CHAPTER III

RESULTS AND DISCUSSION

3.1 Spectral variations of systems studied

UV spectra of free ligands studied exhibited an intense band at the vicinity of

of spectral changes obtaific ofi addition of 4 Olution are depicted in Figures
3.1t03.3. '
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Figure 3.3 Spectral changes in the UV absorption of L4 (C, ~ 1x10™* M) upon

addition of Hg”" in MeOH (I=0.01 MEuNCI): 0 < Cu/C. <16
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In complexation study using UV spectrophotometric titration, spectral changes

are employed for monitoring complex formation. As seen in Figures 3.1 and 3.2, the
successive addition of metal causes a bathochromic shift, i.e. Amax shifted to higher
wavelength. The only exception is Hg** complex of L4 where a hypsochromic shift
was observed as shown in Figure 3.3. Both hyperchromic and hypochromic shifts

were found depending on the systems studied. A number of isosbestic point(s), often

taken as criteria for the existence of at least two interconvertible absorbing species,
2+

were found in the complexation of
3.2.

’ ,and Cd*" as can be seen in Figures 3.1 and

2

When UV spectfophotometric fitrationais used for monitoring complexation,
molar absorptivities of all ab€0ablng s \

VN

refined in order to obtain reliable
\ s of complexes could be refined

complexes owing to high UV

radiation absorbabilityof Meta self as \ v sure 3.4. In the experiments

of lead ion, the undgSire r -7 %k 0% and CI' (from supporting
N 3 o ,spectrophiotometric cell. Thus stability
constants of Pb** complexg u‘s' N paimtain ionic strength were unable to
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Figure 3.4 Molar absorptivities of L1 and metal ions studied in MeOH
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3.2 Nature of complexes |

Experimental results showed only ML formation in most of the systems
studied, with the exception of Co®" and L4, and Cd** and L6 where only ML,
complexes were found. Besides commonly formed ML complex, the ML, complex
was also found in the system of Pb%**. The other b1nuclear complex M,L was also

formed in the systems of Zn** with L1, L3 and L4.

3.3 Stability constants : . W{/g
ex

using program Sirko [22] are

Table 3.1 Stability fop “of gomple beétween diazacrown ethers and
metal ions in methanol T =2 5/ J r . \ - ept stated otherwise)

metal model \ | 9 L6

Co* ML 474 (0.04) 4.44(0.01)

ML, v——"ﬂ -

Ni** ML 3@0 01 0.02) 3416 (0. 04) 3.86(0.06) 4.67(0.04)
Zn* 3.440.06) 3.08(0.03) 351 (0.02) 3.78(0.04) 3.22(0.02) 3.34(0.03)
ﬂumwamwmm

- cd* 3.82(0.01) 4.11(Q01) 3.79(0.03) 4.68(0.04) 4126 (0.04)
QW«’] ANNIUNNTINYTINE  soses
Hg™ 4.41(0.01) 4.14(0.02) 3.45(0.01) 3.62(0.02) 4.26(0.01) 3.40(0.01)
Pb2*" ML >7 4 >7 =7 >7 =7 6.17 (0.01)
ML, >11.0 =126 >13.0 >12.5 >12.1 12.05 (0.09)

® mean values of at least two independent determinations, with standard deviation 0n.1 on the

mean in parentheses
®I=0.01 M Bu,NNO;
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As can be seen in Table 3.1, there are two major factors affecting stability

constants of complexes studied, i.e. an increasing number of carbon atoms in side
arms, and a type of metal ion. From Table 3.1, it may be noted that, in general, the

longer the alkyl substituent is, the more stable the complex.

