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ABSTRACT

Hydrates are common in pharmaceutical development and the formation of hydrates
will affect the performance of the final product. However, the role of water playing in
crystal packing remains unclear. In this study, Avibactam sodium, which has one
dihydrate (Form E), one monohydrate (Form A) and two anhydrous forms (Form B
and D), was chosen as the model compound to understand this subject. Single crystal
structures of four solid forms were obtained and characterized by single X-ray
diffraction. =The Dynamic Vapor Sorption experiments revealed the
moisture-dependent stability increased in the order: Form B < Form D < Form A <
Form E. It can be envisaged that the integration of water molecules could noticeably
compensate the potential intermolecular interactions, thereby significantly improving
the crystal stabilities of hydrates. Furthermore, the hydration of Form B was
investigated to understand the integration of water molecules by measuring the critical
hydration water activities (ay). The results indicated that both water activities and
temperature are vital factors to determine the amount of water molecules existing in
crystal lattice. Moreover, to probe the disintegration of water molecules, the
dehydration of dihydrate was investigated in detail by solid-state transformation and
solvent-mediated transformation experiments. Finally, “Two-step Dehydration” and
“One-step Dehydration + Recrystallization” mechanisms of these different pathways
were proposed by analyzing the transformation experiments results and the crystal

structure of various solid forms.
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INTRODUCTION

Polymorphs, solvates as well as hydrates are highly prevalent occurrence and are of
great importance in pharmaceutical industry.!- 2 Generally, different solid forms of the
same compound exhibit different physicochemical properties, such as dissolution rate,
stability, flowability and solubility, which could affect the final quality of medical
products directly.> In recent years, hydrates have drawn more and more attentions of
a significant number of crystal engineers.® Statistical investigations have manifested
that more than one-third of compounds could exist in the form of hydrates.” The
different physicochemical properties of hydrate can be used to change the drug release
rate or stabilize the formulation with the extra advantage of nontoxic compared with
other solvates.® It can be readily envisaged that the compensation to potential
intermolecular interactions, the decreasing of void space and the increasing of packing
efficient in crystal could promote the formation of hydrates.”!'! Besides, water
molecules possess excellent hydrogen bonds donors and acceptors, which leads to the
formation of multiple interactions with API molecules. Hence, the ubiquitous water
provides probability to the presence of numerous hydrates.

Hydration or dehydration processes may occur unexpectedly during drug
development, manufacturing, storage and pharmaceutical preparation and could affect
the qualities of the final products.'? '3 Hence, it is of great significance to investigate
the relative stabilities of the hydrates and figure out the phase transformation
processes between hydrates and corresponding neat forms.!#!° Previous studies have
indicated that the stability of hydrates is closely related to the humidity, water activity
in solvent circumstance and temperature.?®> 2! Liu et al.?> investigated the
transformation water activity and concluded that the transformation water activity
ratio of different crystal forms of theophylline was inversely proportional to the

solubility ratio at certain temperature. Ito et al.® found that the anhydrate of antibiotic
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clarithromycin reversibly transformed to dihydrate when RH increased to 60%, and
then transited to trihydrate at 95% RH. Zhang et al.®® reported that two new
polymorphs of Huperzine A were acquired by slurring and heating dehydration from
the same hydrate, respectively. Terada et al.** demonstrated that the order of
dehydration is determined by the hydrogen bonds circumstance in two independent
water channels in the dihydrate of lisinopril. Although these works have discussed the
form transformation processes of hydrates, the mechanism of integration and
disintegration of water molecules from crystal lattice is not well understood so far.

In this study, to reveal the role of water in the formation and dehydration of
hydrates, the effect of water activity on the formation of hydrates as well as the
mechanism of disintegration of water molecules from crystal lattice was investigated
by using Avibactam sodium as model compound. Avibactam sodium is a novel
B-lactamase inhibitor. 2% Its chemical structure is presented in Figure 1. In the structure
of Avibactam sodium, Na® could form coordination bonds with water molecules
easily. Besides, there are several O atoms serving as hydrogen bonds acceptors and
-NH, acting as hydrogen bond donor. For these reasons, Avibactam sodium is prone
to crystallize into hydrous forms and the abundant intermolecular interactions make it
an ideal model compound for investigating the role of water molecules in crystal
packing. To achieve that goal, single crystals of four Avibactam sodium solid forms
were disclosed, including one monohydrate (Form A), and two anhydrous forms
(Form B and D), and one dihydrate (Form E). Hirshfeld surface analysis was
performed to further compare the molecular interaction of various solid forms. Then,
the moisture-dependent stability and thermal-dependent stability of different solid
forms and the preferential solid form were evaluated using dynamic vapor sorption
(DVS), differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). Furthermore, the critical water activity at a series of temperatures was
determined to understand the influence of the water activity and temperature on the
hydration process. Finally, two different dehydration processes by solution-mediated
phase transformation (SMPT) in ethyl acetate and 2-butanol were investigated in

detail, respectively.
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Figure 1. Molecular structure of Avibactam sodium.

