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ABSTRACT

SPECTROSCOPIC STUDIES OF POTASSIUM SALT SOLVATION

AND COMPLEXATION IN VARIOUS SOLVENTS

BY

Jeny-Shang Shih

Potassium-39 and carbon-13 NMR measurements were

applied as a sensitive probes in the studies of solvation

and complexation of potassium salts in nonaqueous solvents.

In most cases, the chemical shifts of 39K were found

to be dependent on the concentration of K+ ion, which is

indicative of the formation of contact ion pairs. The

contact ion pairing formation was found to be dependent

on the dielectric constant and also on the donicity of the

solvents. Ion-solvent interaction was also studied by the

extrapolation of the chemical shift to infinitely dilute

concentration. In general, a correlation was observed

between the 39K infinite dilute chemical shift with the

Gutmann donor numbers of the solvents. A linear relation

between the infinite dilution chemical shifts and the

atomic numbers of alkali metals was found in some solvents

such as acetonitrile, dimethylsulfoxide and nitromethane.

Preferential salvation of K+ ion in binary mixed

solvents was studied qualitatively and quantitively
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by 39K NMR. The geometric equilibrium constant, K1/n

and the free energy of preferential solvation were obtained

for each system by using Covington's treatment.

Complexation of potassium ion with macrocyclic

cryptands and with crown ethers was investigated in

several nonaqueous solvents by potassium-39 and carbon-

13 NMR. The 39K chemical shifts for the K* cryptate

0222 was found to be solvent independent which is

indicative of the formation of the inclusive complex.

The cryptand 0221 was found to form stable complexes with

K+ in some nonaqueous solvents, but the solvent dependent

39K chemical shift for K+0221 complexes seems to suggest

the formation of exclusive complexes. Carbon-13 NMR

studies seem to indicate that the cryptand 0221 forms

less stable complexes with K+ than the cryptand 0222.

The complexation of cryptand 0211 with K+ in

various solvents was studied by 39K NMR. The stabilities

of K+0211 complexes among these solvents are in the

order: acetone > acetonitrile > pyridine > dimethylformamide

:>dimethylsulfoxide. The cation selectivities of cryptands

in nonaqueous solvents were monitored by 0-13 NMR.

The complexation reactions of K+ with some macro-

cyclic crown ethers, such as 18-crown-6, dibenzo-18-

crown-6. 15-crown-5, monobenzo-15-crown-5 and 12-crown-

A were investigated in various solvents by potassium-39

and carbon-13 NMR. The K+-18-crown-6 complexes were
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found to be quite stable in nonaqueous solvents. The

stabilities of K+-18-crown-6 complex decrease in the

order: acetone > dimethylformamide > water >dimethylsulfoxide.

No ion-pairing formation was found between the complex

K+-18-crown-6 and the anion.

In the complexation study of 15-crown-5 with K+ both

1:1 and 2:1 sandwich ligand/K+ complexes seem to be formed

in all nonaqueous solvents used. The stability constants

of 1:1 complexes in these solvents were always large. The

solvent effect on the stability of 2:1 sandwich complexes

is in the order: nitromethane3>acetoneI>pr0pylene carbonate

> pyridine > acetonitrile >methanol > dimethylformamide >

dimethylsulfoxide, which with the exception of pyridine,

follows the inverse order of the donicities of these solvents.

In the 2:1 complexes, the anions were insulated from the

action of the solvent and the cation.

The complexation reactions of 12-crown-h with K+ in

various solvents were also studied by the same technique,

In most cases no evidence was found for the formation of

2:1 sandwich complexes and the 1:1 complexes seem to be

quite weak. Solvents influence on the stabilities of the

1 :1 complexes are in the order: acetonitrile}. acetone >

nitromethane > methanol >dimethylsulfoxide.

Finally, a recovery process for the cryptand 0222

and 0211 from cryptates was develoPed.
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CHAPTER I

HISTORICAL REVIEW



INTRODUCTION

Potassium and Other alkali metal ions play important

roles in chemistry as well as in biological system. However,

ionic interaction and binding process of these ions in

solution and especially in nonaqueous solvents still

remain largely unknown. The techniques usually applied to

study complexation reactions and ionic solvation are

potentiomtric methods using cation-selective electrodes,

calorimetry and conductometry.

Recently several new techniques which are very sen-

sitive to change of ionic enviroments in solution have

been deveIOped. One of the most important techniques is

Fourier-transform nuclear magnetic resonance. FITNMR

method is now used to yield the qualitative information

about the solvent-solute, solvent-solvent and solute-

solute interactions, as well as quantitative data concerning

ion-pair formation and complexation in alkali metal solutions.
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(A) STUDIES OF IONICW

Since both the chemical shift and the relaxation

time of the nuclear resonances are very sensitive to

change of ionic enviroments in salution, the nuclear

resonance spectrosc0py method has become a very powerful

tool for the investigation of bath ion-ion and ion-

salvent interactions in alkali solutions.

The NMR studies of ionic salvation and association

of alkali salt solution can be performed using alkali

metal nuclei such as 7Li, 23Na, 39K, 87Rb and 133Cs,

anion nuclei such as 19F, 3501, 3‘Dr and ‘271 and the

solvents nuclei such as 130, 1H, th and 170. There are

many studies of ionic salvation and association in alkali

salt solutions performed by proton (1H) NMR (1-5) of the

solvent. However, relatively few studies an other nuclei

have been reported.

The pioneering NMR studies of ionic association in

alkali solutions were done by Shoolery and Alder (1).

They studied the ionic association in the HF aqueous

solution and reported that 19F chemical shifts of KF were

dependent on the concentration of potassium fluoride

aqueous solution and suggested some small amount of ion-

pairing formation. The same system was carefully studied

by Connick and Paulson (6). They reported that the 19F

chemical shift of KF aqueous solution moved down field
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with increasing the potassium fluoride concentration at

the concentration <15.0‘M, and moved to high field at

higher concentration. It was interpreded in terms of the

formation of the solvent separated ion pairs at lower

concentration while the formation of the contact ion-

pairing formation at higher concentration. Recently,

DeWitte and Papov (7) extended these 19F resonance studies

of alkali hexafluoraphosphate solutions to a wide range

of nonaqueous media. They reported that in solvents of

medium polarity and donicity such as propylene carbonate

and acetonitrile, the ‘9F chemical shift for NaPF6 moved

upfield with increasing concentration of the salt. The

behavior is indicative of anion-cation interaction. However,

potassium hexafluoraphosphate solutions do not show any

concentration dependence of 19F chemical shift, which

indicates the absence of ionic association in these solu-

tions.

The 19F chemical shift for potassium fluoride in

water-organic solvent mixtures was monitored by Carrington

and coworkers (8). The linear variation of chemical shifts

of 19F with mole fraction of solvent were observed in

mixtures of water with methanol and formamide. It indicated

no preferential salvation of F- ions in either mixtures.

Similar results for the same system were also obtained

by several authors (9-12). However, water was reported

to appear strongly prefered in the primary salvation

shell of F- ion over acetone and acetonitrile (9). The
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effect of paramagnetic ions on the transverse relaxation

times of 19F of PF6- in aqueous solutions was Observed

by Stengle and Langford (12). The decrease in relaxation

time of 19F was interpreted in terms of association

between PF6- and the paramagnetic ion.

The chemical shifts of the nuclear resonance of

3501, 81Br and 1271 in aqueous solutions of alkali

halides were studied by Deverell and Richards (13). They

reported that the magnitude of the shift of halide

nuclear resonance increases with increasing atomic number

of the halide ion and generally the shielding by solvent

showed dependence upon the partner cation: Na+>K+ >Li+>

Rb+2>Cs+ while the order of magnetic solvent shielding

effects produced by the anions was always faund to be

in the order I"< Br"< Cl"<E"< N031 Stengle, s; g; (11.)

monitored the 35Cl, 79Br and 1271 resonances of alkali

halide solutions in water and in mixed solvents of water

with methanol, acetonitrile, DMSO and DMF. The chemical

shift of halide nuclear resonance was found to be

strongly dependent on the solvent while the dependence

on the cation Li+, NaI, K+ were comparatively weak.

The NMR behavior of 01' and I" ions in mixtures of DMSO

with water indicated that there was no strong preference

for either solvent. However, the strong preferential

salvation of halide ions of water over acetonitrile

was observed.

Recently, 3501 was used to study quantitively the



salvation of LiCth in acetone-nitromethane mixtures by

Papov and Baum (15). In that work, the linewidth of the

35Cl resonance was monitored as a function of the

acetone/Li+ mole ratio. They reported that the solvation

number of Li+ by acetone is 4. The relaxation time of

35
Cl nuclei has been used to study the ionic association

of alkali chloride solution. Berman and Stengle (16) mani-

tored the spin-lattice relaxation time (T1) of 35CI

to study the ionic association behavior of the 010,+

ion with Li+ in DMF, acetonitrile and DMSO.

Another anion resonance such as 170 and 14N NMR can

be applied to the investigation of ionic salvation (17).

However, the use of ‘4N and 170 NMR are limited by the

need for special instrumentation due to their law magnetic

moments.

Alkali nuclei resonances such as 7Li, 23Na, 39K,

87Rb and 133Cs have also been applied as sensitive probes

for the study of ionic association and salvation of

alkali salt solutions. A review of the alkali nuclei

resonance in alkali salt solutions was published by

Papov (18).

Maciel and coworkers (19) monitored 7L1 chemical

shiftsof LiBr and L10104 in several nonaqueous solutions.

A linear correlation between chemical shifts of 7L1 and

Kosawer's 2 values (20) 0f the solvents was observed.

Recently, Papov and coworkers observed the chemical

shifts of the 7L1 resonance of Lithium salts in eleven
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nonaqueous solvents (21)(22). They reported that in dimet-

hylformamide and lesser extent in prOpylene carbonate,

methanol and dimethylsulfoxide solution, the 7L1 chemical

shift were essentially independent of the counter ion

and the salt concentration. The results indicated either

that the salts were largely dissociated or that they -

exist in the form of solvents separated ion pairs.

Mishustin and Kessler (23) studied the lattice spin rela-

xation times (T1) of 7L1 of lithium salt solutions for

the investigation of the ion-solvent and ion-ion interaction.

They reported the linear correlation between the relaxation

time and Gutmann's donor number (24) of the solvents. The

donor number of the solvents was defined as the negative

enthalpy of the reaction between the solvent and antimony

pentachloride in 1, 2 dichloroethane solution. Similar

studies were made by Hertz and coworkers (25)(26), and

similar results were obtained. The ionic association of

organometallic lithium compounds such as LiAlMen was also

studied using 7Li resonance by Covington and coworkers (2?).

Recently, 7Li has been used to study the preferential

salvation of Li+ in mixed solvents. Covington, gt_gl (28)

studied the 7L1 resonance of LiNO3 in DMSO-H20 mixture.

They found that N03" ion are preferentially solvated by

DMSO and Li+ by water.

Sodium-23 NMR has been extensively investigated and

a comprehensive review of the literature available to

late 197A 18 presented in the Ph.D thesis of M.S Greenberg



(29). Kessler, 23’s; (30) studied the spin-lattice

relaxation time (T1) of 23Na and 133Cs of alkali salts

in eleven nonaqueous solvents. In the 23Na case they

also found that values of 1/T1 correlated with Gutmann's

donor numbers for these solvents (24) with the only

exception being H20. However, the correlation was less

markedly in the case of 08+. In that work, values of

donor number used for methanol (31) and water were 19

and 18 respectively. In a study of 23Na resonances of

sodium salts in different solvents, Bloor and Kidd (32)

found a correlation between thepKa of the solvent and

the chemical shift of the cation.

or the heavier alkali nuclei (K, Rb, Cs), the 133Cs

nucleus is the easiest to study by NMR technique. The

siganals were reported to be strong and sharp for the

cesium samples in the concentration range of 10'3‘M (33).

Halliday (34) reported that 133Cs chemical shift

changed nonlinearly with Cs salt concentration in water

and several nonaqueous solvents and the degree of nonli-

nearity depended upon the dielectric constants of the

solvents, the ‘33Cs shifts were explained in terms of

the cation-anion interaction. Recently Papov and DeWitte

(33) studies the 13303 chemical shift of cesium salts

in water and eleven nonaqueous solvents. In all cases,

the chemical shifts were found to be strongly concent-

ration dependent indicating some contact ion pair

formation. In that work, the chemical shift of the Cs+



at infinite dilution have been determined in these

solvents. Comparison of the limiting chemical shifts

with Gutmann's donor numbers for these solvents in

general shows an adequate but not straight line correlat-

ion as was observed with solvent-dependent chemical

shifts of the 23Na resonance (29)(35).