3.3.1 Stability constants in terms of ligands

It was obviously shown that co bility had been influenced by side arms of

the crown ethers. In order to easier, the ligands will be divided

into two categories: /
nto categories 7 ___‘
a) ligands with line on|subs m., 4

b) ligands with br ol \‘*\\ dL6
3.3.1.1 Ligands it e r'} sti

Hydrocarbon

i

igands at para position of phenol
groups except L4 at mefa sm

h \. can increase electron density to

hydroxy functional groups 6f phésniels- ‘- nds and space, which is referred to as

an inductive effect. Electron ;:’Ef" -7' substituents to hydroxy groups for

L1, for example, is.il 1 in Fig ire 3.5. In additi on. substituents incorporated into
- N

macrocyclic flexiblefi 0 el both macrocycle binding

¥ I
strength and selectivi ‘,I[ 37]. Stabuility constants of com :41 exes as a function of number

of carbon atoms are shoWwmsin Figures 3.6, &tability constants of Co* and Pb2* being

oitet. Noufb s ) Wl b s e of

different posmoﬂ of alkyl attachmeng.
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Figure 3.5 Electron induced from alkyl substituents to hydroxy groups for L1
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The trend in sdbilify gonstan < of O es is perfectly matched with
the general trend, i.e. loglBy i 3 vases g with the length of alkyl chain; possibly
because Co®* is small-sized andir _- t ally bound to the ligands, which is a
preferred geometry for Co*" [ _ . For MLz cemplex of Co™" with L4, it is presumed
that L4 may be undble P o il
hindrance caused -'6" e longe

group of phenols. B

5 und Co** due to a steric

48 studied at m-position to OH

[
T CTOI G PN, CETE

complex; how&Ver, natural bindin%sites of crown ethers, contrcal}d by the strain of

F-N
R T S SN A T B e
geometry. Thus, Ni " complexes are usually less stable than are Co complexes. The

trend of stability order of Ni’* complexes is different form that of Co?" though, i.e.
highest value of log fv comés from L2 system. It is possible that L2 could provide
the square planar geometry for Ni** because of the ligand’s low flexibility. The
stability constants refined have revealed that the complexation of small-sized
transition metal ions (i.e. 0.69 A for Ni*, and 0.75 A for Co?*, based on 6
coordination sites [17]) is slightly affected by a hindrance from hydrocarbon chains. It
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may be mentioned that a stability of transition metal complexes relies on ligand’s

reorganization to provide appropriate geometry for metal ion.

In the case of Zn?' complexes, the stability trend for ML formation is
congruent with the general trend. However, this cation formed both ML mononuclear
and M,L binuclear complexes in the same system. One exception is L2 where only
ML was found. Furthermore, this ligand formed the least stable mononuclear complex

with Zn* among ligands studied. For binuclear M,L formation, L4 could take up a

r ligands, as its stepwise stability
,BML is the highest among ligands

second metal ion more easil

constant log Ky, (= lo

. ; . w—— 2+
studied. A proposed M,L & f/-;,nc- i -»\ binuclear complex [Cuy(16-2H)]

dM,L complexes of Zn** and

‘:\\\\ x, are shown by their molar

W

! plex stability E’l' er of the first row transition metal
is generally: Zn?* < Ni** <

(16 = N,N’-bis(2-saligyl8lLfiiobednzy)
Figures 3.7 and differg ‘I.'. o&-
L1, calculated from stg Jonstants—o

absorptivities as giveni 1

-\Q\;\‘E‘&.n 18-crown-6) is illustrated in

For a given ligan

identical to the stability order for the

complexations of these metal ion S i E ¢ nt crown ether (1,10-diaza 18-crown-

-t

6) obtained by potéht . Compared tc sililag-structured ligand 15 (o-
chlorophenol-4, 13-didz: ':“" ), the stability constants of
Zn** and Co®* formed Mith 15 are contrast to the aforﬁentioned order: Zn*" > Co*,

no evaluation for Ni2+{1ﬂ.' This is becamse the Cl substitutent groups in 15 can

e cleorf@ bbb PSS LTV cccmmme s 2 srom

support for inffamolecular hyd_roggl bonding wﬁm the ligandépd may decrease a

- RAFEATOHAAHE 0 8
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Figure 3.8 Molar absorptivities of L1 and its complex with Zn**
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Regarding Cd** complexes, the stability trend of this system is matched with