EXPERIMENTAL SECTION

Materials. Avibactam sodium with purity higher than 99% used in the present
work was supplied by Qilu Tianhe Pharmaceutical Co. Ltd. (Jinan, China). All
analytical grade solvents, including ethyl acetate, 1-propanol, ethanol, acetone,
2-butanol were purchased from Kemiou Chemical Reagent Co., Ltd.

Preparation of different crystal forms. The polymorph screening trials include
evaporation,”® cooling crystallization,?” slurry crystallization,”® antisolvent
precipitation,”® liquid-assisted grinding experiments?®® and crystallization with
additives.’% 3! Finally, four crystal forms were obtained, including one monohydrate
(Form A), one dihydrate (Form E) and two kinds of neat-forms (Form B and Form D).

Powder X-ray Diffraction Analysis. Powder X-ray Diffraction (PXRD) was
used to identify samples on Rigaku D/max-2500 (Rigaku) using Cu Ko radiation
(0.15405 nm) in 20 range of 2-35° and scanning speed rate of 8°/min.

Single crystal X-ray diffraction (SCXRD). The single crystals of Avibactam
sodium were all obtained by using the solvent evaporation method (detailed
procedures in supporting information). Single crystal X-ray diffraction (SCXRD)

measurements were conducted on Rigaku Saturn 70 CCD diffractometer using
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Mo-Ka radiation (A = 0.71073 A) with graphite monochromator. Integration and
scaling of intensity data were accomplished using the SAINT program. The structures
were solved using the SHELXS-2014 suite of programs, and refinement was
conducted using SHELXL-2018. Anisotropic displacement parameters were refined
for all non-hydrogen atoms. All hydrogen atoms were located by Fourier-difference
synthesis and fixed geometrically according to the environment with pre-defined
isotropic thermal factors. Data were corrected considering the effects of absorption
using SADABS. 32

Thermal Analysis. Differential Scanning Calorimetry measurements were
conducted in DSC 1/500 (Mettler Toledo., Switzerland) with a dry nitrogen purge
flow of 100 mL-min!. About 5-10 mg crystalline powder samples were placed into
aluminum pans and analyzed with a temperature range from 300 to 540 K. TGA was
performed in TGA/DSC STAR® System (Mettler Toledo., Switzerland) with a
nitrogen purge flow of 20 mL-min"!. The measurement temperature range was from
300 to 540 K. The heating rate was both set as 10 K-min'! for TGA and DSC.

Dynamic Vapor Sorption (DVS). The water sorption/desorption experiments of
four crystal forms of Avibactam sodium were performed on a dynamic vapor sorption
analyzer (VTI-SA, VTI Corporation, USA). The experiments were implemented over
a relative humidity (RH) range of 5 to 95% by the step of 10%. The RH was
maintained until the weight change is less than 0.01 wt.% per minute or the maximum
step length is 60 minutes. The temperature was set at 298.15 K and solid forms were
analyzed by PXRD after experiments.

Determination of critical water activity. The critical water activity (a,,) needed
by the hydration of Form B was ascertained by slurring the solid of Form B in the
mixture of water and I-propanol with various water activities. A series of mixed
solvents with different water mole fractions (x,, = 0.03, 0.05, 0.07, 0.1, 0.15, 0.2,
0.3, ..., 0,9) were prepared. Excess of Form B solid was added into > 5 ml mixed
solvents and stirred for 12 h to reach equilibrium. Then, the wet cakes were
withdrawn and analyzed using PXRD. The experiments were performed at varying

temperature (288.15, 293.15, 298.15, 303.15, 308.15 +0.1 K). The a,, was calculated
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according to the Wilson Equation as implemented in the ASPEN Properties
program.33

Solid-state dehydration of monohydrate and dihydrate. The solid-state
dehydration behaviors of Form A and Form E were observed under hot-stage
microscope (HSM, Olympus UMAD3). The sample was heated from 293.15 to
393.15 K with a heating rate of 5 K-min!. Photos were recorded at certain time
intervals using polarized light microscope.

Solvent mediated dehydration of dihydrate. The presaturated solution
concerning Form B (or Form D) was prepared at 293.15 K. About 0.5 g solid of Form
B (or Form D) was added into 40 ml ethyl acetate (or 2-butanol) and stirred with
magnetic stirrer for 24 h. Then, the suspension was allowed to standing for 6 h and
then supernatant was filtered with 0.22 um filter. 1 g solid of dihydrate was added into
crystallizers with 20 mL presaturated solution at 293.15 K. Samples of crystals were
immediately filtered every 15 minutes and dried under vacuum. The dried solids were

characterized by PXRD and SEM.

