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Introduction



Coordination chemistry: basic principles

Step-vice formation of complexes:
M(H2O)n + L           ML(H2O)n-1 + H2O

MLn-1(H2O) + L          MLn + H2O

Stepvice constants
Overall reaction
M(H2O)n + nL MLn + nH2O
βn = K1·K2· ...  ·Kn

Overall stability constants
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Groups of complexes

a/ parent complexes : only one ligand MA, MA2, MA3 .... 
MAN (N: coordination number)
b/ mixed-ligand complexes: two or several ligands

M + A + B           MAB  or
MA2 + MB2 2 MAB

c/ protonated complexes: protonation of the non-coordinated
donors of the ligand

M + HnA M(AH) + n–1 H+

Coordination chemistry: basic principles



Groups of complexes

d/ deprotonated complexes: de-protonation and coordination of the ligand

M + A          M(AH–1) + H+

 for example  alcoholate, amid-group)
 deprotonation of coordinated water
MA(H2O)n MA(H2O)n–1(OH) + H+

e/ polynuclear complexes: nM + mA MnAm

A is a bridging ligand with one or two donor group(s)

Coordination chemistry: basic principles



Coordination chemistry: basic principles

Infuence of the charge of the metal ions on stability:

- +3 ions have higher stability compared to +2

- +2 cations in the 3d transition metal block follow the
Irving-Williams series: 

Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II)
(i.e. it does not follow the change in size)



Hard –soft theory of Lewis acids and bases

O-donor ligands: 
H2O, CO3

2–, NO3
–, PO4

3–, 
ROPO3

2–, (RO)2PO3
–, 

CH3COO–, OH–, RO–, R2O, 
crown ethers
N-donor ligands:
NH3, N2H4, RNH2,
F–, Cl–

H+, Na+, K+

Mg2+, Ca2+, Mn2+, VO2+

Al3+, Co3+, Cr3+, Ga3+, Fe3+, 
Ln3+, Th4+ etc.

hard bases (ligands)hard acids (metal ions)

Coordination chemistry



S-donor ligands:
S2–, RSH, RS–, R2S, S2O3

2–

R3P, (RS)2PO2
–, 

(RO)2P(O)S–,
RNC, CN–, CO, R–, H–, I–

Cu+, Au+, Tl3+, Ag+, Hg2
2+

Pt2+, (Pb2+), Hg2+, (Cd2+),
Pd2+, (Pt4+)

soft bases (ligands)soft acids (metal ions)

Br–, SO3
2–,

N-donor ligands:
NO2

–, N3
–, N2,

Fe2+, Ni2+, Zn2+, Co2+, Cu2+,
Pb2+, Sn2+, Ru2+, Au3+

Tl+

Borderline bases (ligands)Borderline acids (metal 
ions)

NH2
N

NH

Coordination chemistry of transition metals



Coordination chemistry: basic principles

Influence of the ligand on the stability of complexes

- hard-soft character of donor atoms

- charge

- denticity

- overall basicity

- chelate effect (entropy contribution)

- chelate ring size ( 5 is preferred)

- macrocycle effect/ encapsulating ligands

- cavity size

-rigidity of the MC



Mathing the size of the metal ion and the cavity

III – 8(9)III – 8(9)III – 6II – 6(4)II – 6(7)Coordination Number

93,880627358 (ls)
64,5 (hs)

Ionic radius MIII or 
MII (CN=6) (pm)

GdInGaCuMnProperty
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Properties of some  Y3+complexes formed with DTPA type ligands

T. J. McMurry, C. G. Pippin, C. Wu, K. A. Deal, M. 
W. Brechbiel, S. Mirzadeh, O. A. Gansow, J. Med. 
Chem. 1998, 41, 3546
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DTPA CHX-DTPA

1B 2B

1B3M 1B4M

CHX-B CHX-A

14422.428.00 (10.48)DTPA

0.7524.232.27 (12.3)CHX-DTPA

37.421.529.18 (11.16)1B

41.821.729.24 (10.75)2B

13.522.530.60 (11.46)1B3M

6.6222.530.39 (11.31)1B4M

0.04724.431.47 (12.3)CHX-B

0.46224.732.92 (12.3)CHX-A

kD
* (s-1)log KYL log Ki

H (log K1
H)Ligand

* The rates of acid catalyzed dissociation were 
measured with the use f ArIII ([YL]=10-5 mol/dm3

and [AAIII]=10-5 mol/dm3).



