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Abstract
Schiff-bases of metformin with each of salicylaldehyde (HL1); 2,3-dihydroxybenzaldehyde (H2L

2); 2,4-dihydroxybenzaldehyde
(H2L

3); 2,5-dihydroxybenzaldehyde (H2L
4); 3,4-dihydroxybenzaldehyde (H2L

5) and 2-hydroxynaphthaldehyde (HL6) and their
complexes with Pr(III) were synthesized by template reaction. The complexes were characterized through elemental analysis,
conductivity and magnetic moment measurements, IR, UV-Vis., fluorescence, GC-MS and XRD spectroscopy. The complexes
exhibit a series of characteristic emission bands for Pr3+ ion in the 481-472 and 590-580 nm range with a 318-332 nm excitation
source. The complexes have eight coordinated structure with the formulae [PrL1-4,6(NO3)2(H2O)3].nH2O where n = 1, 1½, 3, 4, 4
and [PrL5(NO3)(H2O)5].2H2O. The suggested stereochemistry was confirmed using TGA, DTG and DTA analysis and a
mechanism for thermal decomposition was proposed. Coates-Redfern equation was used to calculate kinetic and thermodynamic
parameters of the main decomposition step. The utility of the complexes towards the detection of glucose at physiologically
relevant pH in phosphate buffer using UV-Vis and fluorescence spectroscopy as well as viscosity measurements are tried where
the association constants were calculated.
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Introduction

Metformin hydrochloride (MF.HCl; N,N-dimethyl biguanide)
is an oral hypoglycemic agent which is commonly prescribed
for the treatment of DM type II [1]. There is much interest in
MF ligand and its transition metal complexes which are cat-
ionic in nature [2–8]. Regarding the potential functions of
Schiff-bases, Gao [9] has studied the antimicrobial activity
of copper(II) complex derived from the condensation of MF
with 2-pyridinecarbaldehyde. In addition, Ni(II) complexes

with ligands that resulted in condensation of MF and pen-
tane-2,4-dione were synthesized and characterized [10].
Recently, Cr(III) and VO2+ complexes of MF Schiff-bases
with each of hydroxy- and dihydroxybenzaldehyde were syn-
thesized by template reaction and found to have antidiabetic
activity [11, 12]. On the other hand, Cu(II) complexes with the
same Schiff-bases have shown toxicity to alloxane induced-
diabetic mice [13].

In the last decades, lanthanide complexes attracted increas-
ing interest in coordination and bioinorganic chemistry due to
their interesting structures, and also for their photo-physical,
magnetic and biological properties. Due to their special elec-
tronic configuration, a variety of lanthanide complexes have
been proven to be very good antibacterial, anti-inflammatory,
antiviral, anticoagulant and antitumor agents [14–19]. Among
them, some of those containing Gd(III) are widely used in
biomedical analysis as magnetic resonance imaging (MRI)
contrast agents both for its high paramagnetism and favorable
properties in terms of electronic relaxation [20].

Due to the biological relevance of lanthanide elements and
the biological activity of MF, a series of praseodymium com-
plexes with Schiff-bases of MF with salicylaldehyde (HL1);
2,3-dihydroxybenzaldehyde (H2L

2); 2,4-dihydroxybenzaldehyde
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(H2L
3); 2,5-dihydroxybenzaldehyde (H2L

4); 3,4-
dihydroxybenzaldehyde (H2L

5); and 2-hydroxynaphthaldehyde
(HL6) were synthesized by template reaction. The resulting com-
plexes were characterized using elemental analysis, conductivity
measurements, magnetic moment values, spectral analysis (UV–
Vis, fluorescence, IR, GC-MS, XRD), and TG, DTG and DTA.
Also, we describe the utility of the Pr complexes towards the
detection of glucose at physiologically relevant pH in phosphate
buffer solution using UV-Vis and fluorescence spectra as well as
viscosity measurements.

Experimental

Materials

All chemicals used in this study were of A.R. or equivalent grade
and were used without further purification. Salicylaldehyde, 2,3-
dihydroxybenzaldehyde, 2,4-dihydroxybenzaldehyde, 2,5-
dihydroxybenzaldehyde, 3,4-dihydroxybenzaldehyde and 2-
hydroxynaphthaldehyde (Koch-light laboratories) were used as
such. Metformin–HCl was purchased from El-Nasr Company
for Pharmaceutical Chemicals, Cairo, Egypt. Pr(NO3)3.6H2O
was obtained from Aldrich Chemical Company. Glucose was
supplied by Sigma-Aldrich, St. Louis, Missouri, USA.

Synthesis of the Schiff-Bases

The Schiff-bases have been prepared by addition of methano-
lic MF solution to a methanolic solution of the aldehyde in
1:1 mol ratio in basic medium [11]. The mixture was refluxed
with continuous stirring over water bath for 2 h. The solution
turned to yellow color indicating the formation of the Schiff-
base. Only, HL1 Schiff-base was isolated in the solid state,
dried under vacuum and recrystallized from methanol (m.p.
195 °C). We followed the same method in preparation of the
other Schiff-bases with different aldehydes but trials to obtain
the solid compounds were unsuccessful. Accordingly, the
Schiff-bases were obtained dissolved in methanol solution
and used further for template synthesis of the complexes.

Template Synthesis of the Complexes

All the complexes were prepared according to the following
procedure. Solution of Pr(NO3)3.6H2O (1 mmol, 0.435 g) in
10 mL of methanol was added dropwise to methanolic solution
of the Schiff-base (1 mmol) prepared in the previous step. The
mixture was refluxed on water bath for 2 h with stirring during
which a deep green to brown solution is formed (pH= 4–4.5),
after which NH4OH is added dropwise tell the complex is pre-
cipitated (pH= 6–7). Stirring is continued for another 1 h at room
temperature, the complex is filtered, washed thoroughly with
water and hot methanol and dried under vacuum.

Physical Measurements

C, H, and N were estimated using a Heraus CHN-rapid ana-
lyzer. The IR spectra were recorded (KBr disc) in the 400–
4000 cm−1 range on Bruker Vector-22 spectrometer. The elec-
tronic absorption spectra were obtained by 10−3 M DMSO
solution in 1 cm quartz cell using Shimadzu UV-1800 double
beam photometric system. Fluorescence spectra were per-
formed on JASCO FP-6300 spectrofluorometer using 1 cm
quartz cell type 111-QS with a 150 W xenon lamp for excita-
tion (slit width 5 nm). X-ray powder diffraction was per-
formed using a Brucker Axs-D8 advance diffractometer with
Cu-Kα radiation. GC-MS spectra were obtained using
Shimadzu Qp-2010 Plus with EI ionization mode and electron
voltage 70 eV. Magnetic susceptibility measurements were
carried out using the modified Gouy method [21] on MSB-
MK 1 b a l a n c e a t r o o m t e m p e r a t u r e u s i n g
mercury(II)tetrathiocyanatecobaltate(II) as a standard. The ef-
fective magnetic moment, μeff,per metal atom was calculated
from the expression μeff = 2.83

ffiffiffiffiffiffiffiffi
χ:T

p
B.M., where χ is the

molar susceptibility corrected using Pascal’s constant for the
diamagnetism of all atoms in the complexes. TGA, DTG and
DTAwere recorded on Shimadzu H-60 thermal analyzer un-
der a dynamic flow of nitrogen (30 ml/min.) and heating rate
10 °C/min. from ambient temperature to 750 or 1000 °C.
Electrical conductivity measurements were carried out at
room temperature on freshly prepared 10−3 M DMF solutions
using WTW conductivity meter fitted with L100 conductivity
cell. Metal content was obtained by EDTA titration using
xylenol orange as indicator using acetate buffer.