RESULTS AND DISCUSSION

Identification and characterization of different crystal forms. One
monohydrate form, one dihydrate form, and two anhydrate form of Avibactam
sodium were obtained. Polarizing microscopy images show that various forms exhibit
different crystal habits (Figure 2). Form A is block-like crystal while Form B and
Form D both have rectangular plate shape and Form E shows short rod shape. The
PXRD patterns of four solid forms of Avibactam sodium are presented in Figure 3.
The diffraction peak positions of these four crystal forms are consistent with the

reported forms in the patents.3* 33
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Figure 2. Polarizing microscopy images of the single crystals of Form A, Form B,

Form D and Form E.
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Figure 3. PXRD patterns of four crystal forms of Avibactam sodium.

Crystal Structure Analysis. The crystal structures of different Avibactam
sodium forms including monohydrate (Form A), anhydrous phases (Form B and D)
and dihydrate (Form E), were successfully determined to understand the changes of
molecular interactions caused by the integration of water molecules. The
crystallographic data are summarized in Table 1. The asymmetric units of the four
solid forms are shown in Figure S1 and the intermolecular H-bonding parameters are
presented in Table S1. All the peaks displayed in the measured patterns of the bulk
powder closely matched those in the simulated patterns generated from the single

crystal diffraction data (Figure S2, Supporting Information), confirming the formation

ACS Paragon Plus Environment

Page 8 of 34



Page 9 of 34

oNOYTULT D WN =

Crystal Growth & Design

of highly pure phases.

Table 1. Crystallographic Data Of Avibactam Sodium

Name Form A Form B Form D Form E
Formula C-H;oN3NaO¢S-H,O C,H;oN3NaOgS C,H;oN3NaOgS C;H;(N;3;NaO¢S-2H,0
Molecular Weight 305.25 287.23 287.23 323.26
Temperature/K 296.15 113.15 113.15 113.15
Crystal System monoclinic monoclinic monoclinic orthorhombic
Space Group P2, P2, P2, P2,2,2,
a(A) 8.6213(17) 8.5289(17) 8.0823(16) 7.7815(16)
b(A) 6.9281(14) 6.2868(13) 6.4168(13) 12.374(3)
c(A) 10.391 (2) 10.219(2) 10.434(3) 12.931(3)
a (deg) 90 90 90 90
B (deg) 91.82 (3) 93.77(3) 104.13(3) 90
y (deg) 90 90 90 90
Cell volume (A3) 620.30 (2) 546.75(19) 524.76(19) 1245.1(4)
VA 2 2 2 4
Pelac (g cm™) 1.634 1.745 1.818 1.724
Rint 0.0296 0.0589 0.0309 0.0349
Final R indexes

0.0260 0.0331 0.0246 0.0248
[/ = 2a(D)]
WR, 0.0674 0.0633 0.0639 0.0605
GOF (5) 1.052 0.9090 1.044 1.019
CCDC 1962393 1962394 1962395 1962396

The crystal system of Form A is monoclinic with the space group of P2;. There

are one molecule of Avibactam sodium and one molecule of water in the asymmetric

unit (Figure S1), making it monohydrate. The arrangement of water molecules is
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shown in Figure 4. As we can see from Figure 4a, two Avibactam sodium molecules
and two water molecules are linked together to construct a ring by forming coordinate
bonds with Na* ions. These rings are further connected via coordinate bonds one by
one, and then extend along a-axis to form an infinite chain (Figure 4b). In addition,
one Na* ion form coordinate bonds with six oxygen atoms (two O1 of amide groups
from two adjacent Avibactam sodium molecules, O4 and OS5 of sulfate groups, two
Ow atoms from two water molecules) and one nitrogen atom (N2 from heterocyclic
ring). These chains are allowed to expand along ab plane and form 2D layers through
these coordinate bonds. In addition,, there are plenty of H-bonds formed by water and
Avibactam sodium molecules (including N1-H---06 (N---O, 2.98 A), Ow-H---0O2
(0---0, 2.83 A), Ow-H---0O5 (O---0O, 2.78 A)), making the 2D layers more stable.
Finally, these 2D layers are stacked along the c-axis (Figure 4c) by the connection of
hydrogen bonds (N1-H:--06, 3.01 A) between amino group and sulfate group from

upper and lower layers. The final packing pattern of Form A is shown in Figure 4d.

