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Concomitant Pseudopolymorphs of 10-Deacetyl Baccatin III
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Abstract. Three new solvates [mono-dimethyl sulfoxide (mono-DMSO), mono-dimethyl acetamide
(mono-DMA) and mono-dimethyl formamide (mono-DMF)] of 10-Deacetyl baccatin III, were
generated by slow evaporation in DMSO, DMF, and DMSO/DMA (1:1) solvent systems respec-
tively. Two concomitant forms mono-DMSO(a new form) and di-DMSO (a known form) were
obtained in the DMSO solvent system. Yet two other concomitant forms mono-DMA (a new form)
and di-DMSO (a known form) were obtained in DMSO/DMA (1:1) solvent system. A fourth
solvate mono-DMF (a new form) was crystallized in unimolar ratio using DMF as a solvent. These
solvates were characterized using powder X-ray diffraction, differential scanning calorimeter,
thermogravimetric analysis (TGA), and spectroscopic [13C solid-state nuclear magnetic
spectroscopy, solution 1H NMR, and Fourier transform infrared] techniques. The interactions
between host and guest molecules were elucitated by single-crystal X-ray diffraction data. In all
the cases, guest molecules are connected to the host molecules by O–H···O hydrogen bonds. A
remarkable difference in the desolvation onset temperatures of di- and mono-DMSO solvates was
observed which was also featured by a corresponding weight loss during TGA analysis.
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INTRODUCTION

In general, the discovery of inclusion compounds is a
result of serendipity, obtained during crystallization from
various solvents (1). However, development in supramo-
lecular chemistry (2) and crystal engineering reveals that
host–guest compounds can be rationally designed and
synthesized. Desiraju has more aptly defined crystal en-
gineering as “the understanding of intermolecular inter-
actions in the context of crystal packing and in the
utilization of such understanding in the design of new
solids with desired physical and chemical properties” (3).
By understanding the history of molecular arrangements
in crystals, host–guest pioneers described how to design
novel host materials (4–8). The host–guest, inclusion
compounds and solvates of the latter case have been
called as pseudopolymorphs (9,10). The study of inclu-

sion compounds is one of the hot topics in chemical
research (11–19) since it has applications in magnetism,
gas storage devices, nonlinear optical materials, targeted
drug delivery, etc. (19,20).

The formation of two different forms of a same species
simultaneously in the same container under identical con-
ditions is termed as “concomitant polymorphs” or “con-
comitant pseudopolymorphs” (21). The situations in which
polymorphs concomitantly crystallize are determined by the
experimental conditions in relation to both the free energy–
temperature relationships and the relative kinetic factors.
The possibilities of concomitant pseudopolymorphs was
explained by Dinabandhu Das et al., when a host (H) is
crystallized from a solvent (S), either only one kind of
solvate (H.nS) could be formed, or different solvates such
as H.n1S, H.n2S, etc. can result depending on the stoichi-
ometry of H and S (22). In principle, there are four possi-
ble structural outcomes of crystallizing H (host) from a
binary mixture of solvents S1 and S2: (1) the host can
crystallize in its apohost form (without solvent); (2) H can
include only solvent S1 to form H.n1S1; (3) H can include
only solvent S2 to form H.n2S2 and (4) both solvents can
be included to yield a so-called “mixed solvate (23,24)”
H.n1S1.n2S2, mixed crystal solvates are generally not ob-
served. Concomitant pseudopolymorphs have recently been
investigated in a systematic manner (9,10,22). Though, dual
concomitant pseudopolymorphs occur frequently in a
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mixture of solvents in unimolar ratios, concomitant poly-
morphs of one host and two guests, one host and one guest
are not very common. We have reported such rare case of
concomitant crystallization of 10-DAB III, a pharmaceuti-
cally relevant compound in different stoichiometric solvates
using DMSO and a mixture of DMSO and DMA.