Since 87Rb nucleus has a large quadrupole moment,

the natural line width for 87Rb is large which limit the

use of 87Rb resonance for study on the ionic salvation

and association. The studies of the ionic association of

rubidium salt solution in water was reported by Deverell

and Richards (36). A very broad 87Rb signal (line width

«~400H2) for rubidium salts in dimethylsulfoxide have

been observed by Crawford and Gasser (37). Recently,

Neggla, 23's; (38) monitored the spin-lattice relaxation

time of 87Rb in methanol-water mixture. The Rb+ were

found to be preferentially solvated by methanol.

Carbon-13 NMR also can be applied to study the

salvation of cation. Stockton (39) monitored the 130

chemical shift of ethanol in A1013 ethanol solution as

a function of temperature, salvation shell signal appeared

below -20°, the 0H2 carbon showed three salvation signals.

At least two 0H3 carbon salvation shell signals were

discernible.

(B) POTASSIUM NUCLEAR MAGNETIC RESONANCE

There are three magnetic potassium nuclei is: 39K



40K and l+1K. The nuclear properties of these nuclei are

listed in Table 1. ,

As shown in the Table 1, all the potassium nuclei

(39K, “0K and l”K) have very low sensitivities and low

frequencies as compared to 1H. The sensitivity (S) is

function of natural abundance (No), magnetic moment (II)

and nuclear spin (I) by the relation: S = No u3(I + 1) /

IZ- Although 39K has a high natural abundance, it also

has a very low magnetic moment which leads to low sensit-

ivity. Both 40K and l”K nuclei have a low natural abund-

ance and a low magnetic moment. Due to the low sensitiv-

ities and low frequencies of potassium nuclei, the study

of potassium nuclei resonance is largely determined by

the sensitivity of the spectrometer. In the past rather

sparse studies on the potassium resonance have been reported.

In most cases, the measurements were performed at relat-

ively low fields (<(13 kilogauss) and continuous wave

techniques were used, and therefore they were limited to

solutions of fairly high concentration (:>0.2‘M) (36)(h0-A4).

Fortunately, due to the deveIOpment of Fourier transform

NMR technique and the availability of high field super-

conductive solenoids, potassium NMR studies are becoming

quite feasible.

0f the potassium nuclei, 39K has the highest sensit-

ivity and the signal of 39K resonance is easist to observe.

lFirst 39K resonance signal was observed at 1.59 M0 at a
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Table 1. Nuclear PrOperties 0f Potassium IsotOpes

 

 

39K AOK 41K

Nuclear spin 3/2 4 3/2

QutrOpole moment 0.055 -0.07 0.067

(barn)

Magnetic moment<a) 0.390 -1.296 0.214

(llN)

Natural abundance 93.1% 0.012% 6.88%

Sensitivity(b) h.7 x 10‘# 6.2 x 10"7 5.8 x 10"6

Resonance at A.23 Teslgc) 8.4 MHz 10.4 MHz A.6 MHz

 

(a) The magnetic moment of potassium ion purely surrounded

by water molecules.

(b) Referred to the proton NMR signal of H20 at the same

magnetic field and with same probe volume.

(0) One Tesla = 10 kilogauss magnetic field. At the field

of A.23 Tesla, H resonanate at 180 MHz.
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field of 8000 gauss by Collins (#0). He obtained the

ratio of the magnetic moment of 39K to proton:

u /'u = 0.13999. The value of I1 was found to be
39K 1H 1H

2.79268 IIN (£11). The value of u 39K was calculated to be

0.3909A i 0.000? 11N. Brun, gt al.(42) measured the

nuclear magnetic moments of 39K, 41K, 89Y and 109Ag at a

magnetic field of about 9000 gauss. Resonances of the two

potassium isotOpes 39 and #1 were obtained in a 15 molar

aqueous solution of potassium formate. For 39K the

magnetic was found to be 1“ 39 = +0.390873 : 0.000013 #N

in a agreement with the value of Collins's (A0). The signal

of 41K appeared with a signal to noise ratio of about

3:1. The ratio of the frequencies of the two isotOpes is

”#1 / 1139 = 0.50886 : 0.00008.

Hindman (A3) studied the potassium-39 resonance in

aqueous solution of potassium chloride. The 39K chemical

shift was found to be independent of the concentration of

potassium chloride. Deverell, 23.2; (36) monitored the

chemical shift of 39K in aqueous solution of potassium

halides and nitrates from concentration of 0.2 molar

up to saturation. The chemical shifts of the 39K nuclear

resonance in salt solutions were found to depend strongly

on the salt concentration in a non-linear manner. For

all the salts studies, however, the chemical shift does

vary linearly with the mean activity of the salt. This

suggests that the shifts are strongly influenced by
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interactions between K+ ions with other ions. The importance

of ionic interactions is also shown by the strong dependence

of the chemical shifts on the nature of the anions present.

The authors also found that the effect of different anions

on the 39K chemical shifts varied in the order I" > Br' >

Cl'>>F'2>N03'. They suggested that it was caused by direct

collisional interactions between the cations and the

anions.

Bloor and Kidd (AA) monitored the 39K chemical shifts

of several aqueous potassium salt solutions. They reported

that in all cases the chemical shifts of 39K resonance

varies linearly with the salt concentration. The parama-

gnetic shielding Was decreased by the counter ions in the

order: I' > Er" > CN“ > P02- > OH‘ > 01' > cm" > 00%” > CNs'>

CH3000' > F" >N3" > N02' = H20 > S012; > Oral?" > N03" > Crzogn

The shift was explained in terms of the short range over-

lapping of the outer electron orbitals of the anion and

cation during random ionic collisions. The magnitudes of

the chemical shifts were shown to be directly prOportional

to the effectiveness of this overlap interaction.

Recently, the signal of the rare isotope #oK was

detected for the first time by Sahm and Schwenk (45). In

their work, the NMR lines of 39K and “K have also been

investigated in solution of some potassium salts in H20,

.DZO, methanol and ethylenediamine. The potassium salt

concentration range used in their work was from 0.2%! to
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saturation. The magnetic moments of the 39K, l+OK and l”K

ions completely surrounded by water molecules were founded

to be 0.391, 1.296 and 0.21A IIN respectively. The natural

line width of 39K resonance was reported to be 12 Hz. At

infinite dilution the spin-spin relaxation time (T2) for

39K in H20 is 56 msec. The ratio of T2(39K) / T2(“‘K) is

1.36. The shielding constant ((7) of the 39K, 40K and 1”K

ions by the surrounding water are -0.105 x 10‘}, 0.13 x 10‘},

and -0.105 x 10"3 respectively.

Some studies of spin-lattice relaxation time of 39K

resonance have been reported. Shporer and Luz (46) monitored

the spin-lattice relaxation time (T1) of 39K resonance to

study the kinetics of complexation of potassium ions with

dibenzo-18-cr0wn-6 (DB18C6) in methanol. They reported

that in the solvated form, the NMR relaxation rate of 39K

was relatively long (..o.o1 sec), while in the (K+DB1806)

complex the summetry around the K+ ion was considerably

reduced and at same time the correlation time was increased

resulting in a fast nuclear relaxation. The activation

energy of the complexation of x* with DB18C6 in methanol

solution was 12.6 Kcal / mole.

A few 39K resonance studies on the biological system

have been reported. Damadian and coworkers (A?) found

that the spin-spin relaxation time (T2) of 39K of potassium

.ions in packed bacteria was much shorter than free K+ in

320. They also studied (1+8)U+9) the spin-lattice relaxation
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time (T1) of 39K of potassium ions on several types of nor-

mal tissues and cancers of rate and mice. They reported

that the 39K spin-lattice relaxation time (T1) for normal

tissues was on the average 24% longer than that for the

cancerous tissues. Both T1 and T2 of 39K in fresh excised

rate muscle and brain were much shorter than for 39K in

aqueous solution. The results were interpreted in terms

of the association of K+ with fixed charges on macromole-

cules. They also studied the interaction of K+ with Dowex

50 exchange resin (50). They found both T1 and T2 of 39K

resonance were shortened by the association of K+ with the

exchange resin.

Although potassium-39 has low sensitivity and low

resonance frequency, fortunately, the quadrupole moment of

potassium is not large (0.055 barn) and it is smaller than

that for 23Na or 87Rb. Therefore, the natural line width

of the resonance is small (<12 Hz) (115). As with all

alkali nuclei, the chemical shift of potassium-39 is domi-

nated by the paramagnetic term (0p) in Ramasy equation

(51). According to Ramasy' equation the screening

constant,<7, which determines the position of the resonance

as the sum of various diamagnetic (shielding) and paramag-

netic (deshielding) contribution:

0 = 0p + 0d. (1.1)

‘7ci is the diamagnetic component and 0b is the paramag-

netic component.'The theory of paramagnetic interaction
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was proposed by Honda and Yamashita (52), who suggested

that the chemical shift of cations and anions in alkali

halide crystals arieses from the overlap repulsive

forces between the closed shell of the ions. These

forces cause the excitation of p orbital electrons of

the alkali nuclei to higher states, the result being

a decrease in the shielding of the nucleus. For potassium

nuclei, the most important contribution to the chemical

shift must come from the overlap between the 3p orbitals

of the potassium ion and the outer s and p orbitals of

anions or solvent atoms. The overlap repulsive forces

will cause the excitation of electrons from the 3p

to the 4p levels. This pertubation produces a

paramagnetic (down field) contribution to the chemical

shift. This shift can be written in the following

equation:

 

 

a =-16c112 ‘ 1 . 32 (1.2)

P < r3 ZP ‘AEnp

where S is the overlap integral between p orbital of

the potassium ion and the orbitals of the neighboring

ions. —l—>is the radial function which is the average
r3

over the outer p orbitals of the potassium, 1AE is the

mean excitation energy from the 3p to the 4p orbital,

2

a is a constant = ——2-° where m and e are the mass

2mc

and charge of a electron respectively.

Since Kondo and Yamashita's theory made
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satisfactory calculation of the chemical shifts not only

for the alkali halide crystals but also for the hexa-

hydrated 87Rb+ ion relative to the free ion (53).

Deverell and Richards (13) applied this theory to the

interpret ion of the chemical shift in solutions. They

suggested that the chemical shift at concentration c,

relative to the free ion can be written as :

0: -16d2 1 1 (“(0) (c) )

<r3>np AE ion-solvent + A ion-ion

 

(1.3)

wherejlis appropriate sum of the overlap integrals

of the orbitals of the central ion and surrounding

solvent molecules or neighboring ions. The values of

1

<r3>nP

following order, 23Na(5.9) <39K(7.98) <_87Rb(13.8) <

133Cs(18.7). Therefore, if the extents of both ion-

 

/.AE for alkali metal nuélei increase in the

solvent and ion-ion interactions are about the same

for an alkali nuclei with same anion and the same

solvent, the 6P will increase in this order 1330s:>

87Rb3>39x§>23Na. This assumption consistent with their

experimental results. They reported that the magnitudes

of the chemical shifts increased considerably with

increasing atomic number of the cation. Recently Sahm

and Schwenk (45) reported that the shielding of alkali

nuclei'ig 23Na, 39K, 87Rb and 133Cs in water was a
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nearly linear function of the atomic number.

(C) MACROCYCLIC CROWN ETHERS AND QRYPTATES

(a) MACROCYCLIC CROWN ETHERS

Since Moore and Pressman (54) reported that the

biological effects of some antibiotic substances such as

valinomycin, nonactin and monensin depended on the

presence or absence of specific alkali metal cations

in the medium and suggested that these antibiotic

substances acted as ion-carriers (ionophorses) across

membranes with different specificities for different

ions.

After this discovery, the complexation of alkali

metals with these naturally antibiotic carrier have

been extensively investigated.

In 1967, the macrocyclic crown ethers which

resemble the antibiotic ligand were synthesized by

Pedersen (55). Since that time, Pedersen has reported

the synthesis of over sixty macrocyclic crown ethers

and discussed their abilities to complex alkali metal

ions inside the two dimensional cavities (56). Several

polyethers are shown in Figure 1. Generally, the alkali

Inetal ions are regarded as poor complexing cations,

and complexing of alkali cations by neutral molecules

:is an uncommon phenomenon. Because of these unusual

complexation prOperties, many alkali salts can be

dissolved in non polar organic solvents by forming
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Figure 1. Structure of Crown Ethers
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complexes with these macrocyclic polyethers. After

this discovery, crown compounds and their complexes

have been extensively investigated.

Crown compounds have been studied as model systems

in cation transport through cellular membrance (57-60)

They have found use in organic chemistry to study

certain chemical reaction including the catalysis of

ionic organic reactions by solvolyzing cationic

species (61-6h).

The stability and thermodynamic studies for most

macrocyclic crown ethers in water or methanol have

been reported. Several excellent reviews of the crown

and hetero-crown compounds and their interaction with

metal cations have recently been published (65-71).

The stability of crown other complex was reported (71)

to be dependent on the several important parameters

discussed below.