Results and Discussion

The Schiff-bases were prepared by addition of methanolic MF
solution to a methanolic solution of the aldehyde in 1:1 mol
ratio [11] in basic medium (drops of NaOH, CH3COONa or
NH4OH). The mixture was refluxed with continuous stirring
over water bath for 2 h. The solution was turned to yellow
color indicating the formation of the Schiff-base. The purity
was checked by TLC usingmethanol-chloroform solvent mix-
ture (1:10 v/v). HL1 Schiff-base was characterized using C, H,
N analysis, 1H NMR, UV–Vis and GC-MS spectra as well as
TGA, DTG and DTA analysis [11]. Its structure is shown in
Structure 1.

Praseodymium(III) Complexes

Pr3+ complexes with Schiff-bases of HL1, H2L
2, H2L

3, H2L
4,

H2L
5 and HL6 were synthesized by template reaction of

Pr(NO3)3.6H2O with metformin Schiff-bases in methanol un-
der reflux. The physical and analytical data of the complexes
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are summarized in Table 1. Results of elemental analysis of
the Pr(III) complexes suggest the following molecular formu-
las: [PrL1-4,6(NO3)2(H2O)3].nH2Owhere n = 1, 1½, 3, 4, 4 and
[PrL5(NO3)(H2O)5].2H2O. The complexes were found to be
air stable and they decomposed over 380 °C (Table 1). They
are insoluble in water and most organic solvents but soluble in
Lewis bases such as DMF and DMSO. The molar conduc-
tance values for 10−3 M DMF solutions of the prepared com-
plexes at 25 °C are in the range of 4.2–18.6 Ω−1cm2mol−1

supporting the nonelectrolytic character of these complexes
[22]. It shows that the anion is coordinated rather than the
ionic association to the Pr(III) cation during complex
formation.

Although the newly synthesized metal complexes were
soluble in some polar organic solvents like DMSO and
DMF, attempts to get crystals suitable for single-crystal stud-
ies were not obtained. The X-ray powder diffraction patterns
for the complexes were scanned in the 5-750 at λ =
1.540598 Å and are shown in Fig. 1. From the patterns, it is
evident that the complexes are amorphous.

IR Spectra

The assignment of the IR bands of the praseodymium
complexes have been made by comparing with the bands

of HL1 ligand and structurally similar molecules (Table 2,
Figs. S1 and S2 in supplementary file). The major IR
spectral features of the presented complexes indicate some
characteristics bands of biguanide and Schiff- base moie-
ties. The strong broad band ascribed to υ(OH) of the
Schiff-base at 3456 cm−1 [11] disappeared in the spectra
of praseodymium complexes which accounts for the de-
protonation and coordination of the OH group. The hy-
drated complexes have OH-stretching frequencies as a
medium broad band in the 3629-3510 and 3440-
3406 cm−1 regions. IR spectra of all the complexes except
[PrL5(NO3)(H2O)5].2H2O showed broad intense bands in
the range 3218-3200 cm−1 assignable to the stretching
vibration of the N–H group. These bands were observed
in the spectra of some complexes with biguanide Schiff-
bases [9–13].The observed strong split bands in the 1645-
1604 and 1604-1587 cm−1 ranges can be attributed to
υ(C=N) frequency [23]. A band manifested in the 1552-
1531 cm−1 interval has been assigned to N–C–N
stretching. The complexes showed bands in the 1456-
1405 and 1364-1306 cm−1 regions due to υ(N=O) (υ5)
and υas(NO2) (υ1) of the coordinated nitrate. The
υs(NO2) (υ2) was detected at 1041-1030 cm−1. The sepa-
ration Δυ = υ5 – υ1 has been used to differentiation be-
tween mono, bidentate chelating nitrates and bridging
mode. The magnitude of Δυ (Table 2) is indicative of a
monodentate nitrate (92-125 cm−1) [24]. The band assign-
able to υ(C–O) was recorded as a medium band in the
1224-1184 cm−1 region confirming deprotonation and co-
ordination of the phenolic oxygen to the praseodymium
ion. Two other non-ligand bands are also observed, medi-
um band in the range of 596-466 cm−1 which may be
attributed to υ(Pr–O) and the other around 521-
427 cm−1 which may be assigned to υ(Pr–N) vibrations.
The band υ(Pr–O) are usually broad, stronger and occurs

Table 1 Analytical data and conductivity measurements of the Pr3+ complexes of the metformin Schiff-bases

Compound Mol.wt. Formula m/z Yield % Color Decomp.
point (°C)

Elemental analysis Found Calcd.% Ω*
M

DMF
C H N Pr

[PrL1(NO3)2(H2O)3].H2O 569.11 569.1 55 Dark green >380 23.0
23.2

3.4
3.8

17.5
17.2

24.1
24.7

18.6

[PrL2(NO3)2(H2O)3].1½H2O 594.11 593.2 60 Army green >380 22.5
22.2

3.2
3.5

16.5
16.4

23.9
23.7

8.1

[PrL3(NO3)2(H2O)3].3H2O 621.11 622.2 45 Dark brown >380 21.1
21.2

4.4
4.1

15.1
15.5

22.5
22.6

5.5

[PrL4(NO3)2(H2O)3].4H2O 639.11 638.1 47 Black >380 20.3
20.6

4.5
4.3

15.6
15.3

22.3
22.0

4.2

[PrL5(NO3)(H2O)5].2H2O 576.13 577.2 40 Grey >380 23.1
22.9

4.4
4.6

14.1
14.5

24.0
24.4

4.8

[PrL6(NO3)2(H2O)3].4H2O 673.15 672.2 55 Brown >380 19.2
19.6

4.5
4.1

14.1
14.5

20.4
20.9

5.9

*Conductance of 10−3 M (ohm−1 cm2mol−1 )

OH

NN

H

N

CH3

NHNH H

H3C

Structure 1 HL1 Schiff-base
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at higher frequency than υ(Pr–N) may be due to large
dipole moment change in the vibration of Pr–O band in
comparison to that in the Pr–N band [25, 26].

