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Abstract

This research project 15 a long-term one integrating both fundamental and applied aspects
of lanthanide coordination chemistry (1995-2000). The primary objective of the proposed
research 15 to develop fundamental understanding of the key thermodynamic, kinetic, and
structural factors that influence the desired physico-chemical properties of lanthanide complexes
of macrocyclic and linear polyaminocatboxylate ligands (e.g. complex formation stability and
selectivity, reaction kinetics, NMR relaxation, iminescence, and structure) for applications in
magnetic resonance imaging (MRI), luminescence labeling for biomolecules and catalysis for
DNA and RNA phosphate diester bond cleavage. The research results include the following:

(1) Construction of research laboratories, purchasing equipment, and personnel recruitment.

(2)  Selectivity of Macrocyclic Aminocatboxylates for Alkaline Earth Metal Ions and Stability
of Their Complexes. J.C.S. Dalton Trans. 1996, 2347-2350.

(3) Dissociation Kinetics of Nickel(II), Zine(II), and Cadmmm(II) Complexes of 1,7-Diaza-
4,10,13-trioxacyclopentadecane-N,N'-diacetic Acid (K21DA) and 1,10-Diaza-4,7,13,16-
tetraoxacyclooctadecane-N,N'-diacetic Acid (K22DA). J. Chun. Chem. Soc. (Taipei),
1996, 43, 419-426;,] C S. Dalton Trans. 1997, 1195-1200.

(4) Preorganization in Metal Ion Complexation: A Molecular Mechanics Study of
Lanthanide Complex Formation with Macrocyclic Ligands DOTA and TETA. C.A.
Chang and Y -L. Lm. “Dissociation Kinetics of Ce(TETA) and Ce(DOTA) ™, J. Chun.
Chem. Soc. 2000, submitted and papers in preparation.

(5) Determination of Stability Constants of Metal Ion Complexes by Capillary

Electrophoresis. Chin. Chem. Soc.(Taipe1), 1999, 46, in press.
(6) Aqueous Solution Properties of Eu’-DO2A System: A Laser-Excited Luminescence Study.
J.C.S. Dalton Trans., 1998, 3243-3248.

(7) Effects of Chain Length and Terminal N-alkylation on the Protonation Constants and



Stability Constants of Some Transition Metal Complexes of Linear Tetraaza and Pentaaza
Ligands. J. Chin. Chem. Soc.(Taipei), 1998, 45, 753-759.

(8)  Other Studies: (1) “Helicobacter pylori Induced Genes Expression in Human Gastric
Cells Identified by mRNA differential Display”, Biochem. Biophys. Res. Commun.
1996, 228, 434-488;, (2) "Macrocyclic Lanthanide Coordination Chemistry", Proc.

Natl. Sci. Counc. ROC(4), 19971, 21, 1-13; (3) “Effects of Recombinant Lysostaphin on
Cytotoxicity and Interleukin-8 Level in Normal Human Epidermal Keratinocites Cell
Lines”, Biotech. Lett, 1998, 20, 1053-1056; (4) “A Synthetic Complement Clg-like
Peptide Selectively Interacts with Immune Complexes”, Biotech. Lett, 1998, 20,
1119-1123;(5) C.C. Chang, C.A. Chang, and E R. Chan. “Purification and
Characterization of Neutral Sphingomyelinase from Helicobacter pylor”’, Biochemistry,
2000, 39, in press. (6) D.-L. Sheu, H.-A. Fan, K.-C. Hsu, C.A. Chang, Y -5. L1, C.-C.
Chiou, and E -C. Chan. “Down-Regulation of Matrix Gla Protein Messenger RNA in
Human Colorectal Adenocarcinomas”, 2000, Disease of the Colon and Rectum, 2000,

submitted.

Keywords: Polyaminocartboxylates, Lanthanides Complexes, Macrocyclic and Linear
Ligands, Stability Constants, Selectivity, Formation and Dissociation Kinetics, Structure,
Luminescence, NMR, Molecular Mechanics.



