochloride (αMH) are very
similar to previous data reported by Curtis andWasylishen (28),
as pointed out for 15N data (Table I). Therefore, at this stage,
αMH is considered to be a fully protonated form of minocycline
with two possible tautomeric forms of the amide substituent.
Subsequently, by comparison with the chemical shifts obtained
for doxycycline hydrochloride (28) which crystallizes with two
molecules per unit cell, each one with a different tautomeric

form, wemay conclude that the chemical shift of C2 (99.82 ppm,
see Table I) is consistent with the presence of the tautomeric
form 1 of Scheme 2. 13C CP/MAS spectrum of αMH agrees
well with the presence of a single molecule with four
inequivalent amino-methyl groups, not to the presence of two
different tautomeric forms, because only one resonance was
obtained for each one of all the other carbon species. Thus,
are assigned two signals to methyl groups in 7-N(CH3)2 and two
signals to methyl groups in 4-N(CH3)2. However, it must be
pointed out here that elsewhere (28) only two chemical shifts
were indicated for the amino-methyl groups, presumably for 4-
N(CH3)2, the group that is present in all tetracyclines.

In a first approach, these are the most important differ-
ences between minocycline hydrochloride (αMH) and β-
minocycline (βMH) spectra:

a) Low field (high frequency) shifts are observed for all the
resonances of β-minocycline except in the positions of C2,
C9, C12 andC12a, not taken themethyl groups into account.

b) In the region 20–60 ppm: αMH presents six well-resolved
resonances and βMH four only.

c) In the region 120–150 ppm: αMH shows signals at
120.20 ppm and 133.47 ppm, while βMH presents reso-
nances at 143.2 ppm and 140.3 ppm.

d) In the region 170–200 ppm: the asymmetric signals from
2-CONH2 are observed at 171.32 ppm and 174.57 ppm
for αMHand βMH, respectively, and the signals fromC1,
C3 and C11 are all shifted to higher frequencies in βMH
when compared with those in αMH.

These observations are consistent with changes in βMH,
namely:

a) Methyl resonances from4-N(CH3)2 equivalent to 7-N(CH3)2
signals.

b) Electronic changes induced in ring D.
c) Hydrogen bond rearrangements.

Fig. 6 DSC thermograms: (a) raw minocycline hydrochloride; (b) β-
minocycline hydrochloride.

Fig. 7 Relative Humidity (RH)
stability of β-minocycline
hydrochloride. Appearance before
(left) and after (right) 72 h in 90%
RH.
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Therefore, in β-minocycline, 13C CP/MAS NMR shows
that deprotonation of the C7-N(CH3)2 group is particularly
noticeable by the observed changes in the D ring resonances:
strong deshielding of C6a and C7 (−6.80 and−9.72 ppm,
respectively) and shielding of C9 (3.87 ppm, which is due to

the γ-shielding effect). On the other hand, the C1 high fre-
quency shift (−6.48 ppm) points to hydrogen bonding involv-
ing C1O and 2-COHNH2 (174.57 ppm), as shown in form 2
of Scheme 2, not NH2 in the amide group (form 1 of
Scheme 2). Also, the chemical shifts observed for C11 and
C12 (194.96 and 171.98 ppm) are consistent with no hydrogen
bonding between C11O and HOC12. In the αMH spectra,
C11 and C12 are observed at 193.96 and 176.93 ppm, respec-
tively, which is an indication that HOC12 may be involved in
hydrogen bonding to C11O. The C4 signal has similar shape
in both minocycline spectra and the corresponding chemical
shift differs only by 0.98 ppm. Thus, the effect of 14N on the
C4 resonance is analogous in both compounds and this feature
is consistent with the 4-N(CH3)2 groups being protonated in
both minocyclines.

Taking into account the conclusions obtained from 15N
and 13C CP/MAS NMR data, it is proposed here that the
chemical structure for β-minocycline is that shown in
Scheme 3. Moreover, the conformations of the amide substit-
uent in the ring A of the raw minocycline and of the β-

Fig. 8 15N CP/MAS spectra
obtained from β-minocycline
hydrochloride (a, b) and from α-
minocycline hydrochloride (c, d)
without (a, c) and with 40 μs
dipolar dephasing before the
acquisition period (b, d).

Scheme 1 Chemical structure of fully protonated α-minocycline
hydrochloride.
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minocycline appear to be similar to forms 1 and 2 of
Scheme 2, respectively.

It is worth mentioning that additional structural eluci-
dation on minocyclines could be obtained from solid-state
NMR experiments using more sophisticated techniques
that generally require higher magnetic fields and fast
MAS. Examples of these techniques are novel 15N-edited
and 2D 14N-1H solid-state NMR (36), to probe intermo-
lecular interactions and nitrogen protonation, or 14N-1H
HMQC solid-state NMR (37) or high-resolution1H
double-quantum solid-state NMR spectroscopy (38), to
probe hydrogen bonding.