Some general requirements to the complexes to be used in medicine 

Good water solubility (easy to administer)

Low osmolality and preferably no (or negative) charge

Non-toxicity

High thermodynamic stability and kinetic inertness

Possible quick complex formation

Organ specificity (when injected the media concentrates in area(s) 
required or bifunctional ligands)

The production of the ligand and the complex should be cost effective. 



Clinically approved, commercially available Gd-based contrast agents (q=1) 





Coupled equilibria (simultaneous equilibria)

Redox reaction: 
oxidation M(x+1)+ A(y-1)-

reduction M(x-1)+ A(y+1)+

Complexation [MLn] [M*Am]   [MyAx+1]y–

nL M* Ay–

Precipitation Mx+ +          Ay– MyAx

Acid-base r. M(OH)(x-1)+ + H+ HA + OH–

„cation-hydrolysis” anion protonation



Conditional stability constants

There is a definite need to consider the „side reactions” of the metal ion 
and the ligand

The most important parameter (in clean systems) is pH: 

H+ could protonate the (week base) ligand

OH- could form hydroxo-complexes/hydroxide 
precipitate with the metal ion

Endogenous metal ions and ligands in „real systems”: almost unlimited 
number of competitors

One can not calculate conditional constants by 
hand

Model calculations need suitable data (logβML , logβHL,

pL (solubility product), pH, pE, temperature

(Could be good for planing experiments also!)



Modelling

( Stability Constants Databases -
NIST and IUPAC)



Modelling



Modelling



Modelling



Modelling



Modelling



Modelling



Modelling



Modelling



Medusa developed by Ignasi Puigdomenech at the Royal 
Institute of Technology (KTH), Stockholm, Sweden.
(I.Puigdomenech (2000) “Windows software for the graphical 
presentation of chemical speciation”, in: 219th ACS National 
Meeting. Abstracts of Papers, Vol.1. Amer. Chem. Soc., San 
Francisco, Ca, March 26-30, 2000. Abstract I&EC-248. 
http://www.kemi.kth.se/medusa). This program is free, it can be 
down loaded from the web-site of the KTH or I. Puigdomenech

Modelling



The matrix and the constants are defined by selected
components and the equilibrium reaction being 
considered!

Modelling



Modelling



Distribution curves for the major species (e.g. >10 %)

Modelling



Log c – pH showing „all species”. Numerical
values are also calculated.

Modelling



Measuring of stability constants

Step-vice formation of complexes:
M + L           ML ]][[

][
1 LM

MLK 

Mass balance equaitions + measuring at least one equilibrium
concentration

TM = [M] + [ML]

TL= [L] + [ML]

Several standard methods are known in case of fast equilibration and 
moderate stability: [M] / [ML] ~ 1 (0.1 – 10) adjusted by the experimental
conditions (pH, concentrations of components etc)
• pH-potentiometric titration ( 2 <pH >12 )
• UV-VIS spectrophotometry
• multinuclear NMR spectroscopy
• 1H-NMR relaxometry
• microcalorimetry

Serious limitations in case of slow equilibration and very large stability



Measuring of (moderate) stability constants by pH-potentiometry: H+

competition

Mn+ +   HxL ML   +    xH+

Fast formation and dissociation Slow formation and dissociation

Direct titration “out-of-cell” technique
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The titration data is usually fitted 
with the use of  the following 

softwares:

PSEQUAD 

SUPERQUAD

HYPERQUAD

OPIUM

[H+]TOT,

[L]TOT,

[Mn+]TOT

are known

The stability of various complex 
species can be obtained 

simultaneously.

In most of the cases the stability 
constants of the ML complexes can 

be calculated. 