WamtiTrx % altkmmit®

Lanthanide Coordmation Chemustry of Polyammocarboxylate Ligands
and Biomedical Applications

Research Progress Report

1998.08.01 - 1999.12.31

Outline

A Introduction

B. Ligand/Complex Synthesis and Physical Characterizations,
Thermodynamics and Kinetics, Molecular Mechanics Calculations
Thesis Supervised

Publications

Meetings and Abstracts

Questions still to be Answered

@ = m O a

Ln-DO2A Dissociation Kinetics Studies — Initial Report



A. Introduction

This 15 a research program that has been performed for almost five years (from
Febmuary 1, 1995 to December 31, 1999). Because the Institute of Biological Science and
Technology of National Chiao Tung University 15 a new research institute, we spent most of
the first year to establish our laboratories. This includes renovating laboratory, recnuting
postdoctoral research fellows (Dr. L, Yuh-Liang, #5 B ; Dr. Chen, Chang-Yuh, FRFCIA;
Dr. Huang, Chiung-Hua, ™ I¥ ), research assistants and graduate students (FRIEJE > [ X
iy > PRARAE > WS MR ERT > FEREOFELR > MEARE - EME - FFA
BREN > RIGEE > BREM > BRIES > 2G> Sl > T ), puchasing chemicals and
research equipment (automatic titroprocessor, stopped-flow uv-vis spectrophotometer,
diode-array uv-vis spectrophotometer, PCR, capillary and gel electrophoresis apparatus), and
setting up softwares and hardwares. On the other hand, we have made considerable research
progress as originally proposed. The progress in terms of ligand/complex synthesis, physical
characterizations, thermodynamics, kinetics, and molecular mechanics calculations shall be

briefly discussed as follows:

B. Ligand/Complex Synthesis and Physical Characterizations, Thermodynamics,

Kinetics, and Molecular Mechanics Calculations

We have synthesized the 12-membered and 14-membered tetraaza macrocycles, cyclen
and cyclam - the precursors of DOTA and TETA, according to published methods.
Catboxymethylation reactions have been carried out with the tetraaza macrocycles and the
resulting DOTA and TETA compounds were purified and recrystallized. DOTA and Cube-like
TETA crystals have been obtained. The rates of formation and dissociation reactions of
Ce(DOTA)- and Ce(TETA)- have been repeatedly determined at various temperatures and pH.
The detailed analysis of these rate data has been completed. The ligand, K21DA, has also been
synthesized accordingb to published method.

The ligand, 1,7-dicatboxymethyl-1,4,7 10-tetraazacyclododecane (DO2A), has been

synthesized and the macrocycle ring protonation sites have been determined by NMR



technicques to be the secondary amine nitrogen atoms. The protonation constants (log K:
10.48, 10.01, 3.85, 2.55) and the stability constants of trivalent lanthanide (Ln’") metal
complexes of DO2A (log KML: 10.94-13.31) were determined by the potentiometric pH
titration and capillary electrophoresis methods, respectively. In general the stabilities of the
Ln(DO2A)" complexes increase with increasing atomic mumber for the lighter lanthanides
(La’" - Sm’") and remain relatively unchanged for the heavier lanthanides (Eu’" - Lu’").
Laser-excited spectroscopy of the 'F, -> °D, transition of Eu’" is used to study the aqueous
Eu’" - DO2A complex system. At low pH (e.g. pH 5 ~ 6), Eu’" forms a 1:1 species with the
ligand DO2A, presumably Eu(DO2A)(H,O)q", where q 15 the mumber of inner-sphere
coordinated water molecules. As the solition pH increases, the hydrolysis product,
Eu(DO2A)(OH)(H,0)q-1, 15 formed. Lifetime measurements of each species in H,O and D,0
allow the determination of the corresponding mumber of the inner-sphere coordinated water
molecules to be 2.96 and 2.64, consistent with the proposed structures (i.e. ¢ = 3). The
hydrolysis constant (pK,) 15 estimated to be 8.1+0.3. These results were reproducibly obtained
by different researchers.

The wse of Eu(DO2A)" and Eu(K21DA)" complexes to catalyze the hydrolysis of
phosphate ester bond has been tested. Initial results indicated that both complexes are active
in this regard. Detailed studies are underway.