Figure 4. (a) The structure of the ring in Form A. (b) The arrangement of H,O. (c) The
hydrogen bonds network between two layers, viewed along the b-axis. (d) 3D packing
patterns of Form A (different colors represent different 2D layers and bright red ball

represents the O atoms of water molecule), the H atoms are omitted for clear view.
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Form B belongs to P2; space group with one molecule in the asymmetric unit.
Interestingly, the crystal packing of Form B is very similar to the monohydrate phase
(Form A). As shown in Figure 5a, the basic building block of Form B is a ring
consisting of two Avibactam sodium molecules. The ring is connected by coordinate
bonds between O atoms (O1 of amide group, O2 of carbonyl group, O3, 04, O5 and
06 of sulfate groups) and Na* ions. It is obvious that the rings of Form B lack water
molecules when compared to the rings of Form A. Moreover, these rings also expand
and form 2D layer along ab plane. These layers are further stacked via H-bonds along
c-axis [(N1-H---O4, 3.16 A), (N1-H---05, 3.19 A), (N1-H---02, 3.35 A)], as shown
in Figure 5b. The crystal structure of Form B viewed along b-axis is shown in Figure

5c.

\ﬁr&mﬁ\ﬂ&

Vg % < ii:c Ytﬁ \Li':é{ :
@ Na \‘/ Na gy ouks OLf(K
¥ / \

\/ y // 0s
(L \M gz:c ng/
TN\ , .
N d A A
T L v @Ps

Figure 5. (a) The structure of the ring in Form B. (b) The hydrogen bonds between
two layers in Form B, viewed along the b-axis. (¢) 3D packing patterns of Form B
(different colors represent different 2D layers). The H atoms are omitted for clear

view.

Similar with Form A and B, the crystal system of Form D is also monoclinic
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with space group P2;, and there is only one Avibactam sodium molecule in the
asymmetric unit. However, “sandwich-shaped” sheets are formed in which Na* ions
combine two slices of Avibactam sodium molecules via coordinate bonds, as shown
in Figure 6a. Besides the coordinate bonds with Na* ions in the sheets, the amino
groups and sulfate groups of adjacent Avibactam sodium also participate in the
formation of H-bonds [(N1-H---O3, 3.27 A), (N1-H---06, 2.99 A)] to stabilize the
sheets structure (Figure 6b). Therefore, these sheets are allowed to further expand via
H-bonds (N1-H---O5, 3.08 A) between amino groups and sulfate groups from two
sheets, as shown in Figure 6c. Finally, the 3D packing structures of Form D are

constructed and the corresponding patterns are shown in Figure 6d.

Figure 6. (a) “Sandwich” structure of sheets in Form D. (b) The hydrogen bonds in
the sheets. (c) The hydrogen bonds network between two sheets in Form D, viewed
along the b-axis. (d) 3D packing patterns of Form D (different colors represent

different 2D sheets), the H atoms are omitted for clear view.

Form E belongs to orthorhombic system with space group of P2,2,2,, and

include two water molecules and one Avibactam sodium molecule in asymmetric unit.

It can be seen that two kinds of water molecules are combined into the crystal lattice
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by different ways: H,O (1) is connected with three different hydrogen bonds
[N1-H---Owl (N---0, 2.82 A), Owl-H---04 (O---0, 2.78 A), and Owl1-H:---Ow2
(O---0, 2.86 A) (red dashed lines in Figure 7a)]. However, H,O (2) is linked to Na*
ion by strong coordinate bonds and it also forms three H-bonds with the O atoms of
Avibactam sodium and H,O (1) [Ow2-H:--06 (O---0, 2.86 A), Ow2-H:--05 (O---0,
2.84 A), and Owl-H---Ow2 (O---O, 2.86 A) (red dashed lines in Figure 7b)].
Moreover, NH,— which is an excellent H-bonding donor also forms three H-bonds
with oxygen atoms [N1-H---Owl (N---O, 2.82 A), N1-H---04 (N---O, 3.08 A), and
NI-H---O6 (N---0, 3.40 A) (red dashed lines in Figure 7c)]. Besides that, every Na*
ion forms coordinate bonds with five oxygen atoms (two O1 of amide group from two
adjacent Avibactam molecules, O2 from carbonyl group, O4 from sulfate group, Ow2
from H,0 (2)) and one nitrogen atom (N2 from heterocyclic ring). As we can see in
Figure S3, plenty of channels along c-axis are also formed. The molecules of H,O (1)
are arranged neatly in channels along the c-axis by H-bonds in order to occupy these
channels and reduce the voids in crystal structure. It’s worth noting that the
sophisticated hydrogen bonds networks have a significant influence on stabilizing the
crystal structure of Form E. Finally, the hydrogen bonding network and the stable

crystal structure of Form E is shown in Figure 7d.
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Figure 7. Hydrogen bonding patterns in Form E. (a) The hydrogen bonds of H,O (1).
(b) The hydrogen bonds of H,O (2). (¢) The N-H---O interactions between two
neighbor Avibactam sodium molecules as well as Avibactam sodium and H,O (1). (d)
Hydrogen bonding network of Form E. For clear view, the O atoms of H,O (1) and
H,0 (2) are shown as ball-stick style with highlighting in magenta and light green,

respectively.