The complex [PrL5(NO3)(H2O)5].2H2O has IR data
showing υ(NH) and υ(C=N) at 3357, 3224 and 1639,
1572, 1548 cm−1, respectively. These values are different
from the rest of the complexes and nearly similar in num-
ber and position to the free HL1 Schiff-base frequencies.
This indicates the non-participation of either C=NH or
HC=N groups in bonding in the complex. N–C–N is ab-
sent in the IR spectrum of this complex. The bands at
1432 cm−1 and 1325 cm−1 are due to υ(N=O) (υ5) and
υas(NO2) (υ1) of the coordinated nitrate. The υs(NO2) (υ2)
is detected at 1039 cm−1. The magnitude of separation for
this complex (Table 2) is indicative of a monodentate
nitrate (98 cm−1) [24]. Also, in this complex, υ(C–O)
appears as a very strong band at 1288 cm−1 while the
other complexes showed this band as a medium split
one. The nature of metal–ligand bonding is confirmed
by the newly formed band at 595 cm−1 in the spectra of
the complex which is assigned to υ(Pr–O) [27]. Also, Pr3+

is a hard acid, so it is expected to prefer bonding through
the two oxygen atoms of the hydroxyl groups (hard base)
of the Schiff-base after deprotonation forming five mem-
bered ring which may be more stable than forming six
membered ring through nitrogen atoms [28].

Magnetic and Spectral Properties

The magnetic susceptibility values (Table 4) of the complexes
reveal that the Pr3+ is paramagnetic with magnetic moment in
the 3.7-3.77 B.M. range. These results showed slight devia-
tion from the van Vleck values [29], indicating an insignifi-
cant participation of the 4f electrons in the bonding.

The tripositive praseodymium ion has the outer configura-
tion 4f25s25p6 and follows the Russell-Saunders L, S, J cou-
pling scheme, but with a certain amount of configuration in-
teraction. The electronic spectra of Pr(III) can be considered
[30] to be derived from the spectra of the gaseous ion by a
fairly small perturbation: nephelauxetic and crystal field split-
ting effects. The spectra of lanthanide ions are composed of
closely spaced sharp lines arise from transitions among fn

configuration levels. The 4f electrons of lanthanides are more
or less protected from the influence of the lattice by polariza-
tion of the 5s2 and 5p6 closed shells. In the visible region, the
absorption spectra of Pr3+ in solution involve four bands due
to the transitions from the ground state level 3H4 to 3P0,
3P1 +

1I6,
3P2 and

1D2 levels.
The UV–Vis spectra of 10−3 and 10−5 M of the Pr3+ com-

plexes were recorded in DMSO (Table 3 and Figs. S3 and S4
in supplementary file). The π→ π* transitions of the aromatic
rings were observed in the 296-251 nm whereas the n→ π*
transitions of the C=N bond are in the 337-318 nm range [31,
32]. As regards the electronic spectra of the obtained com-
plexes, the shifts of the characteristic bands were observed
comparable to the HL1 Schiff-base [11], what confirms com-
plex formation.

T h e c omp l e x e s [ P r L 1 (NO 3 ) 2 (H 2O ) 3 ] . H 2O ,
[PrL2(NO3)2(H2O)3].1½H2O, [PrL

4(NO3)2(H2O)3].4H2O,
[PrL5(NO3)(H2O)5].2H2O and [PrL6(NO3)2(H2O)3].4H2O
showed the 3H4→

3P2 transition at 444, 445, 439, 426 and
425 nm, respectively. Also, the transition 3H4→

3P1 of the
c omp l e x e s [ P r L 2 (NO 3 ) 2 ( H 2O ) 3 ] . 1½H 2O a n d
[PrL3(NO3)2(H2O)3].3H2O was observed at 555 and
463 nm. Finally, the complexes, [PrL3(NO3)2(H2O)3].3H2O,
[PrL5(NO3)(H2O)5].2H2O, and [PrL6(NO3)2(H2O)3].4H2O
exhibited the 3H4→

3P0 transition in the 482-472 nm range.
Nephelauxetic parameter, β, quantitatively describes the

nephelauxetic effect which is absorption band shift towards
lower energy on complex formation [33]. It is equal to the
ratio of the inter-electron repulsion parameters in the complex
and in the free ion [34]:

β ¼ υ complex
υ free ion

Electronic spectra of Pr(III) complexes were recorded
and compared with the data for the corresponding aqua-
ions. The covalence parameter, δ, has been calculated
using Sinha’s expression:

Fig. 1 XRD of the Pr3+ complexes of the metformin Schiff-bases
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δ% ¼ 1−βð Þ=β½ �x100

The bonding parameters (b½) along with the covalence
angular overlap parameter (η) were also calculated using the
following formulae [30]:

b§ ¼ § 1−βð Þ§
h i

η ¼ 1−βð Þ§
h i

=β§

These parameters measure the amount of 4f-ligand mixing,
i.e. covalence. The values of these parameters for the reported
complexes are given in Table 3. It shows that the metal to
ligand bonding is covalent as compared to lanthanide aquo-
ions, or that the 4f electrons are more localized [35].

Emission Spectra

The photoluminescence properties of the complexes were in-
vestigated in 10−3 M DMSO solution at room temperature
(Table 4, Figs. S5 and S6 in supplementary file). Because
Pr3+ can show emission lines originating from three different
levels (3Po,

1D2 and 1G4) which span the visible and NIR
regions, the luminescence spectrum of Pr3+ compound is
much more complex compared to other Ln3+ systems [36].
The complexes exhibited a series of characteristic emission
bands for Pr3+ ion in the visible region with a 318-332 nm
excitation source. The emission in the 590-580 nm range can
be assigned to 1D2→

3H4 transitions in all studied complexes.
Except the complex [PrL2(NO3)2(H2O)3].1½H2O, a series of
emission bands centered at approximately 481, 472, 475, 477,
and 486 nm were observed corresponding to the 3P0→

3H4

transitions. The two peaks observed at 458 and 457 nm are
attributed to the 3P1 →

3H4 transition in the complexes
[PrL3(NO3)2(H2O)3].3H2O and [PrL4(NO3)2(H2O)3].4H2O
spectra. Finally, peaks with a maxima at 442 and 440 nm
can be referred to the 3P2→

3H4 transition for the complexes
[PrL2(NO3)2(H2O)3].1½H2O, [PrL

5(NO3)(H2O)5].2H2O and
[PrL6(NO3)2(H2O)3].4H2O.

GC-MS Spectra

GC-MS spectra were recorded that confirm the suggested
structure of the Pr(III) complexes. The peaks related to the
molar masses of the complexes and its structural fragments
are listed in Table 5 (Fig. S7 in supplementary file). The mass
spectra of the complexes showed peaks at m/z (calcd./found):
569.1/569.1, 577.1/577.2; 594.1/593.2, 639.1/638.1, 673.1/
672.0; and 621.1/622.0 assignable to [M]+; [M–1]+; and
[M + 1]+ for the complexes [PrL1(NO3)2(H2O)3].H2O,
[PrL5(NO3)(H2O)5].2H2O; [PrL

2(NO3)2(H2O)3].1½H2O,
[PrL4(NO3)2(H2O)2].2H2O, [PrL

6(NO3)2(H2O)3].4H2O; andTa
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[PrL3(NO3)2(H2O)3].3H2O, respectively. The patterns of
peaks give a clear impression of the successive degradation

of the target compound with the series of peaks corresponding
to the various fragments with different intensities.

