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a b s t r a c t 

Magnesium compounds became relevant since the discovery that this element is essential and its defi- 

ciency causes several diseases. From these findings, magnesium supplementation became a pharmacolog- 

ically important issue that prompted the search for new drugs. There are many commercial formulations 

for restoring electrolyte balance, nutrition, learning, Alzheimer’s disease, mood disorder, pain, etc. Mag- 

nesium is found in ALP and is known to be able to stimulate its activity. Because of that, there is a 

great interest in a study of the activity of magnesium compounds as a drug for osteoporosis. Metal com- 

plexes are known to improve the bioavailability and the pharmacological performance of drugs. Thus, we 

combine the pharmacological ability of magnesium together with the potential biological activity of N,N- 

dimethylacetamide (a common solvent used in pharmaceutical preparations). The present study reports 

the chemical syntheses of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O complex and the clinical potential implication as 

phosphatase stimulator. In a typical phosphatase assay containing p-nitrophenyl phosphate, the kinetic 

constants (K m 

and K cat ) were calculated through Michaelis-Menten assumptions and the activities of the 

magnesium complex, alkaline phosphatase and magnesium chloride had been compared. The compound 

can activate ALP hence suggesting that it could regulate bone matrix formation. Albumin binding exper- 

iments were also performed and revealed a better interaction than the well-known magnesium chloride 

salt. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Magnesium is an essential element and the main biologically

vailable sources are the oceans and rivers. It dissolves easily and

inds water molecules tighter than other elements like calcium,

otassium, and sodium. The total magnesium content in an adult

uman body (70 kg) is approximately 1 mol. About 99% is located

n bones, muscles, and non-muscular soft tissues. Its intracellular

ontent ranges from 1 to 5% and it binds to negatively-charged

olecules, proteins, and adenosine triphosphate (ATP). The extra-

ellular percentage of Mg 2 + is 1% and it is found in serum and

ed blood cells. Magnesium acts as a cofactor in enzymatic reac-

ions stabilizing enzymes and it is involved in ATP production. Its
∗ Corresponding author. 

E-mail address: evelina@quimica.unlp.edu.ar (E.G. Ferrer). 

c  

p  

A  

a  

ttps://doi.org/10.1016/j.molstruc.2020.129240 

022-2860/© 2020 Elsevier B.V. All rights reserved. 
etabolism influences the glucose-intervening process, synthesis 

f fat, proteins, nucleic acids, muscle contraction, and many others.

t additionally contributes to normal neurological function and the

elease of neurotransmitters. Due to its biological relevance, mag-

esium deficiency is a potential health risk associated with sev-

ral diseases. Deficiency symptoms are anorexia, nausea, vomiting,

ethargy, weakness, paresthesia, muscular cramps, irritability, de-

reased attention span, and mental confusion [1] . There are many

ommercial magnesium supplements to restore the normal levels

2] . 

There is also a growing interest in the effects that magnesium

ay produce on the activity of alkaline phosphatase (ALP). This en-

yme generated by osteoblasts is essential in tissue formation. It

atalyzes the cleavage of the ester group of p-nitrophenyl phos-

hate (PNPP) into p-nitrophenol (PNP). In bone formation, high

LP enzyme levels are an early marker of osteoblastic differenti-

tion and mineralization. In this sense, the increment of its activ-

https://doi.org/10.1016/j.molstruc.2020.129240
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129240&domain=pdf
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https://doi.org/10.1016/j.molstruc.2020.129240


2 N. Martini, J.E. Parente and G. Restrepo-Guerrero et al. / Journal of Molecular Structure 1223 (2021) 129240 

Fig. 1. Resonance structures of N,N - dimethylacetamide (DMA). 
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ity provides therapeutic opportunities for the treatment of bone

diseases and also the creation of bone biomaterials [3] . Different,

but few experiments are found in the literature regarding ALP lev-

els including magnesium compounds. Magnesium is also important

in bone regeneration. This bio-essential element influences the fi-

nal composition and the bone-crystal structure. Its deficiency is

involved in osteoporosis. It was shown that Mg 2 + could be ad-

sorbed or retained on the surface or inside of hydroxyapatite to

be released during bone resorption [4] . Intra-peritoneal injection

of MgO-nanoparticles in Wistar rats, especially in doses ranging

from 125 μg.mL −1 to 250 μg.mL −1 , considerably increases ALP ac-

tivity [5] . MgCl 2 enhances the rate of hydrolysis of PNPP by ALP

in a concentration-dependent manner [6] . Its deprivation reduced

calf intestinal alkaline phosphatase activity with a K m 

value rang-

ing from ~0.25 mM to ~0.03 mM. 

The activity of ALP in UMR106 osteosarcoma cells was also in-

hibited 30% by Mg 2 + deficiencies [7] . It is known that different

compounds of the same element could demonstrate non-identical

results in biological assays. Several factors may be involved in

these behaviors such as the differences in structure, charge fac-

tors, physical, and pharmacological properties allowing the com-

pound to be released or to be achieved in a certain location where

it is needed. MgSO 4 and MgCl 2 have dissimilar pharmacological

and toxicological properties being the absorption and retention of

the chlorine more efficient [8] . Certainly, in vivo studies with al-

bino male Wistar rats fed with MgSO 4 (0.06 mg/mL, 12 weeks) did

not show any significant effect on the activity of ALP extracted by

femoral diaphysis [4] . 

On the other side, N,N - dimethylacetamide (DMA, Fig. 1 ) is a po-

tent industrial solvent and also an intermediate for many organic

reactions in the synthesis of agrochemicals, pharmaceuticals, and

fine chemicals. This solvent is very convenient for the dissolution

of polyacrylonitrile, polyimides, cellulose derivative, polyvinyl chlo-

ride, polyamides, styrenes, and linear polyesters. It is also used

as a vehicle in pharmaceutical formulations (tetracycline, oxyte-

tracycline, chloramphenicol, amsacrine, diaziquone, triazineantifo-

late, myleran, and teniposide). Considering that this solvent pos-

sesses manageable toxicity (for example in amsacrine-DMA lac-

tate formulation DMA ranged between 57.3-159.4 g for patients

with a bodyweight of 70 kg), it seems to be a suitable ligand

for other pharmacological applications [9] . There are several re-

ports in the literature on metal complexes using this solvent as

a ligand [10–12] but their pharmacological use has not yet been

described. 

