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Metformin is a common active pharmaceutical ingredient and is usually administered orally in the solid
form as a stable monohydrochloride salt. Herein, we discuss the crystal structure of a recently discovered
dihydrochloride metformin salt, which reveals that protonation of the secondary amine in the divalent
metformin cation disrupts both the extensive electron delocalisation and N-H---N hydrogen bonding found
in the known a- and B-polymorphs of the metformin hydrochloride salt; this leads to charge-assisted N-
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H*---Cl” hydrogen bonds dominating the solid form, forming a three-dimensional network. Analysis shows
that metformin dihydrochloride can be distinguished from the metformin hydrochloride polymorphs by
infrared spectroscopy and powder X-ray diffraction. Computational calculations suggest that metformin
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dihydrochloride has a lower lattice enthalpy than the known metformin hydrochloride phases, indicating a
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Introduction

Metformin hydrochloride, the common name of N,N-
dimethylbisguanidinium chloride, is a common medicine
widely used to treat type-II diabetes by regulating blood
glucose levels, with the exact mechanism still not
understood.”” It has also been used to improve pregnancy
rates and as a potential cancer treatment.’> Metformin's
benefits as a treatment for various conditions do come with
limitations, with a significant fraction of the >120 million
patients worldwide experiencing adverse side effects.® When
taken orally, a-metformin hydrochloride, which has high
water solubility, is absorbed in the lower intestine but has
relatively low bioavailability (50-60%) due to poor
permeability across cell membranes;>’ this leads to
classification as a Biopharmaceutics Classification System
class III drug and requires larger doses. Reported side effects,
broadly described as gastrointestinal intolerances (GI),
vitamin deficiencies and low blood sugar, have been linked to
the high solubility and fast release time of the drug.® While
the precise mechanism by which GI intolerances occur
remain unclear this may be linked to high local luminal
concentrations that result from the high dosage needed,
explaining why slow-release formulations reduce these side
effects.> Whilst there has been advancement in active
pharmaceutical ingredient (API) slow-release mechanisms as
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high solubility and lower stability consistent with experimental measurements.

part of the formulation of pharmaceuticals,”® another impact
on drug solubility and, therefore, release time is
polymorphism and co-crystallisation.'® These can affect a
range of properties, including drug solubility, dissolution
rates, hygroscopy, and long-term stability.""'* In extreme
cases different polymorph solubility can lead to mass recalls
of solid-form pharmaceuticals, as occurred for ritonavir in
1998 due to a more stable polymorph with lower solubility
and reduced bioavailability."?

The diversity of structures in the solid form can be
categorised into single or multiple-component crystals. Those
that contain multiple components can be classified as salts,
solvates or co-crystals, with each able to form polymorphs.**
The interactions between molecules usually dictate the
deviations in packing between polymorphs. The number and
ratio of hydrogen bond donors and acceptors can influence
the formation of different solid forms, as can changes in
molecular shape due to rotations around dihedral angles.
5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile,
commonly known as ROY, is a system famed for its myriad
polymorphs with over 15 polymorphs and
counting.”™” The strength of hydrogen bonding also plays a
role in system susceptibility to forming a diverse range of
structures. Charge-assisted hydrogen bonding introduces
ionicity to the hydrogen bond, where the donor and acceptor
species carry a positive and/or negative charge.'®'® Examples
of these can be found in molecular salts and co-crystals,
including  pharmaceuticals.’®?°  Interactions  between
positively charged protonated hydrogen bond donors and
chloride anions sit in the murky in-between of ionic bonds,

known
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strong dipole-dipole interaction, and hydrogen bonds.
However, for the purpose of this study, they are considered
charge-assisted hydrogen bonds."®"°

Metformin hydrochloride has two known polymorphs, o
and B, with the latest reported in 2004.%** The two
polymorphs are monoprotic with the secondary amine site
deprotonated, leading to delocalisation of the = electrons and
consequently resonance structures.”>>* The two polymorphs
crystallise in P2,/c and show differences in crystal packing,
which leads to differences in physical properties.*** Co-
crystals have already been explored, with metformin citrate
showing improved stability compared to o-metformin
hydrochloride.>* Metformin has also been found as diprotic
when co-crystallised with N,N'-(1,4-phenylene)dioxalamic
acid, and found to show charge assisted intermolecular
interactions.?® Herein, we discuss a new salt, metformin
dihydrochloride, in which the metformin is diprotic as an
extension of the pharmaceutically relevant metformin
hydrochloride compounds. We first crystallised metformin
dihydrochloride as part of a local outreach project. In parallel
to our efforts, Xia®® reported the X-ray crystal structure but
without detailed discussion or further characterisation. We
have subsequently obtained a sample of the material of
suitable purity for bulk characterisation by common methods
that would enable it to be distinguished from the related
monoprotonated phases. We have also completed
computational studies that suggest it is likely more soluble
and less stable than the monoprotonated chloride salts,
which is supported by experimental measurements. The
greater solubility of metformin dihydrochloride may worsen
GI side effects should samples of a-metformin hydrochloride
be contaminated with it.