Table 3 Electronic spectra of the Pr3+ complexes of the metformin Schiff-bases

Compound UV
Bands(nm)

Assignment ξ*103

M−1.cm−1
Covalence

parameters

HL1 (C11H15N5O) [11] 256,295
343,381

π→ π*

n→ π*
– –

Pr3+ free ion (aq.) 430
454
468
577

3H4→
3P2

3H4→
3P1

3H4→
3P0

3H4→
1D2

– –

[PrL1(NO3)2(H2O)3]. H2O 260
321
444

π→ π*

n→ π*

3H4→
3P2

1.94
1.09
0.0129

β = 0.968
b½ = 0.0887 δ = 3.2558
η = 0.01614

[PrL2(NO3)2(H2O)3].1½ H2O 251
318
445
555

π→ π*

n→ π*

3H4→
3P2

3H4→
3P1

1.38
0.16
0.013
0.003

βavg = 0.982
b½ = 0.0669
δ = 1.828
η = 0.009

[PrL3(NO3)2(H2O)3].3H2O 268
320
463
472

π→ π*

n→ π*

3H4→
3P1

3H4→
3P0

0.1361
0.0766
0.0285
0.0294

β = 0.986
b½ = 0.0590
δ = 1.415
η = 0.007

[PrL4(NO3)2(H2O)3].4H2O 296
337
439

π→ π*

n→ π*

3H4→
3P2

0.403
0.0284
0.0096

β = 0.97949
b½ = 0.0715
δ = 2.09302
η = 0.0104

[PrL5(NO3)(H2O)5].2H2O 256
332
426
480

π→ π*

n→ π*

3H4→
3P2

3H4→
3P0

0.77
0.28
0.016
0.0087

β =0.99219
b½ = 0.0441
δ = 0.7866
η = 0.0039

[PrL6(NO3)2(H2O)3].4H2O 276
325
425
482

π→ π*

n→ π*

3H4→
3P2

3H4→
3P0

11.16
22.88
0.227
0.2045

βavg = 0.991
b½ = 0.0464
δ = 0.87183
η = 0.0043

*10−3 M in DMSO

Table 4 Fluorescence spectra and magnetic moment of the Pr3+ complexes of the metformin Schiff-bases

Complex λex λem
*RLI Assignment **μeff (B.M.)

[PrL1(NO3)2(H2O)3]. H2O 321 481 356 3P0→
3H4 3.75

[PrL2(NO3)2(H2O)3].1½ H2O 318 442
585

13.33
2.77

3P2→
3H4

1D2→
3H4

3.71

[PrL3(NO3)2(H2O)3].3H2O 320 458,589 13.33
11.42

3P1→
3H4

1D2→
3H4

3.72

[PrL4(NO3)2(H2O)3].4H2O 320 457
582

15.37
5.46

3P1→
3H4

1D2→
3H4

3.70

[PrL5(NO3)(H2O)5].2H2O 332 442
477
590

8.5
9.6
6.43

3P2→
3H4

3P0→
3H4

1D2→
3H4

3.72

[PrL6(NO3)2(H2O)3].4H2O 325 440
486
580

8.3
11
6.2

3P2→
3H4

3P0→
3H4

1D2→
3H4

3.77

* Relative luminescence intensity
** Room temperature

324 J Fluoresc (2019) 29:319–333



Table 5 Mass fragmentation pattern of the Pr3+ complexes of the metformin Schiff-bases

Complex m/z
calcd. (found) (%)

Abs.
Int.

Rel.
Int.

Weight loss(%) Assignments

[PrL1(NO3)2(H2O)3].H2O 569.1 (569.1)
551.1 (551.1)
533.1 (533.1)
515.1 (515.1)
497.1 (497.1)
435.1 (435.1)
373.1 (373.1)
328.2 (328.1)
266.9 (266.0)
140.8(140.1)

60
305
89
62
86
105
116
106
158
471

0.38
1.93
0.56
0.39
0.55
0.67
0.74
0.67
1.0
2.99

—
H2O(3.16)
H2O (3.16)
H2O (3.16)
H2O (3.16)
NO3

− (10.88)
NO3

− (10.88)
HN(CH3)2 (7.90)
HN(CH=NH)2 (12.47)
0.5L1

[M]+

[Pr(L1)(NO3)2(H2O)3]
+

[Pr(L1)(NO3)2(H2O)2]
+

[Pr(L1)(NO3)2(H2O)]
+

[Pr(L1)(NO3)2]
+

[Pr(L1)NO3]
+

[Pr(L1)]+
[Pr(0.8L1)]+

[Pr(0.5L1)]+

[Pr]+

[PrL2(NO3)2(H2O)3].1½H2O 594.1 (593.2) 576.1(576.2)
549.1(549.2)
531.1 (532.2)
513.1 (513.2)
451.1(454.1)
389.1(389.1)
344.1(344.1)
273.1(273.0)
140.8(140.1)

60
87
406
82
79
346
94
71
257
713

0.25
0.36
1.69
0.34
0.33
1.44
0.39
0.3
1.07
2.97

—
1½ H2O (4.54)
H2O(3.02)
H2O (3.02)
H2O (3.02)
NO3

− (10.43)
NO3

− (10.43)
HN(CH3)2 (7.57)
HN(CH=NH)2 (11.95)
0.53L2

[M–1]+

[Pr(L2)(NO3)2(H2O)3]
+

[Pr(L2)(NO3)2(H2O)2]
+

[Pr(L2)(NO3)2(H2O)]
+

[Pr(L2)(NO3)2]
+

[Pr(L2)NO3]
+

[Pr(L2)]+
[Pr(0.8L2)]+

[Pr(0.53L2)]+

[Pr]+

[PrL3(NO3)2(H2O)3].3H2O 621.1(622.2)
603.1(603.2) 585.1(585.2)
567.1(567.2)
549.1(549.2)
451.1 (451.2)
389.1(389.2)
344.1(344.1)
273.1(273.1)
140.8(140.1)

62
66
79
63
194
199
52
74
129
564

0.4
0.43
0.5
0.41
1.25
1.28
0.34
0.48
0.83
3.6

―
H2O (2.89)
H2O (2.89)
H2O(2.89)
H2O (2.89)
2H2O +NO3

−(15.77)
NO3

− (9.97)
HN(CH3)2 (7.24)
HN(CH=NH)2 (11.43)
0.53L3

[M + 1]+

[Pr(L3)(NO3)2(H2O)3]
+ .2H2O

[Pr(L3)(NO3)2(H2O)3]
+.H2O

[Pr(L3)(NO3)2(H2O)3]
+

[Pr(L3)(NO3)2(H2O)2]
+

[Pr(L3)NO3]
+

[Pr(L3)]+
[Pr(0.8L3)]+

[Pr(0.53L3)]+

[Pr]+

[PrL4(NO3)2(H2O)3].4H2O 639.1 (638.1)
621.1(621.1)
603.1(603.1)
585.1(585.1)
567.1(567.1)
513.1(513.1)
451.1 (451.1)
389.1(389.1)
344.1(344.0)
273.1(273.1)
140.8(140.1)