the general trend, except Cd*" complex of L3, possibly due to high rigidity and low
reorganizability of this ligand. In the case of the largest-sized ion in IIB group Hg**,
the least steric ligand L1 formed most stable complex with Hg* among ligands
studied (log fmL = 4.41). This might be because L1 can arrange itself to provide
appropriate binding cavity for Hg?* more easily than can other ligands. The results
have shown that the longer the substituent is, the less stable Hg®* complex is

observed. This indicates that an increa

e in length of ligand’s side arms causing low

reorganizability leads to less complex’ arkably, Hg** complex of L4 (log
Pmr = 3.62) is slightly more“stable t an i (log Amr = 3.45). 1t is suggested
that L4 might have less degrec.of ligand 7 an does L3, due to its longest

Every ligand Torméd § s with Pb**, the largest metal

ion studied, with log¥,, at by L2, L3, and L4 being
comparable. NotewortHily j& _f " ety strong ML complexes with Pb%*
that the exact stability
of log # by UV-Vis specifophdiometry

2+
studies that Pb"" is prone '@f‘i
derivatives such as di .

ported and only the lower limit

. This is in accordance with earlier

_ ble complex with diazacrown ether

- eyaluated by potentiometric

titration) [41], 2-[#¢ i' 2 tetraoxa-7,16-diazacyclo-

octadecanyl]-1-phenyl-1-ethanol (1og" fmL 1.52, mvaluated by potentiometric

titration) [41], 1,10-dibénzyl-1,10-diaza-18-crown-6 %ﬁv ,V’-bis(2-aminobenzyl)-
¥

a1 8popd gl B 2 3

titration) [43],%1d N,N’-bis[(2- sahgylaldnmno)b 1]-4, 13-d1az¢’18 -crown-6 (log B

o174 A § YN HEGES) int

Although log Pm, values do not allow the comparison of the affinity of ligands

1s spectrophotometric

studied toward Pb*, it could be seen from the highest- value of stepwisé stability
constant log Ky g, of 2.98 for L1 that the least steric ligand could form ML

complex more readily than other ligands. Note that log Kyy .y, can be calculated

from the expression: logKyy .\, = 2logpfy -log Bm, > and the values of

log Ky mr, for L1, L2, L3, and L4 are 2.98, 1.4, 1.0 and 1.5, respectively.
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3.3.1.2 Ligands with branch hydrocarbon substituents

The experimental results have demonstrated that side arms of L5 and L6 affect
stability constants as illustrated in Figure 3.9 (Cd** complex of L6 being omitted due

to ML, complex formation).

11 LS L6
6.5 ”
° Pb2+ ®- Co
?ﬂ 6.0 .
= 55 5 ——a— - 7n%*
g 50 - Cd”
E —— Hg2+
8 4.5 2+
< ° Pb
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Figure 3.9 Stability constants ) as action of number of carbon atoms (L1,
L5, andL6) o ad v
YN X
Since Co* aw Ni“" are classified as ansiti@ metal ions, the main factor

having an effect on their omplexation isgdifferences in their preferred coordination

scometics. (184 BERIIE) PIANEIA B Seab complees than

Ni**did. This ¥ because an inm'n?'c binding mode of crown ?‘t}}er, controlled by a

strainq mﬁﬁlﬁ“ﬁ 1ﬂ%{'fd§(ﬂt8q Erropriate for the

former than for the latter. Nevertheless, there is the exception in the case of L6, which
has slightly higher affinity for Ni** (log fv. = 4.67) than for Co>* (log S = 4.44) as
shown in Figure 3.9. Due to very steric hindrance, side arms of L6 should arrange
themselves as remotely from each other as possible 'so as to minimize structure’s
strain; causiﬁg low reorganizability. Consequently, binding sites of L6 might provide

square planar complex for Ni**, its prefered stereochemistry, as proposed in Figure
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3.10, the Ni—N being shorter than Ni—O in consequence of a preference between

transition metal ions and soft donor atoms.