Another important factor concerning the bioavailability of the

biological relevant compound is the capacity to be transported

by serum proteins. Serum albumin is the main circulating pro-

tein involved in controlling levels of Mg 2 + . Different experiments

and techniques led to a similar result: magnesium binds to albu-

min with a dissociation constant of ~10 2 -10 3 , and no significant

changes are observed in the fluorescence emission spectrum of BSA

[13 , 14] . However, the bioavailability of the new compound could be

evaluated by fluorescence spectroscopy measurements. 

These results prompt us to study the potential synergistic ef-

fects on ALP and albumin interaction ability produced by the

new coordination complex, tetraacuo-bis-(N,N-dimethylacetamide-

O)magnesium(II) chloride dihydrate (MgDMA) and to compare the

effects with those produced by MgCl . 
2 
. Materials and methods 

All chemicals used were of analytical grade. The hexahydrate

alts of magnesium nitrate and chloride were obtained from

iopack and N,N-dimethylacetamide from Anedra. Elemental anal-

ses for carbon, hydrogen and nitrogen were performed using

 Carlo Erba EA 1108 analyzer. FTIR absorption spectra of pow-

ered samples sandwiched between KBr disks were measured

ith a Bruker IFS 66 FTIR-spectrophotometer from 40 0 0 to 400

m 

−1 . Raman dispersion spectra were collected on a Raman Horiba

obinYvon T640 0 0 (confocal microscopy Olympus BX41) spec-

rophotometer with a laser power of 400 and 800 mW (Ar, 514.5

m) and at a spectral resolution of 4 cm 

−1 . Each spectrum was ob-

ained as an average of 10 scans collected in the 40 0 0-40 0 cm 

−1 

ange. 

UV-Vis and reflectance spectra determinations were recorded

ith a Shimadzu 260 0/270 0 spectrophotometer. Fluorescence

pectra were obtained using a Shimadzu (RF60 0 0) lumines-

ence spectrometer equipped with a pulsed xenon lamp. The

hree-dimensional fluorescence spectra were obtained using a

erkin Elmer (Beaconsfield, UK) LS-50B luminescence spectrome-

er equipped with a pulsed xenon lamp (half peak height b10 μs,

0 Hz) and R928 photomultiplier tube and the data has been pro-

essed with FLWinlab software. The experimental conditions were:

i) Emission wavelength was recorded between 200 and 600 nm,

ii) Excitation wavelength from 200 to 400 (5 nm of increment),

iii) the number of scanning curves was 15, (iv) Scan speed: 60 0 0

m/min, (v) Bandwidth: 3 nm. 

.1. Synthesis of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O (MgDMA) 

The magnesium complex was prepared by direct reac-

ion between magnesium chloride hexahydrate salt and N,N-

imethylacetamide. For the synthesis of the complex, 2 mmol of

gCl 2 .6H 2 O were added to a magnetically stirred solution con-

aining 1 mmol of hot N,N-dimethylacetamide (10 mL). After re-

uxing at 100 °C for 2 h under continuous stirring, the resulting

olution was left to stand for 48 h. The colorless single crystals

ormed that resulted suitable for structural X-ray diffraction deter-

inations, were filtered off, washed with N,N-dimethylacetamide,

nd air-dried. Yield: 80-88%. 

Elemental analyses for C, H, N confirm the composition:

 8 H 30 Cl 2 MgN 2 O 8 : Calculated: 25.43 %C, 7.95 %H, 7.42 %N; Found:

5.50% C, 7.87%H, 7.48 % N. 

.2. Crystal data and structure solution and refinement 

The measurements were performed on an Oxford

calibur Gemini, Eos CCD diffractometer with graphite-

onochromatedMoK α ( λ = 0.71073 Å) radiation. X-ray diffraction

ntensities were collected ( ω scans with ϑ and κ-offsets), inte-

rated and scaled with CrysAlisPro [15] suite of programs. To avoid

egradation, the crystal was mounted on the goniometer head

mbedded in an oil droop. The unit cell parameters were obtained

y least-squares refinement (based on the angular settings for

ll collected reflections with intensities larger than seven times

he standard deviation of measurement errors) using CrysAlisPro.

ata were corrected empirically for absorption employing the

ulti-scan method implemented in CrysAlisPro. 

The structure was solved by intrinsic phasing with SHELXT

16] and refined with anisotropic displacement parameters for the

on-H atoms with SHELXL program of the SHELX package [17] . All

-atoms were found in a difference Fourier map phased on the

eavier atoms and refined at their found positions with isotropic

isplacement parameters. Crystal data, data collection procedure,

nd refinement results are summarized in Table 1 . 
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Table 1 

Crystal data and structure refinement for [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O (MgDMA). 

Empirical formula C 8 H 30 Cl 2 MgN 2 O 8 

Formula weight 377.55 

Temperature 297(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group I 2/a 

Unit cell dimensions a = 16.4182(8) Å 

b = 8.0355(4) Å 

c = 29.573(2) Å 

β = 91.376(5) °

Volume 3900.4(3) Å3 

Z 8 

Density (calculated) 1.286 Mg/m3 

Absorption coefficient 0.396 mm-1 

F(000) 1616 

Crystal size 0.386 × 0.253 × 0.244 mm3 

ϑ-range for data collection 3.154 to 28.868 °
Index ranges -21 ≤ h ≤ 21, -10 ≤ k ≤ 8, -36 ≤ l ≤ 40 

Reflections collected 9693 

Independent reflections 4282 [R(int) = 0.0276] 

Observed reflections [I > 2 σ (I)] 2191 

Completeness to ϑ = 25.242 ° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4282 / 1 / 245 

Goodness-of-fit on F2 1.002 

Final R indices [I > 2 σ (I)] R1 = 0.0473, wR2 = 0.1299 

R indices (all data) R1 = 0.0927, wR2 = 0.1689 

Largest diff. peak and hole 0.271 and -0.308 e. ̊A-3 

a R 1 =�|| F o |-| F c ||/ �| F o |, wR 2 = [ �w (| F o | 
2 -| F c | 

2 ) 2 / �w (| F o | 
2 ) 2 ] 1/2 . 
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.3. Hirshfeld surface analysis (HSs) 

Hirshfeld surface analysis (HSs) was performed using Crystal

xplorer 3.1 [18] , based on structural single-crystal X-ray diffrac-

ion studies. The function d norm 

is the ratio including the distances

f any surface point to the nearest interior (d i ) and exterior (d e )

tom and the van der Waals radii of the atoms. When the d norm 

unction has a negative value, it indicates that the sum of d i and

 e is less than the sum of the relevant van der Waals radii and it

s considered to be a close contact. In the map of HSs, the closest

ontacts appear in red, the intermolecular distances (near to van

er Waals contacts with d norm 

= 0) in white color and the con-

acts which are longer than the sum of van der Waals radii (posi-

ive d norm 

values) are blue-colored. The presence of different types

f intermolecular interactions can be observed in a 2D fingerprint

lot of d i versus d e . 