Hirshfeld surface analysis. The Hirshfeld surface analysis is a useful tool for
encoding information about dominant intermolecular interactions in crystal.% 37 The
subtle packing differences among different solid forms can be interpreted in Hirshfeld
surface plot (Figure S4) and 2D fingerprint plots (Figure 8a). As illustrated in Figure
8a, the strikes of Form A which represent hydrogen bonds extend down to (di, de) =
(0.8, 1.2) (corresponding to the H-bond distance of 2.0 A). The length of H-bonds in
Form B and D are significantly longer than Form A with minimum (di, de) = (1.0, 1.4)
and (di, de) = (0.9, 1.2), respectively. However, the strikes of Form E extend down to
(di, de) = (0.7, 1.1) (corresponding to the H-bond distance of 1.8 A), which means
that the introduce of water molecules in crystal lattice lead to stronger hydrogen

bonds and more stable structure. The relative contributions of each interaction to the
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Hirshfeld surface are depicted in Figure 8b. It is obvious that the two hydrates Form A
and Form E are mainly stabilized by H---O/O---H-N, O---H-O/O-H:--O hydrogen

oNOYTULT D WN =

bonds, Na-O as well as Na-N coordinate bonds and H-H contacts. In contrast, Na-N
10 coordinate bonds and O-H:--O hydrogen bonds are absent in the two anhydrates Form

B and Form D.
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Figure 8. (a) 2D fingerprint plots of Form A, Form B, Form D and E. (b) The relative

contribution of different interactions to the Hirshfeld surface.

Stability analysis. To further explore the effect of the introduction of water
molecules on crystal stabilities, a thorough evaluation of the stability of various solid
forms is extremely important in the drug development process. Among all the factors
that could affect stability, temperature is a crucial one, especially for hydrates. In this
part, DSC and TGA were performed to study thermal-dependent stability of four
crystal forms of Avibactam sodium, the results are shown in Figure 9. It can be seen
that Form A showed a mass loss of 5.76% with an endothermic peak at 378 - 389 K,
which confirmed Form A is monohydrate (calculated value: 5.90%). Subsequently,
decomposition of Form A was observed at 510 K with the weight loss of 36% |,
corresponding a big exothermic peak in DSC. As seen from TGA thermograms, there
was no weight loss for Form B and Form D below 500 K. DSC data of both forms
exhibit negligible exothermal or endothermal peak in this temperature range, which
means that these two polymorphs are anhydrous forms. As temperatures rise, Form B
and Form D showed mass loss of 33.65% and 35.42% with two sharp exothermic
peaks at 510 K and 502 K resectively, which are confirmed to be the decomposition
of two solid forms. It can be preliminarily considered that Form B is more
thermodynamically stable than Form D. As for Form E, the weight loss of TGA is

11.20%, which is consistent with the calculated value (11.11%) for the dehydration of
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two water molecules from this dihydrate. Morever, Form E shows similar

decomposition temperature with Form A and Form B at about 509 K.

oNOYTULT D WN =

Correspondingly, Form E shows two endothermal peaks at 359 - 372 K and 375 - 391
10 K in DSC data respectively, indicating the dehydration process was two steps rather
than one-step. The first peak corresponds to the escape of the water molecules
(H,O(1)) connected only by hydrogen bonds. The second peak represents the
detachment of water molecules (H,O(2)) which form coordinate bonds with Na* ions.
This conclusion can also be verified by PXRD analysis after heating the crystal of
19 Form E to 372 K (and 398 K), respectively (Figure S5).
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Figure 9. Comparison of thermal analysis figures of Forms A, Form B, Form D and
Form E of Avibactam sodium. (a) TGA analysis (10 K-min'). (b) DSC analysis (10

26 K-min).

Apart from temperature, moisture is another important factor affecting the
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stability of drug solid forms, especially for hydrates. In this part, the moisture
sorption/desorption experiments were conducted by determining both the weight
change (using DVS) and the phase composition (using PXRD) of the samples to
investigate the moisture-dependent stability of four crystal forms of Avibactam
sodium.