(1) Relative sizes of cation and ligand gayity

In general, these ligands complex most strongly

those metal ions whose ionic crystal radius best

matches the radius of the cavity formed by the ring

upon complexation (55). The ionic diameters and the

sizes of cavities of crown ethers are listed in Table 2.

Frensdoff (72) reported that the Optimum polyether

ring size being such that the cation Just fits into

"hole" was benzo-15-crown-5 for Na+, benzo—18-crown-6
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for K+ and 21-crown-7 for 05+. However, the relative

size of cation to ligand cavity have been found to be

not the only parameter which influence the stability

of crown ether. For example, Izatt,'§£.§; (73) reported

almost no cation selectivity was seen for 15-crown-5

in water.

Table 2. Diameters of Selected Cations and Macrocyclic

Polyether Cavities a

 

 

 

Cation Ionic Polyether Diameter

diameter of gavity

A A

Lithium 1.20 All 1h—crown-4 1.2-1.5

Sodium 1.90 All 15-crown-5 1.7-2.2

Potassium 2.66 All 18-Crown-6 2.6-3.2

Ammonium 2.8h All 21-crown-7 3.A—4.3

Rubidium 2.96

Cesium 5.3#

Silver 2.52

Barium 2.70

 

(a) Reference 72

(ii) Type and charge of cation

In solution, for alkali and alkali earth metals,

the selectivities of crown others for K+ and Ea2+ are

generally higher than those for smaller and larger

cations. Since smaller ions like Li+ are so strongly
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solvated that considerably more energy must be expanded

in the desolvation step than for larger ions like 06+,

on the other hand the larger cations are unable to

attract and organize the ligand as well as smaller ones.

In general, large dipositive ions often have higher

stability constants than monOpositive ions of similar

size. For example, potassium ion has about the same

diameter as the barium ion, however, the stability

2+-dicyclohexyl 18-crown-6constant (log K) of Ba

(Ba2*-DC1806) complex is about 3.6, but it is about 2.0 (67)

for the potassium complex. The result is an evidence that

the binding of alkali and alkaline earth metal ions to

macrocyclic ligands is electrostatic in nature.

(iii) Type of donor atom

The substitution of nitrogen or sulfur for oxygen

in crown ether reduces the latter's affinity for alkali

ions (72), the stability constants falling in the order

of decreasing electronegativity 0>NR=>NH1>S. However,

the effects of N or S substitution of Ag+ (72) and

ng+ (71) complexing were exactly the apposite. The

results were explained in terms of the covalent bonding,

not electrostatic force between donor atoms and metal

ions in the Ag+ (7A) and Hg2+ cases.

(iv) Number of donor atoms

The increasing in number of donor atoms without

changing the size of the ring can enhance the stability
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of the complexes. Cram (75) reported 18-crown-5 is a

much poorer host for t-butyl ammonium ion than is

18-crown-6.

(v) Substitution on the macrocyclic ring

The addition of the benzo group to the 18-crown-6

caused decreasing in the stability of potassium-18-crown

‘-6 complex in methanol was reported by Frensdoff (72).

The result was explained in terms of decreasing in

both cavity of ligand and electron density of oxygen.

Meanwhile the addition of benzo group also alter the

selectivity of the ligand. In methanol, the formation

2+ complex of 18-crown-6 is largerconstant of the Ba

than that of the K... complex by a factor of ten. Dibenzo

18-crown-6, on the other hand, displays the opposite

preference, binding K+ better than Ea2*(76).

(vi) Solvent effect
 

Papov,‘gt'al (77) investigated the complexation of

18-crown-6 with Cs+ in several nonaqueous solvents.

They reported that both 1:1 and 2:1 ligand/06+ complexes

are formed, previously only 1:1 complex was found in

aqueous solution (73). The stability for 2:1 complexes

increasing among the nonaqueous solvents in the order

DMSO < DMF€ P0 € PY < A0. The authors concluded that, in

general, the increase in the donor number of the solvents

caused a decrease in the stability of complex. The

solvent effect on the stabilities of complexes of alkali
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metal ions with dibenzo-18-crown-6 (DB18C6) were also

reported by several authors (78)(79). Matsura and Sasaki

(78) reported that the solvent influence on the stabilities

of the 1:1 DB1806/M+ complex were in the order DMSOA<DMF<I

P0. Evans and Cussler (79) found that alkali metal ions

formed stronger complex with DB1806 in acetonitrile than

that in methanol.

The order of preference for alkali metal ions affected

by the solvent was reported by Wong and coworkers (61).

They reported that sodium in THF solution formed a

stronger complex with dimethyldibenzo-18-crown-6 than

potassium. Arnett and Moriarity (80) reported that stabil-

ities of the complexes of large cations were less affected

by solvent than those of smaller ones.

Several crystal structures of complexes of alkali

metal ions with some crown ethers have been reported

by several authors (81-85). The X ray studies of alkali

metal 18-crown-6 complexes have shown that K... sits exac-

tly at the center of plane of the oxygen atoms while the

Cs... and Rb+ ions were displaced from the mean plane (81-83).

The X ray studies (84) of sodium complexes of benzo-15-

crown-5 have shown that the Na+ ion occupies the center

of the plane of the oxygen atoms. A 2:1 sandwich 12-crown-4

/NaI complex have been found by X ray analysis (85). It

was also found (84) that, for the potassium complex of

dibenzo-30-crown-10 and apparently for other large ring

cyclic polyethers, the complex consists of a wrap-around
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structure where all the oxygen atoms are approximately

equidistant from the potassium ion but not in the same

plane.

( b) MACROBICYCLIC CRYPTANDS

The diaZOpolyoxa macrobicyclics cryptands was

synthesized by Lehn, et a1 (86). The cryptands are the

strongest complexing agent presently known for alkali

metal ions in aqueous solution (the stability constant

up to 105 1 mole‘l). Several typical cryptands are

shown in Figure 2. The Optimum cryptand cavity size for

cations was found to be cryptand 0222 for K+, cryptand

0221 for NaI and cryptand 0211 for L1... (86). The crystal

structure of several metal complexes of cryptand 0222

have been determined by using X-ray crystallography (87)(88).

In all cases, it was found that the metal ion was located

in the cavity of the macromolecule and that the two

nitrogen atoms participated in bonding to the meatl atom.

However, recently. Mei,.g§‘al (89) monitored the 133Cs

NMR of Cs cryptand 0222 complex in various solvents. They

suggested the presence of two types of 1:1 complexes in

solution, an exclusive complex in which the ion may

interact with the solvent, and an inclusive complex which

has a solvent-independent chemical shift.

These cryptands can exist in the three configuration

(90) exo-exo, endo-endo and endo-exo isomers which are

shown in Figure 3. The endo configuration has the
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c222 (2.8A°) 02219.21?)

C211<1.6A°)

Figure 2. Cryptands 0222,0221 and 0211 (with

internal diameters)
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nitrogen lone pair electrons directed toward the interior

of the cavity while the exo configuration has the nitrogen

lone pair electrons turning outside. The endo-endo configu-

rations for KI-Cryptate 222 and Rb-Cryptate 222 were found

by X ray crystallographly (87).

NH/\
JV NC'M1T 1A

C¥"N\\é3‘_: ,/ (wm-—<a9) ‘::E;~‘4D

exo-exo endo-endo exo-endo

Figure 3. The Configurations of Cryptand 0222

The stability constant of alkali cryptates in water

and in methanol solution was reported by Lehn and

coworkers (92). The cation selectivities of cryptands

for alkali metal ions in water and methanol were found

‘to be cryptand 0222 for K*, cryptand 0221 for Na+ and

cryptand 0211 for Li+. Papov and coworkers (89)(92)(93)

extended this study to nonaqueous solvents by using

alkali metal NMR methods such as 7Li, 23Na and 1330s

NMR. They found that the formation constant of metal

ion complex in nonaqueous solvents was always higher

than that in water, and the stability constant of
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complex was dependent on the donicity of the solvents.

Dye and coworkers (94) isolated the alkali metal anions

such as (Na+0222)Na' which was investigated by 23Na NMR.

Recently, cyclindrical macrotricyclic cryptands

have been synthesized (95) and shown in Figure 4.
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Figure 4. The Structures of Cyclindrical

Macrotricyclic Cryptands

The formation of macrotricyclic cation inclusion

complexes (96) have been reported. Cyclindrical

macrotricyclic ligands are topologically well suited

for the designed positioning of two metal cations

in a binuclear inclusion complex.



CHAPTER II

EXPERIMENTAL PROCEDURE



 

EXPERIMENTAL

(A) INSTRUMENTAL

(a) DA-60 Multinuclear NMR spectrometer

A modified DA-60 Fourier transform multinuclear NMR

spectrometer was used to obtain the 39K chemical shifts

in the studies of ionic association in neat nonaqueous

solutions and the preferential salvation in mixed solvents.

The spectrometer consists of modified NMR speclities MP-

1000 spectrometer, a Nicolet 1083 computer, interface and

the necessary accessories such as disk system, plotter etc.

The 39K chemical shift was measured at 2.8 MHz with

the magnetic field 14 kilogauss (1.4 Tesla). The frequency

source of thejRF unit is a 56.4 MHz crystal controlled

oscillator. The 39K nuclear magnetic resonance was Operated

with pulsed width «'30011sec. External lock system (H20)

is used. A 25 ml NMR tube with 5 ml sample solution were

used. The saturated KNO2 (31 M) in D20 solution was used as

the external reference. Using the DA-60 spectrometer, the

signal for 0.01‘M of KPF6 in acetonitrile can be observed.

(b) Bpuker WH-JQQ NMR spectrometer

A Bruker WH-180 sulerconducting multinuclear NMR

spectrometer was used to study the complexation of

potassium and macrocyclic ligand such as crown ethers

and cryptands. The spectrometer consists of a

superconducting solenoid, a Nicolet 1180 computer disk

system and temperature control units.

28

 



29

The quadrature detector system is used in WH-180.

In conventional FT NMR, a single phase-sensitive detector

(such as used on DA-60) can only determine the magnitude

of the frequency difference between the signal and rf

pulse, but not the sign of this difference, so the rf

pulse is usually set at one end of the spectral region to

avoid folding back of the resonance. This gives rise to

two problems: (1) The power bandwidth of the rf pulse

must be at least equal to twice of the total spectral

width (is: rH1 227T(SN)) and (2) Noise from the unused

side of the decreasing S/N by a factor of V2: Quadrature

detection can solve both of these problems directly.

Since the rf power requirement varies as the square of

the spectral width, quadrature techniques bring an

effective gain of a factor 4.

The data memory available in the Nicolet 1180 computer

in Bruker WH-180 is 16 K while 8 K in Nicolet 1083 in

DA-60 spectrometer. The 39K resonance was Operated at

resonance frequency 8.403 MHz at the magnetic field of

42.3 kilogauss. A 20 mm NMR tube and 10 ml of sample

solution were used in this work. A saturated (31'M)

KNOB in D20 solution was again used as the reference

sample. The signal of 39K resonance for 0.005‘M of KPF6

in acetonitrile can be obtained in the short time

(‘~45 minutes) and is shown in Figure 5.

(c) Varian CFT 20 spectrometer

 



3O

391: ma

0.005 n were/A011

 

Figure 5. Potassium-39 NMR Resonance of 0.005‘3

KPF6 in Acetonitrile by Bruker 180

Spectrometer. (2000 scans, 15 minutes,

line width «~10 Hz)



31

All the carbon-13 NMR chemical shift measurement

was performed on a varian CFT-20 high resolution NMR

spectrometer with a constant field of 18.7 kilogauss.

The 130 NMR was Operated at resonance frequency 20 MHz.

One ml of sample for measurement of the 130 chemical

shift was placed in 5 mm inner tube of coaxial tube.

While the mixture of lock and reference sample (vol 50%

of acetone in D20) in 8mm outer tube.

(13) CHEMICAL SHIFT MEASUREMENTS

All the 39K chemical shifts reported are referred

to the infinite dilution chemical shift of the potassium

ion in water. The paramagnetic shift (down field), was

designated as negative values.

The chemical shifts reported here are also corrected

for differences in bulk diamagnetic suceptibility between

sample and reference (H20) according to the relationship

of Live and Chan (97) for the spectrometer such as

DA-60 where the applied polarizing magnetic field is

transverse to the long axis of the cylindrial sample,

the bulk susceptibility correction to the observed

chemical shift is shown to be:

2 ref0 sample)

corr = dobs +3(Xv " Xv (11.1)

where Xvref and Xvsample are the magnetic susceptibities
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for reference and sample respectively. For high field

spectrometers such as Bruker WH-180 where the polarzing

magnetic field is along the long axis of the sample.