.4. Computational methods 

The input data for the computational calculations were taken

rom crystallographic parameters obtained for MgDMA. The opti-

ization of the geometries and the vibration analysis for the mag-

esium complex were carried out to get the lowest value in the

otential energy surface. The calculations were performed with the

ensity Functional Theory tools as implemented in GAUSSIAN 09

19] , using the hybrid functional with non-local exchange due to

ecke [20] and the correlation functional due to Parr [21] known

s B3LYP. Contracted Gaussian basis sets of triple-zeta quality plus

olarized and diffuse functions 6-311 ++ g(2d,p) [22] for all atoms

ere used throughout the present work. The corresponding vibra-

ion analyses were performed for the optimized geometry to verify

hether it is a local minimum or saddle point on the potential en-

rgy surface of the molecule. The calculations were also carried out

ith the Gaussian 09 package. Calculated normal modes were also

sed to assist the assignment of experimental frequencies. 

The electronic spectra of the compounds were calculated using

he time-dependent density functional theory [23] as implemented

n the Gaussian 09 package. The vertical transition energies were
alculated at the optimized ground-state geometry using the meta-

ybrid PBE0 functional [24] to produce a number of 80 singlet-to-

inglet transitions. Solvent effects (water) were also included at the

ame level of theory using the Polarizable Continuum Model [25] . 

.5. Phosphatase activity 

The conversion of the substrate p -nitrophenyl phosphate (PNPP)

o p -nitrophenol (PNP) was monitored by the absorbance changes

t 405 nm ( ε = 18500 M 

−1 .cm 

−1 ). The experimental conditions for

LP specific activity measurement were: 1 μg/mL of bovine in-

estinal ALP (6.25 × 10 −6 mM) and PNPP (with final concentra-

ions ranging from 0.04 to 0.4 mM) were dissolved in the incuba-

ion buffer (55 mM glycine + 0.55 mM MgCl 2 , pH = 10.4) and held

or 5 min at 37 °C. The effects of the compounds were determined

y the addition of different volumes of 5 mM MgCl 2 and MgDMA

o the pre-incubated mixture. The effect of each concentration was

epeated five times in three different experiments. 

.6. Evaluation of the catalytic parameters 

A treatment based on the Michaelis-Menten model developed

or enzyme kinetics studies was performed. The values of the

ichaelis binding constant (K m 

), maximum velocity (V max ), and

ate constant for dissociation of substrates (i.e., turnover fre-

uency, k cat ) were calculated from the Lineweaver-Burk graph

double reciprocal plot) of 1/rate versus 1/[S], using the equa-

ion 1/V = (K m 

/V max )(1/[S]) + 1/V max . A control reaction carried

ut without the magnesium complex shows no change in the ab-

orbance at 405 nm. The data represent triplicate determinations

nd were performed at least five times. 

.7. Albumin interaction 

.7.1. Fluorescence quenching experiments 

Bovine serum albumin (BSA) was dissolved in 0.1M Tris-HCl

uffer (pH 7.4) to attain a final concentration of 6 μM. The so-

utions of the studied compounds were added drop-wise to the

bove preparation to ensure the formation of a homogeneous so-

ution and to obtain the desired concentration of 0-10 0 0 μM. Ad-

quate solubility was reached under these experimental conditions

nd the compounds did not show significant fluorescence that

ould interfere with the measurements. For each sample and con-

entration, three independent replicates were performed at 25 °C
nd 37 °C. BSA 6 μM was titrated by successive additions of com-

lex solutions from 0 to 10 0 0 μM and the fluorescence intensity

as measured (excitation at 280 nm and emission at 348 nm). All

he fluorescence quenching data were analyzed according to previ-

us studies performed in the laboratory by applying a traditional

athematical procedure. The fluorescence-quenching mechanism 

as been analyzed using the Stern-Volmer Eq. (1) , [26] 

 

0 / F = 1+ K sv [ Q ] (1) 

here F o is the steady-state fluorescence intensity of BSA alone

hile F is the observed intensity upon increasing the quencher

oncentration, K sv is the Stern-Volmer quenching constant and [Q]

s the quencher concentration. Usually, the curve of F o /F vs [Q]

s linear if the type of quenching involves a unique process: ei-

her static or dynamic. Static quenching is due to the complex

ormation between the fluorophore and the quencher. It can be

istinguished from collision effects when the K sv value results

igher than the value of the dynamic quenching constant (K q ).

onsidering that K q = K sv / τ 0 (where τ 0 , 10 −8 s, is the average

ifetime of the bio-molecule without quencher), this constant can

e estimated and compared with the maximum diffusion collision

uenching rate constant (reference value from the literature) which
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Fig. 2. View of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O (MgDMA) showing the labeling of the 

non-H atoms and their displacement ellipsoids at the 30% probability level. Ligand- 

metal bonds are indicated by open lines and H-bonds by dashed lines. Symmetry 

operations: (i) -x + 1/2, -y + 3/2, -z + 3/2; (ii) -x + 1/2, y + 1, -z + 1; (iii) -x + 1/2, -y + 1/2, 

-z + 3/2; (iv) -x + 1/2, y, -z + 1; (v) x, y + 1, z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Bond lengths [ ̊A] and angles [ °] around the 

metal in [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O. 