The determination of ligand protonation constants and stability constants of metal
complexes of several linear polyamine ligands has been of interest because of the contirmed
desire of making metal-selective reagents and use of data as reference to understand the
thermodynamic origin of “macrocyclic effect”. A mumber of terminal N-alkylated linear
tetraaza and pentaaza ligands have been prepared, e.g. (2,2,2), (2,3,2), (3,2,3), etc. Their
ligand protonation constants and some transition and post-transition metal (Ni**, Cu’", Zn*",
and Cd*") complex stability constants have been determined by potentiometric titration
methods. In general methylation and ethylation at the terminal nitrogen atoms cause the
corresponding ligand nitrogen basicity to increase; however, the corresponding metal complex
stabilities are decreased as compared to the non-alkylated structural analogs, presumably due to

the steric effect.



The linear polyamines, the precursors for the 15-membered pentaaza macrocycles,
1,4,7,10,13-pentaazapentadecane (2.2.2.2) and its structural analogue (2.2.3.2.) have been
synthesized according to methods established by Dr. L, Yuh-Liang. The two linear
polyamines will be used to camry out cyclization and catboxymethylation reactions as
proposed.

To design higands with fast complex formation rates for a mumber of applications such
as solvent extraction and diagnostic imaging agent mamifacturing, we have decided to
synthesize linear aminopolycatboxylate ligands selective toward lanthanide metals ions. Thus,
polyamines (2.2.2),(2.3.2),(3.23),(3.33),(2.2.2.2) and (2.2.3.2) with different
cunmulative backbone 1ing strain have been prepared with methylation or ethylation to replace
one proton of each terminal amine functional group. We are currently carrying out the
catboxymethylation reactions to prepare the corresponding aminopolycartboxylic acids. (PI
Note: Due to the unexpected resignation of my postdoctoral fellows, Dr. Chin, ZR/REE and
Dr. Huang, Chiung-Hua, ¥ the synthetic and other characterization work has been
delayed.) For comparison purpose, 4,8-dicatboxymethyl-1,4,8,11-tetraazaundecane has also
been prepared.

The origin of the differences of the thermodynamic stability and kinetic lability of two
structurally similar complexes, Ln(DOTA) and Ln(TETA), have been studied by molecular
mechanics techniques, e.g. log K; gipora = 25.3 and log K gyrera = 14.7; and kinetically,
Ln(DOTA) 15 faster to form and slower to dissociate as compared to Ln(TETA) . Previous
structural characterizations showed that DOTA 15 preorganized for metal ion complexation
while TETA 15 not. The mitial molecular mechanics study results showed that Ln-DOTA
complexation involves the formation of a catboxylate oxygen-bonded precursor, followed by
metal ion moving into the pre-formed macrocyclic cavity. However, at least two catboxylate
oxygen-bonded intermediates exist for Ln(TETA) complex formation and lanthanide ion
assisted reorganmization of the TETA ligand 15 observed.

Excitation spectroscopy (emission monitored at 614.0 nm) of the 'F, — D, transition

of Eu’" was used to study the aqueous properties of the Eu’-TETA system. A stopped-flow



spectrophotometric method was used to study the formation kinetics of the aqueous
Ce’-TETA/DOTA systems. The results showed that the complexation reaction between Eu’"
and H,TETA” to form Eu(TETA) is completed within 10-15 mimutes at pH 6.1 and higher
pH. The measured rate constants for the reaction between Ce’" and H,TETA” to form
Ce(TETA) revealed that the rate is faster at higher solition pH. The reaction activation

parameters, AH* » AS* and AG*, measured at different pH decrease with increasing pH
indicating the rate determiming step could be the loss of ligand proton(s) and followed by metal
ion moving into the macrocyclic cavity. The positive AS* value indicates that the rate
determining step is dissociative in nature, consistent with the proposed mechanism.