The correction for the observed chemical shift is given by

ref sam 1e

doorr = bobs "%'(Xv ' ‘XV' p ) (II'Z)

Since Templeman and Van Cost (98) reported that

the contribution of the salt to the susceptibility of

the solution is very samll (for 9.65‘M NaI solution<<

0.1 ppm), no correction for the contribution of the

salt was applied. The respective susceptivity corrections

for the solvents, for both DA-60 and WH-180 spectrometers

are shown in Table 3.

For the mixed solvents, the volume diamagnetic

susceptivity of a given mixtures was calculated by the

Wiedemann's equation

 

 

‘ v (II.3)

VA + VB

where Xvmix is the calculated volume susceptibility

of the mixture. Xk and tXB are the volume susceptibil-

ities of pure solvent A and B respectively, VA and VB

are the volumes of solvents of A and B respectively.

All the 0-13 NMR chemical shifts reported here

are referred to TMS resonance. The paramagnetic shift

(down field) was conventionly designated as positive

values.
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(C) POTASSIUM SALTS

Potassium perchloride (Baker), thiocyanate, floride,

cloride, bromide, iodide (Fisher) and acetate (Baker)

were of reagent grade and were dried under vacuum at

..5000 for at least 48 hours before use. Potassium

hexafluoraphosphate (Pfaltz & Banner) was purified by

recrystallization from water and then dried under

vacuum at s11o°c for 72 hours. Potassium tetrapheno-

borate was prepared as the precipitate of the reaction

of potassium nitrite and sodium tetraphenoborate in

water. The precipitate was washed with conductance water

and recrystallize from acetone and dried under vacuum

at «~60°C for 72 hours. ‘

( D) SOLVENTS

Acetone (Mallinkrodt) was fractionally distilled

over calcium sulfate and then dried over Linde 4A

molecular sieves. Nitromethane, acetonitrile and

pyridine (Fisher) were fractionally distilled over

calcium hydride and dried over Linde 4A molecular

sieves. Propylene carbonate, dimethylformamide, dimeth-

ylsulfoxide and ethylenediamine were vacuum distilled

over calcium hydride and dried over 4A molecular

sieves. Formamide and formic acid were purified by

repeated fractional freezing and dried over Linde 4A

molecular sieves. Metahnol was fractionally distilled

over magnisum and iodine. The water content in the
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solvent was analyzed with an automatic Karl Fischer

Titrator and was always below 100 ppm.

(E) PURIFICATION OF CRYPTANDS AND CROWN ETHERS

Cryptand 0222 was recrystallized from hexane and

dried under vacuum at about 40°C for 48 hours. Both

cryptand 0221 and 0211 were dried under vacuum before

use.

Macrocyclic 18-crown-6 was purified by forming

a complex with acetonitrile. When about 5 grams of

18-crown-6 was dissolved in 25 ml of acetonitrile,

fine white crystals of the complex were formed. The

flask was cooled in an ice-acetone hath (not dry ice)

to precipitate as much of the complex as possible and

the solid was then collected by rapid filtration. The

weakly bound MOON was removed from the complex by

pumping under vacuum. The melting point of recrystallized

18-Crown-6 was 39-4000, identical to the literature

value (100). Dibenzo-18-crown-6 was purified by recry-

stallization from benzene and dried under'vacuum for

at least 48 hours.

Both 15-crown-5 and 12-crown-4 were purified by

vacuum distillation (pressure ~10 torr) at 80°C~120°C.

Carbon-13 and 1H NMR were used to detect impurities and

water contents.

Monobenzo-15-crown-5 was synthesized by M. Shamsipur

in our laboratory. It was recrystallized from heptane
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before use.

(NW

The time averaging of NMR spectra and Fourier

transformation of 39K data were done on the Nicolet

computers (Nicolet 1180 on Bruker WH-180 and Nicolet

1083 on varian DA-60) using program FTNMRD and QFN

for the WH-180 and DA-60 spectrometers respectively.

Chemical shift readout was directly obtained from

the spectra during the experiment. All the chemical shift

data reported in this thesis are relative to the chemical

shift of 39K* in an infinitely dilute solution. The

measurements were also corrected for the differences in

bulk diamagnetic susceptibility between nonaqueous

solutions and the reference (H20).

Chemical shift data obtained from salvation and

complexation studies were all fitted with apprOpriate

equations on a CDC-6500 computer using the least squares

program KINFIT (101) to obtain the respective formation

constants of ion-pairs and complexes. The applications

of the related subroutine equations and KINFIT program

are described in the Appendices.



CHAPTER III

POTASSIUM-39 NUCLEAR MAGNETIC RESONANCE STUDIES

OF IONIC SOLVATION AND ASSOCIATION OF POTASSIUM

SALTS IN VARIOUS SOLVENTS



CHAPTER III (A)

IONIC SOLVATION AND ASSOCIATION STUDIES OF

THE POTASSIUM IONS IN NEAT SOLVENTS



NT ODUCTION

Nuclear magnetic resonance of metallic nuclei is a

very sensitive probe of the ionic enviroment. Therefore,

nuclear magnetic resonance has become a powerful method

for the investigation of electrolyte solutions. The

measurement of chemical shift of metal nuclear resonance

yield valuable quantitative and qualitative information

about ion-solvent and ion-ion interactions.

In the past, the salvation and association of Lithium,

sodium cesium salts have extensively studied by 7Li,23Na

and 133Cs NMR respectively. However, since 39K nucleus

resonates at very low frequency and, in addition, has low

sensitivity, the studies on the 39K resonance have been

much more sparse and, in most cases, confined to aqueous

solution of fairly high concentration (:>0.2‘M). The

recent development of Fourier transform NMR technique

and of superconducting soleaoids with high magnetic fields

renders the study of 39'K resonance a much easier task.

In this study, the potassium-39 chemical shifts of potassium

salts were studied in eleven solvents in the 0.01-1.0‘M

concentration range.

RESULTS AND DISCUSSION

The 39K chemical shifts of potassium salts such as

potassium hexafluoraphosphate, perchlorate, tetraphenol-

borate, thiocynate, chloride, fluoride, bromide and

iodide were measured in various solvents. The data are

37
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presented in Table 4. The 39K chemical shifts as fun-

ction of K+ ion concentration are illustrated in Figure 6-

10. As can be seen in most cases, the 39K chemical shift

of potassium salts show concentration dependence. Since

39K chemical shift of K+ ion is only sensitive to the

short range interaction, it seems reasonable to assume

that the variation of the chemical shifts with concen-

tration is an indication of cation-anion interaction,

presumably the formation of contact ion pairs.

It is also seen that in general, increasing conce-

ntration of the potassium halides leads to a paramagnetic

(downfield) chemical shift while potassium salts with

polyatomic anions such as PF6', 0104‘, and BPhh' give

the diamagnetic (upfield) shifts with increasing

concentration. Since the potassium-39 chemical shift

is dominated by the paramagnetic term in the chemical

shift equation (Ramsey's equation) (51), according to

Kondo-Yamashita theory (52), the increase in electron

density around the K+ ion results in rise of a strong

short-range repulsive force which induce the excitation of

3p electron of the K+ ion to higher energy states, and

decrease the shielding of the potassium nucleus. In

other words, the increase in electron density around

the K+ ion will result in a downfield shift. Replace-

ment of solvent molecules in the potassium ions inner

salvation sphere by anions may either increase or
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decrease the electron density at the cation. The symm-

etric polyanions apparently decrease the electron density

resulting in the upfield shift. 0n the other hand,

replacement of a solvent molecule by the halides increase

the electron density around the K... ion resulting in a

downfield shift. This indicates that both the halides

and thiocynate anion are better electron donors than

the solvent molecule they replace. 0n the other hand,

these symmetric polyanions are poorer electron donors

to the K+ ion than the solvent molecule.

The data obtained for solutions of potassium salts

in formamide and water are illustrated in Figure 6.

Both water and formamide have high dielectric constants

(109.5 and 78.5 respectively) and high donor numbers of

24.7 and 33 respectively. The dielectric constants and

Gutmann donor numbers of the solvents are shown in

Table 5. As Figure 6 shows, in the formamide and aqueous

solutions, potassium salts except KPF6 in H20 give a

linear chemical shift dependence on salt concentration.

Similar linearity of chemical shift pp salt concentr-

ation plots in the case of halide NMR study for alkali

halides have been reported by Deverell and Richards (13).

This phenomenon was interpreted in terms of the formation

of "collisional" ion pairs or very weak contact ion pairs.

In the KPF6 aqueous solution, the slight curvature seems

to indicate a slight amount of ionic association. The
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Figure 6. K-39 Chemical Shifts of Potassium Salts in

Water and Formamide
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Table 5, Key Solvent PrOperties

Solvent Donor Dielectric

Number(a) Constant

Nitromethane 2.7 35.9

Acetonitrile 14.1 38.8

PrOpylene Carbonate 15.1 65.0

Acetone . 17.0 20.7

Formic Acid 17.0 56.1

Tetrahydrofuran (THF) 20.0 7.6

Formamide 24.7 109.5

Methanol 23.7(b) 32.7

Dimethylfornamide (DMF) 26.6 136.7

Dimethylsulfoxide (DMSO) 28.9 46.7

Ethanol 31.5 24.6

Pyridine 33.1 12.3

Water 33 78.5

Ethylenediamine 55 12.9

(a) Reference 24

(b) Reference 29

(a)

Gutmann donor number scale. The scale is based on the

enthalpy of the reaction 3 + SbCl5--~S.Sb015 in dilute

1,2-dichloroethane solution. The donor number of the

Solvent 5 is defined as DN(S) = - 485,5b015°
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slight ionic association (for KPF6 in H20) has also been

reported from a conductance study by Robinson and

Stokes (102). It can be seen that for the halides, the

extent of the paramagnetic shift increase in the order

I'>Br">F", which is always observed for alkali metal

NMR. The result was explained in terms of the increased

collision probability with increasing the anion size

(7)613)(36). The smaller shifts for the thiocynate

than the halides is probably attributed to a greater

basicity of the halides (32). The greater availability

of the electrons on the more basic anions results in

a proportionately greater pertubation of the spherical

symmetry of the outer electron cloud of the potassium

ion.

Potassium-39 NMR measurements were also made on

potassium salt solutions in dimethylformamide and

dimethylsulfoxide. Both dimethylformamide and dimethy-

lsulfoxide have high donor ability (with donor number of

26.6 and 29.8 respectively) and average dielectric

constants (36.1 and 45.0 respectiveIY). The results

are shown in Figure 7. In dimethylsulfoxide solutions,

linear chemical shifts dependence on concentration

were also observed in the K0104 and KPF6 cases. However,

the 39K chemical shifts is independent of salt concen-

tration in the KSCN and KBPh4 cases which can be

explained either by absence of contact ion pairing
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formation or by a coincidental equality of electron

density at the K... ion upon replacement of solvent

molecules by the anions. In the KI case, a small con-

centration dependence of the chemical shift is indica-

tive of the some amount of the ionic association. As

can be seen, the results in dimethylformamide are

similar to those obtained for the dimethylsulfoxide

solutions.

The data obtained for solutions of potassium

salts in formic acid and prOpylene carbonate are

illustrated in Figure 8. Both formic acid and propylene

carbonate also have high dielectric constants (55.0

and 69.0 respectively). The results in the formic

acid case are similar to those obtained for the formam-

ide solutions, in which the potassium salts used gave

a linear chemical shift dependence on salt concentration.

Once again the results are indicative of the formation

of very weak contact ion pairs or the collisional ion

pair. However, prOpylene carbonate (P0) shows a little

different behavior. The small extent of ionic association

of potassium salts in PC would be expected due to the

high dielectric constant of the solvent. However for

KPF6 solution in PC, the ionic association seems to be

significant, as seen by the some degree of curvature in

the plot of chemical shift‘pp concentration. Although

prOpylene carbonate has a high dielectric constant of
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65, it has a low donor number of 15.0. The data suggest

that the dielectric constants of the solvent is not

the only parameter which influence the ionic association.

It is evident that the donicity of the solvent is also

an important parameter in the formation of ion-pairs.

Potassium salt solutions in solvents of low donicity

and medium dielectric constant, such as methanol and

acetonitrile (see Table 5), were also investigated by

using the 39K NMR. The results are presented in Figure 9.

As expected, all the potassium salts in acetonitrile

and methanol undergo a significant extent of ionic

association, as indicated by the significant degree of

curvature of the plot of the chemical shift pp, salt

concentration. As can be seen from Figure 10, concentr-

ation dependent chemical shifts were also observed for

KPF6 and KSCN in acetone which has a low donicity of

17.0 and a low dielectric constant of 20. However, the

39K chemical shift of potassium tetraphenylborate shows

concentration independence. It is not surprising, since

BPhh' is a large and relatively nonpolarizable ion which

would only weakly interaction with a cation. Unfortunately,

potassium tetraphenylborate is only slightly soluble

in most solvents, which limits the study of the ionic

associtation of this salt.