The refinem alc, hat nstant of Zn>* with L6 (log Sui=
3.34) is very close to 1S -.v: / - means that bulky side arms

affect complexation of w the substituents of the ligands

might play a role in an s binding sites so as to obtain

- appropriate and stable geomet: dmg Zn** from the solvation.

Because of difference J ) id 5 and L6 formed complexes with

Cd** differently: ME4or L5 and ML, for L6. | egarding g, the results have shown

A YE LY
that the more steri V Col “. lex is obtained (log i =
¥ [l!

3.46 for L6 compar with 4.26 tfor astly, Pb is complex of L6 is the only

system where s ﬁ:lhty dOnBtant can be relifibly re E rted. The fact that the stability of

bedsdambor et St i biydlos = 617 shows

that the comple?!atlon is affected bygligand’s bulkipess, notably for large metal ions. It

QA TR Y BIREIYGrEb mor o

other s

this complex
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3.3.1.3 Comparision between ligands being equal in number of carbon

atoms in substituents

Even if substituents of L2 and L6 are considered as isomer, both ligands do
not have similar affinity for metals studied as shown in Figure 3.11 (log Bu. of
[Pb>"L2] and [Cd*'L6] being omitted). Due to appropriate geometry caused by bulky
substituents, L6 has slightly higher affinity for Ni** (log Smi = 4.67) than for Co?*
(log fumL = 4.44). Contrastingly, L2 has
for Ni** (log fv. = 4.22).

ieater affinity for Co®* (log Bvw = 5.05) than

.,

Stability constant (log/3)

Figure 3.11 Stability’constants ( U6 with different metal ions

In the = 3.34) is slightly more
stable than i 1 Ig (;ﬁ ﬂﬁwglﬁﬁd at L6 can exclude the
presence of amon and solvent fromsthe solvationesphere of the cation more effectively
& YR B Tt T T
(log ,B = 4.14) because of steric hindrance. This shows that Hg®* and Zn?
complexes display the contrasting trend of their stablhty constants due to different
ionic sizes. Even though the side arms of ligands L2 and L6 are isomeric, Cd**
complexes have different stoichiometries (ML complex for L2 and ML, complex. for
L6). It may be inadequate to elucidate these phenomena only by the steric hindrance
of the ligands, because a larger-size;d metal Hg”* (approximately 1.02 A, [17]) formed
just ML complex with L6, but a smaller-sized metal Cd** (approximately 0.95 A,
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[17]) skeptically formed ML, complex. This may be attributed to very low

reorganizability of L6. Although Cd** and Hg** prefer nitrogen atoms rather than
oxygen atoms [44], Cd*" might bind oxygen atoms in crown ether rings more strongly

than Hg”* might, due to the polarizability order of IIB metal: Zn?* < Cd*" < Hg*' [17].
3.3.2 Stability constants in terms of metal ions

The seven metal ions studied in this research, i.e. Co**, Ni?*, Cu?*, Zn*", Cd**,

Hg?*, and Pb**, can be classified in gories:' a) the first row transition metal
1 A ., . 1 5 = ar #4 . U i i

jons, i.e. Cd**, Hg*", and Pb*". In
complexation of alkaliné™earth-and the wetal ions, the order of their

Ba’" < Sr** Ni*" < Cu** > Zn

This order is r choice of open-chained ligands and
evaluated by octahedr increase in stability usually
progresses from metal ion: f small radius, suggesting that the

ions studied. For \d7given | i Fls ' row transition metal

ent f@n the Irving-Williams series.