Mg-O(1) 2.041(2) 

Mg-O(2) 2.042(2) 

Mg-O(1W) 2.097(2) 

Mg-O(2W) 2.100(2) 

Mg-O(3W) 2.055(2) 

Mg-O(4W) 2.058(2) 

O(1)-Mg-O(2) 179.12(7) 

O(1)-Mg-O(3W) 90.44(8) 

O(2)-Mg-O(3W) 90.30(8) 

O(1)-Mg-O(4W) 89.41(8) 

O(2)-Mg-O(4W) 89.86(8) 

O(3W)-Mg-O(4W) 179.3(1) 

O(1)-Mg-O(1W) 87.29(9) 

O(2)-Mg-O(1W) 92.23(9) 

O(3W)-Mg-O(1W) 89.81(8) 

O(4W)-Mg-O(1W) 90.84(8) 

O(1)-Mg-O(2W) 92.83(9) 

O(2)-Mg-O(2W) 87.66(9) 

O(3W)-Mg-O(2W) 89.70(9) 

O(4W)-Mg-O(2W) 89.65(9) 

O(1W)-Mg-O(2W) 179.50(9) 
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is 2 × 10 −10 M 

−1 s −1 [26] . If K sv resulted greater, then a mechanism

of interaction by complex formation can be proposed. Otherwise, it

would be a collisional quenching. If the quenching is static, it is as-

sumed that there are specific binding sites. These binding sites and

their association constants could be estimated using the following

mathematical relationship: 

log 
[(

F 0 −F 
)
/ F 

]
= log K b +nlog [ Q ] (2)

where K b is the binding constant and n is the average number of

the binding site per protein molecule. 

To obtain information about the type of interaction, the ther-

modynamic parameters were calculated using the Van ́t Hoff equa-

tion: 

ln ( K b2 / K b1 ) = −�H 

0 / R ( 1 / T 2 −1 / T 1 ) (3)

where T 1 and T 2 are the absolute temperatures at which K b1 and

K b2 were determined. The standard free energy change ( �G 

0 ) and

the standard free entropy change ( �S 0 ) were evaluated according

to the well-known thermodynamic relationships: 

�G 

0 = −RTln K b (4)

�S 0 = 

(
�H 

0 −�G 

0 
)
/ T (5)

3. Results and discussion 

3.1. Structural results and Hirshfeld surface analysis 

Fig. 2 is an ORTEP [27] drawing of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O

salt and bond distances and angles around the metal are listed

in Table 2 . The Mg 2 + ion is in an almost perfect octahedral envi-

ronment (MgO 6 ), equatorially coordinated to four water molecules

[Mg-Ow bond distances from 2.055(2) to 2.100(2) Å] and axially

to the carbonyl oxygen atoms of two DMA ligands [Mg-O bond
engths of 2.041(2) and 2.042(2) Å]. Trans O-Mg-O bond angles

re in the range from 179.12(7) to 179.50(9) ° and cis O-Mg-O an-

les are in the 87.29(9)-92.83(7) ° interval. DMA ligands are nearly

oplanar with each other [angled at 4.1(2) °], perpendicular to the

quatorial plane [dihedral angle of 85.02(5) °], and tilted with re-

pect to the axial O1wO2wO1O2 coordination plane in 32.91(5) °. 
The crystal is arranged as electrically neutral layers a /2 in thick-

ess parallel to (100) plane. Neighboring layers are symmetry-

elated by mirror glide planes along the a -axis and linked to each

ther through intercalated DMA ligands (see Fig. 3 ). The crystal

s further stabilized by a rich intra-layer H-bonding structure in-

olving the water molecules (see Fig. 2 ). These can be grouped

nto two sets; one of them includes the four coordination water

olecules (w1-w4), the other one the three crystallization wa-

er molecules (w5-w7), with the O5w and O7w oxygen atoms

ited at crystallographic two-fold axes. All coordination waters in

he first set act as a donor in OwH…A bonds: w1 and w2 are

-bonded to the water molecules of the other set acting as ac-

eptors [OwH…Ow bond distances from 1.90(4) to 2.04(3) Å and

w-H…Ow bond angles in the 165(3)-176(3) ° range]; w3 and w4

re H-bonded to chlorine ions [OwH…Cl distances from 2.34(3) to

.43(3) Å and Ow-H…Cl angles in the 166(2)-175(3) ° range]. The

rystallization water molecules of the second set also act as donors

n OwH…Cl bonds [OwH…Cl distances from 2.25(3) to 2.36(3) Å

nd Ow-H…Cl angles in the 171(3)-174(3) ° range]. The OwH…A

onding structure is detailed in Table 3 . 

In addition to crystallographic data ( Table 3 ), the intermolec-

lar interactions were analyzed by HSs. Fig. 4 discloses the close

ontacts of hydrogen bond donors and acceptors. Dominant con-

acts can be seen as intense circular red spots in the d norm 

sur-

ace associated with hydrogen atoms belonging to coordinated wa-

er molecules with oxygen atoms from the crystallization water

olecules ( Fig. 4 A). These directional hydrogen-bonding interac-

ions (H(inside)…O(outside)) together with the hydrogen-chlorine

H(inside)…..Cl(outside)) contribute with 8.6% and 10.8% of the to-

al Hirshfeld surface with two spikes in the 2D fingerprint plot

 Fig. 4 B and C).The non-directional H…..H contacts are character-

zed by broader spikes ( Fig. 4 D). It is known that crystal lattice

trength can be estimated according to the H…H close contacts.

sually, the percentage of the Hirshfeld area with H…H contacts is

igher than the other contacts because of the small atomic volume

f hydrogen [28] . In this crystal, the contribution is 73.1% with few

ontacts with distances shorter than 2.32 Å ( < sum of atomic radii)
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Fig. 3. Crystal packing of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O (MgDMA) as seen down the 

b -axis showing the layered structure parallel to (100) plane. Magnesium, oxygen, 

nitrogen, and chlorine atoms are in green, red, blue and yellow colors, respectively. 

Table 3 

Hydrogen bond distances [ ̊A] and angles [ °] for [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O. 