10-DAB III ((2aR,4S,4aS,6R,9S,11S,12S,12aR,12bS)-12b-
(acetyloxy)-12-(benzoyloxy)-1,2a,3,4,4a,6,9,10,11,12,12a,12b-
dodecahydro-4,6,9,11-tetrahydroxy-4a,8,13,13-tetramethyl-
7,11-methano-5H-cyclodeca(3,4)benz(1,2-b) oxet-5-one)
(Scheme 1) is closely related to natural organic compound
isolated from the Pacific yew tree (Taxus brevifolia) and
related species. 10-DAB III is a key starting material of
paclitaxel (Tazol) and docetaxel (Taxotere) which are
used as anticancer drugs. Both paclitaxel and docetaxel
possess a common tetracyclic ring and differ only in the
substitution of side chains.

So far, only one crystal structure of 10-DAB III was
reported in Cambridge Crystallographic Data Centre
(CCDC), a dimethyl sulfoxide (DMSO) solvate in 1:2
ratio (Form III) (25). In the present study, we have crys-
tallized three new solvates of 10-DAB III viz. mono-
DMSO (Form I), mono-DMA (Form II), and mono-
DMF (Form IV). All these forms of 10-DAB III including
Form III were fully characterized by powder X-ray dif-
fraction (PXRD), NMR (solid state and solution state),
Fourier transform infrared (FT-IR), differential scanning
calorimeter (DSC), and thermogravimetric analysis (TGA)
techniques. Single-crystal X-ray diffraction (SXRD) stud-
ies were performed on Form I and II to elucidate the
interaction between host and guest molecules in the crys-
tal packing system. The Form IV crystallized as very thin
crystals and therefore was not deemed suitable for SXRD
analysis.

MATERIALS AND METHODS

Materials

10-DAB III (M.Wt—544, C29H36O10) was procured from
Deccan Nutraceuticals private limited, Pune, India. GC-grade
solvents DMSO, DMA and DMF were procured from Merck
Chemicals, Darmstadt, Germany.

Preparation of 10-DAB III Solvates

Forms I and III were crystallized from a supersatu-
rated solution of 10-DAB III. An excess amount of 10-
DAB III was dissolved in DMSO at 60°C and the solution
was filtered through 0.45 μm Whatman filter. The filtered
solution was allowed to evaporate slowly at room temper-
ature and after 6 days of evaporation, crystals with two
different morphologies having diamond and plate shapes
were observed (Fig. 1). These crystals were separated
manually and dried.

Forms II and III were crystallized from a supersatu-
rated solution of 10-DAB III by dissolving its excess
amount in equal volumes of DMA and DMSO at 60°C.
The solution was filtered through 0.45 μm Whatman filter
and allowed to evaporate slowly at room temperature.
After 8 days, crystals with two different morphologies
having needle and diamond shapes were observed
(Fig. 2). These crystals were separated manually and
dried.

Form IV was crystallized from a saturated solution of
10-DAB III in DMF at 40°C and allowed to evaporate
slowly at room temperature. After 15 days of evaporation,
very thin crystals were obtained at the bottom of the
conical flask. The crystals were filtered through the
Buchner funnel and dried.

Fig. 1. Photomicrograph of concomitant solvates of 10-DAB III
(Forms I and III)Scheme 1. Structure of 10-DAB III
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Methods

SXRD

X-ray reflections of Forms I and II were collected on
an Oxford Xcalibur Gemini Eos CCD diffractometer using
Mo-Kα, radiation. Data reduction was performed using
CrysAlisPro (version 1.171.33.55). OLEX2-1.0 (26) and
SHELX-TL 97 were used to solve and refine the data.
All non-hydrogen atoms were refined anisotropically and
C–H hydrogens were fixed. The O–H hydrogens were
located from the differences in electron density maps
and C–H hydrogens were fixed.

Powder X-Ray Diffractometry

PXRD patterns were recorded using a Rigaku
MiniFlex (Tokyo, Japan) powder diffraction system,
equipped with a horizontal goniometer in the θ/2θ mode.
The X-ray source was nickel-filtered Kα emission of cop-
per (1.54056 Å). Samples were packed into a glass holder
and were scanned over the range of 3 to 45° 2θ, at a scan
rate of 2.0 2θ/min.