The concentration dependence chemical shift of the

solutions in ethylenediamine were also measured and the
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results are presented in Figure 10. Ethylenediamine has a

very high donor number of 55, but a very low dielectric

constant of 12. Unfortunately, most potassium salts are

only sparingly soluble in this solvent. As Figure 10

shows, the high donicity of ethylenediamine does not

prevent the ionic associations in KI and K0104 solutions,

as indicated in the plot of chemical shift 1p concentra-

tion. However, a chemical shift that was independent of

the salt concentration was observed in the KSCN case.

Nitromethane has very low donicity of 2.7 but a

relatively large dielectric constant of 36. However, the

solubilities of most potassium salts in nitromethane are

low (<0.1 H). Only the solutions of KSCN and KPF6 at

low concentration (<10.11M) were studied, and the data

are presented in Table 4. The slight change in chemical

shift in low concentration range (from 0.02 to 0.1 p) does

not provide much information about the ionic association,

but it is qualitatively indicative of the ionic associa-

tion in such low concentration range.

It was of interest to us to investigate the effect

of the solvent on the ionic association of potassium

salts with a same anion. As can be seen from Figure 11,

in the case of the potassium iodide, in all solvents used,

the chemical shifts of K1 show concentration dependence,

indicative of some extent of ionic association. Even

in the solvents of high donicity, such as
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ethylenediamine and dimethylsulfoxide,there is significant

ionic association, which is indicated by curvatures of

the plot. The results seem to suggest the donicity of the

solvents seems not to be a predominant factor for the

ionic association of KI. However, in the solvents of

high dielectric constant such as formamide, water and

formic acid, the linear concentration dependence of 39K

chemical shift of KI were observed, which are indicative

of very small extent of ionic association or only the

"collisional" ion pairs. These results suggest that for

potassium iodide, the dielectric constant of the solvent

seems to be a more important factor than the donicity

of the solvent for the contact ion-pairing formation.

However, in the KSCN case, as shown in Figure 12, the

chemical shifts of KSCN in the solvents with either high

donicity, such as dimethylsulfoxide, ethylenediamine,

dimethylformamide or in the solvents with high dielectric

constant, such as prOpylene carbonate, formic acid (see

Table 5) show concentration independence. As can be

seen, the ionic association is only exhibited in the

solvent of medium dielectric constant and low donicity,

such as acetonitrile, acetone and methanol.

In the case of KPF6 (Figure 13), in all cases, the

chemical shift show concentration dependence, indicative

of the ionic association. Although prOpylene carbonate

(PC) has a much higher dielectric constant than dimethyl-

formamide (DMF), the larger degree of curvature of the
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plot was found in PC and DMF, the result seems to be the

evidence for the effect of donicity of solvent on the

ionic association, since PC has lower donicity than DMF.

However, compared to pyridine, DMF has a lower donicity

but a higher dielectric constant. The smaller extent of

ionic association of KPF6 was observed in DMF than that

in pyrinine, as indicated by the degree of curvature of

the plot. The results suggest that the dielectric cons-

tant is also an important factor for the ionic associ-

ation of KPF6.

The ion pairing formation also can be determined

by the measurements of the chemical shifts as function

of the salt concentration. The ion-pairing formation

constants can be determined by the following equations (33)

M 2

-1 + (1 + QKIPCT ' 7+ )1/2

 
8 =

,obs " (6F ’ §IP) * 6IP
 

M , 2

1 2 (IIIA.1)

(1.823 x 106) I /

(DT)3/2

 

 

and -log 7+ =‘

9
50029 X 10 0

5‘. 11/2

1/2

1 + 

(DT)

(IIIA.2)
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where 8 is the observed chemical shift, 6F and ‘51P
obs

are the chemical shifts of potassium ions in the free

solvated state an in the ion pair respectively. K is

the ion-pairing formation constant, 0: is the total

concentration of the K... ions in solution, 7+ is the

activity coeffinient, I is the ionic strengIh, D is the

dielectric constant of the solvent, T is temperature in

OK, 2 is the size parameter of potassium salt. The ion

pairing formation constant was calculated by fitting the

concentration dependent chemical shift data using the

above equation by the KINFIT program (101). The application

of KINFIT and subroutine equations to calculate the ion-

pairing formation constant are described in Appendix I.

The ion pairing formation constants for potassium

salts in various solvents are shown in Table 6. The

equilibrium constant KIP is thermodynamic constant

where activity corrections are applied, and Kc is the

concentration equilibrium constant. As can be seen in

most cases, the values of KIP are small. In the case of

KPF6, the very weak interactions between the potassium

ions and PF6' anions in some solvents were also observed

using ‘9F NMR by DeWitte and Popov (7). This result is

not unexpected, since both K+ and PF6' are large and

relatively nonpolarizable ions.

As seen from Figure 14, the degree of ionic associ-

ation shows temperature dependence. In H20 and acetone

cases, the degree of curvature of the chemical shift-
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concentration plot increases with decreasing temperature,

which is indicative of a stronger ion-ion interaction.

The concentration dependent chemical shift study

also can provide the information about the ion-solvent

interaction. At infinite dilution, it is reasonable to

assume that only ion-solvent interaction exist. Therefore,

the study of the infinite dilution chemical shift can

give some information about the ion-solvent interaction.

The "infinite dilution" chemical shift was obtained by

extrapolation of the curve to zero concentration by

using the computer program KINFIT, the application of

KINFIT program and subroutine equation for this study

are described in Appendix II.

The mean infinite dilution chemical shift of the

K+ ion in various solvents are presented in Table 7.

The plot of infinite dilution chemical shift pp the

Gutmann donor number (24) is illustrated in Figure 15.

It is readily seen that in general, there is a correl-

ation between the magnitude of the downfield chemical

shift and the donor number. Nine of the twelve solvents

seem to fall on a respectable straight line but the

correlation is not good for methanol, acetonitrile and

dimethylsulfoxide solution. It is interesting to note

that DeWitte and Papov (33) observed identical behavior

in the case of cesium-133 resonance, where the same

solvents show deviation from linearity in the chemical
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Table 7. IPotassium-39 Chemical Shifts at Infinite

Dilution in Various Solvent

Donor (b)

Solvent Gogppm) Number

Nitromethane 21.1 t 0.4 2.7

Formic Acid '11.6 f 0.4 17.0

Propylene Carbonate 11.5 i 0.4 15.0

Acetone 10.5 i 0.9 17.0

Methanol 10.1 t 0.7 25.7

Formamide 4.6 i 0.6 24.7

Dimethylformamide 2.8 I 0.8 26.6.

Acetonitrile 0.4 1 0.8 14.1

Water 0(a) 33.0

Pyridine -0.8 i 0.4 33.1

Dimethylsulfoxide -7.3 i 0.6 29.8

Ethylenediamine -23.6 i 0.7 55.0(c)

(a) Reference

(b) Gutmann donor number scale. The scale is based on the

enthalpy of the reaction S + Sb015-—+S.Sb015 in dilute

1,2-dichloroethane solution. The donor number of the

Solvent S is defined as DN(S) = "AHS.Sb015’

(c) Estimated from 23Na chemical shifts. M. Harlem and

A. I. Papov, J. Amer. Chem. Soc.,‘24 , 1431 (1972)
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shift-donor number plot. The sign and the magnitude of

the deviations were in the same direction and, approx-

imately, of the same magnitude. However, a good linear

correlation has been observed for Na infinite dilution

chemical shift with solvent donicities without

exception (29).

The correlation between the infinite dilution chemical

shift ( 80) of 39K resonance and donor number (DN) of the

solvents can be expressed by the following equation:

a = 211-01 -0082 DN

0

The donor number of methanol from this 39K chemical

shift-donor plot can be predicted to be about 18.0, not

25.7. The value of 19.0 for methanol donicity was reported

by Olofsson (31). The deviation of acetonitrile from

linearity in the plot is probably due to some covalent

interaction between the nitrogen on acetonitrile and the

K+ ion (32). As can be seen from Table 7 with the exception

of DMSO and H20, the infinite dilution chemical shifts of

the K... ion in the nitrogen donor solvents go more down

field than that in oxygen donor solvents. Similar behav-

iors were reported in the Na and Cs cases (29)(32)(33).

The phenomenon was interpreted (32) in terms of the small

amount of covalent interaction between the cation and

the solvent. Overlap between 3 and p orbitals of the

solvent and p orbital of cation would permit the partial

electron transfer from solvent to cation.
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It is interesting to compare the magnitude and the

"range" of the potassium-39 chemical shift to that of

sodium-23 (29) and that of cesium-133 (33). As can be

seen from Figure 16, the difference between chemical

shifts of Na+, K+ and Cs+ in nitromethane and pyridine

are 15, 23, and 90 ppm respectively. These results are

not unexpected, since according to Ramsay's theory,

one electron donated by the solvent to the cation induce

the change in paramagnetic chemical shift by the following

equation:

ea A A

nap = (- ENE-65K W01): (Lprv/rp3) |w0>

2 - -

-.- .. -—f—S£§_>. =(constant)& (IIIA.3)

M2C2 A A

where A is the average exciation energy of one electron

from np to (n+1)p orbital. e and M are charge and mass

of electron respectively. 0 is the velocity of light.

L is angular momentum of the p orbital electron and

P

r is the radial distance of the p orbital electron

fiom the origin at the nucleus. According to this equation,

the change in chemical shift of salvation is function of

the quantity ‘<:ag . The values offflg: for Na+, K+,

Rb and Cs reported (13) tofibe 5. 9, _7. 9, 13.8 and 18. 7

(a.u./Rydbers) respectively. Therefore change in chemical



68

Figure 16. The Range of Infinite Dilution Chemical

Shifts between Nitromethane and Pyridine

for 23Na, 3'9K and 1330s Resonance
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shift ( up) due to the salvation of alkali metal ions

should increase in the order; Na+< K+< Rb+<:Cs+.

As can be seen from Figure 17, in the cases of

nitromethane, dimethylsulfoxide and acetonitrile, there

are the nearly linear correlations between the infinite

dilution chemical shifts of the 39K resonances and the

atomic numbers of alkali metals.
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CHAPTER III (B)

IONIC SOLVATION OF THE POTASSIUM ION IN MIXED

SOLVENTS
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It is well known that when a solute is dissolved

in binary solvent mixtures, the primary salvation shell of

the solute need not maintain the composition of the bulk

solvent. It is likely that it may prefer one solvent over

the other. Thermodynamic methods has usually been applied

to study the preferential salvation. However, they often

can not differentiate between short and long range effects.

Since the chemical shift of nuclear magnetic resonance is

only sensitive to Contact salvation. NMR technique has

become a powerful tool for the study of preferential

salvation.

The study of preferential salvation of ions by metal

nuclei resonance have been reported by several authors (11)

(29)(103). The variation of the NMR chemical shift with so-

lvent composition was explained in terms of preferential

salvation of the metal ion by one of the solvents in the

mixture as indicated by isosolvation point (equisolvation

point). This isosolvation point is the composition at

which the chemical shift lie halfway between the two pure

solvent values. It has been postulated that it corresponds

to the composition at which both solvents participate equal

in the contact salvation shell. In addition, it is assumed

that constant salvation number in solution at various sol-

vent composition, and no solvent-solvent interaction in

the mixtures.

72
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RESULTS AND DISCUSSION

The potassium-39 chemical shifts of potassium salts

were measured as function of the solvent composition in

twelve binary mixtures and the data are presented in

Table 8. The results for the mixtures of acetone with

nitromethane, acetonitrile, water and pyridine are illust-

rated in Figure 18 and Table 9. It can be seen, that in

all cases there are the smooth transition as a function of

solvent composition from the chemical shift characteristic

of acetone to other solvents. The isosolvation points in

the mixtures of acetone with nitromethane, acetonitrile,

pyridine and water are at 0.20, 0.34. 0.38 and 0.75 mole

fraction of acetone respectively. The data seem to suggest

that the relative order of solvating ability is nitromethane

< acetonitrile < pyridine < acetone < water.

The results for the mixtures of acetonitrile with

nitromethane, prOpylene carbonate, acetone and water are

presented in Figure 19 and 20 and Table 9 and the isosol-

vation points are at 0.41, 0.47. 0.66 and 0.92 mole

fraction of acetonitrile. Again the solvating abilities

for K+ ions among these solvents increase in the order:

nitromethane<:propylene carbonate<:acetonitrile<cacetone

< water.

The results from the studies of the acetone mixtures

and acetonitrile mixtures suggest that for KPF6 the solv-

ating abilities of these solvents increase in the following
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Figure 18. 39K Chemical Shifts of KPF6 in the Binary

Mixtures of Acetone with Nitromethane,

Acetonitrile, Water and Pyridine.
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orders, nitromethane<:pr0pylene carbonatefLacetonitrile

< pyridine < acetone <water.