71
70
66
54
95
58
100
66
84
121
535

0.56
0.55
0.52
0.42
0.75
0.46
0.78
0.52
0.66
0.95
4.2

―
H2O (2.81)
H2O (2.81)
H2O (2.81)
H2O (2.81)
3H2O(8.44)
NO3

− (18.14)
NO3

− (9.69)
HN(CH3)2(7.04)
HN(CH=NH)2(11.1)
0.53L4

[M–1]+

[Pr(L4)(NO3)2(H2O)3]
+.3H2O

[Pr(L4)(NO3)2(H2O)3]
+.2H2O

[Pr(L4)(NO3)2(H2O)3]
+.H2O

[Pr(L4)(NO3)2(H2O)3]
+

[Pr(L4)(NO3)2]
+

[Pr(L4)(NO3)]
+

[Pr(L4)]+

[Pr(0.81L4)]+

[Pr(0.53L4)]+

[Pr]+

[PrL5(NO3)(H2O)5].2H2O 577.1(577.2)
559.1(559.2)
541.1(541.1)
523.1(523.1)
505.1(505.1)
451.1(451.1)
389.1(389.1)
344.1(344.0)
273.1(273.8)
140.2(140.0)

238
71
66
487
79
244
79
70
132
74

0.7
0.21
0.19
1.43
0.23
0.72
0.23
0.21
0.39
2.19

―
H2O (3.1)
H2O (3.1)
H2O (3.1)
H2O (3.1)
3H2O (9.3)
NO3

− (10.7)
HN(CH3)2 (7.7)
HN(CH=NH)2 (12.3)
0.53L5

[M]+

[Pr(L5) NO3(H2O)5]
+.2H2O

[Pr(L5) NO3(H2O)5]
+. H2O

[Pr(L5) NO3(H2O)4]
+

[Pr(L5) NO3(H2O)3]
+

[Pr(L5) NO3]
+

[Pr(L5)]+

[Pr(0.8L5)]+

[Pr(0.53L5)]+

[Pr]+

[PrL6(NO3)2(H2O)3].4H2O 673.1 (672.0)
655.1 (655.2)
637.1(637.2)
619.1(619.2)
601.1(601.2)
583.1(583.2)
547.1(547.2)
485.1(485.1)
423.2(423.0)
378.2(378.1)
307.2(307.1)

60
79
60
54
84
84
158
65
585
87
153

0.25
0.33
0.66
0.22
0.35
0.53
0.66
0.27
2.43
0.36
0.64

―
H2O (2.67)
H2O (2.67)
H2O (2.67)
H2O (2.67)
3H2O (8.02)
NO3

− (9.20)
NO3

− (9.20)
HN(CH3)2 (6.68)
HN(CH=NH)2(10.54)
0.58L6

[M–1]+

[Pr(L6)(NO3)2(H2O)3]
+.3H2O

[Pr(L6)(NO3)2(H2O)3]
+.2H2O

[Pr(L6)(NO3)2(H2O)3]
+.H2O

[Pr(L6)(NO3)2(H2O)3]
+

[Pr(L6)(NO3)2]
+

[Pr(L6)NO3]
+

[Pr(L6)]+

[Pr(0.84L6)]+

[Pr(0.58L6)]+

[Pr]+
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Thermal Analysis

Thermal analysis of the Pr(III) complexes was performed in
order to study the nature of water in the investigated com-
pounds, their thermal stability, as well as decomposition
modes under controlled heating rate. The measurements were
taken in nitrogen atmosphere within 25–750 and 25-1000 °C
range at a heating rate of 10 °C min−1. The thermal decompo-
sition data are collected in Tables 6 and 7, and Fig. 2 presents,
as an example, the thermoanalytical curves.

Thermal decomposition of the complexes in N2 atmo-
sphere begins in the 28-171, 28-177, 19-184, 18-137, 20-
197 and 28-165 °C range with DTGmax at 112, 68, 61, 61,
66 and 89 °C, respectively. It is associated with the release of
all hydrated water molecules. Calculated mass loss for the
dehydration processes are 3.16, 4.54, 8.69, 11.26, 9.37, and
10.69%, when these were determined from the thermogravi-
metric curves are 3.37, 4.25, 8.5, 13.3, 9.58, and 10.38%,
respectively. This step is confirmed with endothermic
DTAmax at 113, 71, 61, 67, 73, and 89 °C, respectively, where
values of the enthalpy changes are in the range 0.868-
2.304 kJ/mol.

In the second decomposition step, evaporation of the
coligands of the coordination sphere takes place. The com-
plexes [PrL1(NO3)2(H2O)3].H2O;[PrL

3(NO3)2(H2O)3].3H2O;
PrL6(NO3)2(H2O)3].4H2O; [PrL4(NO3)2(H2O)3].4H2O,
[PrL5(NO3)(H2O)5].2H2O; and [PrL2(NO3)2(H2O)3].1½H2O
lose the following species: HNO3; 2HNO3; H2O + HNO3;
2H2O +HNO3;2H2O + HNO3; and 2H2O + 2HNO3, respec-
tively. It happens in the temperature range of 250-350; 163-
371; 242-350; 163-351; 198-350; and 179-402 °C with
DTGmax at 314; 290; 298; 267; 285; and 298 °C, respectively.
Observed mass reduction in this step is (found/calcd.%):
10.97/11.06%; 20.28/20.27%, 12.12/12.02%; 15.7/15.48%,
17.88/17.01%; and 27.39/27.25% accompanied with exother-
mic DTAmax at 310; 292; 297; 277; 291; and 319 °C,
respectively.

Vaporization of the remaining co-ligands as well as oxida-
tive degradation of the Schiff-bases takes place in the third
decomposition stage. This step is clearly presented on the
DTG curves in the 360-480; 373-686; 395-640; 390-661,
375-435; and 415-605 °C period with DTGmax at 449; 464;
521; 514, 406; and 461 °C, respectively, for the above series
of complexes. Observed mass lowering are 28.57; 33.6;

Table 6 TGA and DTG data of the Pr3+ complexes of the metformin Schiff-bases

Compound Temp.
range
C

DTG
C

Mass loss% Process Product Residue% and type

Found Calcd. Found(Calcd.).

HL1(C11H15N5O) [11] 160-293
294-422
423-600

314
449
556

19.17
30.14
30.25

19.29
30.43
30.32

Partial decomposition
Ligand decomposition
Final decomposition

HN(CH3)2
HN(CH=NH)2
0.13 L

20.1(19.29)
Carbonaceous material

[PrL1(NO3)2(H2O)3].H2O 28-171
250-350
360-480
520-585

112
314
449
556

3.37
10.97
28.57
7.01

3.16
11.06
28.46
7.73

Dehydration
Coordinated nitrate
Partial decomposition
Final decomposition

H2O
HNO3

3H2O +HNO3+ HN(CH3)2
CO2

49.07
(28.97 Pr2O3

+ carbonaceous material)

[PrL2(NO3)2(H2O)3].1½H2O 28-177
179-402
415-605

68
298
461
521

4.25
27.39
22.96
7.28

4.54
27.25
22.55
7.4

Dehydration
Partial decomposition
Partial decomposition
Final decomposition

1½H2O
2H2O + 2HNO3

H2O+ HN(CH3)2
HN(CH=NH)2
CO2

38.12
(27.75 Pr2O3

+ carbonaceous material)