Thermal Analysis

Thermogravimetric analysis was performed on the
samples using a TA Q 500 series (TA Instruments,
Newcastle, DE, USA) using Q-Advance software.
Approximately 4–8 mg of sample was weighed into a
platinum pan and heated in a typical temperature range
of 30–250°C. Two-point calibration of the temperature
was performed with ferromagnetic materials (Ni, Curie-
point standards, TA instruments). Heating rates of
10°C/min were applied and dry nitrogen was used as a
purge gas (sample purge: 60 mL/min and balance purge:
40 mL/min).

Differential Scanning Calorimetry (DSC) was
performed using a TA Q 200 series (TA Instruments,
Newcastle, DE, USA) operated through Q-Advance
software. Approximately 2–4 mg of sample (solid forms)
was placed into a Tzero aluminum pan. The pan was
covered with a lid and then crimped. The sample cell
was heated under nitrogen purge (50 mL/min) at a rate
of 10°C/min, from 50°C up to a temperature of 270°C.
Indium metal (TA instruments) was used as the calibra-
tion standard. Reported temperatures are the onset
temperatures.

Spectroscopy

FT-IR spectra were recorded using FT-IR spectrometer
(PerkinElmer, USA) equipped with Spectrum-100 analyzing
software. Potassium bromide (spectroscopy grade) (Merck,
Darmstadt, Germany) disk pelletization method was
employed for sample preparation. The pellets were prepared
by mixing of the sample with potassium bromide (1:100) in a
mortar and compressed at a pressure of 6 to 8 bar. Each
spectrum was derived from 16 single averaged scans collected
in the mid IR region of 400–4,000 cm−1 at a spectral resolution
of 2.0 cm−1.

The spectrometer was equipped with a solid-state
probe, cross-polarization magic angle spinning (CP/MAS-
II) and 13C Solid State Nuclear Magnetic Spectroscopy
(13C SSNMR) spectra were recorded with Bruker
Avance-II 75 MHz spectrometer (Bruker, Switzerland)
with TOPSPIN version 2.0 software. The static field of
the superconducting magnet was 7.05 T and cross-
polarization total suppression of spinning side bands (CP/
TOSS) pulse sequence was used to perform the
experiments. The instrument was operated at a spinning
rate of 5 KHz. The cross polarization magic angle and 13C
signal were optimized using KBr and glycine as standards,
respectively.

Solution 1H-NMR spectra were acquired at ambient
tempera ture on a Bruker Avance - I I 300 MHz
spectrometer at a 1H Larmor frequency of 300.131 MHz
and DMSO-d6 was used as a solvent. The spectrum was
acquired with a 1H pulse width of 10.50 μs, a 3.64-s
acquisition time, a 5-s delay between scans, a spectral
width of 15 ppm and 32 co-added scans. The free
induction decay was processed using TOPSPIN version 2.0
software and an exponential line broadening factor of
0.2 Hz to improve the signal-to-noise ratio.

RESULTS AND DISCUSSION

Crystal Structure Analysis by SXRD

Form I crystallized as plate morphs in the monoclinic
crystal system (space group P21) with one molecule each of
10-DAB III and dimethyl sulfoxide in the asymmetric unit
(Table I). O–H···O hydrogen bond (Table II) between the
host molecules (O1–H1···O8, 2.14, 146; O2–H2A···O6, 2.00,
170 and O4–H4···O10, 2.32, 158.1) form two adjacent ring
motifs R3

3 25ð Þ , and R3
3 21ð Þ (Fig. 3). Guest molecules are

connected to the host molecules by O–H···O11 hydrogen
bond (O5–H5A···O11, 1.99, 172). The O4–H4 hydroxyl

Fig. 2. Photomicrograph of concomitant solvates of 10-DAB III
(Forms II and III)
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groups do not participate in any intermolecular hydrogen
bonding.