D-H...A d(D-H) d(H...A) d(D...A) � (D-H...A) 

O(1W)-H(1A)...O(6W)#1 0.77(3) 2.06(3) 2.821(3) 172(3) 

O(1W)-H(1B)...O(6W) 0.90(4) 1.90(4) 2.789(3) 176(3) 

O(2W)-H(2A)...O(5W) 0.77(3) 2.02(4) 2.791(3) 174(4) 

O(2W)-H(2B)...O(7W) 0.79(3) 2.04(3) 2.814(3) 165(3) 

O(3W)-H(3A)...Cl(2)#1 0.82(3) 2.34(3) 3.161(2) 175(3) 

O(3W)-H(3B)...Cl(1)#2 0.74(3) 2.43(3) 3.153(2) 168(3) 

O(4W)-H(4A)...Cl(2)#3 0.83(3) 2.35(3) 3.155(2) 166(2) 

O(4W)-H(4B)...Cl(1)#4 0.77(3) 2.42(3) 3.181(2) 175(3) 

O(5W)-H(5)...Cl(1) 0.91(3) 2.25(3) 3.154(2) 174(3) 

O(6W)-H(6A)...Cl(2)#3 0.89(3) 2.29(3) 3.182(2) 173(3) 

O(6W)-H(6B)...Cl(2) 0.82(3) 2.34(4) 3.155(2) 171(3) 

O(7W)-H(7)...Cl(1)#5 0.83(3) 2.36(3) 3.183(2) 172(3) 

Symmetry transformations used to generate equivalent atoms: (#1) -x + 1/2, 

-y + 3/2, -z + 3/2; (#2) -x + 1/2, y + 1, -z + 1; (#3) -x + 1/2, -y + 1/2, -z + 3/2; (#4) 

-x + 1/2, y, -z + 1; (#5) x, y + 1, z. 
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nd more contacts with distances larger than 2.57 Å. As a conse-

uence of those contributions, a low melting point was expected

or the magnesium complex. In fact, it was observed at the low

emperature value of 95 ± 0.1 °C, in agreement with reported val-

es [28] . 

.2. Physicochemical characterization 

FTIR and Raman spectra of the magnesium complex were ana-

yzed by comparison with the free ligand and the vibrational as-

ignments were assisted by DFT calculations (Table S6). Experi-
ental and theoretical FTIR spectra of [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O

re compared in Fig. 5 along with the experimental spectrum of

MA. It can be appreciated that the experimental and the selected

alculated frequencies for the compound are in good agreement

ith each other even without the use of scaling factors. 

The vibration spectra of N,N-dimethylacetamide has been ex-

ensively studied [29] . The characteristic DMA band located at 1652

m 

−1 has contributions of C = O and C 

≡N) stretching vibrations. It

s known that the DMA structure can be described as a resonance

ybrid. When metal coordination occurs, and DMA is present in

he protonated form, a decrease in the C-O bond order and an in-

rease in the CN bond order are expected. The vibrational determi-

ations allow us to confirm that this is the structure of DMA upon

oordination to the magnesium ion in [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O

 Figs. 1 , 2 ) and the expected lowering of the C = O band and the

ncrement of the C 

≡N are observed at 1626 cm 

−1 and 1524 cm 

−1 ,

espectively (Table S6, Fig. 5 ). Upon coordination the bands of DMA

ocated at 1265 cm 

−1 and 1190 cm 

−1 , respectively, assigned to

he asymmetric CN stretching mode and the combination vibration

ode of νCC and NCH 3 rock, are blue-shifted to 1272 and 1200

m 

−1 . Contrasting with DMA, the set of bands of the complex in

he 1065-1030 cm 

−1 range have contributions of vibration modes

nvolving HCNC, NC and CNOC groups. On the other side, the sen-

itive band found at 591 cm 

−1 in DMA, assigned to the bending

ode of the OCN group, appears blue-shifted in the metal complex

at 614 cm 

−1 ). The band at 565 cm 

−1 corresponds exclusively to the

omplex and it was assigned to the δ(HOMg) bending mode. The

TIR absorption for the vibration mode of the water molecules is

bserved as a broad and intense band in the 350 0-30 0 0 cm 

−1 re-

ion, due to water νOH stretching modes, and also at ~1630 cm 

−1 ,

ue to δ(HOH) bending mode ( Fig. 5 , Table S6). 

The electronic spectra were also recorded and analyzed ( Fig. 6 ).

he UV spectrum of the free N,N-dimethylacetamide showed a

ery strong charge transfer (CT) band at 228 nm which is broader

n the spectrum of MgDMA (not shown). In the reflectance spec-

ra of the magnesium complex, there appear three bands, one at

igher energy and intensity (206 nm) and the other two with

ower intensity and located at 325 nm and 264 nm. A displace-

ent of the most intense band of the solid complex is observed in

he DMA spectrum. In free DMA, the very strong band at 228 nm

s assigned to π→ π ∗ transition. Though displaced, this band is also

bserved in the complex. The others, low-intensity, bands observed

n the magnesium complex can be associated to the charged form

f the ligand [11 , 30] . The calculations revealed the presence of the

ost intense bands ( Fig. 6 ). 

The electronic analysis indicated the molecular orbitals involved

n the electronic transitions including the percentage of the main

ontributions (Fig. S1). H-1 HOMO and H-3 orbitals locate the

lectronic densities on the dimethylacetamide ligand, H-1 and H

n nitrogen and methyl groups and H-3 on the oxygen atoms.

UMO distributes its electronic density on a coordinated water

nvironment and L + 1, L + 2 and L + 4 on the dimethylacetamide

igands. The main contributions are: for the band around ~200

m: HOMO → LUMO (86%), H-1 → LUMO (85%), H-3 → L + 1 (31%), H-

 → L + 2 (35%) and H-3 → L + 4 (16%) and for the band located at

180 nm, H-1 → L + 1 (35%), HOMO → L + 1 (33%), H-1 → L + 1 (39%),

OMO → L + 1 (39%) and H-1 → L + 2 (11%). Calculations are in a rea-

onable agreement with the experimental data. 

.3. Phosphatase stimulation 

Several studies concerning alkaline phosphatase (ALP) can be

ound in the literature. Some of them related to their inhibition,

31] others focus on similar activity, [32] and recently some of

hem associated with their activation [5 , 7] . 
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Fig. 4. Hirshfeld surfaces mapped with d norm (A), the 2D fingerprint plots of: (B) H…..O, (C) H. . .Cl (D) H….H. 

Fig. 5. Experimental FTIR spectra of (A) DMA and (B) [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O 

and (C) calculated spectrum from [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O. 