[PrL3(NO3)2(H2O)3].3H2O 19-184
163-371
373-686

61
290
464┐
534┘

8.5
20.28
33.6

8.69
20.27
34.45

Dehydration
Coordinated nitrate
Partial decomposition

3H2O
2HNO3

3H2O+ HN(CH3)2
HN(CH=NH)2 + CO2

37.1
(26.54 Pr2O3

+ carbonaceous material)

[PrL4(NO3)2(H2O)3].4H2O 18-137
163-351
390-661

61
267
514

13.3
15.7
30.05

11.26
15.48
30.81

Dehydration
Coordination sphere
Partial decomposition

4H2O
2H2O +HNO3

H2O +HNO3 +HN(CH3)2
+ HN(CH=NH)2

40.0
(25.8 Pr2O3

+ carbonaceous material)

[PrL5(NO3)(H2O)5].2H2O 20-197
198-350
375-435
630-665

66
285
406
640

9.58
17.88
26.12
8.2

9.37
17.01
26.38
7.63

Dehydration
Coordination sphere
Partial decomposition
Final decomposition

3H2O
2H2O +HNO3

2H2O+ HN(CH3)2
+ HN(CH=NH)2
CO2

39.12
(28.62 Pr2O3

+ carbonaceous material

[PrL6(NO3)2(H2O)3].4H2O 28-165
242-350
395-640
690-875

89
298
521
750

10.38
12.12
32.13
3.12

10.69
12.02
31.93
3.26

Dehydration
Coordination sphere
Partial decomposition
Solid state reaction

4H2O
H2O +HNO3

2H2O +HNO3 +HN(CH3)2
+ HN(CH=NH)2
½CO2

42.0
(24.49 Pr2O3

+ carbonaceous material)
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32.13; 30.05, 26.12; and 22.96% against calculated mass of
28.46; 34.45; 31.93; 30.81, 26.38; and 22.55%, respectively.
It connects with peaks on the exothermic DTA curve at 456;
490; 510; 495, 410; and 464 °C, respectively. The complexes
[PrL1(NO3)2(H2O)3].H2O, [PrL

2(NO3)2(H2O)3].1½H2O,
[PrL5(NO3)(H2O)5].2H2O and [PrL6(NO3)2(H2O)3].4H2O
show the evolution of CO2 in the final degradation process
which are recorded at 556, 521, 640 and 750 °C, respectively.
Exothermic DTA peaks -showing this step- are observed at
5 1 0 a n d 5 9 6 ° C o n l y f o r t h e c o m p l e x e s
[PrL2(NO3)2(H2O)3].1½H2O and [PrL6(NO3)2(H2O)3].4H2O.

The solid residues obtained during thermal decomposition
are higher than expected for metal oxides. It suggests that the

decomposition of the mentioned complexes in nitrogen atmo-
sphere leads probably to appropriate metal oxide and 10.37-
20.1% carbon as a final product, what is characteristic for
investigations carried out in N2 atmosphere [37]. This is con-
firmed using previous TGA analysis on HL1 Schiff-base
which showed that about 20% of carbonaceous material was
obtained at 750 °C [11].

Mechanism of Thermal Decomposition

The IR spectrum of the complex [PrL4(NO3)2(H2O)3].4H2O
heated at 110, 370 and 600 °C is shown in Fig. 3, in an attempt
to elucidate the mechanism of thermal decomposition. It
shows that the IR spectrum changes shape, intensity and po-
sition of some characteristic bands. Heating the complex at
110 °C, its IR spectrum shows the disappearance of the broad
bands at 3560 and 3423 cm−1 indicating dehydration [26].
Also, a medium broad band shown at 3377 cm−1 may be
due to coordinated water. The υ(NH) band is shifted to
3206 cm−1 ; υ(CH)3 is observed at 2914 cm−1 besides
υ(C=N) appears as a sharp split band with maximum at
1630, 1586 and 1543 cm−1. Heating the complex at 370 °C,
the bands due the nitrate ion at 1446, 1321, and 1041 cm−1

were disappeared which means evolution of one nitrate ion as
HNO3. The υ(C=N) is shifted to 1619 cm−1 and new band at
1400 cm−1 may be due to the presence of the second nitrate
ion. Heated complex at 600 °C shows IR spectrum with

Table 7 DTA data of the Pr3+ complexes of the metformin Schiff-bases

Compound Temp. rang. oC DTA peak ΔH
J/g

Process

HL1(C11H15N5O) [11] 160-213
253-351
507-560

195 endo.
290 exo.
531 exo.

89
−190
- 210

Melting
Partial decomposition
Final decomposition

[PrL1(NO3)2(H2O)3].H2O 28-150
260-370
370-550

113 endo
310 exo. 456 exo.

+128
−187
– 5350

Dehydration
Coordination sphere
Partial decomposition

[PrL2(NO3)2(H2O)3].1½H2O 30-160
200-350
390-650

71 endo.
319 exo.
464┐exo.
510┘

+101
−168 –3320

Dehydration
Partial decomposition
Final decomposition

[PrL3(NO3)2(H2O)3].3H2O 26-180
200-350
380-650

61 endo.
292 exo.
490 exo.

+181
−914 –2120

Dehydration
Coordination sphere
Partial decomposition

[PrL4(NO3)2(H2O)3].4H2O 28-160
170-350
380-650

67 endo.
277 exo.
495 exo.

+360
−704
−1910

Dehydration
Coordination sphere
Partial decomposition

[PrL5(NO3)(H2O)5].2H2O 28-150
200-350
360-500

73 endo.
291 exo.
410 exo.

+ 248
−1320
−1920

Dehydration
Coordination sphere
Partial decomposition

[PrL6(NO3)2(H2O)3].4H2O 25-150
235-350
390-590

89 endo.
297 exo.
510┐exo.
596┘

+193
– 487
−1670

Dedydration Coordination sphere
Partial decoposition

F i g . 2 T G A , D T G a n d D T A o f t h e c o m p l e x
[PrL2(NO3)2(H2O)3].1½H2O
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distinct band of υ(CH3) at 2924 cm−1 was not observed indi-
cating cleavage of the ligand at the metformin part of the

Schiff-base and evolution of NH(CH3)2 species. Also, the
strong band at 1619 cm−1 is absent referring to the

Fig. 3 IR spectrum of the
complex
[PrL4(NO3)2(H2O)3].4H2O at
different temperatures
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decomposition of the azomethine υ(C=N) of the Schiff-base.
Appearance of new bands at 3435, 2922 and 1633 cm−1 in the
IR spectrum of heated sample at 600 °C may be assigned to
υ(OH), υ(CH2) and δ(OH) which refer to the formation of a
mixture of aqua-hydroxo species and some carbonaceous ma-
terial [38]. Characteristic IR bands for the presence of Pr2O3 is
shown as split medium band at 1061 and 515 cm−1 which is
representing υ(Pr −O) [39]. Proposed mechanism of thermal
decomposition of the complex [PrL4(NO3)2(H2O)3].4H2O is
shown as follows:

Kinetic and Thermodynamic Parameters

The kinetic and thermodynamic parameters including: n (order
of reaction), Ea (energy of activation), z (pre-exponential factor),
ΔHactivation enthalpy,ΔS (entropy of activation) andΔG (free
energy change) together with correlation coefficient r for non-
isothermal decomposition of metal complexes have been deter-
mined byCoats-Redfern integralmethod [40]. The data are given
in Table 8. The negative values of entropy of activation indicate
that the activated complexes are more ordered than the reactants
and that the reactions are slow [41]. The more ordered nature
may be due to the polarization of bonds in activated state which
might happen through charge transfer electronic transition.