Form II crystallized as needles in the monoclinic
crystal system (space group C2) with one molecule of

Table I. Crystallographic Parameters of Forms I, II, and III

I II III CSD Ref Code:WOVSAB

Empirical formula C29H36O10·C2H6OS C29H36O10·C4H9NO C29H36O10·2C2H6OS
Formula weight 622.71 631.70 700.83
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21 C2 P21
T (K) 298 298 293
a/Å 8.5605(8) 42.066(7) 9.3677(10)
b/Å 13.4700(11) 8.5246(10) 21.991(4)
c/Å 13.6383(11) 9.2940(13) 9.4564(11)
α/° 90.00 90.00 90.00
β/° 100.284(8) 100.959(14) 115.827(9)
γ/° 90.00 90.00 90.00
V/Å3 1547.4(2) 3272.0(8) 1753.5(4)
Dcalcd(gcm

−3) 1.337 1.282 1.327
μ(mm−1) 0.164 0.096 0.213
Z/Z′ 1/2 1/4 1/2
Reflns collected 11537 6633 4342
Unique reflns 6306 3940 4103
Observed reflns 3785 5234 3005
R1 [I > 2 σ(I)] 0.0575 0.0495 0.056
wR2 (all) 0.0774 0.0983 0.136
Goodness-of-fit 0.995 1.034 –
Size of crystal (mm3) 0.34×0.30×0.24 0.42×0.32×0.30 0.5×0.4×0.3

Table II. Hydrogen Bond Geometries in Crystal Structures of Form I and II

Interactions H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code

Form I
O(1)─H(1)···O(8) 2.14 2.862 146 −1 + x,y,z
O(2)─H(2A)···O(6) 2.00 2.816 170 1−x,−1/2 + y,−z
O(4)─H(4)···O(3) 2.18 2.615 113 Intramolecular
O(4)─H(4)···O(10) 2.32 3.093 158 −x,−1/2 + y,−z
O(5)─H(5A)···O(11) 1.99 2.808 172 1−x,1/2 + y,1−z
C(2)─H(2)···O(10) 2.31 2.739 106 Intramolecular
C(3)─H(3)···O(8) 2.53 3.093 116 Intramolecular
C(5)─H(5)···O(10) 2.49 3.441 163 1 + x,y,z
C(14)─H(14B)···O(9) 2.44 2.882 107 Intramolecular
C(16)─H(16B)···O(4) 2.55 3.161 122 Intramolecular
C(16)─H(16C)···O(3) 2.51 3.082 119 Intramolecular
C(17)─H(17C)···O(1) 2.56 2.918 102 Intramolecular
C(19)─H(19A)···O(6) 2.45 3.312 149 Intramolecular
C(26)─H(26)···O(5) 2.52 3.266 137 1−x,1/2 + y,1−z
C(29)─H(29)···O(3) 2.56 3.198 126 −x,1/2 + y,−z
Form II
O(1)─H(1)···O(8) 2.15 2.892 150 x,−1+y,z
O(2)─H(2)···O(11) 1.83 2.627 165 –
O(4)─H(4)···O(3) 2.07 2.571 119 Intramolecular
O(5)─H(5)···O(2) 1.98 2.800 173 x,y,1 + z
C(2)─H(2A)···O(10) 2.24 2.694 107 Intramolecular
C(3)─H(3)···O(8) 2.50 3.076 117 Intramolecular
C(5)─H(5A)···O(10) 2.43 3.368 160 x,1 + y,z
C(14)─H(14A)···O(9) 2.54 2.945 105 Intramolecular
C(17)─H(17A)···O(3) 2.58 3.196 122 Intramolecular
C(17)─H(17C)···O(4) 2.56 3.135 119 Intramolecular
C(19)─H(19B)···O(6) 2.43 3.287 148 Intramolecular
C(31)─H(31C)···O(3) 2.58 3.454 151 x,1 + y,z
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each of 10-DAB III and dimethyl acetamide in the asym-
metric unit (Table I). The O–H···O hydrogen bond
(Table II) is the structure governing interaction although
several auxiliary C–H···O hydrogen bonds are also present
in the crystal structure. The O–H···O hydrogen bonding
between the host molecules (O5─H5···O2, 1.98 Å, 173°
and O1─H1···O8, 2.15 Å, 150°) form a ring motif R4