The DVS diagrams results of the four solid forms are shown in Figure 10. It can
be seen from Figure 10a that Form A exhibited excellent moisture-dependent stability
as the weight kept constant in the 0 — 85% RH range. When the RH reached 95%,
Form A adsorbed water and showed a slight weight increase of about 6%. Then,
dihydrate was obtained with the RH decreasing to 85%, which was confirmed from
the PXRD patterns after the DVS experiment (Figure S6a). However, the moisture
sorption/desorption isotherms of Forms B showed a two-step stoichiometric
hydration. As shown in Figure 10b, the first hydration process of Form B occurred at
70 - 85% RH with a weight gain of 6.2%. This is consistent with the formation of
monohydrate Form A, which was also confirmed by PXRD (Figure S6b). It indicates
the first hydration of Form B has a low energy barrier, proving that crystal structures
of these two forms are likely to be similar. Then, the mass change of solid kept rising
to 21.2% with RH reaching to 95%. When RH was decreased to 80%, the mass
increase reduced to 12.1%, which is consistent with the formation of dihydrate Form
E. Unlike Form B, anhydrate Form D converted to dihydrate directly. As shown in
Figure 10c, Form D was stable in the RH range of 0 — 80%. Form D began to adsorb
water and showed a pronounced weight increase of about 15% when the RH reached
95%. Then, the mass increase reduced to 12.4% as RH was decreased to 80% again.
Finally, PXRD results showed that the resulting phase after the DVS experiment
remained was dihydrate Form E, as shown in Figure S6c. The great difference of
crystal structures makes Form D cannot transform to Form A by increasing the
relative humidity. It is interesting that the weight of Form E only increased by 4%
when RH increased to 95%, as shown in Figure 10d. The high moisture-dependent
stability of Form E may be due to the strong coordinate bonds as well as abundant

H-bonds between the water molecules and the API molecules. It is obvious that the
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moisture-dependent stability increased in the order: Form B < Form D < Form A <
Form E. It can be concluded that the integration of water molecules leads to strong
coordinate bonds as well as abundant H-bonds between the water and the API
molecules. These H-bonds could compensate to potential intermolecular interactions
of anhydrates, thereby significantly improving the crystal stability of hydrates.
However, it is insufficient to confirm the relative stabilities of Form B and Form
D only by thermal analysis and moisture sorption/ desorption experiments. To further
compare the relative stability of these two anhydrates, mixed suspension phase
transformation method was employed. 1: 1 (wt.%) mixture of two anhydrates crystal
was stirred in four kinds of pure solvents (1-propanol, ethanol, acetone, 2-butanol) at
283.15 K, 303.15 K, 323.15 K and 343.15 K for about 1 week. The results of slurry
experiments are given in Table S2. The results showed that the mixture of Form B and
Form D transformed into Form B in all solvents. According to Ostwald rules, if the
metastable polymorph continues to interact with a bulk solution for a period of time,
the metastable polymorph would dissolve and a more stable polymorph would
nucleate and grow. Therefore, it can be concluded affirmatively that Form B is more

thermodynamically stable than Form D.
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Figure 10. DVS diagrams of four solid forms of Avibactam sodium: (a) Form A (b)
Form B (¢) Form D (d) Form E. A-1, B-1 and D-1 are the materials of Form A, Form
B and Form D, respectively. B-2 is the Form B samples collected at RH = 85%. A-2,
B-3 and D-2 are the samples collected respectively when the DVS experiments were

finished.

Mechanism of the hydration. As discussed above, both moisture and
temperature are critical factors which could affect the presence of hydrates. However,
DVS experiments can only show the solid-solid transformation between hydrates and
anhydrous forms. To further figure out the influence of moisture and temperature on
the integration of water molecules into crystal lattice of hydrates, the
solution-mediated hydration experiments were conducted in water and 1-propanol
mixtures with different water activities. Because of the two-step hydration and better
thermodynamic stability than Form D, Form B was chosen for the object of this study.
The critical hydration water activity (a) of Form B was given in Table S3, and ays-a)

and awm.g) represent the critical water activity required for the transformation from
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Form B to Form A and Form E, respectively. It can be seen that a, increased
gradually with the rising of temperature which indicated the increasing difficulty of
the hydration of Form B. Besides, the thermodynamic stability ranges were also
visualized in Figure 11. Taking the 288.15 K for instance, when water activity (ay) <
0.1374, Form B (anhydrate) is the most stable form and is the only phase at
equilibrium. With the increase of water activity, Form A (monohydrate) appears.
When water activity (ay,) values lie between 0.1374 and 0.2374, Form A becomes the
only phase at equilibrium. However, Form E (dihydrate) is the most stable form when
ay > 0.2374. Thus, 0.1374 and 0.2374 are the critical hydration water activities of

Form A and Form E respectively.

m Form B Form A Form E
308.15 _
0 0.1799 0.2814 1
303.15 [
0 0.1631 0.2633 1
298.15 -
0 0.1522 0.2591 1

293.15 -

0 0.1462 0.2498

288.15 -

0 0.1374 0.2374 1
Water activity (a,,)

Temperature / K

Figure 11. The thermodynamic stability ranges of Form B, Form A and Form E.