The 59K chemical shifts of KSCN as function of the

composition of the mixtures of dimethylsulfoxide with

acetone, water and ethylenediamine are presented in

Figure 21 and Table 9 and the isosolvation points are

exhibited at 0.15, 0.35 and 0.48 mole fraction of DMSO.

It seems to indicate that the relative order of solvating

ability is DMSOEZethylenediamine >water >acetone. Despite

the very high donicity of ethylenediamine, it does not

appear to be a better solvating agent than dimethylsul-

foxide. The enhancement of donicity of DMSO by introdu-

ction of even small amount of another solvent into neat

DMSO was reported (29) previously. It was explained in

terms of the break up of the polymeric structure of DMSO

by addition of the other solvent. Therefore, it seems

reasonable to assume that the high solvating ability

of DMSO in the DMSO-ethylenediamine mixtures results

from the same causes.

Finally, the preferential solvation of K1 in the

mixture of methanol with water and ethylenediamine were

investigated. The results are shown in Figure 22 and

Table 9. The isosolvation points for the mixtures of

methanol with water and ethylenediamine are exhibited

at 0.51 and 0.53 respectively, which indicates that the

relative solvating ability in ethylenediamine:>water:>
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Figure 21. 39K Chemical Shifts of KSCN in the Mixtures
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methanol.

Recently, Covington,'g§'gl (28) deveIOped a quantit-

ative model for preferential solvation of ions in binary

solvent mixtures. They presented a equation that allows

the calculation of equilibrium constants and the changes

in free energy of preferential salvation. The equation

is

—‘—-=_‘ (1+ ;) (11113.1)

6 8p K1/n9—(B-

XA

where: a = observed chemical shift relative to

the resonance of M+ in pure A(solvent)

8p: total range of the chemical shift

(is: 5A0 - OBo ) '

K1/n = the geometric equilibrium constant

n = the solvation number

XA, XB = the mole fraction of A and B(solvents)

respectively

The KI/n and 1/5p can be calculated from the slope

and intercept of the plot of 1/6 .zg XB/XA respectively,

and finally the free energy of preferential solvation,

AG/n can be obtained as following:

AGO/n = -RT 1n XV“ (11113.2)

The two typical plots of 1/3 z§ XB/XA are shown
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in Figure 23 and 2t, and the values of 1:1/‘1 and AG for

each system were obtained by linear least squares

procedure by KINFIT program and summaried in Table 10.

The computer subroutine equations used to calculate KVn

is described in Appendix II. In spite of a number of

idealized assumption, in all cases shown in Table 10,

the plot of 1/6 ‘zg XB/XA yield straight lines. The

Covington's quantitative approach seems to be successful

in the 39K NMR preferential salvation studies.
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Figure 23. Convington Plot for Pyridine-Acetone Mixtures
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CHAPTER IV

POTASSIUM-39 AND CARBON-13 NMR STUDIES OF POTASSIUM

SALT COMPLEXATION IN VARIOUS SOLVENTS



CHAPTER IV (a)

COMPLEXA‘I‘ION OF THE K+ IONS BY CRYP‘I'ANDS



INTRODUCTION
 

Since the advent of macrocyclic crown ethers and

cryptands (55)(66), the complexation of crown ethers with

alkali metals in water and methanol have been studied

extensively. However, the complexation of crown ether

with metal ion in nonaqueous solvents (except methanol)

have received much less attention.

Potassium-39 and carbon-13 NMR can be applied as

sensitive and useful probes for the quantitative and

qualitative studies of the complexation reactions of

potassium salt with macrocyclic crown ethers and cryptands

in various solvents.

(A) COMPLEXATION OF THE K+ IONS BY CRYPTANDS
 

The complexation studies of potassium ions with

cryptand 0222, C221 and C211 have been carried out in

various solvents. In the 39K NMR mole ratio study, the

concentration of KPF6 was held constant (0.02‘M) and

the ligand concentration varied. 0n the other hand,

in the carbon-13 NMR study, the ligand concentration

was kept constant (0.05‘M) and KPF6 concentration varied.

The cavity size of cryptand 0222 was reported to be

2.63 (66) which matches the diameter of the potassium

(«v2.7A). Therefore, the 0222-K+ complexes should be

stable. In acetone, methanol and nitromethance solution

cases, at mole ratio of 0.5 of 0222/K+, two 39K signals

89
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are observed corresponding to the free K+ and complexed

K+ ions respectively (Figure 25). Therefore, the exchange

between free K+ ions and complexed K+ is slow on the

39K NMR time scale. In general, if 11 and V
free complex

are the resonance frequencies of free and complexed

K+ respectively and

) (IVA.1)

1

exchan e r t -———7r V - V .

g a 6 ((V2 ) ( free complex ’

than the two NMR signals corresponding to the two K+

sites will be observed. On the other hand when

1

exchange rate_>_(\f—2:7T) ( V V ) (IVA.2)
free complex

than, only one papuiation averaged NMR signal will be

observed. The 39K chemical shifts for free K... and com-

plexed K+ are listed in Table 11. As can be seen, the

chemical shifts for complexed K+ ion in various solvents

are about the same, which is indicative of the formation

of inclusive K+-0222 complexes..In an inclusive complex,

the potassium ion is inside the ligand cavity and is

completely enclosed by the macrocyclic ligand, it is

essentially isolated from the solvent. In order to

obtain further information about the strength and stru-

cture of the K... 0222 complexes in various solvents,

carbon-13 NMR of ligand was also used to study the system.



91

Figure 25. 39K NMR Spectra of KPF6-Cryptand 0222 Solution
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Table 11. The Chemical Shifts and Line Widths of

Potassium-39 of K*C222 Complexes at 0.5 Mole

Ratio (0222/K*)

 

 

Solvent Chemical Shift (ppm) Line Width (Hz)

Nitromethane 22.27 (F)(a) 44.0

-2.48 (c) 92.8

Methanol 11.51 (F) 24.5

-2.35 (c) 73.3

Acetone 12.01 (F) 19.3

-2.78 (c) 87.9

Dimethylformamide(b) 6.28 (F) 25.2

-2.04 (C) ' 90.2

Acetonitrile(b) 1.96 (F) 17.1

-2.41 (c) 87.9
 

(a) F = Free K+, C = Complexed K+ ion

(b) The signals for free K+ and complexed K+ are overlaped

in dimethylformamide and acetonitrile.
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The resulting C-13 chemical shifts are presented in

Table 12 and Figure 26. The three observed C-13 NMR

signals of free cryptands correspond to three kind of

carbons in 0222. The assignments of peaks for the three

carbons are shown in Figure 26. Carbon(1) and carbon(2)

are the QQHZ carbons and carbon(3) is N_C_H2 carbon.

As Figure 26 shows, at mole ratio 0.5 of K*/0222. the

two signals for each carbon were observed for carbons

of the free ligand and complexed ligand respectively.

Again we have a slow exchange between the free ligand

and the complexed ligand. As seen in Table 12 a slow

exchange occurs even in solvents of high

donor number and high dielectric constant, such as

dimethylsulfoxide and dimethylformamide. At a mole

ratio of 1.0, only one peak for each carbon was observed

which corresponds to the complex. It is interesting to

see that chemical shifts of both free ligand and

complexed ligand are about the same in various solvents

except H20. It appears, therefore, that the structures

of either free cryptands or complexed cryptands in these

solvents are about the same. However, in the water case,

the chemical shifts for free cryptand show large differ-

ence from that in another solvents. For example, for

the NQHZ carbon, the ‘30 chemical shift is 54.76 ppm

in the H20 case, but it is about 58.10 ppm in another

solvents. The different behavior in aqueous solutions
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Figure 26. c NMR Spectra of K*-Cryptand 0222 in Acetone
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may indicate some interaction between the free C222 and

water, such as hydrogen bonding between the oxygen of the

cryptand and the water molecule.

As can be seen from Table 13, in all cases there is

a large change in chemical shifts for NQHa carbon and one of

09H2 carbons (carbon 2 in Table 13) upon complexation,

but a small change in the other 0_C_H2 carbon (carbon 1

in Table 13). If the potassium ion is located in the

center of cavity and the structure of cryptand does not

change upon complexation, the changes in chemical shifts

for two 09H2 carbons should be about the same and larger

than that for MQHZ carbon since usually ion—dipole

interaction for O-M+ is stronger than for N-M+. However,

actually, as can be seen from Table 13, the change in

chemical shift for MQHZ carbon is larger than that of

either QQHZ carbons. The most probable explanation is

that there is the strong interaction between K+ and

nitrogen atom which makes the change in structure of

cryptand from the exo-exo (90) to the endo-endo confor-

mation upon complexation, which makes a extremely change

in the enviorment of NgH2 carbon.

The complexation of cryptand 0221 and potassium

ion was monitored by 39K NMR. As Figure 27 shows, at

mole ratio 0.5 of 0221/K+, in acetone, methanol, diemth-

ylformamide and acetonitrile, the two 39K signals which

correspond to the free K+ ion and complexed K+ ion were
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Table 13. The Change in 13C Chemical Shift of

Cryptand 0222 upon Complexation

 

 

Solvent Acetone Dimethyl- Dimethyl-

sulfoxide formamide

A61(OCH2) 0.21 ppm 0.51 ppm 0.39 PPm
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Figure 27. Potassium-39 Spectra of Potassium-0221 Cryptate

in Various Solvents; [C221] = 0.01 M ,

[KPF6] = 0.02 M.
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observed. It indicates the slow exchange between the free

K+ and complexed K+ ion on the 39K NMR time scale. However,

in the water case, the only one broad peak observed at

mole ratio 0.5 indicates the fast exchange between free K+

and complexed K+. The chemical shifts and line widths

for the free K+ and complexed K+ in various solvents are

shown in Table 14. The chemical shifts of K+-0221 cryptate

seem to be dependent on the solvent, which is indicative

of some contact interaction between K+ ion and the solvent.

It is reasonable to assume the formation of exclusive

K+-0221 complexes in these solvents.

The carbon-13 NMR was also applied for the investig-

ation of complexation of K+ and cryptand C221. The 15C

chemical shift as function of the K+/0221 mole ratio

in acetone, dimethylsulfoxide and water are presented

in Table 15. In the acetone case, 13C chemical shift for

each carbon on cryptand seems to reach a limiting value

after the mole ratio of 1.0 (the experimental error is

about : 0.05 ppm) which is indicative of the formation

of a stable complex. However, at mole ratio 0.5 of

K+/0221, only one averaging peak for each carbon was

observed, which is indicative of the fast exchange

reaction between free and complexed cryptand C221 while

the slow exchange reaction in the K+-C222 case was observed

as metioned previously. Therefroe, the K+-C222 cryptate

in nonaqueous solvents is a relatively inert complex
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Table‘Ha. Chemical Shifts and Line Widths of K-39

of K+-0221 Complexes at 0.5 Mole Ratio

 

 

 

(0221/K*)

Solvent 611m(ppm) V1/2(Hz)

Acetone (1) +12.31 (F) 31.7

(2) -10.94 (C) 53.8

Methanol (1) +10.86 (F) 24.4

(2) ~14.13 (c) 78.1

Dimethylformamide (1) +5.05 (F) 39.0

(2) -14.13 (C) 68.0

Pyridine (1) -0.18 (F) 30.3

(2) -17.60 (C) 82.4

Acetonitrile (1) +1.56 (F)* 19.5

(a) -13.54 (C)' 68.3

320 (1) -4.83 102.5

(F)' 2 Chemical shift for free potassium ion.

(of

complex KPF6= 0.02 M.

Chemical shift for complexed K+ in K+-C221
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while K+-C221 cryptate is a relative labile complex.

The 136 chemical shifts for each carbon on free

C221 in aqueous solution can be seen to show some differe-

nce from that in another solvents. For example, the

chemical shift for carbon 5 (NQHZ carbon) is «456 ppm

in the water case, but it isa~f59 PPm in acetone and

DMSO cases. Again, this result may be due to the inter-

action between the cyptand C221 and the water.

The data of potassium-39 NMR chemical shifts for

K+-0211 cryptates are tabulated in Table 16. The mole

ratio studies of the complexation in various solvents

are illustrated in Figure 28. Since the exchange between

free K... and complexed K... was fast on 39K NMR time scale,

only one 39K signal was observed at various mole ratio of

0211/K+. In the cases of acetone, pyridine and aceton-

itrile solutions, the chemical shifts reach the limiting

value at a low mole ratio of ligand/K+ (..2,5), which

is indicative of the formation of relatively strong comple-

xes. The formation constants for these complexes are listed

in Table 16. In the dimethylformamide case, the chemical

shift tends to change continually even after mole ratio

4.0, which indicates the formation of weak complexes.