4 34ð Þ
(Fig. 4a). DMA molecules are connected to 10-DAB III
molecules via O–H···O hydrogen bond (O2–H2···O11,
1.83 Å, 165°) as shown in Fig. 4b. The DMA molecules
are interconnected by very weak C–H···O single hydrogen
bonds (C32–H32A···O11, 2.78, 117) to form a zigzag chain
along C2 axis (Fig. 4c). Unlike in Form I, the O4–H4
hydroxyl groups do not participate in any intermolecular
hydrogen bonding. Another contrasting feature is that
there is no interaction between the guest molecules as
observed in Form I. The conformational differences are
shown in Fig. 5.

PXRD

The crystals of 10-DAB III solvates were gently
ground in a mortar pestle and the powdered samples were
analyzed by PXRD. The PXRD patterns of all the solvat-
ed forms of 10-DAB III are shown in Fig. 6a. The distinct
patterns show that the solvates posses different crystal
structures. The following characteristic 2θ peak positions
can be used to discriminate the solid forms. Form I: 6.66,
9.32, 12.44, 13.26, 14.74, 16.78, 16.86, 19.92, 20.92, 21.80,
23.90, 24.12, and 27.48° 2θ; II: 4.16, 8.40, 9.58, 14.48,
17.90, 19.02, 19.48, 21.10, 21.70, 22.34, and 22.66° 2θ; III:
8.00, 10.30, 11.08, 11.22, 13.66, 16.06, 16.34, 19.18, 19.44,
20.56, 21.12, 22.40, 22.50 and 21.14° 2θ;IV: 6.40, 9.10,
12.96, 13.14, 14.44, 14.70, 16.48, 16.74, 19.18, 20.42,
23.66, 24.86, and 27.00° 2θ. The experimental PXRD pat-
ters of Form I, II, and III were compared with the simu-
lated patterns from the single-crystal diffraction structures.
Figure 6b–d shows excellent agreement between experi-
mental and simulated patterns for the three solvates.

TGA

The data on weight loss obtained by thermogravimetric
analysis was evaluated for determining the solvent to
solute ratios of the solvated forms of 10-DAB III. The
experimental results of thermogravimetric analysis
are tabulated in Table III and the thermograms of 10-
DAB III with its corresponding solvate are presented in
Fig. 7.

1. Forms I and III
The TGA curve of DABM-DMSO represent weight loss
beginning at about 91°C probably due to the loss of
solvent. The weight loss obtained for Forms I and III
are about 12.8% and 21.6%, respectively. This loss in
weight can be correlated to a stoichiometric release of
1.02 and 1.94 mol of DMSO. Thus, it can be inferred
from the TGA data that 10-DAB III accommodates
DMSO solvent in a 1:1 and 1:2 stoichiometric molar
ratios in Forms I and III, respectively.

Fig. 3. Ring motif R3
3 25ð Þ , and R3

3 21ð Þ of the host molecule of Form I.
Guest molecules are connected by O–H···O hydrogen bond

Fig. 4. a O–H···O hydrogen bond forms the ring motif R4
4 34ð Þ . b 10-

DAB III molecules are connected DMA via O─H···O hydrogen
bond. c Zig zag chains of DMA molecules connected by C–H···O
hydrogen bond along C2 rotation axis
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2. Form II
From TGA analysis, the weight loss observed for DABDMA

was 12.9% at about 74°C. This weight loss corresponds to

0.94 mol of DMA solvent. Thus, it can be concluded that the
10-DAB III can accommodate DMA solvent in a 1:1 stoi-
chiometric molar ratio in Form II.