The acid-catalyzed dissociation rate constants of the cerium(IIl) complexes of
14,8, 11-tetraazacyclotetradecane-1,4,8, 11-tetraacetic acid (TETA) and
1,4,7 10-tetraazacyclododecane-1,4,7, 10-tetraacetic acid (DOTA) have been determined
at four different temperatures (ie. 25.0°C 32.0°C, 39.0°C 45.0°C) in aqueous media
(u=010M, HCI/KCI) to obtain additional kinetic data and to evaluate possible effects
of ligand pre-or ganization for metal ion complexation. The rates are much faster for
Ce(TETA) than for Ce(DOTA)’, indicating the lower thermodynamic stabilily of the
Sformer. In the presence of excess strong acid, 0.1 - 1.0 M HC], the dissociation reactions
Sollow the rate law: -d[ML]T/dt = (k; + ky[H J)[ML]rand -d[ML]T/dt = (k,[H'] +
ki o[H JP)[ML]; respectively, where k, is acid-independent dissociation reaction rate
constant and ky and ky;, are the respective dissociation rate constants for the pathways
involving monoprotonated and diprotonated species. The rate activation parameters,
AHT, AST and AGT, for each dissociation pathway have been obtained and their values
are consistent with the proposed mechanisms. In particular, the rate difference between
Ce(TETA) and Ce(DOTA)  for the monoprotonated complex dissociation pathway is
mainly due to difference in AH,T. It has been concluded that ligand pre-or ganization

results in more stable complexes and slower complex dissociation rates.
A new method for the determination of stability constants by capillary electrophoresis

has been developed, particularly for kinetically inert metal complexes. Different approaches,



l.e., direct formation, ligand exchange, metal exchange and metal-ligand double exchange were
studied. Stability constants of lanthanide (La’", Ce®”, Eu’" and Yb*") and transition metal (Ni*',
Cu’" and Zn*") ions with DO2A (1,7-dicatboxymethyl-1,4,7,10-tetraazacyclododecane) were
measured under direct complex formation. In ligand exchange approach, stability constants
were measured by complex formation of Ni*” with DO2A and Et,-2,3,2-tet
(3,6,10,13-tetraazaundecane). Stability constants of DO2A with Cu’" and Zn”>" complexes were
measured in metal exchange approach. Complex formation competitions of Ni*" and Cu’"
between DO2A and Et,-2,3,2-tet were studied in metal-ligand double exchange.

To verify the capillary electrophoresis method, we have also determined the stability
constant of a known metal complex system, ie. Cu* /Zn>" - EDTA/HEDTA
(N-hydroxyethyl-ethylenediaminetriacetic acid), using the metal-ligand double exchange
approach. Assuming that the stability constants of CuEDTA?, ZnEDTA?, and ZnHEDTA " are
known, the stability constant of CdHEDT A has been redetermined to be logKf=17.47 + 0.20,
consistent with the literature reported value 17.50. The criteria for proper selection of this
metal-ligand double exchange approach and experimental conditions as well as the feasbility for
future applications of this method are noted.

The dissociation kinetics of the complexes of nickel(Il), zne(Il), and cadmmm(II) of
1,7-diaza-4,10,13-trioxacyclopentadecane-N,N’-diacetic acid (K21DA) and
1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-N, N’-diacetic Acid (K22DA) were studied in
constant ionic strength aqueous medium with various [H]-range, i.e., (0.88-53.9) x 10° M and
(0.5-7.5) x 10 M. Copper(II) was used as the scavenger of free ligand and the rates of
dissociation of these complexes have been found to be independent of [Cu®']. All the complexes
exhibit acid-independent and acid-dependent pathways. For NiIK21DA, CdK21DA and
CdK22DA complexes, the acid-dependent rates are linear functions of [H']. For NiK22DA and
ZnK21DA complexes, a saturation kinetics 15 observed, i.e., [H'] dependence at low [H'] and
[H']-independent at high [H']. The rationalization of such different observations is proposed to
be due to difference in complex solition structures rather than the thermodynamic stabilities.

Influence of acetate content in the buffer, temperature, and total electrolyte concentration on



the rate of dissociation has also been investigated and discussed. For detailed description of each

paper and new research progress, please see the presentations listed in the Appendix.