Experimental

Colourless single crystals of metformin dihydrochloride were
produced by the dissolution of a-metformin hydrochloride
with stoichiometric amounts of 2 M hydrochloric acid. This
was then recrystallised at room temperature over several
months. Phase purity was initially assessed using a pattern
collected on a Rigaku Miniflex diffractometer using Cu K,
with a fit to the pattern obtained using the Le Bail method as
implemented in GSAS-II indicating that metformin
dihydrochloride is the main phase present along with a small
amount of the o-polymorph (see Fig. $1).>” Microanalysis
results also confirm a bulk composition consistent with
metformin dihydrochloride (see Table S1).

Crystals were mounted in Fromlin oil onto a MiTeGen
microloop attached to the 3-circle goniometer of the Rigaku
Supernova diffractometer. An Oxford cryostream 800+ was
used to cool the crystal to 100 K. X-rays were generated using
a Mo K, microfocus tube with diffraction measured using an
ATLAS CCD detector. Data processing was carried out using
Crysalis Pro,®® with structure solution performed with
SHELXS Direct methods in the Olex-2 interface.>**°
Structural refinements were performed using SHELXL with
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hydrogens added at geometrically calculated positions after
their location in difference electron-density maps.**

Thermal analysis was performed using the NETZSCH 409
PG/PC TGA with thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) collected in parallel.
Samples were loaded into ceramic crucibles and heated
under air at an average rate of 10 °C min™". Fourier transform
infrared spectroscopy (FTIR) was conducted and averaged
over 32 scans using the Shimadzu IRAffinity-1S Fourier
transform spectrometer equipped with an attenuated total
reflection stage.

Computational  evaluation of the  oa-metformin
monohydrochloride and metformin dihydrochloride was
completed using BIOVIA Materials Studio 2022 with the
CASTEP** module and CrystalExplorer21.** The calculation
was performed on each polymorph and salt using the GGA
BLYP functional with the pseudopotentials, which were
allowed to converge over a single gamma point with a DFT-d
Grimme semi-empirical dispersion correction following an
LBFGS geometry optimisation of the crystallographic
models.** The plane wave OTFG ultrasoft pseudopotential
basis set was used with an energy cut-off set to 570 eV and
no periodic dipole correction. Values for lattice energy, Eja,
are calculated by eqn (1):

_ ptotal total
Elatt - Ecrystal - ZEmolecule [1]

where Z refers to the number of asymmetric units in the unit
cell. The calculation of Eyolecule Was performed in the same
manner as before, on a single asymmetric unit in a 25 A x 25
A x25 A cell.

Analysis in CrystalExplorer21 consisted of generating
Hirschfeld surfaces to compare molecular packing between
the two monochloride polymorphs and dichloride salt as well
as using DFT with the CE-B3LYP function as implemented in
CrystalExplorer21 to calculate interaction energies and,
subsequently, the lattice energies of the salts as a proxy to
indicate differences in solubility. Lattice energies in
CrystalExplorer21 (ref. 33) are calculated on >20 A sized
clusters as half the summation of interactions between the
central molecule with another in the cluster, using eqn (2)
and (3):

1
Elatt = E Z Etotal + Ecell dipole [2)
Pairs
_ancellz
E i =— 3
cell dipole 3ZVcell ( )

as described by Thomas et al>® The average discrepancies

between the calculated and measured values have historically
been no more than 7 k] mol™ at a maximum.** Coulombic
interaction energies are combined with dispersion and
repulsion energies as corrections to the total energy to give
the lattice energy. Interaction energies are calculated as
columbic interaction energies.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion
Crystal structure

dihydrochloride crystallises in the polar
monoclinic space group P2,; full crystallographic details are
presented in Table S2. Variable temperature single crystal
X-ray diffraction shows no sign of any phase transitions
between 100-300 K, with the monoclinic cell distortion
modestly decreasing with increasing temperature (see Fig. S2
with thermal expansion coefficients in Table S3). The
asymmetric unit consists of diprotic metformin with all
nitrogen groups 3-coordinate and two chloride anions for
charge Dbalance, see Fig. 1. Compared to the
monohydrochloride polymorphs, this dichloride salt has its
secondary amine protonated in addition to all primary

Metformin

amines. The C1-N3-C2-N5 torsion angle (¢°) of the
Qc .. 4 c11 Dichloride Salt
°Cl N2 N4
Qv
c3
é c12 o

<

.