Fig. 5. Overlay diagram showing the differences in conformation of a O–H groups of C13
and benzoate group. b O–H directions of C1

Fig. 6. aOverlaid PXRD diffractograms of 10-DAB III and its solid forms. bOverlay of simulated and experimental powder
patterns of Form I. c Overlay of simulated and experimental powder patterns of Form II. d Overlay of simulated and
experimental powder patterns of Form III
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3. Form IV
From TGA analysis, the weight loss observed for DABDMF

was 11.5% at about 92°C. This weight loss corresponds to
0.97 mol of DMF solvent. Thus, it can be concluded that the
10-DAB III can accommodate DMF solvent in a 1:1 stoi-
chiometric molar ratio in Form IV.

In Table III, a comparison has been made between
the theoretical weight loss and the experimental weight
loss from TGA data. From Table III, it can be seen that
there is a good agreement between the experimental and
theoretical weight loss, indicating that the solvent mole-
cules exist in stoichiometric ratios within the crystal
lattices.

DSC

DSC thermograms of 10-DAB III and its solid forms are
shown in Fig. 8 and the onset temperatures and its enthalpies
are tabulated in Table III. All the four forms exhibit two
endotherms, the first broad endotherm obtained in each form
can be attributed to the desolvation while the second endo-
therm at a much higher temperature corresponds to the melt-
ing with decomposition.

On comparing the results obtained from the DSC
data of Forms I and III, distinct differences are observed
in onset temperature as well as enthalpy; even though

these two forms are crystallized from the same solvent,
DMSO. In Forms I and III, the onset temperatures of
first endotherm are at 129.9°C and 166.1°C, respectively.
Similarly, the enthalpies of Forms I and III calculated
from the first endotherm are 35.5 and 93.8 J/g, respec-
tively. The differences in the onset temperatures and the
enthalpies for the two forms are probably due to the
different affinities of the solvent towards the solute. It
can be inferred from the onset temperature and the
enthalpy that DMSO is weakly bound to 10-DAB III in
Form I, whereas DMSO solvent is strongly bound to 10-
DAB III in Form III. This also indicates that there is a
probable difference in the crystal packing of the two
forms.

In the case of Forms II and IV observed onset tem-
peratures of first endotherm at 138.6°C and 115.7°C, re-
spectively. After desolvation, all the four solvates are
found to melt at about 249°C, which in turn correspond
to the melting temperature of 10-DAB III. Based on the
above results, it can be concluded that after desolvation of
all the forms are converted into a most stable form of 10-
DAB III.

FT-IR

FT-IR spectroscopy has been successfully used for
exploring the differences in molecular conformations,
crystal packing and hydrogen bonding arrangements for

Table III. Comparison of the DSC and TGA Data of 10-DAB III and its Solid Forms

Compound Endotherm (°C)a ΔH (J/g) Endotherm (°C)b ΔH (J/g)

Weight loss (%)

Experimental Expected

10-DAB III – – 247.97 54.51 – –
Form I 129.86 35.54 246.01 50.99 12.84 12.54
Form II 138.60 102.80 252.67 56.33 12.92 13.80
Form III 166.05 93.77 248.20 57.20 21.60 22.28
Form IV 115.70 102.40 249.36 57.29 11.46 11.83

aEndotherms correspond to loss of solvent
bEndotherms correspond to onset temperature of solid forms

Fig. 7. TGA thermograms of 10-DAB III and its solid forms Fig. 8. DSC thermograms of 10-DAB III and its solid forms
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different solid-state forms of organic compounds. The
shift and splitting pattern of absorption bands in FT-IR
spectrum usually indicate a change in force constant,
corresponding to a change in the environment of the
corresponding bond, such as the bond length and bond
angle. Figure 9 shows the FT-IR spectra of 10-DAB III
and its solvates (Forms I to IV). The spectra of 10-DAB
III and its solvates display clear differences in the region
3,600–3,300 (–OH stretching) cm−1 and 1,724–1,682
(C═O) cm−1. The FT-IR spectra of both Forms I and
IV demonstrate two C═O stretching frequencies apart
from an amide C═O stretching. In case of 10-DAB III,
Forms II and III, three C═O stretching frequencies are
observed which could be due to the formation
intramolecular hydrogen bond between C═O and the
adjacent hydroxyl group. The amide C═O stretching
frequencies at 1,667 and 1,630 cm−1are observed in
Forms II and IV solid forms and stretching frequencies
resulting from S═O are observed at 1,048 and 1,019 cm−1

in Forms I and III solvates. These stretching frequencies
indicate that the solvent molecules are occluded in the
crystal lattices. The observed wavenumbers are tabulated
in Table IV.