Fig. 6. Solid line, MgDMA, reflectance spectrum; Dashed line: calculated UV elec- 

tronic spectrum for MgDMA; Dotted line: electronic spectrum for aqueous solution 

of DMA 0.26 M. 
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Table 4 

ALP activity: kinetic parameters of ALP, ALP-Mg 2 + and ALP-MgDMA sys- 

tems and % of PNP at 10 min of reaction time. 

ALP ALP-Mg 2 + ALP-MgDMA 

V max (mM.min −1 ) 1.34 × 10 −3 1.27 × 10 −3 1.73 × 10 −3 

K m (mM) 0.41 0.34 0.36 

k cat (min −1 ) 213.8 202.9 277.4 

k cat /K m (M 

−1 min −1 ) 523.0 596.7 770.6 

% PNP ∗ - + 6% + 53% 

% Selectivity ∗∗ 5 5.4 7.8 

∗ Increment (%) of PNP concentration (PNPP = 0.4 mM) at 20 min of 

reaction time calculated in relation to that of the ALP. 
∗∗ % Selectivity = moles of PNP/moles of PNPP x 100 at 20 min of reac- 

tion time at PNPP = 0.4 mM. 
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ALP is a marker of osteoblast differentiation, collagen synthe-

is, and osteoblast function. It is relevant in the formation of tissue

nd is highly expressed in mineralized tissue cells [33] . Studies re-

arding the anti-osteoporotic agent strontium ranelate (SR) showed

hat this compound was able to increase osteoblast bone forma-

ion and decrease osteoclastic bone resorption. It is known that SR

cted increasing the alkaline phosphatase activity, the expression

f osteoblast markers such as bone sialoprotein (BSP) and osteocal-

in (OCN), resulting in an enhancement of the in vitro osteogenesis

n osteoblast precursor and mature osteoblastic cells [34] . 

Magnesium acts as ALP cofactor and is also involved in the

timulation of bone mineralization acting as an essential bio-

lement [4 , 35] . Magnesium-related research refers to the strong

egulation of Mg 2 + on ALP of E. Coli [36] . Studies using the apoen-

yme, showed an increment on enzyme activity in a 10:1 Mg 2 + :
nzyme ratio (veronal buffer) which was retained up to 30:1 ra-

io [37] . Because of that, several studies were carried on analyzing

he interaction with other elements and pharmaceuticals. As it was

entioned, Fernández et al. [7] investigated the SR-Mg 2 + inter-

ction. Experiments on osteoblastic alkaline phosphatase demon-

trate that the stimulatory effect of SR disappeared in the absence

f Mg 2 + , while in its presence, both SR and SrCl 2 increased ALP

ctivity (15-66 %). Farrugia et al. [8] analyzed how a the combined

dministration of NaVO 3 and MgSO 4 affects bone mineralization,

orphology and ALP levels in rats bone tissues. They used MgSO 4 

nstead MgCl 2 which is much less soluble than the chloride one

e.g. MgSO 4 .7H 2 O (113 g/100 mL (20 °C); MgCl 2 .6H 2 O (235 g/100

L (20 °C)). The authors concluded that neither NaVO 3 nor MgSO 4 

dministration provoked significant changes in the ALP activity but

he combined intake remarkably increase the levels of ALP by 40%.

Literature shows that different alkaline phosphatases could be

ffected by the presence of magnesium. It has also been shown

hat magnesium compounds may behave as anti-osteoporotic

gents. [38] The activation of alkaline phosphatase could be a good

trategy to develop a new class of anti-osteoporotic agents. Thus,

e studied here the influence of the MgDMA compound on the en-

yme activity, including experiments using MgCl 2 to compare their
ctivities. s

ig. 7. (A) Absorbance vs time of p-nitrophenol (PNP) at 405 nm ( ε= 18500 M 

−1 cm 

−1 )

6.25 × 10 −5 mM)-Mg 2 + (5 mM) and ALP (6.25 × 10 −5 mM)-MgDMA (5 mM) systems. P

urk graph: 1/V = (K m /V max )/[S) + 1/V max . Concentrations: ALP = 6.25 × 10 −5 mM (corr

LP(6.25 × 10 −5 mM)-MgDMA(5 mM) (r 2 = 0.98). Data are the mean values from five exp
To evaluate the results, the Michaelis-Menten model was ap-

lied to get K m 

constants to determine if MgDMA affects the affin-

ty for PNPP. 

The results are shown in Fig. 7 and Table 4 . It is well-known

hat K m 

constant reveals the enzyme affinity toward its substrate

nd a lower value of K m 

means stronger affinity. It observed that

he K m 

value of the MgDMA complex is in the same order of mag-

itude than the value for Mg 2 + alone, but the maximum velocity

V max ) substantially increased in the presence of the complex. By

he analysis of the turnover numbers (k cat ) and catalytic efficiency

k cat /K m 

) values, it can be proposed that MgDMA stimulates effi-

iently the kinetic ability of ALP compared to the ALP with MgCl 2 .

 Table 4 ). 

This stimulation process is correlated with the increment in the

ercentage of p -nitrophenol (PNP) at 20 minutes of the reaction

ime, which is 53% higher than the effect produced by ALP without

he addition of MgDMA. In our experimental conditions, Mg 2 + ions

lso increased PNP but the value is much lower than that for the

omplex. 

The results also suggest that MgDMA is probably acting as a

rotector of enzyme degradation ( Fig. 7 A) because of the progres-

ive decrease in the reaction speed measured for ALP in the ab-

ence of the complex. 
 in the ALP kinetic measurements. Concentrations: ALP = 6.25 × 10 −5 mM; ALP 

NPP = 0.4 mM. Data are the mean values from five experiments. (B) Lineweaver- 

elation coefficient, r 2 = 0.99); ALP (6.25 × 10 −5 mM)-Mg 2 + (5 mM) (r 2 = 0.99) and 

eriments. 
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Finally, it can be seen that the selectivity of ALP on PNPP in-

creased by 1.5 times. 

Unfortunately, a direct comparison with similar experiments

(hydrolysis of p-NPP to p-nitrophenol (p-NP)) is not possible to

perform due to the different sources of ALP used in the different

tests. Nevertheless, some observations could be addressed. 

Fernandez et al. found a K m 

value of ~0.32 mM at an SR con-

centration of 0.5 mM which is similar to that obtained for MgDMA

(5 mM). 