The protonation constant of the 
complexes have to be determined 

in a separate (direct) titration
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UV-VIS spectrophotometry

• Fast formation and dissociation: direct titration

• Slow formation and dissociation: “out of cell” method

Direct titration when the ligand or the metal 
exchange reaction is fast

Competition reactions

(metal or ligand exchange)

Mn+ +  HyA +  HxL ML   +  MA  +    x+yH+

Mn+ +  Yz+ +  HxL ML   +  YL  +    xH+

H
)OH(MA

H
AMHMA

H
LH

H
AH jijj

log,log,log,log,log KKKKK H
)OH(YL

H
LYHYL

H
LH jij

log,log,log,log KKKK

“Out-of-cell” technique when the ligand or the 
metal exchange reaction is slow

A= l · ML · c ML+ l ·MA · cMA

A= l · ML · c ML+ l ·YL · cYL

ligand exchange

metal exchange

H
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H
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H
LH

H
AH jijj

log,log,loglog,log KKKKK
H

)OH(YL
H

LYHYL
H

LH jij
log,log,log,log KKKK

ML, MHL, ML(OH), MA, MHA, MA(OH)

ML, MHL, ML(OH), YL, YHL, YL(OH), 

or
Simple complex

formation

Determination of (high) stability constants : proton + metal ion 
or ligand competition 

pH-potentiometric titration
Large number of protonation and stability constants must be known ion order to be able to calculate the 
one that is under question. 

Even larger number of constants must be obtained very precisely.
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Speciation of  Zn2+- PCTA3Am - H+ system
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Competiton of PCT3Am and BIMP ligands for Zn2+ ions

Zn(PCTA3Am)2+

Zn(BIMP)3-

Zn(PCTA3Am)H-1
+

ZnH2(BIMP) -
ZnH(BIMP) 2-

Species log
HPCTA3Am          9.53
H2PCTA3Am       13.73
HBIMP                  9.33
H2BIMP               15.83
H3BIMP               18.36
H4BIMP               20.36
H5BIMP               21.78
ZnPCTA3Am      14.74
ZnPCTA3AmH-1 5.90
ZnPCTA3AmH-2 -5.54
ZnBIMP 15.94
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OH- -13.815
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Competiton of PCT3Am and BIMP ligands for Zn2+ ions

Zn  BIMP  PCTA3Am competition reaction followed by pH-potentiometry [Zn2+] = [PCTA3Am] = 2 mM
[BIMP] = 4 mM ([HCl]=0.2188 M).
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Competiton of PCT3Am and BIMP ligands for Cu2+ ions

Cu  BIMP  PCTA3Am competition reaction
1. [Cu(PCTA3Am)] (4 mM); 2-8. [Cu(PCTA3Am)(BIMP)] (2. 0,5mM; 3. 1,0mM; 4. 1,5mM;

5. 2,0mM; 6. 2,5mM; 7. 3,0mM; 8. 3,5 mM BIMP) 9. [Cu(BIMP)] (4 mM)
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- High (as high as possible) thermodynamic stability

Tuning stability (as high as possible) playing with
-quality and number of donor atoms
-structure of ligand (open chain or MC)
- basicity
-rigidity etc

One can not forget other requirements as effectiveness, inertness,
price etc.

Optimal Ln-complexes from thermodynamic point of view



Kinetics: basic principles (Ions in Solution by J. Burgess, Ellis Horwood Ltd. 
Chicester, 1988).



Water exchange

Stable vs. unstable (thermodynamics)

Inert vs. labile (kinetics)

Gd(III) complexes: the importance of 
kinetic and thermodynamic stability

Should be as:
Gd(III) complexes: the importance of 
kinetic inertness and thermodynamic 
stability



Solvent exchange



Mechanisms of solvent exchange (A. Merbach) 





Eigen-Wilkins mechanism



Eigen-Wilkins mechanism: Ni2+ complexes



SCS mechanism for 
bidentate ligands



SCS mechanism for 
bidentate ligands



Polydentate and macrocycle ligands



Effect of rigidity on rate constants (of the rate determining step)