The heat of activationΔEa, the activation enthalpiesΔH and
the free energy of activation ΔG, for the complex
[PrL6(NO3)2(H2O)3].4H2O is higher than that for the complex
[PrL1(NO3)2(H2O)3]. H2O (64.4 > 37.4; 59.6 > 37.4; and
153.1 > 131.1) which reflects the rigid structure of the Schiff-
base in the first complex due to the presence of the naphthyl
ring. Values of activation energy, activation enthalpy and acti-
vation free energy of the second decomposition process of the
isostructureal complexes [PrL2(NO3)2(H2O)3].1½H2O,
[PrL3(NO3)2(H2O)3].3H2O and [PrL4(NO3)2(H2O)3].4H2O
have the following order: ΔEa: 41 < 85.6 > 59.6; ΔH: 36.3 <
80.9 > 55.1 andΔG: 131.6 < 172.0 > 143.5. The high values of
ΔEa, ΔH and ΔG for the complex [PrL3(NO3)2(H2O)3].3H2O

may correlate to its capability of strongly hydrogen bonding
through m-OH of the H2L

3 Schiff-base.

Structure of the Complexes

The complex structure has one Pr3+ at the center of hexagon
surrounded by N, N, O of the Schiff-base besides O, O, O of
three H2O groups and O, O of two NO−

3 groups at the apexes
in hexagonal bipyramid stereochemistry (Structure 2). Other
eight coordinated geometries include cube, square prism,
dodecahedron, bicapped octahedron, bicapped trigonal
prism, end-bicapped trigonal prism, and end-bicapped trigo-
nal antiprism [42].

Pr-Metformin Complexes as Indicators for Neutral
Sugars

Sensing glucose is very important in the food and pharmaceutical
industries. In addition, glucose monitoring is especially critical

Table 8 Kinetic parameters for the second decomposition step for the Pr3+ complexes of the metformin Schiff-bases

Compound Tmax ΔEa Z n r ΔH ΔS ΔG

[PrL1(NO3)2(H2O)3]. H2O 314 37.4 2.0*104 0.5 0.983 32.6 −163.9 131.1

[PrL2(NO3)2(H2O)3].1½H2O 298 41.0 2.2*10*4 0.33 0.989 36.3 −167.0 131.6

[PrL3(NO3)2(H2O)3].3H2O 290 85.6 4.1*104 2 0.996 80.9 −161.8 172.0

[PrL4(NO3)2(H2O)3].4H2O 267 59.6 3.1*104 2 0.999 55.1 −163.8 143.5

[PrL5(NO3)(H2O)5].2H2O 285 109.2 4.7*104 2 0.980 104.5 −160.6 194.2

[PrL6(NO3)2(H2O)3].4H2O 298 64.4 3.3*104 2 0.992 59.6 −167.9 153.1

ΔEa, ΔH, ΔG in kJ/mol

ΔS in JK−1 mol−1

Z in S−1

Structure 2 Hexagonal bibyramide stereochemistry of the Pr3+

complexes of the metformin Schiff-bases
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for diabetes management. Diabetes is characterized by long-term
hyperglycemia, and the monitoring of patients’ glucose levels is
required for the management of the disease. The electrochemical
method for sensing glucose is widely used among diabetes pa-
tients in the form of a blood glucose meter [43].

Fluorescence of the lanthanide complexes is much more sen-
sitive even to weak interaction with saccharides and has been
suggested to detect and identify neutral sugars including cancer
biomarkers [44]. The interaction and specificity can be conve-
niently tuned by varying the metal and/or ligands [45–47]. For
many metal complexes, the affinity to sugars and consequent
stability constants are comparable to the older and still more
common carbohydrate sensors based on the boronic acid [48].

Since the complexes under study contain coordinated water
molecules, they are expected to be readily replaced by the
deprotonated hydroxyl groups of the incoming sugar. We hy-
pothesize that our Pr-metformin Schiff-base complexes may
be useful for detecting sugars in neutral aqueous media which
was followed using UV-Vis and fluorescence spectra in addi-
tion to viscosity measurements.

Absorption Characteristics of Glucose-Pr Complexes
Interaction

The absorption spectra of the interaction of glucose with the
Pr(III) complexes have been recorded in aqueous solution of
phosphate buffer of pH 7.4 at a constant complex concentra-
tion (10−4 M). It is apparent that increasing the glucose

concentration from 1 × 10−4 M to 8 × 10−4 M leads to moving
of the complex band to the 275-428 nm recording red shift of
6 and 5 nm for the complexes [PrL5(NO3)(H2O)5].2H2O and
[PrL6(NO3)2(H2O)3].4H2O and a blue shift of 5 and 14 nm for
t h e c omp l e x e s [ P rL 1 (NO3 ) 2 (H 2O ) 3 ] .H 2O and
[PrL3(NO3)2(H2O)3].3H2O associated with hyperchromism
(Fig. 4 and Table 9).

The binding constant Kb was calculated based on the
double-reciprocal relations assuming the formation of a 1:1
host-guest complex [49].

1=ΔA ¼ 1=Δε complex½ �o þ 1=K glucose½ �oΔε complex½ �o
Where ΔA is the difference between the absorbance of com-
plex in the presence and absence of glucose, Δε is the differ-
ence between the molar absorption coefficients of glucose and
the complex. [glucose]o and [complex]o are the initial concen-
tration of glucose and the complex. The intrinsic binding con-
stants Kb of the complexes are in the 567-896 M−1 range with
a correlation coefficient in the 0.978-0.998 range (Table 9).

Fluorescence Spectra of Glucose-Pr Complexes
Mixtures

Since most glucose sensors are fluorescence for the detection,
wemeasured the luminescence spectra for solutions of the free
complexes and their mixtures with variable concentrations of
glucose. On excitation with λ = 293 nm, glucose exhibit a

Fig. 4 UV-Vis spectra of the
complex
[NdL2(NO3)2(H2O)3].3H2O
(10−4 M) in presence of
increasing amounts of glucose
(1 × 10−4 M–7 × 10−4 M) using
phosphate buffer (pH 7.4)

Table 9 Binding constants (Kb M
−1) of the interaction between the Pr3+ complexes of the metformin Schiff base and glucose

Compound UV Fluorescence

λ mix. Δλ Kb M
−1 R-squared λ mix. Δλ Kb M

−1 R-squared

[PrL1(NO3)2(H2O)3]. H2O 320 −5 632 0.978 482 −4 642 0.989

[PrL2(NO3)2(H2O)3].1½ H2O 425 – 796 0.985 430 2 761 0. 988

[PrL3(NO3)2(H2O)3].3H2O 428 −14 744 0.986 338 −4 741 0.976

[PrL4(NO3)2(H2O)3].4H2O 403 – 793 0.994 439 ̲ 767 0.981

[PrL5(NO3)(H2O)5].2H2O 370 6 567 0.998 441 −15 555 0.988

[PrL6(NO3)2(H2O)3].4H2O 275 5 896 0.979 434 ̲ 906 0.979
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weak fluorescence emission at λ = 358 nm. Accordingly, ad-
dition of glucose (1 × 10−4 M-7 × 10−4 M) causes a remark-
able increase of the complexes fluorescence emission from
338 to 482 nm accompanied by hyperchromism and a red shift
of 2 nm for the complex [PrL2(NO3)2(H2O)3].1

1/2H2O and a
blue shif t of 4, 4 and 15 nm for the complexes
[PrL1(NO3)2(H2O)3].H2O, [PrL

3(NO3)2(H2O)3].3H2O and
[PrL5(NO3)(H2O)5].2H2O (Table 9 and Fig. 5).