On the other side, Vimalraj et al. studied a series of

flavonoid-metal complexes that focus on the positive role of

flavonoids on osteoblast differentiation and bone formation. They

tested Zn-Morin complex, [39] ternary copper complexes with

quercetin/neocuproine and phenanthroline [40] (Cells: MG-63 cells,

concentration: 60 μM, time: 7 days), and ternary copper com-

plexes with silibinin/neocuproine and phenanthroline (Cells: MG-

63 cells, concentration: 60 μM, time: 3 days) [41] . Apparently, the

[Cu(quer)(phen)], the [Zn(morin) 2 ] and the [Cu(sil)(phen)] com-

plexes increased notably the ALP activity in almost 100%, 74% and

122%, respectively. 

Bearing in mind our results and the information in literature,

the synthesis and ALP stimulation of new metal-based materials is

a promising development for the future, because of their favorable

effect on osteoblast differentiation and angiogenesis. 

Further studies are necessary to deepen the interpretation of its

mechanism of action or to understand how it exerts the modifica-

tion of the phosphatase structure favoring its efficiency. 

3.4. Albumin binding 

The interest of studying serum albumin binding is based on the

extraordinary ability of this protein to act as a fundamental carrier

of many drugs in the blood plasma. This is a fundamental aspect

to determine the pharmacological activity of a drug because of its

pharmacokinetic implications in its transport and delivery. 

In this context, it was interesting to analyze the studies about

the interaction of albumin and magnesium. With different method-

ologies, competitive Mg 2 + -Ca 2 + -binding have been studied using

MgCl 2 and CaCl 2 , and it was concluded that albumin did not make

a difference in the binding of these ions [42 , 43] and that both

cations have similar association constants (10 2 -10 3 ) [13 , 44] . There

is very usual to analyze the influence of metal cations in the bind-

ing of the substance of interest by fluorescence measurements. In

this sense, Seedher et al. examined the interaction of magnesium

and fluoroquinolone with human serum albumin (HSA). They re-

ported that MgCl 2 (0.6-25 mM) did not provoked changes in its

fluorescence intensity [14] and for that reason, they could not be

determined Mg 2 + -HSA association constant but demonstrated that

the presence of Mg + 2 reduced the binding of fluoroquinolones to

HSA [14] . Mg 2 + also reduced the association constant values of

baicalein, [45] farrelol [46] and triamcinolone [47] . 

Conversely, in some experimental conditions, Mg 2 + presence fa-

vors the interactions of albumin with bioligands, such as linoleic

acid, [13] astragalin, [48] and genistein [49] . Again, the association

constant between magnesium and BSA could not be determined

[40] . 

Those results prompted us to investigate the interaction of

MgDMA with BSA. 

A comparison of the interaction of MgDMA with MgCl 2 was

performed. This salt was used using the same experimental condi-

tions. The results agree with those previously shown [14] . The lig-

and DMA did not change the intrinsic fluorescence intensity of the

serum protein. 

On the contrary, the magnesium complex showed interaction to

some extent. To get a better insight of albumin interaction process,

fluorescence measurements were performed at 25 °C and 37 °C us-
ng an excitation wavelength of 280 nm. The concentration of pro-

ein was fixed at 6 μM while that of the complex was varied in

he range of 0-10 0 0 μM. This concentration range was selected to

ake the results comparable to those used for magnesium chloride

14] . The addition of increasing concentrations of MgDMA complex

rovoked a slight and gradually quenching process on BSA fluores-

ence intensity until a concentration of 500 μM (Fig. S2). At higher

oncentrations, a saturation process is reached and no subsequent

hanges are observed. The quenching experiments showed a not

ery pronounced effect but one sufficient enough to estimate the

tern-Volmer constant, binding constants, and thermodynamic pa-

ameters ( Table 5 , Fig. S3). The obtained K b values were in the or-

er of those of magnesium salts obtained by other methodologies. 

Thermodynamic data explained the prevalence of electrostatic

nteractions in the binding of magnesium to albumin [50] . Affin-

ty chromatography experiments showed that at all pH values, the

H 

o and �S o values of the Mg 2 + -HSA binding process were posi-

ive. They suggested an entropically driven process and refer to the

act that the interactions between ionic species in solution usually

re characterized by small positive enthalpy and entropy changes

43 , 51] . Those results correlate with the proposed electrostatic at-

ractions that occur between negatively charged non-specific re-

ions of HSA and the positively charged Mg 2 + ions. 

The data obtained for MgDMA showed that the binding is a

pontaneous process as suggested by the negative free energy

hange value ( �G 

0 ) accompanied by a positive �S 0 value. Thus,

n a similar way than MgCl 2 , the process seems to be entropically

avored. Nevertheless, the �H 

o and �S o values are not comparable

n magnitude ( Table 5 and reference 42). In addition, the positive

H 

0 value suggests an endothermic binding which is consistent

ith the increment of the K b values [52] . 

The difference in interaction can be attributed to the incorpora-

ion of magnesium as a metal complex, as we will discuss below. 

In general, the improvement or not of the binding process be-

ween the substance to be transported and the albumin cannot

ule out the following considerations: 

(i) metal complex interaction 

ii) dissociation or partial dissociation of the metal complex 

ii) allosteric mutual action 

v) ligand or metal induced binding 

Free magnesium, as it is supposed to be when incorporated

s MgCl 2 displayed different types of effects on the interaction

f drugs with albumin. Tannic acid (TA)-BSA interaction behav-

or was evaluated in the presence of Mg 2 + by isothermal titra-

ion calorimetry (ITC) [53] . In this work, an excess of Mg 2 + /BSA

650/1 molar:ratio) did not provoke remarkable changes in the

hermodynamic parameters suggesting then that TA binds first to

g 2 + and then the complex binds to the BSA increasing affinity

onstant. Higher binding ability has not only been explained in

erms of in situ metal-complex formation. Metals-induced confor-

ational changes on albumin that result in a better affinity were

lso proposed [13 , 38] . The presence of Mg 2 + improved linoleic acid

LA)-HSA-binding [13] . The authors proposed an allosteric effect in

hich the Mg 2 + binding to HSA exposes additional binding sites

or LA. 

The experiments of displacement studies are not conclusive ei-

her. The interaction of the site-specific marker with the metal ion

as not been studied. This interaction usually was not taken into

ccount in the global analysis [39 , 40] . 