This is because commpon ‘binding mockg of crown ethers are not octahedral

. +
complexes is: Zn’

sterochemi ﬁ‘ﬁpen—chamed ligands. It
should be-mentibned, nevertheless, that even if the reliable stability constants for Cu®*

:::mmmmﬁm& B e

combination of absorptions of ligand and Cu* is found. This difference is assumed to

be caused by their complexation, for example, in the complexation of L6 with Cu**
illustrated in Figure 3.12. Second, a crystal structure of L1+Cu(NO3), obtained by Ma
et al. [46], shown in Figure 3.13, proves that L1 can effectively bind Cu®".
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Flgure .13 X-ray crystal structure of [CuL1] showing the complex with the atom

numbering scheme. The displacement ellipsoids are drawn at 50% probability level
[45].
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Since UV-Vis spectrophotometry cannot give the values of enthalpy and

entropy; the size, preferred geometry, and type of bonding of metal ions are important

factors that contribute to the stability of metal complexes studied.

The size of six metals studied is compared in Figure 3.14 (1 cm = 0.75 A).

Figure 3.14 Ionic r Pb*" (effective

ionic radius, 6 coordi e ionic radius, no reported

The size of the fir . , tral " netall ns s died is practically identical,
but their stability con hifferedt is may be due to a difference in a
preferred geometry of each méts .'_f.\» search, Co" generally formed higher
- stable complexes than did Ni . S B b ecause ligands studied can arrange

themselves to pro _g_—_, pore suitable seometries for Co* dHdn for Ni’" and Zn?".

Regarding Ilﬂnetal 1018, [ab order a the smallest ligand L1 is:
Zn*'< Cd*" < Hg®". This gider is in agreement with their power of polarizability [45].

Being the bngﬂ; utgcgﬂn%{l ﬂ%ﬁ]ﬁﬂwﬂ ﬂaﬂg‘%should fit into the ring

very well. One rove is a crystal sfructure of complex between gger ion Pb*" with
RTINS o
penetration of P mto e crown ether ring (Figure 3.15) [43]. However, the trend is
not kept when ligands are much bulkier. For example, the value of log S for
complexation of L4 with Cd*" is one log unit higher than that with Hg?* (4.68 vs.
3.62). Since d orbitals of these metal ions are filled, any energy changes resulting
form different geometries should be minimized. The main factor that dominates the

stability of Hg** complexes should be its ionic size. It shouid be more difficult for
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bulky ligands to reorganize themselves for a larger ion, Hg?*, than for a smaller ion,
cd>.

Figure 3.15 X-ray* 517)*" showing the atomic

numbering scheme. . The ortep plot is at 30 %
probability level [43]. ’
As noted before, arg ESt-sivze : adied Pb>* formed very stable ML

complex with every ligand. al ion size is seen from ML, formation

nevertheless. The high stabilify of Pb*" ¢ might be explained by its size

being more -}'—— ’

very likely that Pb** , onee

@hlany other ion studied. It is

- ouleneﬁt the interactions from

every donor atom in the lipzhvity as recently &r'oved by crystal structure in Figure 3.15.

Besides ionic ﬁﬂﬂmﬂe{}m g})ﬂ? Wﬁf metal ion is classified
e chemical bonds form

as a representagiye element, ed by Pb*" should differ from

o S T e
by cov §% don th m teraftions. Fhe nce is that Pb**

can form more stable complexes than can other metal ion studied, because the

strength of covalent bonds is greater than is that of ion-dipole interactions.
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3.4 Selectivity of ligands

It is important to be noted that the stability constants do not reflect the metal
affinity of ligands. The direct comparison of these constants can be misleading. For a
~ given complex equilibrium system, the concentration of unbound metal ion represents
a direct gauge of the ligand-metal affinity with consideration of all involved
equilibria. Thus, the comparison of the free metal ion concentration allows a direct

comparison of various ligands [47]. The percentage of various free metal ions for each

ligand obtained by calculation.using ¢ tafall [29] at Cy =1x10>M, are
given in Figure 3.16. Note that, for P lower limit of stability constant

for UV-Vis spectrophotometry (los as used in this calculation.