Future work will be performed in order to solve the β-
minocycline structure using either PXRD or PXRD in com-
bination with solid-state NMR data. In the latter case, crystal
structure determination from PXRD data will allow the cal-
culation of the NMR data using density functional theory-
based techniques, with the structure validated by seeking

agreement with experimental NMR data, as shown in recent
studies (39,40).

DISCUSSION

The results presented here evidence that carbon dioxide acted
as an antisolvent, recrystallizing minocycline as a new hydro-
chloride crystal. The raw minocycline and the minocycline
processed with N2 show the same stoichiometry. Even though
a significant current of anhydrous nitrogen circulated in the
recrystallization cell, the water content was not reduced be-
cause the two water molecules should be in the crystalline
lattice of the minocycline hydrochloride crystals. The new
minocycline polymorph shows a much reduced water content,
which also explains the clearly distinct PXRD and IR peaks
(Figs. 4 and 5) (41). We were not able to produce the β-
minocycline polymorph when CO2 was replaced by N2.

Table I 15N CP/MAS and 13C CP/MAS chemical shifts of α-minocycline hydrochloride (δ1) and of β-minocycline hydrochloride (δ2) obtained in this study and
reported on the indicated references for α-minocycline hydrochloride. The chemical shift differences (δ1 – δ2) are also shown in underlined and bold formats for
rings B and D, respectively, while the corresponding data for rings A and C are depicted in the usual format

13C (δ)/ppm
15N (δ)/ppm
(this study)

13C (δ)/ppm
15N (δ)/ppm
(from refs.28,29)

Carbon number δ1 δ2 δ1 − δ2

1 189.12 195.60 −6.48 189.5

2 99.82 98.86 0.96 100.2

2-CONH2 171.32
99.0

174.57*
120.7

−3.25
−21.7

171.2
99.8 (29)

3 186.53 187.84 −1.31 187.0

4 68.11 69.09 −0.98 68.9

4a 35.10 38.03 −2.93 35.6

4-N(CH3)2 38.99/43.19
41.2

44.50/47.73
48.4

−5.51/−4.54
−7.2

39.5/43.8
41.9 (29)

5 ~28 ~30 −2 27.4

5a 31.22 33.17 −1.95 31.9

6 35.10 38.03 −2.93 35.6

6a 133.47 140.27 −6.80 133.9

7 133.47 143.19 −9.72 133.9

7-N(CH3)2 46.43/49.99
49.2

44.50/47.73
24.4

1.93/2.26
24.8

–

49.8 (29)

8 129.91 130.24 −0.33 130.4

9 120.20 116.33 3.87 120.7

10 158.38 159.04 −0.66 158.8

10a 114.70 116.33 −1.63 115.3

11 193.97 194.96 −0.99 194.4

11a 108.23 109.53 −1.3 108.7

12 176.83 171.98 4.85 177.2

12a 75.87 75.24 0,63 76.4

* This assignment was based on the observed signal broadening due to the interaction with 14 N, a quadrupolar nucleus
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Scheme 2 Chemical structure of tautomeric forms of the amide substituent
in ring A found in tetracycline hydrochloride salts (28). Scheme 3 Chemical structure of β-minocycline proposed in this study.

Fig. 9 13C CP/MAS spectra of α-
minocycline hydrochloride (1) and
of β-minocycline hydrochloride (2),
which were recorded with
elimination of spinning side bands:
(a) showing all the carbon
resonances; (b) not presenting CH
and CH2 signals (run with a non-
quaternary carbon signal
suppression pulse sequence).
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This result emphasizes the importance of CO2 antisolvent
action on minocycline crystallization, as N2 provides a nega-
tive control for this particular precipitation mechanism (14).

Others have already addressed the precipitation of
minocycline hydrochloride by using a CO2 antisolvent process
(SAS) (22). Nevertheless it has been reported the preparation
of amorphous hydrochloride precipitates only. This
discrepancy of results emphasizes the importance of
controlling thermodynamic and kinetic constraints,
whenever a particular crystalline form is desired as herein,
rather than simply aiming the micronization of the material as
pursued by Cardoso et al. (22). The conditions required for
precipitation of β-minocycline are shown in Fig. 3, wherein it
is observed that the new minocycline polymorph precipitates
in solution when an antisolvent composition is achieved. The
antisolvent precipitation is progressive, i.e. low composition in
minocycline requires higher composition of CO2 in the liquid
phase. Minocycline was therefore precipitating as it became
increasingly diluted, because its solubility decreases as the
volume of liquid increases due to the condensation of CO2.
Conversely, in the SAS process, the solvent is rapidly extracted
and therefore supersaturation may be a consequence of in-
creasingly concentrating solutions, similarly to a conventional
spray-drying (14). This disfavors the formation of anhydrous
minocycline because the water dissolved (approximately 9%
as Table II shows), which was initially present in the hydro-
chloride structure, should also concentrate in solution, be-
cause the solvent (ethanol) is preferentially extracted, as it is
far more soluble in supercritical CO2.