Additional studies have been on the following topics which are related to biological

chemistry, molecular biology and biotechnology: (1) The Preparation and Applications of

Porcine Clq and the Clg-like Peptides, (2) Study of the Differential Gene Expression in Human

Gastric Cells Infected with Helicobacter pylory, (3) Study of Genes Expression in Colorectal

Adenocarcinoma by DDRT-PCR Method, (4) The Use of Piezoelectric Crystal Sensor for the

Diagnosis of Human Helicobacter Pylori, and (5) Purification and Characterization of Neutral

Sphingomyelinase from Helicobacter pylori. A total of thirteen master theses have also been

completed. Papers related to the above studies are now been written for publication.

C. Thesis Supervised
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F. Questions still to be Answered:
1. Are there novel ligands (linear or macrocyclic) that form lanthanide complexes with
good thermodynamic stability and selectivity as well as favorable kinetic properties (e.g.

fast to form and slow to dissociate)?

)

What are the thermodynamic and kinetic features of “ligand preorganization for metal

1on complexation’?

3. Can we design stable and cationic lanthanide complexes that could catalyze the
hydrolysis of the phosphate diester bond of DNA and RNA molecules?

4. Can some of the simple linear and macrocyclic lanthanide complexes be linked to

peptides or micleotides for drug targeting or sequence-specific DNA/RNA phosphate

esterbond cleavage?

These questions will be answered by the experiments proposed for the next two years.
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Lantharmum(III) nitrate hydrate, Cermm(III) mnitrate hydrate, Praseodymmm(III) mnitrate
hydrate, Neodymmm(III) nitrate hydrate, Ewropmm(III) mnitrate hydrate, Gadolinmam(III)
nitrate hydrate % % Aldrich GR % 3X % > Disodum Ethylenediamine Tetraacetic Acid
(Na,H,EDTA) 7% Merck GR % X # > Calecum Carbonate (CaCO;) % Merck GR & 3K % -
NH,-NH,C1: pH9.5-10 % Merck G.R 4 X # > Lithum perchlorate % Aldrich A.C.S %4 3 % -
Perchloric acid % Riedel-deHaen A.CS %& X # > Cresolred % Merck GR %4 3X % > Xylenol
orange Tetrasodmum Salt Z Merck GR & 3K #% - CH,COOH-NaOH % Merck GR %4 X % >

Enochrome Black T % Merck G.R %4 3X # > Tristhydroxymethyl)aminomethane (THAM) %4
Merck GR & X % > DO2A R %4 R, % = F & m 3 » Ay il » UV-Visble (HP 8453 #1) > 1278
# %2 sk 4% ( FIRSTEK SCIENTIFIC B403 #1 ) -

G2 BAREEWMEZR



G-2-1 Na,H,EDTA w9 4% &

# B 100 48 9 2-3 vBr ey CaCO; 1.01g A 100ml ¢y 2 &M > B A A H & IR
A HCI(12N)#% CaCO, 2 12 5 > sbis g 2 4 CO, A8 A2 ERAEF &M FEZ 100ml
Pp 4% 2] 0.1IM & CaCO; o B 50ml &) J& 4r B M8 > KA 4 %) 4% 0.1M & Na,H,EDTA Stock
solution 2-3ml Auv A * 4& v A 35 5= %] Eriochrome Black T 1-2 ;% » £ # % % 10-15ml - &

B itey CaCO; RBRE » MAHBRBAEHESL  HIKLBHRCAN B AL
FERBRBERRERAGZRERE -

G2-2 2B BERRENER

HR S0ml & 42 47 248 0 4R 5 5 5 An A B B 47 ¢ 0.01M Ln®' Stock solation 2-3ml » 35 51 )
Xylenolorange 1-2 /% > ¥ # % £ 10-15ml- 24 Na,H,EDTA R 47 T » B T H 528
EAHESL MHATKRGEHRAGABAKLE  EARRZIBLFTREREREZER
i’ o