Fig. 1 Asymmetric unit of (top) metformin dihydrochloride, (middle)
a-metformin hydrochloride and (bottom) B-metforminhydrochloride.?%
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dichloride salt is 139.5(4)° and is closer to a planar
configuration than the monoprotic forms (a = 56.5(5)° and f
= 129.1(2)°). This is also in line with diprotic metformin
citrate being more planar, showing a torsion angle of
148.8(8)°.>

A charge density study of the monoprotic a form showed
that metformin is protonated on the primary amine
functional groups, with the N3 secondary amine site
deprotonated.*® It suggested extensive electron delocalisation
across the metformin molecule with only the C-N bonds to
the tertiary N site being single bonds and the highest bond
orders being associated with the C-N bonds to the secondary
amine, N3. In contrast analysis of the bond distances,
presented in Table S4, indicates that the C-N bonds to the
secondary amine are significantly lengthened in the
dichloride salt compared to both monoprotic salts while the
C-N bonds to the primary amines (N1/N2-C1 and N4-C2) are
shorter than in the monoprotic salts.>*>* This suggests the
n-bonding of the diprotic metformin is disrupted by the
protonation of the secondary amine (N3), resulting in a
distinct resonance structure from the monoprotic forms. The
bond distances to the methyl groups are consistent across all
three forms suggesting these remain single bonds.

In the dichloride phase, the metformin is packed into a
3D hydrogen bond networked structure with neighbouring
cations along the c-axis shifted by half a unit cell. This is in
contrast with the hydrogen-bonded chains of metformin
molecules adopted by the o-form and the dimerisation of
metformin molecules that are found in the B-polymorph. The
key difference in the intermolecular interactions between the
monochloride compounds and the new dichloride salt arises
from the latter having a larger ratio of chloride anions to
metformin molecules and a protonated N3 site that makes it
less favourable as a hydrogen bond acceptor site. In the o-
and B-monochloride forms, there is a combination of charge-
assisted hydrogen bonding and intermolecular hydrogen
bonding between their metformin molecules, the latter
involves the N3 site acting as a hydrogen acceptor. In
contrast, in metformin dihydrochloride the molecules pack
with only charge-assisted hydrogen bonds between N-H
groups and chloride anions, N-H"---Cl" (see Fig. S3 for
packing diagram). Charge-assisted hydrogen bonds form with
both Cl1 and CI2 (full details of hydrogen bonding
interactions can be found in Table S5). Cl1 is involved in
three hydrogen bonds, two involving one metformin cation
via interactions with the hydrogen bound to the N2 and N4
sites and another with the other distinct proton on the N4
site on an adjacent cation. CI2 is involved with four hydrogen
bonds, two with protons bonded to hydrogen atoms on N1
and N2 with two further hydrogen bonds to other metformin
molecules; one with the other distinct proton on another N2
and a second with the proton bonded to N3. This results in
all protons bonded to an amine being involved in a single
charge-assisted hydrogen bond. The N3-H3'---Cl2 donor-
acceptor distance is classified as unusually short (see Table
S6 and Fig. S4 for further details) using the ‘Hydrogen Bond
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Statistics” tool in the Materials package of the Mercury
programe.®®?” This may suggest the N3 site is overbonded in
the structure such that it is favourable for the hydrogen
associated with it to form a stronger hydrogen bond.

The interactions in the dichloride salt have been analysed
using Hirschfeld surfaces and summarised as fingerprint
plots (see Fig. 2 and S5 for further breakdown). These
indicate that Cl---H interactions comprise 30.9% of contacts
in the dichloride form compared to 14.4% in the alpha and
15.6% in the beta monohydrochloride compounds. The
fingerprint plots also confirm the limited amount of N---H
interactions in the metformin dihydrochloride salt (7.2% of
contacts), which show up as pseudosymmetric ‘wings’ on the
fingerprint plots of the o (16.3% of contacts) and B (16.6% of
contacts) forms. This further confirms the dominance of
charge assisted hydrogen bonding interactions in the
dichloride salt compared to the monochloride compounds.

Bulk analysis

Physical characterisation of metformin dihydrochloride
compared to the physical properties of o-metformin

d.