13C SSNMR

In 13C SSNMR spectroscopy, the chemical shifts are
influenced by molecular packing, molecular conformation,
molecular mobility, molecular structure and other solid-
state effects. This method can be quite useful in
developing an understanding of structural differences
between different polymorphs or pseudopolymorphs
(27,28). The differences in SSNMR carbon chemical
shifts have been exploited by researchers to identify and
quantify different polymorphs in mixture which are
formed concomitantly (29).

13C SSNMR spectra of 10-DAB III and its solid
forms are shown in Fig. 10. The peak assignments based
on liquid state 13C NMR spectroscopy are presented in
Table V. As expected, the spectra of 10-DAB III and its
solid forms (Forms I to IV) exhibited significant
differences in their chemical shifts. In 10-DAB III,
Forms I, II, III, and IV the carbonyl carbon C9 assigned
to the resonance at 211.72, 210.15, 214.36, 215.33, and
210.38 ppm, respectively. In case of Forms II and III the
carbonyl carbon C9 assigned to the resonance farthest
downfield when compared to the other forms, which
cou l d be due to t he f o rma t i on o f i n t r a and
intermolecular hydrogen bonding. On the other hand, in
10-DAB III, Forms I and IV the carbonyl carbon C9 does
not participate in any hydrogen bonding which was also
confirmed by the solution state 13C NMR data. In Forms I
and III, the phenyl ring carbon atoms are expected to
have typically four sets of signals but exhibited six
different types of signals one from each carbon which is
due to the differences in their torsion angles. The
resonances of C2, C5, C9, C11, C12, C20, C21, and C23
are relatively well separated from those of other carbons;
the chemical shifts of these carbons are chosen to
distinguish the different morphs. The phenyl ring carbons
(C24–C29) are assigned to the peaks between 127 and
135 ppm. For CH3, CH2, aliphatic CH and aliphatic

Fig. 9. FT-IR spectra of 10-DAB III and its solid forms

Table IV. Characteristic IR Bands of 10-DAB III and its Solid Forms

Compound
–OH stretching

frequency C═O stretching frequencies

10-DAB III 3466 1723b, 1711b, 1691a

Form I 3448, 3331 1724b, 1705b

Form II 3442, 3396 1722b, 1703b, 1667c

Form III 3550, 3412, 3280 1725b, 1708b, 1682a

Form IV 3470, 3401 1724b, 1712b, 1683a, 1630c

aWeek stretching vibration
b Strong stretching vibration
cAmide C═O stretching
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quaternary carbons are assigned below 86.00 ppm. The
peaks for other forms can be assigned similarly.

The peaks resulting from solvents are clearly demar-
cated at δ 39.33 and 41.51 ppm in Form I; 20.05, 34.72,

Fig. 10. Carbon-13 CPMAS spectra of 10-DAB III and its solid forms

Table V. SS NMR13C Chemical Shifts (δ/ppm) for 10-DAB III, Forms I to IV and Solution State of 10-DAB III