G2-3 BARBEENER

B S0ml &9 )2 4 28 0 AR A o B v A B 47 ey 0.05M B & % (perchloric acid)x &

2-3ml > 45 5~ | Bromothymolblue 1-2 j# - i # # £ 10-15ml- 24 — & 4% & 75 & ( primary

standard ) 0.1M #9) THAM R#4TH & > B THBHEERBECAHEE » @il L LA

CRIBRAESL  FHRABRZIBLHATRERERLZERE -
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A—* 5P
HAMTHURELE —BZRE -
Rate = -d[A]/dt = k[A]

— BB RREH S HILENTARAHTER RaunsHEL>ZCEREHE
Analyte fv Reagent - A > 45 A 4 89 R JE » /ﬁ;:\i;{ EYXFEFRAREEMD
iR EERSHOBE - T EH N ZEBFHEBNREZIAHLRBEM -ER
oy h X RBICZEALHHAG - B8R (Order) oy RIE AL B — R KR
JE o AR ¥ o) RJEBF 5 4 psuedo-firstorder - £ — Ay R JEF > 1 mol 8y A g
Ao lmol B A REAEAALE —Ep BERRBAFRTE  AIRERLTF !

A+B—>P

WwRREZ—FTHRE  ARERZGRBENMEGRERIELL > BB K
-d[A]/dt = k[A][B]

E@&ﬁ%@%%“af&%&ﬁ’%ﬂﬁ&ﬁﬁ?ﬂg‘ﬁ%&ﬁ B%¥E B wy
BEMAMEBI>> [A]l BlEAREFTBYE M EE RS IFEFHINETFRE » RIS
#EkBl=%#=kHALXmELEX LT R

-d[AY/dt = k'[A]

qodb @M RERA — RO FTXER B R # A mF LB 4 pseudo-first order X & o f£ £
MEFHERTY > RMBERODBRETAMALEROMAERREENTREULE > Fik
ITHRBHRE > BHRAFHERLRAEFEB —RRENYEMSFT -

G-5 H 5 ¥ 5

WMANEMALBELSMAKRER N ORI EENBRBERAZE » £ 25C ~31C »
37C ~45C FRE » ££ 250nm T R A R JE g 81t » L UV-visible /& K 8 2 & % %
'T”§i( obs)

A=A +(4,-4 )exp(-k,, 1)

obs



G6 RELFHZEFTHANITE

B (H) A 218 4 8 45 0 (ML) A2 8k o4 R JE & 7T 4%, %4 scavenger » %8 R JE X 4o F
(n=1~4) :

ML+nH® —fe s M 4 H L0*
B BRE R KSR E Bk — AT

Tablel. Kinetic Data (10° k,,,, 5™') for the H'-catalyzed Dissociation of Lanthanide DO2A

Complexes.
10°[H '] (M)
Metal  T(-)  gs760 11538 18462 23077 34615
La 25 5.0033 13080  19.824
3] 6.941 17390 24800
37 8.023 29933 48118
45 13712 44815 68267
Ce 25 4480 72698 13716
3] 69202 12449 23311
37 107365  18.158 33.9855
45 14581 258455 45322
Eu 25 0041922 017159 034908 060774
3] 03763 10391 15718 28841
37 07173 14614 28938 5.9600
45 10640 43603 74788 103431
Gd 25 023807 033259 047165 061325
37 041326 076303 12943
45 11500  2.3590 71329
Lu 25 0.15200 02070  0.2690
3] 03380 05300 08810

37 0.4410 0.7860 1.1950




45 1.0910 2.3200 3.7800

[LaDO2A]=[CeDO2A]=[EuDO2A]=[GdDO2AT=[LuDO2A]=0.538462 x 10°M,
— =0.10M (LiClO,).

Table2. Kinetic Data (10° k,,, 5') for the H'-catalyzed Dissociation of Lanthanide DO2A

Complexes.

10°[H'] (M)

Metal  T(-)  j31s38 23077 34615 46154
Py 25 6718 9700 16700 24000
3] 8401 14413 25546  32.700

37 13600 24202 39800 58855

45 24000 43500 68000 91300

Nd 25 4565 10874 16051 20900
3] 10400 19200 27704  34.034

37 15222 28950 40000 62395

45 18400 40400 63700 85003

[PrDO2A]=[NdDO2A]=1.07692 x 10°M, — =0.10M (LiCIO,).