The binding constants of the complexes (10−4 M) with
variable concentrations of glucose can be obtained from
Benesi-Hildebrand plot, which is double reciprocal type plot
of 1/(I-Io) vs. 1/[glucose], where Io and I are the fluorescence
intensities in the absence (free complex) and presence of the
glucose, [glucose]o is the analytical concentration of glucose,
and I1 is the limiting intensity of fluorescence [49]. The bind-
ing constant (Kb) is the association constant for 1:1 complex
which can be calculated from the fluorescence data based on
the following equation:

1= I−Ioð Þ ¼ 1= I1−Ioð ÞK glucose½ �o þ 1=I1−Io

where I1 is the limiting intensity of fluorescence. Thus the Kb

value was obtained from the slope and the intercept of the plot.
The values of binding constant of the Pr3+ complexes are in
the range of 555-906 M−1 with a correlation coefficient in the
0.976-0.989 range. The obtained Kb value is in reasonable
agreement with that obtained from UV-Vis absorption data.

Water-soluble salophene–La3+ complex forms 1:1 stoichiom-
etry with glucose, maltose and maltotriose exhibiting binding
constants of 500, 1.666 and 2.500 M−1, respectively [47]. The
Keq-tet for the glucose-PBA (phenyl boronic acid) complex cal-
culated using pH-depression method was 110 M−1. With the
ARS method, the Keq-tet for the glucose was 77 M−1 at pH 7.5
[50]. A novel conjugate of phenylboronic acid and an La(DTPA)
derivative, in which the central acetate pendant armwas replaced
by the methylamide of L-lysine, interacts with glucose at 25 °C
having thermodynamic stability constant of 712 M−1 using 11B

NMR technique [51]. The calculated Kb values show the good
binding ability of the Pr(III) complexes to glucose at pH 7.4
which can be used in diabetes management. This may be obtain-
ed through substitution of the coordinated water by glucose mol-
ecule. The highest Kb value obtained for the complex [PrL6

(NO3)2(H2O)3].4H2O (896 and 906 M−1) may be due to the
presence of naphthyl ring in the Shiff-base ligand of the complex.
The obtained relatively low Kb value for the complex [PrL1

(NO3)2(H2O)3]. H2O (632 and 642 M−1) may be due to the
absence of a second o-OH group in the Schiff-base ligand which
can be substituted by the glucosemolecule. TheKb values for the
c o m p l e x e s [ P r L 2 ( N O 3 ) 2 ( H 2 O ) 3 ] . 1 ½ H 2 O ,
[PrL3(NO3)2(H2O)3].3H2O and [PrL4(NO3)2(H2O)3].4H2O
(796 > 744 < 793 M−1 and 761 > 741 < 767 M−1) may correlate
with the position of the second –OH group in the phenyl ring of
the Schiff-base (o-, m- and p-substituted). The complex
[PrL5(NO3)(H2O)5].2H2O have the lowest Kb value (567 and
555 M−1). In this complex Pr3+ is strongly coordinated to two
O atoms of the hydroxyl groups of the Schiff-bases which
reflected in a weak bonding with the interacting glucose
molecule.

Viscosity Measurements

Relative viscosities for glucose in the presence and absence of
the complexes were calculated from the relation:

η ¼ t−toð Þ=to
where t is the observed flow time of glucose containing solu-
tion and to is the flow time of phosphate buffer alone. Data are
presented as (η/ηo)

1/3 versus binding ratio r (r = [complex]/
[glucose]), where η is the viscosity of glucose in the presence
of complex and ηo is the viscosity of glucose alone. Titration
were performed by the addition of 1-8 × 10−5 M and 1-8 ×
10−4 M of the glucose to a constant solution of the complexes
(1-8X10−5 M and 1-8 × 10−4 M).

Fig. 5 Fluorescence spectra of the
complex
[PrL1(NO3)2(H2O)3].H2O
(10−4 M, λex = 293 nm) in
presence of increasing amounts of
glucose (1 × 10−4 M–7 × 10−4 M)
using phosphate buffer (pH 7.4)
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Viscosity measurements of the complexes were carried out,
and the effect of the glucose on the viscosity of the complexes
is shown in Fig. 6 (representative example). As shown in Fig.
6, the increase in the concentration of the glucose caused an
increase in the viscosity of complexes. Thus, it can be con-
cluded that the Pr-metformin complexes, certainly, is a glu-
cose binder.

Conclusion

In order to improve the biological activity of MF (oral hypo-
glycemic agent) and referring to the biological relevance of
lanthanide elements, a series of praseodymium complexes
with Schiff-bases of MF with salicylaldehyde (HL1); 2,3-
dihydroxybenzaldehyde (H2L

2); 2,4-dihydroxybenzaldehyde
(H2L

3); 2,5-dihydroxybenzaldehyde (H2L
4); 3,4-

dihydroxybenzaldehyde (H2L
5); and 2-hydroxynaphthaldehyde

(HL6) were synthesized by template reaction. The resulting com-
plexes were characterized using elemental analysis, conductivity
measurements, magnetic moment, spectral analysis (UV–Vis,
fluorescence, IR, GC-MS, XRD), and TG, DTG and DTA.
The complexes exhibit a series of characteristic emission bands
for Pr3+ ion in the 481-472 and 590-580 nm range with a 318-
332 nm excitation source. Schiff-bases are tridentate where Pr3+

is bonded through –OH, azomethin C=N and C=NH (metfor-
min), three coordinated water molecules and two nitrate ions
forming eight coordinated complex. On the other hand, H2L

5

ligand is coordinated to Pr3+ using –OH groups -ortho to each
other- on the phenyl ring of the ligand. Magnetic and spectral
data show hexagonal bipyramide stereochemistry for the com-
plexes. Thermal properties confirm the structure of the

complexes with proposed thermal decomposition mechanism.
Kinetic and thermodynamic parameters were calculated using
Coats-Redfern equation. Biological activity of the complexes
was evaluated by studying the interaction of these complexes
with glucose in phosphate buffer solution using UV-Vis and
fluorescence spectra as well as viscosity measurements. The Kb

values indicate the good ability of the Pr3+ complexes to bind
glucose in phosphate buffer medium at pH 7.4.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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