Finally, and regardless of the mode of interaction with albumin,

he synergistic effect must be taken into account in the overall pro-

ess. 

UV/vis spectra were evaluated to obtain a more complete

verview of the MgDMA-BSA interaction. In Fig. 8 (left) the spectra
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Table 5 

Stern Volmer constants (K sv ), apparent binding constants (K b ), “n” binding site and relative thermodynamic parameters for BSA- 

MgDMA interactions at different temperatures. 

pH T(K) K sv (M 

−1 ) x 10 2 ± DS K b (M 

−1 ) ± DS n r 2 a �G 0 (KJ/mol) �H 

0 (KJ/mol) �S 0 (J/mol.K) 

7.4 298 14.40 ± 0.02 39.81 ± 0.15 0.82 0.99 -9.17 172.4 609.3 

310 9.98 ± 0.50 588.8 ± 11.70 1.23 0.98 

DS: standard deviation. 
a r 2 is the correlation coefficient for the K b values. 

Fig. 8. Left. UV/vis spectra of BSA 6 μM (solid line) and BSA 6 μM-MgDMA 400 μM (Dash line); Right: three-dimensional fluorescence spectra of 6 μM BSA and BSA 6 

μM-MgDMA 400 μM and the corresponding contour plots at λem : 365 nm; λex : 215 nm. 

o  

μ

 

n  

s  

α  

r  

c  

c  

t  

s  

o  

n  

o

 

o  

d  

a  

s  

t  

P  

p  

i  

A  

c

 

t  

t  

i  

t

 

c  

p  

i

 

p  

p  

i  

t  

t  

c  

m  
f BSA 6 μM and the spectra of the system BSA 6 μM-MgDMA 400

M are shown. 

In the BSA spectrum, there is a strong absorption peak at 220

m which is caused by the transition denoted as P → P ∗ corre-

ponding to the polypeptide backbone structure C = O related to the

-helix structure. This band increased the intensity and slightly

ed-shifts in presence of the complex. In opposition, no significant

hanges were observed in the band located at 280 nm which is

orrelated with the polarity of the microenvironment around the

ryptophan (Trp) and tyrosine (Tyr) residues of albumin. These ob-

ervations are in concordance with the weak quenching process

bserved and also with the fact that the magnesium complex does

ot change to a great extent the polarity of the microenvironment

f the Trp and Tyr residues [54] . 

To gain a more complete picture of the interaction, the 3D flu-

rescence spectra were analyzed. Fig. 8 (right) presents the three-

imensional fluorescence spectra and contour map of BSA 6 μM

nd the BSA 6 μM-MgDMA 400 μM system. Peak A discloses the

pectral behavior of the Trp and Tyr residues. Its fluorescence in-

ensity is associated with the polarity of the microenvironment.

eak B is attributed to an n → π ∗ transition characteristic of the
olypeptide backbone structure of the protein. The decrease in the

ntensity of the Peak B is more remarkable than the one of Peak

. This change is marked in the contour plot of Peak B with a de-

reasing of the area in the center of the eye ( Fig. 8 (right)). 

Based on these observations, it can be suggested that the addi-

ion of MgDMA to BSA induced a slight conformational change in

he protein. The decrease in peak B correlates with a small unfold-

ng of [55] the polypeptide strands affecting the secondary struc-

ure of the BSA (helix-coil structure). 

The interaction of MgCl 2 with BSA seems to be different. Ac-

ording to the thermodynamic parameters ( �H ° and �S ° are both

ositive) and the Ross and Subramanian considerations [56] , the

nteraction may probably occur via a hydrophobic type. 

It is worth mentioning that the binding of the com-

ounds with HSA (human serum albumin) demonstrated to im-

rove their bioactivity: (i) Gou et al. verified that the pre-

ncubation of Cu(II) compounds with HSA increased the mor-

ality of cancer cells, [57] (ii) Caravan et al. showed that

he residence time of gadolinium MRI contrast agent was in-

remented, [58] and (iii) Liboiron et al . proved the involve-

ent of HSA with bis(maltolato)oxovanadium(IV) (BMOV) pro-
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tected the complex against oxidation process and increased their

efficacy [59] . 

The presence of Mg 2 + forming a metal complex, MgDMA, led

to a synergistic mechanism considering that neither free Mg 2 + nor

the ligand affected the intensity of fluorescence of the albumin.

Thus, and due to the high solubility of MgDMA in water, it could

be an optional candidate to be transported by albumin or for pro-

viding to the organism the magnesium requirements. Nevertheless,

further specific studies are needed to elucidate them. 

4. Conclusions 

In this work, we develop a synthetic procedure for the prepara-

tion of a coordination complex containing magnesium and the very

common pharmaceutical solvent N,N dimethylacetamide (DMA),

formulated in the solid-state as [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O. This

novel compound was characterized by several physicochemical

techniques. The crystal structure was solved by X-ray diffraction

methods and examined with Hirshfeld surface analysis (HSs). Op-

timization of the geometries afforded us to perform a complete vi-

bration and electronic analysis that supports both the solid and so-

lution characterization for in vitro pharmacological activities. 

This study demonstrates a direct stimulation of ALP activity by

the magnesium complex which is greater than that for MgCl 2 . 

Binding assays support the idea that the complex could be

transported via the interaction through the polypeptide backbone

structure of the protein. 

Supplementary Information Available . Tables of fractional co-

ordinates and equivalent isotropic displacement parameters of the

non-H atoms (Table S1), full bond distances and angles (Table S2),

atomic anisotropic displacement parameters (Table S3), hydrogen

atoms positions (Table S4), and full H-bond distances and angles

(Table S5). Crystallographic structural data have been deposited at

the Cambridge Crystallographic Data Centre (CCDC). Any request

to the Cambridge Crystallographic Data Centre for this material

should quote the full literature citation and the reference num-

ber CCDC 1923111. Table S6. Observed and calculated wavenumbers

with percentage of PED for [Mg(DMA) 2 (H 2 O) 4 ]Cl 2 .2H 2 O and DMA

assignments from ref [29] . Fig. S1. Calculated electronic UV-Vis as-

signments. Fig. S2. Fluorescence spectra . Fig. S3. Stern Volmer plots

(F 0 /F vs [MgDMA]) and log [(F 0 -F)/F] vs log [MgDMA]. 
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