Kinetic studies

Formation DissociationMetal exchange

Type of the ligand:

open chain too fast (pH>2) too fast (pH<2)measurable (pH=4-6)

macrocyclic
too slow (pH=1-3)

fast (pH > 7)

measurable (pH=4-6)
in the presence of 
large [LnL] excess 

slow (pH>1)
measurable (pH=3-7)

measurable (pH<1)

Detection:

on the metal ion 

Methods:

fast

intermediate

slow

Stopped-flow (UV-VIS)

UV-VIS

Relaxometry

UV-VIS
NMR (relaxometry)

on the ligand

UV-VIS (Ce3+ and 
Eu3+)
Relaxometry (Gd3+)

UV-VIS

Ø Ø

Ø Ø

Kinetic studiesKinetic studies onon LnLn(III)(III)--ligandligand systemssystems

Rapid mixing unit (UV-VIS)

Luminescence

NMR



1. – 1 min. 

a. Formation of Ln(III) complexes of simple DOTA-tetraamides (e.g. DOTAM, DTMA, …) 
which is a simple second order reaction between the Ln3+ and the deprotonated ligand.

Two cases were observed:

Formation kinetics of the Formation kinetics of the MC MC complexescomplexes
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For the DTMA ligand (R1 = -CH3, R2 = -H)
log K1

H = 9.56 and log K2
H = 5.95

log KML = 12.68 (Ce3+)  13.91 (Yb3+)

Formation of [Ce(DTMA)]3+ as a function of time (CCe = CL = 510–4 M in NMP buffer (CNMP = 
2.510–2 M) with pH = 5.26).

10. – 401 min. 

Ce3+ + DTMA         [Ce(DTMA)3+]

N N

NN

O O
OO

NR1R2

NR1R2R2R1N

R2R1N



Dependence of the formation rates on the Ln3+ ion concentration:

:

Formation kinetics of the complexesFormation kinetics of the complexes
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Since the fitting returned negative values 
for  k1 and k2 the reaction of HL and H2L 

were neglected



b. Formation of Ln(III) complexes of macrocyclic ligands bearing negatively charged side 
arms (e.g. DOTA, DOTP, DOTA-4Gly, DOTA-4AMP … ) proceeds via the formation of stable 
intermediates (protonated complexes). 

N N

NN

O O
OO

OH

OHHO

HO

For the DOTA log K1
H = 12.6

log K2
H = 9.70, log K3

H = 4.50 
and log K4

H = 4.14
log KML = 23.0 (Ce3+)  24.0 
(Yb3+)

Formation of [Ce(DOTA)]- as a function of time (CCe = CL = 510–4 M in NMP buffer (CNMP = 
5.010–2 M) with pH = 4.39).

Formation kinetics of the complexesFormation kinetics of the complexes

Ce3+ + HxDOTA [Ce(H2DOTA)+] + (x-2)H+ [Ce(HDOTA)]  [Ce(DOTA)]-
-H+ -H+

Brücher, E.; Laurenczy, G.; Makra, Zs. Inorg. Chim. Acta 1987, 139, 141. 
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Own memories from the last century





H2DOTA2- (pre-organized) Intermediate Ln(H2DOTA)+

Ln3+
aq

fast

slow step, requires 
deprotonation and 

rearrangement

Ln(DOTA)- formed

Why do Why do macrocyclicmacrocyclic ligands form complexes with metal ions slowly?ligands form complexes with metal ions slowly?



Approximate halfApproximate half--lifeslifes of the intermediatesof the intermediates

At pH  = 4.4 in 0.001 M solution of CeL

[Ce(CDTA)]- t1/2 < 0.1 sec. [Ce(DOTA)]- t1/2 12 min.

[Ce(DOTMA)]- t1/2 > 100 h. [Ce(DOTA-4AMP)]5-

thermodynamically practically 
stable under these conditions
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kobs vs. [Ln3+]  saturation curve !!!