Dichloride Salt

d;
26 7%

U6 08 TU T.Z T4 T6 T8 20

U6 08 TU T2 T4 T6 T8 20 76

Fig. 2 The Hirschfeld surfaces and respective fingerprint plots
generated around each metformin molecule for (top) metformin
dihydrochloride, (middle) o-metformin hydrochloride, (bottom)
B-metformin hydrochloride.
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hydrochloride show that these are readily distinguishable by
standard laboratory analysis. Simulated powder patterns for
each of the three known phases, o,  and dichloride salt, (see
Fig. S6), show that these phases are clearly distinguishable
with minimal peak overlap.*> FTIR spectra shows a clear
increase in intensity in the broad N-H stretch at ~2700 cm™"
in the diprotic metformin hydrochloride compared to the
monoprotic metformin hydrochloride (see Fig. 3). This is
usually associated with amine salts and would be expected to
increase given the increased number of charge assisted
hydrogen bond interactions.*® The combination of
protonated primary and secondary amine groups in the
dichloride results in broader features between 3500-2800
em™ due to overlapping peaks from the different N-H
stretches. Combinations of C=N and C-N stretches are
observed strongly in both compounds between 1600-1200
em™ but at differing positions. This supports the idea that
the monoprotic and diprotic metformin molecules show
different resonance structures but could also be influenced
by differing contributions from N-H bending modes, which
are usually observed around 1500-1650 cm ™.

Thermal analysis shows differences in thermal stability
between phases with an endothermic process occurring at
~210 °C for metformin dihydrochloride and ~230 °C for
o-metformin hydrochloride (see Fig. 4), the latter matches
with literature values."*? This would suggest that the
dichloride salt is less thermally stable than the o form.***!
The o-metformin hydrochloride has a sharper endothermic
peak in its calorimetry measurement than the metformin
dihydrochloride salt complex, which may suggest the latter
has a more complex degradation. An approach to estimating
the stability of a polymorph based on the difference in
density between polymorphs was used previously when the 8
form was reported, where it was suggested that a difference
in density of 5% between forms indicated the o-polymorph
was more stable. The difference in density between the o
form and the dichloride compound is approximately 2%,
suggesting this former is the more stable form, particularly
given the higher chloride content of the latter phase.***?
Despite this powder X-ray diffraction patterns collected of the
metformin dihydrochloride remained similar after 2 years of

Normalised transmission (a.u)

—— Metformin dihydrochloride
—— a-Metformin hydrochloride

4000 3500 3000 2500 2000

Wavenumber (cm™1)

1500 1000 500

Fig. 3 Normalised FTIR of metformin dihydrochloride (dark blue) and
a-metformin hydrochloride (light blue) offset for clarity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Thermal gravimetric analysis and simultaneous differential
scanning calorimetry for (top) metformin dihydrochloride and (bottom)
a-metformin hydrochloride.

storage under ambient conditions, with no new phases found
to form over this period of time (see Fig. S7).

Computational analysis

We anticipate that the monoprotonated and diprotonated
metformin cations would rapidly interchange in solutions
in the body due to the loss or addition of the highly labile
protons associated with the amine groups. The form
present will primarily be dependent on pH and thus the
permeability across cell membranes likely remains similar
regardless of the solid form it originates from. Thus the
pharmacological implications of metformin dihydrochloride
are primarily with regards to its solubility. Thus to estimate
the solubility of these compounds, interactions are
calculated as lattice energies using both CrystalExplorer
and CASTEP. For a molecular salt such calculated lattice

Table 1 The lattice energies calculated using CASTEP and CrystalExplorer21
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energies are comparable to the measured enthalpy of
sublimation, eqn (1) and (2).*>** Independent of the
method lattice energy calculations suggest that metformin
dihydrochloride has a significantly smaller lattice energy
than either monochloride form (see Table 1), suggesting it
is the least energetically stable of these three forms. The
CrystalExplorer calculations have the caveat that non-
centrosymmetric structures with polar point groups require
a more significant cell dipole energy (Ecen aipole) COITection
to the calculation, eqn (3), which is usually a small,
insignificant effect for non-polar structures. Metformin
dihydrochloride is a polar structure, so its lattice energy
will be heavily dependent on the shape of the crystal, and,
as such, the lattice energy determined is an approximation
for an individual crystal.44 Some typical values of Eceyi gipote
for polar structures are —17.9 k] mol™ and -24.6 k] mol ™,
respectively, for HF and HCN, introducing a broader
correction on the calculated values.®® The larger size of the
metformin molecule will significantly reduce the density of
dipoles and therefore likely the size of this correction
compared to these simple inorganic structures, although
this may be somewhat offset by the charge on it that
results from protonation. Calculating the lattice energies
using a periodic mode in CASTEP avoids the issues with
the dipole moment correction. While these DFT methods
traditionally do not calculate hydrogen bonding and van
der Waals forces accurately the use of the Grimme-D
correction,® which introduces dispersion forces in the
structure, compensates for this. This correction is likely the
cause of the higher interaction energies from the CASTEP
calculations as opposed to those obtained using
CrystalExplorer.