HAAY IR EMTFo > HALAARRRATFTHEETLOHARRE T
B 5= (schemel) pf-& :

In+Lete  InL 2 S[InHI]—So 5 In+HL

\L +2H " \L k“m

InH,L  [InHL] —f s In+HL
Lk,

In+H,L
Scheme 1

b XA R R RETE S FolagFAK

-d[ML]/dt = (k, + ky;, [H'] + ko [H'1)[ML],

AR Y5 KR AR AF kB F R DO2A 28 KB EAL F AL BMRELZ%A —BR



oo Bk et (HD) B Z8H B —m7 > BkirTHLRERS
AR LT

kobx = kd + kH['[-I+]

H KX F P&y k, & acid-independent rate constant » Bp R v N BEBF » H 42 454 B AT AR B
(self-dissociation) &3k F F 8 © M ky A A & & B 48 16 4 Bk 69 3R & ¥ B (acid-catalyzed

rate constant)

FEREd ERAXFEREZG  RMPTHEAERRBETMA 2B 2 DO2A w k, Ao

kyf > 2R KB RGBT AARAAERENREN  BRMTHELERAT > @™

& RF by AR R =P o

Table.3
T(-) kit
LaDO2A 25 0.57647117
31 0.7368335
37 1.3620173
45 1.9706823
CeDO2A 25 0.6098330
31 1.0322590
37 1.5104310
45 2.0433520
P:DO2A 25 0.4975187
31 0.7068086
37 1.2041582
45 1.9650222
NdDO2A 25 0.4566368
31 0.7743609
37 1.3049169
45 1.8220222
EuDO2A 25 00174167




31
37
45
GdDO2A 25
37
45
LuDO2A 25
31
37
45

0.0838560
0.1646080
0.3657848
0.0127947
0.0691636
0.2057398
0.0008497
0.0025020
0.0346550
0.1056778

G-7 Activated Parameter #4 3+ &

B G6 PAREERMENTY by RPBIRBEATHAXKRESEHZLE A
DO2A 44 4 489 7& 1t % 3 (Activated parameter)

mfyg)em(*s -0 ) )

H P R A A% (198716 calomol'K' )k, % ik 3 2 % # (Boltzmann’s constant, 1.381

v RR WA oR o

x102 K'Y » @ h & 35 88 % % #(Planck’s constant, 6.626x10°*J « 5) »

Table 4.
— H'(kcal/mol) —S$em) — G’ (kcal/mol)
LaDO2A 9.8883963 -25.125355 17375752
CeDO2A 10.728910 -23.356407 17.689119
P:DO2A 13.294210 -15.469880 17903160
NdDO2A 15457376 -8.226310 17908816
EuDO2A 27.120197 25.000947 19.667375
GdDO2A 27.055696 24.065672 19.884126




LuDO2A 27.440482 23.332768 20.487317

8 In(k,,JT)¥ 1T 1Bl 2 1% > A74F 2] 694+ 2 R A BB 7T K 4 %5 (activation enthalpy) A
H'#o §L % (entropy) AS > BB A FTHAX X TRENER (25C) T a b AG »
o &k W9 AR SR e

G-8 & R %

AR BRREFTHZNLEHEGY > ARENRESAHE G R > MREUEY
XBREEAFINNMALBARBRM FIRIFTERE  THOBMALREREY
69 4% % % $ 2 B 5 2 Ln(DOTA) > Ln(DO3A) > Ln(DO2A) » B 12,15,18 [F 3% fic i F 1
SRR S ML > FAE R F M 4R A A Ln(DO2A)" > Ln(K22DA)" > Ln(K21DA)" >
iz & B A K22DA g1 K21DA b4 12 B 38 49 DO2A A # 8 & &) size effect » i B DO2A
Bl M BT R B B AL T & 0 B b 3 B &M e9 Ln(DO2A) vy B: A7 B W BB A
Ln(DOTA) ~ Ln(DO3A) 2 Ln(K22DA)" ~ Ln(K21DA) = F -