β-Minocycline revealed substantial propensity to revert
back to the hydrate form in a 90% RH atmosphere (Fig. 7).
We also observed that the β-minocycline crystal was only
obtained when the mixture was cleared from the ethanol
and the crystallization water, by circulating a CO2 stream
(50 l) prior to the system depressurization. Since the aim of
this work focused mostly on the characterization of the new
polymorph, no systematic process optimization was carried
regarding the crystallization kinetics and overall efficiency.
Still, Fig. 4 shows that minocycline hydrochloride could also
be recrystallized in suspension in relatively short time. After
2 h of recrystallization in suspension the raw hydrochloride
dihydrate characteristic peaks could not be detected in the

diffractograms of the samples; which could therefore be char-
acterized as “PXRD pure” (see Fig. 4).

β-Minocycline was less stable at 90% RH than the initial
hydrate, obviously because the last was already hydrated.
Nonetheless, an overall higher chemical stability may be in-
ferred from the much higher melting point of β-minocycline
(247ºC compared to 197ºC or 187ºC) (see Fig. 6). The higher
stability is particularly evident in the thermogram of Fig. 6
wherein the hydrochloride shows two clear peaks, suggesting
that the sample is a mixture of crystalline polymorphs of
minocycline hydrates. Solid-state NMR presented evidence
for strong structural differences between α-minocycline and β-
minocycline. The most important one is the presence of just
one N-dimethylamino protonated nitrogen in β-minocycline
while both nitrogens are protonated in minocycline hydro-
chloride. Considering that all the recrystallized minocycline
forms are chloride salts with 1:1 stoichiometry and that both
N-dimethylamino nitrogens are protonated in minocycline
hydrochloride it is hypothesized here that, under acidic con-
ditions, water was involved in the protonation of one of the
nitrogens in the minocycline hydrochloride. Subsequent to
water removal, this nitrogen was deprotonated giving β-
minocycline which contains just one third of the water content.

The thermogram (Fig. 6) shows that β-minocyline is stable
until its melting temperature is reached, degrading immedi-
ately afterwards. Notwithstanding, the 247 ºC places
minocycline in the top of the most heat-resistant antibiotics.
The thermostability across a wider range of temperature may
enable the development of new minocycline formulations by
using processes involving high temperature, such as develop-
ment of antibiotic composite materials by hot-melt extrusion
or exothermic polymerization reactions.

Overall, we must also emphasize the potential of the
ethanol-CO2 system towards the production of anhydrous
substances. The ability of supercritical CO2 to extract water
from hydroalcoholic mixtures has been previously reported
(23,41). However, herein water molecules were extracted
from the crystalline structure of an API by simply suspending
it in ethanol-CO2 mixtures under moderate pressure and
temperature (8 MPa and 45ºC) for a relatively short period
of time (2 h). Such conditions are easily attained by using
conventional equipment that is typically employed in

Table II Comparative analysis of the chemical composition of the raw minocycline hydrochloride (α-minocycline), β-minocycline hydrochloride and α-
minocycline hydrochloride processed with N2

Composition
(weight fraction)

Stoichiometry per molecule of minocycline (C23H27N3O7)

Water Chloride Water Chloride

α-Minocycline hydrochloride 0.09 0.067 2.2 1.0

β-Minocycline hydrochloride 0.03 0.07 0.7 1.0

α-Minocycline hydrochloride recrystallized with N2 0.10 0.067 2.5 1.0
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extraction using supercritical CO2. We therefore anticipate
that this may be an alternative process to control the crystal-
linity of APIs and perhaps the intellectual property of more
advanced pharmaceutical products.

CONCLUSIONS

A novel minocycline hydrochloride polymorph was discov-
ered that shows a considerably higher thermostability (with a
melting point of 247ºC) and crystalline homogeneity than the
commercially available hydrochloride dihydrate salts. The
recrystallization process results from the antisolvent properties
of carbon dioxide and from the considerable affinity of water
to ethanol-CO2 mixtures. The results discussed here may
drive two major lines of work: one regarding the formulation
and applications of β-minocycline hydrochloride, and other
regarding the use of the ethanol-CO2 system as a route for
producing anhydrous APIs.
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