The calculations in CrystalExplorer are also visualised
as energy frameworks showing the directionality and
relative strength of the interactions, which suggest the
interactions in the metformin dihydrochloride phase is
more uniform in three dimensions than is the case for
the o and B phases (see Fig. S8). This is consistent with
the three-dimensional hydrogen bonding network we
describe for the dihydrochloride phase. These calculations
suggest the interactions between the metformin and CI2
environment are more significant than the interactions
with the CI1 site.

The smaller calculated lattice energies of the
dihydrochloride salt indicate it would require a less
endothermic dissolution process and thus be more soluble
than both the a- and f-metformin hydrochloride polymorphs.
The smaller lattice enthalpy is likely due to the packing being
dominated by the more ionic charge assisted hydrogen bonds

a-Metformin hydrochloride/

B-Metformin hydrochloride/ Metformin dihydrochloride/

Method kJ mol™ kJ mol™ kJ mol™
CASTEP, BLYP -108.91 —109.00 -63.61
CrystalExplorer21, CE-B3LYP, >20 A cluster -96.90 -94.35 -41.50

This journal is © The Royal Society of Chemistry 2025

CrystEngComm


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00711a

Open Access Article. Published on 21 Oktober 2025. Downloaded on 2025-12-03 11:48:37 nm..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

with no N-H:--N hydrogen bonding possible due to the lack
of H-bond acceptors on the doubly protonated metformin
cation. This is reasonable with charge-assisted X-H"--CI”
hydrogen bonds found to be weaker than conventional
hydrogen bonding interactions.’®'**> Our calculations in
CASTEP confirm the weaker nature of the charge-assisted N-
H'---ClI" hydrogen bonds, indicating these have a bond
energy of —1132 k] mol™ compared to the N-H:--N bond
energy of 17.9 k] mol™". They also indicate the N-H"--Cl~
interaction being more stable in its ionic form where the
positive charge is primarily associated with the proton rather
than being delocalised across the N-H bond by
approximately 1067 kJ mol™. Consistent with the proposed
higher solubility of metformin dihydrochloride experimental
solubility measurements suggested metformin
dihydrochloride is roughly twice as soluble as o-metformin
hydrochloride. This is based on visual observation of 31 mg
of  metformin dihydrochloride = and  oa-metformin
hydrochloride dissolving in 20 pL and 40 pL of ultrapure
water, respectively, at 20 °C with intermittent sonication and
solution added in 10 pL aliquots. These calculations also
match well with the experimentally observed degradation
temperatures, which show that the dichloride salt is less
stable and has a lower density Undesirable side effects from
metformin  hydrochloride, such as  gastrointestinal
intolerances, have been linked to fast release times due to its
high solubility, with slow release technologies utilised to
mitigate these.> Thus, being able to identify any
contamination from metformin dihydrochloride, which could
arise through accidental addition of excessive HCI, is vital to
avoid worsening these side effects.

Conclusions

Our analysis of the structure of metformin dihydrochloride, a
new salt of the pharmaceutical metformin hydrochloride,
indicates the second proton is accommodated on the
secondary amine site. This disrupts the extensive electron
delocalisation found in the monovalent form and eliminates
N-H---N hydrogen bonds that play a role in the known
metformin hydrochloride forms such that only charge
assisted N-H"---ClI” hydrogen bonds exist between the
divalent metformin molecules leading to a three-dimensional
hydrogen bond network. This work shows that the existence
of the metformin dihydrochloride can be readily identified by
both infrared spectra and powder X-ray diffraction, enabling
the potential for contamination of pharmaceutical samples
to be avoided. Experimental analysis and computational
calculations suggest this is a less stable form of metformin
hydrochloride with a lower decomposition temperature and
higher solubility and potentially different pharmacokinetics.
This new salt was synthesised as part of an outreach project
involving an extensive crystal screening and highlights the
potential and rise in such public engagement activities to
advance scientific understanding.*®
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