However, in the DMSO case the chemical shift of 39K seems

not change with increasing ligand concentration. The

formation constants of K+-C211 complex was obtained by

fitting the curve using KINFIT program, (the application
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of KINFIT and subroutine equation are described in

Appendix IV). As Table 17 shows, the formation constants

of K+-C211 complexes among these solvents decrease in

the order; acetone:>acetonitrile >pyridine >dimethyl-

formamide. It is not surprising that the most stable

complex in acetone solution, since acetone has a low

donicity and a low dielectric constant. Acetonitrile

and dimethylformamide have about same dielectric constant

(“'38), but the difference in stabilities of complexes

in both solvents was observed, which may be due to the

lower donicity of acetonitrile than that of dimethyl-

formamide. Pyridine has higher donicity than dimethyl-

formamide and it would be expected that the complex in

pyridine should be weaker than that in dimethylformamide.

However the reverse experimental result was obtained.

It should be noted that.according to the Pearson's

Hard-soft-acid-base (HSAB) theory (104), pryidine is a

relatively soft solvent (base) and K... is a hard ion

(acid), the K+ ion should be expected undergo weak inter-

action with pyridine, and then the K+-cryptand intera-

ction would be expected to be strong.

The carbon-13 NMR chemical shift measurements were

also made at mole ratio (M+/cryptand) of 0.5 in alkali

metal salt (NaI, K+ and Cs+) nonaqueous solutions. The

data are presented in Table 18. The results seem to

indicate that inert complexes are formed in the cases of
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Table 17. Formation Constants and Limiting Chemical

Complexation of KPF6 by 0211Shift for

 

  

Solvent Log Kf 611m(ppm)

Acetone >4. -5.44 i 0.05

Acetonitrile 2.80 i 0.21 -11.78 i 0.37

Pyridine 2.47 i 0.06 -9.13 i 0.08

Dimethylformamide 0.99 i 0.06 -12.98 i 0.20

Dimethylsulfoxide(a) - -

 

(a) The ligand concentration show no effect on

shift of KPF6 in dimethylsulfoxide.»

the chemical
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Li+ for cryptand 0211, Na+ for cryptand C221 and K+ for

cryptand 0222, as indicated by two 13C signals observed

for each carbon on cryptands which are corresponding

to free ligand and complexed ligand respectively. It

indicates that in nonaqueous solvents, cryptands still

have very sharp cation selectivities; cryptand 0222 for

K+, cryptand 0221 for Na*, and cryptand C211 for Li+.



CHAPTER IV (B)

COMPLEXATION OF THE K+ IONS BY CROWN ETHERS



(B) COMPLEXATION OF THE K+ IONS BY CROWN ETHERS

In this work, the complexation reactions of potassium

hexafluorOphosphate with crown ethers, such as 18-crown-6,

dibenzo-18—crown-6, 15-crown—5, monobenzo-15-crown-5

and 12-crown-4 were investigated in various solvents

by 39K NMR and 130 NMR.

RESULTS AND DISCUSSION

The chemical shifts of 39K as function of mole

ratio of ligand/K+ were measured and the data in various

cases are presented in Table 19. In the 39K NMR compl-

exation study, the concentration of KPF6 was held const-

ant (0.04‘M) and the ligand concentration varied.

In the 18-crown-6 case, the plots of the 39K chemical

shift vs mole ratio of 18c6/K+ in acetone, dimethyl-

formamide, water and dimethylsulfoxide are illustrated

in Figure 29. In the case of acetone, the chemical

shift reachs the limiting value after mole ratio 1.0,

which is indicative of the formation of very strong

K+-18C6 complex. It is not surprising, since the diameter

of potassium ion is 2.73, which is very close to the

cavity size of 18-crown-6 (2.62) (72). The potassium

ion would be expected to form a stable complex with

18-crown-6. However, in the solvents of high donicity

and dielectric constant, such as dimethylsulfoxide,

water and dimethylformamide, as can be seen from Figure

29, the curves level off at higher mole ratio (:>3.0),
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which is indicative of the formation of weaker complexes

than that in acetone.

The formation constants of complexes in these solvents

were calculated by use of the KINFIT program (101). The

computer subroutine equations are decribed in Appbndix IV.

The formation constants of K+-18C6 complexes in various

solvents are presented in Table 20. The formation const-

ants among these solvents are in the order; acetone:>

dimethylformamide2>dimethylsulfoxide)»water, which follows

the inverse order of donicity of these solvents. These

results are not'surprising, since, as mentioned in chapter

III, the K+-solvent interaction is a function of the

donicity of the solvent. A strong-K+-sOlvent interaction

would be expected in a solvent of high donicity and con-

sequently a strong K+-solvent interaction will prevent

the interaction between K+ ions and 18-crown-6. The

logarithm formation constant of K+-18-crown-6 in H20

obtained in this work is in good agreement with the value

2.06 reported from a calorimetric titration study (73).

As can be seen from Figure 30, the chemical shift

of the 18-crown-6-K+ complex is concentration independent,

which is indicative of an absence of ion pairing between

18-crown-6-K+ and the PF6‘ anion. The salt solution

however, shows some K+ PF6' ion pair formation.

The complexation reactions of the potassium ion

with dibenzo-18-crown-6 (DB1806) were also studied by
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Table 20.Formation Constants and Limiting Chemical

Shift for the Complexation of KPF6 by

18-crown-6 in Various Solvents

 

 

Solvent Log Kf 611m (ppm)

Acetone >4. 4.46

Dimethylformamide 2.70 i 0.04 3.85

Dimethylsulfoxide 2.19 i 0.23 1.43

* +

Water 2.17 _ 0.13 1.56

 

* KI was used instead of KFF6
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Figure 30. Chemical Shifts of 18 C 6 K+ Complexes as

Function of Concentration
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59K NMR. Unfortunately, this study is limited by the

low solubilities of dibenzo-18-crown-6 in most nonaqueous

solvents. In this study, the K+ concentration was held

constant at 0.02 M, instead of 0.04‘M, which was used

in the previous study.

The results are presented in Figure 31. As can

be seen in the case of acetonitrile and pyridine,

the curves level off at a mole ratio of ligand/K*—~1.5

and 2.5 respectively, which indicates that the complex

Of dibenzo-18-crown-6-K+ in acetonitrile is stronger than

that in pyridine. This may be due to the much higher

donicity of pyridine which weakens the ion-ligand inter-

action. Unfortunately, in the case of acetone, the low

solubility of dibenzo-18-crown-6 limited the study after

mole ratio 1.25, however, obviously, the curve for acetone

solutions does not level off at mole ratio of 1.0 which

indicates that the K+-DB18C6 complex is weaker than

K+-18C6 complex which the curve levels off exactly mole

ratio of 1.0 (see Figure 29 at page 119 ). The formation

constants of K+DB1BC6 complexes in these solvents are

presented in Table 21.

The value of the formation constant of K+-dibenzo

18 C 6 complex in acetone must be suspect since not

enough data were obtained after mole ratio of 1.0.

The complexation of the potassium ion with 15-crown-

5 has been investigated the same technique. Since the
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Table 21. Formation Constants of Complexes of KPF6

with Dibenzo-18-crown-6 in Various Solvents

 

 

Solvent Log K1 61(ppm)

Acetonitrile >4 -7.32

Pyridine 3.42 i 0.11 -13.65

Acetone >3 -8.26
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diameter of potassium ion and the cavity size of 15-

crown-5 are 2.62 and 1.72 (72) respectively, the potassium

ion is too large to fit into the cavity of the ligand.

The variation of the chemical shifts as a function of the

mole ratio of 15-crown-5/K+ is presented in Figure 32.

In acetone and methanol solutions, the chemical shift

goes down field until mole ratio of 1.0. Further addition

of the ligand reverses the direction of the shift. It is

reasonable to assume that the results indicate that

formation of a stable 1:1 (1505/K+) complex followed by

the addition of a second 15-crown-5 molecule to form a

2:1 (15C5/K+) sandwich complex (81).

The formation of 2:1 (1505/K+) sandwich complex

at the 15C5/K+ mole ratio 1.0 in acetone was also sugge-

sted by a carbon-13 NMR study. Since 15-crown-5 is a

symmetric ligand, it shows only one 13C NMR signal.

However, as Figure 33 shows, at mole ratio of 0.75 of

K+/ligand, two carbon-13 NMR signals were observed, which

correspond to the 1:1 and 2:1 complexes respectively.

The solid (15-crown-5)2KPF6 complex was precipitated

from methanol solution of 0.1‘M'KPF6 and an excess of

15-crown-5 (:>0.2'M). The elemental analysis data are

shown in Table 22. The solid decomposed at 255°C.

As Figure 32 shows, there seems to be a weak break

in the curve at mole ratio 1.0 in nitromethane and

acetonitrile solutions, which is also indicative of a
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Figure 33. C Spectrum of 15—Crown—5 at Mole Ratio

0.75 of K*/15C5 in Acetone
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Table 22. The elemental analysis for (15-crown-5)2 KPF6

sandwich complex

 

0% 11% P%
 

Observation: 38.48 6.36 4.97

Calculation: 38.46 6.41 4.96
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probable formation of 2:1 complexes. Also, it is interest-

ing to note that in all of these solvents, the limiting

chemical shifts of the curves seem to approach the same

value, which is another evidence for the 2:1 sandwich

complex in these solvents. It is reasonable to assume

that in all the nonaqueous solvents used including

nitromethane and acetonitrile, the 2:1 sandwich (15-crown

-5)2K+ complex can be formed with excess ligand, where

as in water only the 1:1 complex has been reported (73).

The complexation reaction of K+ with 15-crown-5 in

pyridine, propylene carbonate, dimethylformamide and

dimethylsulfoxide were also investigated, and the results

are illustrated in Figure 34. In prOpylene carbonate

another V shaped curve is obtained. In pyridine, dimethyl-

formamide and dimethylsulfoxide solutions. There are

also very weak breaks at mole ratio of 1.0. These results

seem to indicate the formation of 1:1 and 2:1 complexes

in these solvents. The formation constants for 1:1 and

2:1 complexes can be obtained by fitting these chemical

shift data by using KINFIT computer program. One typical

fitting is shown in Figure 35. The computer subroutine

equations are described in Appendix V. The formation

constants for 1:1 and 2:1 complexes in various solvents

are shown in Table 23. As can be seen, the formation

constants of 2:1 complexes seem to decrease in the order;

nitromethane:>acetone:>pr0pylene carbonatez>pyridine >
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154

acetonitrilei>methanolI>dimethylformamide:>dimethylsu-

lfoxide. The order observed is the inverse order of

donicity for these solvents except for pyridine, but

does not correlate with the dielectric constants of these

solvents. For example, although prOpylene carbonate (PC)

has the highest dielectric constant of all the solvents

used, the formation constant of the complex in PC is

larger than that in most solvents. Therefore the donicity

of the solvent seems to be a very important parameter

in the complexation reaction.

Pyridine has the very low dielectric constant of

12.0 which may have some effect on the complexation,

however, it is also a "soft' base and despite its high

donicity, it may not solvate strongly the alkali ions

which are "hard" acid.

It is seen in Table 23 that the chemical shifts

for the 1:1 complexes ( 6,) seem to be solvent depend-

ent. This is reasonable, since, in the 1:1 complex, the

solvent molecules have a ready access to the cation.

However, for the sandwich complexes. the cation should

be insulated from the solvent, the chemical shifts are

largely solvent independent.

It is surprising that the formation constants for

1:1 complexes in various solvents are always very large.

Even in solvents of high donicity such as dimethylfor-

mamide and dimethylsulfoxide, the values of log K1 are
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4.11 and 2.91 respectively. The results were checked by

carbon-13 NMR. The results are illustrated in Figure 36.

As can be seen in the acetone case, the C-13 chemical

shifts reach a limiting value after mole ratio 1.0 of

K+/15C5, which indicates the formation of a very strong

complex. Even in dimethylsulfoxide, in which the chemical

shifts reach a limiting value after mole ratio 2.0, the

formation constant (log K) for the 1:1 complex obtained

by fitting the curve is 2.78. The results are in good

agreement with the K-39 NMR result.

The influence of the anion on the formation of the

sandwich complexes was investigated in these solvents.

The results shown in Table 24 clearly show that as expected,

the nature of the anion has no influence on the 39K limiting

chemical shift and therefore, there is no evidence for

the complexed cation-anion interaction. Even for the 1:1

complex the data in Figure 37 shows only a very small

degree of ion pairing between (15C5K)+ and PF6', there is

only a very small change in 39K chemical shift with com-

plex concentration.

The complexation study of the potassium ion with

monobenzo-15-crown-5 in various solvents was also perfo-

rmed by potassium-39 NMR. Since the attachment of the

benzo group on crown ethers has been reported to diminish

the bascity of the oxygens and to reduce the cavity size

of the ligand (55), weaker complexes of potassium with
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monobenzo -15-crown-5 than with 15-crown-5 would be

expected.