Thus, it is obvious that the critical water activity has a strong dependence on
temperature and it could be correlated with the mechanism of the hydration. During
the solution mediated hydration, the formation of hydrate from anhydrous crystal
include two steps: the dissolution of anhydrate and the nucleation and growth of

hydrate. This process could be expressed in the following equilibrium:
K1 K2
X(solid)+mH 0 —=2[ X |+ mH20—= X -mH 0(solid) (1)

Based on the law of chemical equilibrium, K; and K, can be expressed as Eq. 2.
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o adxl )
 a[X(solid)]
[ al X -mH>0(solid)] 3)

al X )a[H201"

where m is the numbers of H,O in crystal lattice; X (solid) and X*mH,0 (solid)
represent the anhydrate crystal (Form B: m=0) and corresponding hydrates (Form A:
m=1 and Form E: m=2), respectively. a[H,O] represents critical hydration water
activity. If the standard states of unit activity of X(solid) and X-mH,O(solid) are
represented by their pure solid phases, the a[X(solid)] and a[X-mH,O(solid)] are all

equal to 1.

al X -mH0(solid)]
al X (solid)]a[ H20]"

Kin=KiK>=

=a[H-0]™ (4)

where K, represents the equilibrium constant of hydration equation.

According to Van’t Hoff equation:

14 [
anh:—mlnaw:—Ag +A]§ (5)
Then divide both side by -m,
0 0
Inaw= AR A5 (6)
mRT  mR

where R is gas constant (R=8.314).

The relationship of the critical hydration water activity and temperature was
calculated. What’s more, AH® and AS® were estimated using experimental data which
represent the hydration enthalpy and entropy respectively. The obtained parameters of

Van’t Hoff equations are given in Table 3 and the following equations could be

obtained.
lnaw(BfA):_9546-13+16.54 -
RT R
lnaw(BfE):_11588-7+16.35 .
2RT 2R

The results shows that AH®p A= -9546.13 Jmol! and AS®p.a= -16.54 J-
(mol'K)!, whereas AH® g gy=-11588.7 J'-mol! and AS®p.g= -16.35 J:(mol'K)!. The
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linear fitting curves of the relationship between //7 and the In a,, are shown in Figure
12, which demonstrated good fitting result. In addition, crystal morphology also
changed considerably at various water activity (Figure S7). It indicates that regulation
of water activity is an ideal tool to manipulate the result of crystallization and improve

the properties of crystal.

Table 3. The thermal data of the hydration of Avibactam sodium Form B.

AH® / J-mol! AS®/ J- (mol-K)!

Form B — Form A -9546.13 -16.54
Form B —> FormE -11588.7 -16.35
-1.2
A
-1.4F Form B to Form E
< .16
=

-1.8} Form B to Form A

208

0.0032 0.0033 0.0034 0.0035
T (K

Figure 12. The critical water activity and its temperature dependence of Avibactam
sodium anhydrates and hydrates in the equilibrium state of the 1-propanol/ water

system.

Dehydration of hydrates and its mechanism. To have a better understanding of
how the water molecules escape from the crystal lattice, hot-stage microscopy was
used to observe the change of single crystals of two hydrates during solid state
dehydration process. The results are shown in Figure 13a. For monohydrate Form A,
the formation of boundary was initiated at the defects of crystal and then extended

towards both sides of crystal surface when temperature reached to 378.45 K, which
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means the escape of water molecules (Figure 13a). In other words, the dehydration
began and the anhydrate started to nucleate and grow. The optical properties also
changed during this dehydration process and the appearance of water drops indicated
the accomplishment of the dehydration process. For Form E, as shown in Figure 13b,
a clear boundary on the surface of the crystal was initially observed and then
propagated through the whole crystal when Form E was heated to 369.35 K. It
indicates that the first category of water molecules combined only by H-bonds began
to escape from the crystal lattice and Form E converted to Form A (Figure S5). Then,
little drops of water on the edge of crystal appeared when the temperature reached
385.45 K, which implied the start of the escape of the second type of water molecules
connected by coordinate bonds as well as H-bonds from crystal lattice. At the same
time, the crystal was completely blackened and the crystal lattice of Form A was

collapsed.

(a) 307.65 K 37845 K 380.25 K

g

&
‘?%:c

200 um
384.85 K~ 735 K" 39475 K 7
9 d &10 . a
(b) 307.65K 369.35K ° 372.75K
201

0 pm

375.25K 38545K - 393.95K ©

H,0

Figure 13. Hot stage microscopy images of the solid-state dehydration of Form A (a)

D

and Form E (b) during the heating process.

Apart from solid-state dehydration, solution-mediated dehydration by slurring

the hydrate in solvents was also investigated in detail. The PXRD patterns as well as

the SEM images during the dehydration process of Form E are shown in Figure 14
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and 15. The detailed transformation process in ethyl acetate can be illustrated as
follows: firstly, the rod-shaped Form E crystals started to break and the brick crystal
continued to nucleate and growth after putting the dihydrate crystals (Form E) into
ethyl acetate for 4 hours (Figure 15a). At the same time, the characteristic peaks of
Form E at 20 of 9.7° and 22.2° began to decrease and peaks at 20 of 8.3°and 16.7°
started to emerge and increase, which was confirmed to be the appearance of Form A.
Then, the characteristic peaks of monohydrate disappeared gradually and anhydrate
Form B started to appear after about 10 hours 25 minutes, as shown in Figure 14a.
The whole process was very slow and it would take 12 hours for dihydrate to lose two
water molecules one by one.