As can be seen b \\- 3.17, many llgands prefer to bind
Co™, especially L2, L3 ormatlon the higher extent of
L4 has to be used to ctgly fou ’ l‘\ \ al'= 0) compared to that of L2
and L3: Cp (x10°M)#2 4 2 ) 7 ,:; spect \ . Due to low stability constants,
the selectivity for Co>* o é Hid T 64 atly Tower than is that of L2, L3, and

1
b™"Jit is clearly seen from Figure 3.17

that not all ligands‘ can bind_fhe; EJ?%“; | potably Zn2+ The calculation shows

L4. For other metal ions wif]

that it would take S2d0™Mof L2 to bind all 6 Zn*"a¢ 1 J 0 M. Evenahgand that

forms M,L. complex ke },iJ completely take up Zn** at

1x10°M, as shown 1n Flgure 3.18. ThlS could be of advantage though, because it
means a sel 5‘1 ﬁ use of L.4 as host for
selectively b ﬂvmmmﬂﬁ ﬁ and Pb*" are found
ubiqui enyir m ﬁ éégg to evaluate a
selectléum aﬁ‘ﬁ W Vfgﬁ
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Figure 3.18 Percentage ' fors QJA or L2
For NiZ*, the / . : due to high stability constant
among ligands studi hatithe, se \ ability of ligand is in great
agreement with the - .

g 10 the evaluation by program
0 \ tablhty order (Zn** < Ni** <
Co®), even if MyL formafiod in the case 0F Zn’ ready taken into account. The

10°M) is found in consequence

of ML, formation with Co®" 2 - SO I 2.3.16. Nevertheless, the normal trend

is restored when Cp > )*M. This proves that bot complex stoichiometry and

value of log /3 play 2 NF

In the case of hei\inetals stabili {onstants of heavy metal complexes are

iy low coﬂ:u $ b YL EkE i ow s,

The exceptlon 15 found in the case pf Pb**, whic h, form very strong complexes in all

systent) A3 Rl 3 ol %%’é}’gl%@q (i hetal ion. They

could completely bind Pb*" at C.> 2x107> M.

As demonstrated in Figure 3.16, some of ligands studied in this research bind
Co?* more preferably. Although the production of cobalt is usually subsidiary to that
of nickel (about 20,000 tonnes in 1995) [17], it is toxic and has been widely used in
industry. Cobalt is a technically important metal used mainly as a constituent of many
alloys and as a binder in hard metal industry [49]. The instance of cobalt used as
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catalyst is cobalt/manganese bromide catalyst. Every year 500 to 600 tonnes of cobalt

are consumed to produce catalysts used in the production of more than 10 million
tonnes of terephthalic acid and its derivatives per year [50]. In addition to the
drawbacks of cobalt mentioned above, cobalt-alkyne complexes are used as drugs
with remarkable cytotoxicity [51]. Due to its important role playing, attentions in the
complex formation and the recovery of Co®" have been considerably paid using
ethylenediamine-N,N,N’,N -tetraacetanilide [52] and sodium-N,N,N’,N -tetrakis-
(sodium carboxylate methyl)-2,6-diamino-cresolate [53] as hosts. Due to high

select1v1ty for Co?* and good propertiés 0ficsown ether, some of the new macrocyclic

leetllasthosts for Co®*, especially, L2 and

3..a] 1 1€A aS
-
L3. Note that there are ds ap lieQ: molecular receptor for Co**

Due to detri 7- Pb, i ation is extensively studied
using many ligands 7 4,13-diaza-18-crown-6 [43],
N,N’-bis[(2-salicylaldi A -6 [43], decamethylcucurblt-

16-diaza cyclooctadecane [56] as

hosté, as well as 1,10-dibe 0 iz a-18%erown 6 [42] as ion-selective membrane

- j " ;1‘

electrode. Since all ligands stud Sclectivity for Pb?*, the novel ligands in

this research may begom "

Y]

2
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