Carbon atom

Solution state Solid state

10-DAB III 10-DAB III I II III IV

1 77.31 76.80 78.76 76.77 78.08 79.15
2 75.23 75.41 76.64 75.48 76.87 76.36
3 46.90 46.46 47.21 46.33 47.21 47.17
4 80.47 80.63 80.49 80.59 80.33 80.83
5 84.13 82.83 86.49 83.01 83.87 86.54
6 39.84 38.59 39.33 38.85 39.27 40.57
7 71.29 71.40 71.73 70.70 70.30 71.93
8 57.42 57.86 57.12 58.06 58.27 57.50
9 210.68 211.72 210.15 214.36 215.53 210.38
10 74.74 73.12 75.14 73.05 74.42 75.54
11 134.86 132.83 133.48 134.83 134.93 131.99
12 141.92 147.58 143.83 144.55 140.98 143.74
13 66.44 65.85 66.02 65.90 67.69 66.85
14 36.94 36.97 36.96 36.98 37.03 37.07
15 42.83 42.76 42.64 43.10 43.12 43.19
16 20.53 18.90 17.86 18.65 20.80 18.56
17 27.13 25.91 26.63 25.94 28.88 26.28
18 15.15 15.49 15.58 15.61 15.04 14.72
19 10.07 10.60 9.63 10.78 10.58 10.05
20 75.84 75.41 75.14 75.48 78.08 77.26
21 169.88 172.43 172.45 172.17 171.90 173.03
22 22.66 21.70 20.94 21.92 25.67 20.49
23 165.61 164.85 167.61 164.88 167.36 168.09
24 130.69 129.48 127.46 127.13 130.47 128.53
25 129.87 128.14 134.84 129.36 134.93 134.29
29 132.64 128.79
26 129.01 127.12 131.86 128.47 132.87 129.88
28 129.67 127.95
27 133.53 131.97 130.22 132.74 129.88
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35.40, 37.42, 38.15 and 171.63 ppm in II; 39.65, 40.00,
40.61 and 41.45 ppm in III and 31.53, 35.99 and
162.19 ppm in IV. In Form II, the nitrogen attached
carbon atoms ((CH3)2) resonates four peaks instead of
two with an approximate equal intensity due to coupling
to 14N. Further, in Form III, four carbon signals are
observed due to the presence of two molecules of
DMSO located in different environments in the crystal
packing system. Thus, the SSNMR provides valuable
information for confirming the type of occluded solvent.

1H NMR

1H-NMR spectra (Fig. 11) were recorded in order to
quantify the molecular proportions of solvate present in the
solid-state forms of 10-DAB III. The stoichiometric ratios of
solvents assessed by 1H NMR experiments are consistent with
the weight loss measurements observed by TGA and also
concord with the theoretical values (Table VI).

CONCLUSIONS

Pseudopolymorphs of 10-DAB III namely mono-DMSO
(Form I), di-DMSO (Form III), mono-DMA (Form II), and
mono-DMF (Form IV) were prepared by crystallization exper-
iments. Crystallization of 10-DAB III from a single solvent
(DMSO) resulted in formation of concomitant solvates mono-
DMSO, di-DMSO, and crystallization in a binary mixture of
solvents (DMSO/DMA, 1:1) resulted in formation of mono-
DMAanddi-DMSOsolvates.Mono-DMF solvate was obtained
by the crystallization of 10-DAB III in DMF solvent. All these
four solvates are fully characterized by X-ray diffraction, ther-
mal analysis, and spectroscopic techniques. Significant differ-
ences observed in the PXRD patterns of all the solid forms
indicate the formation of distinct solid forms. From the thermal
analysis, the author could confirm that the solvates, Forms I, II
and IV, are having stoichiometric ratio of 1:1. But in case of
Form III, the composition of 10-DAB III with DMSO solvent is
found to be 1:2 stoichiometric ratio. The spectroscopic features
of these solvates have been examined using FT-IR and SS 13C
NMR. In all the three crystal structures of Forms I, II, and III
molecules form a host framework and the solvent molecules
form the guest framework. From the above experimental data,
it can be stated that the hydroxylmoieties (acceptor) of 10-DAB
III are involved in hydrogen bonding with the donor solvent
molecules and hence it can be concluded that 10-DAB III forms
pseudopolymorphs with different solvents. In summary, we have
highlighted the rare occurrence of the formation of two different
stoichiometric solvates concomitantly from a single solvent and
also from a binary mixture of solvents.
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