However, the dehydration process in 2-butanol was significantly different from
the pathway in ethyl acetate. As shown in Figure 14b and Figure 15b, the solid of
dihydrate began to break and aggregate after adding the dihydrate crystals (Form E) in
to 2-butanol for 2 hours 40 minutes. Correspondingly, the characteristic peaks of
Form E broadened and the peak intensities decreased gradually. The crystal structure
was totally destroyed and transformed to amorphous solid after 5 hours and the
surface of Avibactam sodium became very rough and irregular. About 7 hours later,
the amorphous solid would further recrystallize and the characteristic peaks of Form
D would appear and become stronger. At the same time, the irregular appearance of
the solid tended to become into plated-shaped.

Based on the crystal structures of various solid forms and dehydration processes,
two different dehydration mechanisms of form E were proposed, as shown in Figure
16. The first mechanism is “Two-step Dehydration”, which was suitable for the
dehydration process in ethyl acetate. During the first step of this transformation
process, the intermolecular hydrogen bonds would be destroyed and the first type of
water molecules which were connected only by H-bonds would escape from the
crystal lattice. The molecular interactions, including H-bonds and coordinate bonds,
would be further reorganized and monohydrate Form A will be formed. Then, the
second category water molecules which formed coordination bonds and hydrogen

bonds with Avibactam sodium molecules also began to run out of crystal. Finally, the

ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design Page 26 of 34

second step transformation was completed and the anhydrous Form B was obtained.
On the contrary, the dehydration process of Form E in 2-butanol could be
summarized to be “One-step Dehydration + Recrystallization” mechanism. Two types
of water molecules would detach from the crystal lattice at a very short interval of
time in this situation, which will lead to the collapse of crystal structure and the
formation of amorphous solids. However, since the amorphous solid is not stable in
solvent environment, the molecules of API would be rearranged to crystal with the

continuous interaction with solvent. Therefore, Form D will be eventually obtained.
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Figure 14. PXRD patterns during the dehydration process of Avibactam sodium Form

E in two different solvents at 293.15 K. (a) In ethyl acetate. (b) In 2-butanol.
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Figure 15. SEM pictures of crystals during the dehydration process of Avibactam
sodium Form E at 293.15 K. (a) In ethyl acetate. (b) In 2-butanol.
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Figure 16. Proposed mechanism of for two different dehydration processes of Form E.

CONCLUSIONS

In this work, to reveal the role of water in the formation and dehydration of
hydrates, the effect of water activity on the formation of hydrates as well as the
mechanism of disintegration of water molecules from crystal lattice was investigated
by using Avibactam sodium as model compound. Crystal structures of four different
solid forms (including one monohydrate form (Form A), two anhydrous forms (Form

B and D) and one dihydrate form (Form E)) of Avibactam sodium were successfully
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solved and analyzed. It is noticeable that Form A adopts an analogous assembly mode
to Form B, whereas the former integrates one water molecule into asymmetric unit by
coordinate bonds and hydrogen bonds. Form E combines another category water
molecule with crystal lattice by hydrogen bonds based on the building block of Form
A. However, the structure of Form D showed a wide difference with the other solid
forms. The Dynamic Vapor Sorption experiments revealed the moisture-dependent
stability increased in the order: Form B < Form D < Form A < Form E. It can be
concluded that the integration of water molecules could stabilize the crystal structure
of hydrates. The hydration of Form B in mixed solvents with various water activities
was investigated to understand the integration of water molecules. The results indicate
that the presence of hydrous state depends on water activity and temperature, and the
integration of water molecules into crystal lattice will become more difficult as
temperature increases. Moreover, the dehydration process of dihydrate was studied by
solid-state dehydration using hot-stage microscopy and solution-mediated dehydration
in two kinds of solvents. Interestingly, Form E first transformed to Form A and then
transformed to Form B in ethyl acetate, which were consistent with the process of
solid-state dehydration. However, the crystals of Form E slurring in 2-butonal
underwent an amorphous state and then turned into Form D ultimately. Finally,
“Two-step Dehydration” and “One-step Dehydration + Recrystallization”
mechanisms of these different pathways were proposed by considering both the

experimental results and the crystal structure of various solid forms.
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Synopsis

In this study, to reveal the role of water in the formation and dehydration of hydrates,
the effect of water activity on the formation of hydrates as well as the mechanism of
disintegration of water molecules from crystal lattice was investigated by using

Avibactam sodium as model compound.
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