AT @R AEREY > BRMTHIIAT ABE S -

. — B4 4B 4 4 Hh(LnDO2A) x ## #k & % % 3 (k,,,) & 8 2 E(HDFE =
%o A ERINEN ZR B Eey ik 2k T LnDO2A s ak 48 A 2 14 A X
89 ¢ 1 g2 (LnHDO2A) #1 & 4, X 38 4 F * 17l o DOTA s DO3A tb#xAg & R & AF B 84
BT ARTHROREETE T —EHRFPHBZIESRB RO B EEITHEE -

2. M R ERAI A £ LB Ao DO2A At th & 8 45 64 2 i 8 % (K, )18 Rtk
B B R A MR E 128 F & LaDO2A > CeDO2A > P1DO2A > NADO2A >
EuDO2A > GIDO2A > LuDO2A » i st A Fv 4 B &4 8 F F 4% (lon size) 8y 5% b B E 47

J& (charge density) &) 3% /v & B ¥ &) B 14 -

3. daﬁﬁa‘a B BATHBERBARBILRETERE  RMNTERRAL 8 /THEYT
B EIET IR B FMEAENE > Bt LnDO2A ¢yt R B A R ¢ 4& 5 B /TH
BEGYIRAZH LB REBEA WAL CRITHEORIE > bk KMELTEFE
EAFERFOABERMTRMEA LB ESMInDO2A)M B TR E S o



IN(Kyps/T)

1T

-5 °
(d
-6 -
®
'7 1 1 1 1 1
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335

0.00340



Kons

Dissociation of EUDO2A

0.020

0018 A

0016 +

25¢J
31¢J
37¢J
45¢J

0014

4 4 9

0012 -

0010 -

0.008 A

0.006 -

0.004 -

0.002 A

0 -000 T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

[H'T (M)




In(Kyps/T)

-10

0.00310

0.00315

0.00320

0.00325
1T

0.00330

0.00335

0.00340



Kos

Dissociation of LaDO2A

0.08

0.07 +

0.06 -

0.05 +

0.04 -

0.03 +

0.02 -

0.01 4

0.00

0.000

0.005

0.010

0.015

0.020

[H'T (M)

0.025

0.030

0.035

0.040

4490 @

25C
31C
37C
45C




IN(kond )

1T

.5 -
-6 - °

'7 1 1 1 1 1
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335

0.00340



Kons

Dissociation of LUDO2A

0.004
v
0.003 -
v
0.002 -
v
0.001 A
0
)/
(o4
[ 4
0.0m T T T T T T T
0.000 0005 0010 0015 0020 0025 0030 0.035

[H'] (M)

0.040

44 Qe

25C
31C
37C
45C




IN(Kps/T)

-10 -

11

-12

0.00310

0.00315

0.00320

0.00325
1T

0.00330

0.00335

0.00340



Kobs

Dissociation of NdDO2A

0030

0.025 A

0.020 -

0015 A

0.010 +

0.005 A

0.000

000

001 002 003 004 005

[HT (M)

o

4 «

25C
31C
37C
45C




In(Kyps/T)

1T

®
7 -
-8 - °
'9 1 1 1 1 1
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335

0.00340



Kobs

Dissociation of PIDO2A

0.10
008 -
0.06 -
v
004 e/
\/ © >
002 -
. ®
v
0-00 T T T T
0.00 0.01 0.02 0.03 0.04

[H] (M)

0.05

44q 0@

31¢J
37¢J
46¢J
25¢J




IN(Kops! T)

-7
0.00310

0.00315

0.00320

0.00325
1T

0.00330

0.00335

0.00340



Kobs

Dissociation of GADO2A

0008
» 25C
37C
0.006 - v 45C
0004
0002
0000

0.020 0.025 0.030 0.035 0.040

[H'] (M)

0.000 0.005 0.010 0.015



In(Kyps/T)

-10 A

11
0.00310

0.00315

0.00320

0.00325
1T

0.00330

0.00335

0.00340