Formation kinetics of the complexesFormation kinetics of the complexes



Dissociation of the complexesDissociation of the complexes

LnLLnLH
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Tuning the kinetic inertness of the complexes by making the Tuning the kinetic inertness of the complexes by making the 
ligands more rigidligands more rigid

Ln(OXAAZA) + M2+ M(OXAAZA) + Ln3+

kd =k0 + k1[H+]
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Gd(p-NO2-Bz-OXAAZA) + Zn2+ Zn(p-NO2-Bz-OXAAZA) + Gd3+
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Tuning the kinetic inertness of the complexes by making the Tuning the kinetic inertness of the complexes by making the 
ligands more rigidligands more rigid
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t ]LnL[

dt
]LnL[d k

GdL



Tuning the kinetic inertness of the complexes by making the Tuning the kinetic inertness of the complexes by making the 
ligands more rigidligands more rigid

a). i). L. Sarka, L. Burai, E. Bru¨cher, Chem. Eur. J. 6 (2000) 719–724.

–4.9 10-4, 0.93 and 5.6 
10-2, –k3 M-1s-1 (k3

Eu, k3
Cu

and  k3
Zn)

–9.7 10-4–k2 M-2s-1

–0.58–k1 M-1s-1

–not detected–k0 s-1

DTPAi

–(3.7±0.4)10-3–k1 M-1s-1

–(6.1±0.7)10-8–k0 s-1p-NO2-Bz-
OXAAZA

(4.05±0.08)10-2(1.19±0.06)10-2(0.22±0.01)k1 M-1s-1

(2.0±1.2)10-7(1.4±0.3)10-7(5.9±0.4)10-7k0 s-1

OXAAZA

Yb3+Eu3+ or Gd3+Ce3+Ln3+Ligand



Optimal Ln-complexes from kinetic point of view

 Possible quick complex formation

Engineering point of view (i.e. cheaper for Gd ), but essential for some short 
lived radioisotopes

Easy(er) characterisation of the complex, good for students…

 Non-toxicity, i.e. high thermodynamic stability and kinetic inertness (i.e. 
slow dissociation)

Ideal case: no any dissociation of LnMC before the complete excretion



Some useful references
1. E. Brucher, D. A. Sherry in The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging—
Stability and Toxicity of Contrast Agents (Eds.: E. Toth, E. Merbach Andre), Wiley, New York, 2001, pp. 243 –
279.
2. E. Brucher in Contrast agents I. Magnetic resonance imaging. Topics Current Chemistry – Kinetic Stabilities
of Gadolinium(III) Chelates Used
as MRI Contrast Agents (ed. W. Krause), Springer Verlag, Heidelberg, 2002, Vol. 221. pp. 103-122
Three series of “Topics Current Chemistry” books were dedicated to the chemistry of contrast agents: Vol. 221, 
and 252
3. R. Delgado, J. Costa, K. P. Guerra, L. M. P. Lima, Lanthanide complexes of macrocyclic drivatives useful for
medical applications, Pure Appl. Chem., Vol. 77, No. 3, pp. 569–579, 2005.
4. G. Anderegg, F. Arnaud-Neu, R. Delgado, J. Felcman, K. Popov, Critical evaluation of stability constants of 
metal complexes of complexones for biomedical and environmental applications, Pure Appl. Chem., Vol. 77, 
No. 8, pp. 1445–1495, 2005.
5. P. Hermann, J. Kotek, V. Kubicek, I. Lukes, Gadolinium(iii) complexes as MRI contrast agents: ligand design 
and properties of the complexes, Dalton Transactions Vol. 23, 3027-3047, 2008.
6. Review journals like: 
Chemical Society Reviews: http://www.rsc.org/publishing/journals/cs/article.asp
Chemical Reviews: http://pubs.acs.org/journal/chreay
Coordination Chemistry Reviews: 
http://www.elsevier.com/wps/find/journaldescription.cws_home/500845/description#description
Pure and Applied Chemistry: http://www.iupac.org/publications/pac/index.html



Who is the expert? / definition of expert

Logos Quotes
<quotation@logosquotes.org
Date: Fri, 01 Sep 2006 18:26:58 +0200
Author - Niels Bohr (1885-1962) 

An expert is a man who has made all
the mistakes which can be made in a 
very narrow field.

Bohr and Einstein debating
quantum theory at Ehrenfest's
home in Leiden (December 
1925).
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