As can be seen from Figure 38, in nitromethane and

acetonitrile, the limiting chemical shifts seem to reach

the same value, which is probably due to the formation of

2:1 sandwich complexes. The formation of both 1:1 and

2:1 complexes of monobenzo-15-crown-5 with K+ in the

methanol-water mixture has been reported by Izatt (105).

A solid MB 15 C 5 KPF6 complex was obtained by precipit-

ating it in methanol solution. The melting point was 248

“"25000 and the elemental analysis is given below (Table

25).

Table 25. Elemental Analysis of (monobenzo 15 0 5)2 KPF6

 

 

0% H% P%

Observation: 46.62 5.54 4.41

Calculation: 46.67 5.55 4.31

 

The formation constants for both 1:1 and 2:1 complexes

obtained are presented in Table 26. In the acetonitrile

case, the formation constant of 1:1 K+-monobenzo 15 0 5

complex is smaller than that of 1:1 K*-15 C 5 complex.

The 2:1 complex, however, shows a formation constant

(log K2) for the MB 1505-K+ complex which is larger than
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Figure 33. 39K Chemical Shifts lg Mole Ratio of
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that observed in the 15-cr0wn-5 case. In the nitromethane

case, formation constants for 2:1 complexes in both 15-

crown-5 and benzo-15-cr0wn-5 cases are large. It is not

unexpected since the nitromethane has low donicity of

2.7, it may solvate the K+ ions weakly.

The complexation of 12-crown-4 and potassium ion in

various solvents was studied by K-39 and 0-13 NMR, and

the results of 39K NMR mole ratio studies are illustrated

in Finger 39. As can be seen, in all cases there are no

obvious inflection points or breaks in the curves. It is

very difficult to say whether or not a 2:1 complex is

formed. The cavity size of 12-crown-4 is —~1.22 (72)

which is very small for the K+ ion (~v2.7X). Thus it is

possible to form both 1:1 and 2:1 (1204/K+) complexes in

these solutions. However, the 2:1 (1204/K+) complex could

not be isolated from KPF6 methanol solution in the same

manner in which we obtained the 2:1 (1505/K+) complex.

Therefore, no evidence of the formation of the 2:1 complex

was obtained.

In order to get more information about the behavior

of the complexation in this system, the ‘30 NMR mole

ratio study for this system was performed. The data are

presented in Table 27. The plot of 0-13 chemical shift of

12-crown-4'zg mole ratio of K+/12-crown-4 is shown in

Figure 40. Since the 12-crown-4 is a symmetric ligand and

because the exchange between free ligand and complexed

ligand is fast, only one 130 NMR signal was observed at
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various mole ratios. Even in the solvents of low donicity,

such as acetone and acetonitrile, the 130 resonance does

not tend to reach the limiting value before the mole

ratio 2.0, indicative of the formation of a weak 1:1

complex. In the dimethylsulfoxide solutions, the 0-13

chemical shift continue to change even after mole ratio

3.0, which suggests that the 1:1 complex is quite weak

in this solvent. It is seen that in all cases only

evidence for the formation of very weak 1:1 complexes

 
was observed. There is no indication of a 2:1 complex.

If only the 1:1 complex is assumed to be present in

various solvents, the formation constants of 1:1 complexes

can be obtained by fitting the curves for both carbon-

13 and potassium-39 NMR and are presented in Table 28.

As can be seen, the formation constants of complexes

from both 0-13 and K-39 NMR studies are in good agreement

with each other in acetonitrile, acetone and dimethyl-

sulfoxide cases. The results do not definitely rule

out the formation of a very weak 2:1 complex. As Table

28 shows the formation constants of 1:1 complex in methanol

and dimethylfoxide are obviously smaller than in aceton-

itrile, acetone and nitromethane. In the methanol case,

it is possible to envisage hydrogen bonding between the

methanol molecule and the oxygen of ligand which would

probably prevent or reduce the extent of complex format-

ion. The very weak 1:1 complex in DMSO is not unexpected,
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since DMSO has high donicity and can solvate K+ easily.

It is of interest to study the Cs+ ion complexation

with 12-crown-4, since both K+ and Cs+ ions are too large

for 12-crown-4 which has about same size as the Li+ ion.

The 13C NMR mole ratio study for 1204 in the Cs+ case

is shown in Figure 41. In the 12-crown-4 case, the 130

chemical shift of ligand does not tend to reach the limit-

ing value even at mole ratio of 2.5, which is indicative

of the formation of a very weak 1:1 Cs*-12-crown-4 complex.

The formation constant (log K) of the 1:1 Cs*-12-crown-

4 complex obtained by fitting the curve is only 1.09

(the data is presented in Table 27, page‘H#+ ). Since

the Li+ ion has about same size as the cavity of 12-

crown-4, the Li+-12-crown-4 complex would be eXpected

to be strong. Surprising, the Li+ ion was also reported

to form only a weak complex with 12-crown-4 in acetone

(106). It may be that due to the very small size of

12-cr0wn-4 (only four oxygen atoms on the crown ether

ring), the attraction between the metal ion and the ligand

is so weak. As can be seen from Figure 41, in the 15-

crown-5 case the curve levels off at mole ratio 1.0,

which indicates the formation of strong 1:1 complex

(formation constant (log K):>4). This is not surprising,

since 15-crown-5 is a larger ligand than 12-cr0wn-4 and

the attraction between metal ion and ligand is stronger.

Even for Li+, which is too small for 15-crown-5, the
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  4
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Figure 41. Carbon-13 Chemical Shift 1s Mole Ratio of

Cs/Ligand in Methanol.
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formation of a strong Li+-15-cr0wn—5 complex in acetone

was reported (formation constant :>103) (106).

Haynes, gp'gl (107) found that a good correlation

between the 23Na NMR chemical shift of the complex of

the Na+ ion with antibiotic ligands such as monensin,

enniatin B and valinomycin and the stability constant of

the complex formation in the same solvent as

5 complex = 60 + m log Ks (IVB.1)

 where 6 o and m are constants and Ks is the 'stability

constant for the complex. According to the above equation,

the strongest complex would be expected to have the lar-

gest shift. However, as shown in Figure 42, in acetone

solution, DB1806 has the largest 39K'NMR shift but it

does not form the strongest complex as mentioned previou-

sly (page 123 ). For cryptands, as shown in Table 29,

cryptand 0221, not cryptand 0222, gives the largest shift

(A5) even though it does not form the more' stable

complex with the K+ ion than cryptand 0222. These

results indicate that the 39K NMR chemical shifts of

complexes do not correlate with the stabilities of

complexes in these macrocyclic polyether systems. This

probably suggests that not only K+-ligand attraction

force but also another factor such as repulsion force

contributes to the paramagnetic shift of 39K* upon

complexation. The K+ ion was reported to nicely fit into
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Figure 42. Mole Ratio-39K Chemical Shift Study for

Various Ligands in Acetone.
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the cavity of 18 C 6 (81). As mentioned previously,

the attachment of the benzo group on the crown ether

ring results in decreasing the cavity size of the crown

ether (55). the DB1806 would be expected to have smaller

cavity size than 1806. Therefore, when the K+ ion is

inside of the cavity (81) the repulsive interaction F

between the K+ ion and the oxygen atom on the crown

ether would be larger in the DBC18C6 case than that in

the 1806 case. The large repulsive interaction probably

  
result in a large paramagnetic shift. The similar behavior

is observed in the cryptand 0221 case. The cavity of

0221 is too large for the K+ ion, when the K+ ion tries

to fit into the cavity (The K+ ion was found on the

margin of the cavity of 0221 from X-raystudy of K+-

0221 complex crystal (108), the repulsive interaction

also will be induced.



CHAPTER V

RECOVERY OF CRYPTAND FROM CRYPTATE

 

 



INTRODUCTION
 

Cryptands 0211, 0221 and 0222 are commercially

available but at a rather high price. Therefore, it

seemed useful to develop a technique by which the ligands

can be recovered from used solutions of their complexes.

It has been shown by Lehn,lg£.al(86) that when the

two nitrogen atoms of the bimacrocycle are protonated,

the ligand is in the exo-exo form and has very little

complexing ability. Lok (109) also reported that the

sodium 0222 cryptate dissociates into the protonated

cryptand and free sodium ion at pH 6.7. The recovery

procedure is based on these observations.

‘RESULTS AND DISCUSSIONS

The recovery procedure, shown diagramatically in

Figure 43 involves four steps. 1. Recovery of solid

cryptate complex from solutions. 2. Preparation of

aqueous solutions of the cryptate and release of the

captured cation at low pH. 3. Separation of the protonated

cryptand from the metal ion(s) on a cation exchange column.

4. Conversion of the protonated cryptand to the basic

form and purification.

Solutions of metal cryptates in various solvents

were dried in m at ~10'2 torr at room temperature (M

must not be done if the solutions contain Cloh' anion).

The solids (0.1-e0.3 g) were dissolved inr~220 ml of aqueous

6 M H01 with gentle heating and the solution again
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'Figure 43. . Diagram for Recovery of Cryptand from

Cryptate
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evaporated to dryness at «v10'2 torr. The residue,

containing alkali salts and diprotonated cryptand, was

dissolved in 20 ml of aqueous 0.1 M H01. (If the original

solutions contain a variety of anions, it is useful at

this point to convert the salts to the chloride form by

 

an anion exchange column in 01' form). The solution 57

was then passed through a cation exchange column in H+

form (Dowex 50 x 8, 100 -200 mesh, 1.2 x 22 cm column).

Metal ions were eluted with 150 ml of 1.0{M 301 while

the diprotonated cryptand remained on the column. Second 5

elution was then carried out with ..120 ml of 6{M H01.

In an experiment involving sodium-222 cryptate the elution

of the alkali cation was followed by atomic absorption

while that of the cryptand, by proton NMR. The elution

curves are illustrated in Figure 44. The experimental

data for atomic absorption and 1H NMR are presented in

Table 30.

Then, crystals of the diprotonated ligand (0222

o2H01) were obtained by evaporating the solvent from

the cryptand solution under vacuum. The crystals are

redissolved in'~'2 ml of water, placed on an anion exch-

ange column in the 0H" form (Dowex 1 x 2, 100...200 mesh,

1.2 x 45 cm) and the free base eluted with conductance

water. Sometimes it is necessary to repeat several times

this step until most protonated cryptand was converted

to the free cryptand 0222. Finally the free cryptand



 i

(W)

 

 

 

 

'
N
“
U

4
+
“

6
N

H
C
l

0
.
0
6
—

0
.
0
5
~

0
0
4
~

0
0
3

-

0
.
0
2

"-

0
.
0

|
-  

+§H2220 exam 10 NOIlvsiNHONOO

 

 
 

_
4

e
d
_
_
.
.
_
<
9

.
l

1

I
2
0

|
8
0

2
4
0

E
L
U
E
N
T
V
O
L
U
M
E

(
m
l
)

 

'
2
+

F
i
g
u
r
e

4
4
.

E
l
u
t
i
o
n

C
u
r
v
e

f
o
r
S
e
p
a
r
a
t
i
o
n

o
f

0
2
2
2
H
2

f
r
o
m

N
a
+

 

 
 157

5""



T
a
b
l
e

3
0
.

C
o
n
c
e
n
t
r
a
t
i
o
n

o
f

N
a
+

a
n
d

0
2
2
2

i
n

E
l
u
t
i
o
n

S
o
l
u
t
i
o
n
s

 

E
l
u
t
i
o
n

V
o
l
u
m
e

(
m
l
)

1
N
H
C
l

1
5

3
0

4
5

6
0

7
5

9
0

1
0
5

1
2
0

1
5
0

6
N
H
C
l

3
0

4
5

6
0

7
5

9
0

1
2
0

A
.
E
.

I
n
t
e
n
s
i
t
y

(
1
0
'
9
)

0
.
0
5

0
.
1

0
.
4
5

1
.
0

0
.
3
5

0
.
0
5

0
.
2
3

3
.
4
8

3
.
9
8

0
.
7
5

0
.
1
6

0
.
0
7

(
N
)

NNNNNN

N
M
R

I
n
t
e
n
s
i
t
y
(
a
)

(
N
a
?
)

0
2
2
2

1
0
"
2

1
0
"
2

1
0
"
2

1
0
"
2

1
0
‘
2

1
0
‘
2

(
C
2
2
2
)

(
M
)

2
.
1
4

x

4
.
2
8

x

1
.
9
3

X

4
.
2
8

x

1
.
4
9

x

2
.
1
4
x

1
0
"
3

1
0
'
3

1
0
’
2

1
0
'
2

1
0
’

1
0
‘
3

 

(
a
)

R
e
l
a
t
i
v
e

t
o

t
h
e

7
5
m
l

6
N
H
C
l

e
l
u
t
i
o
n

s
o
l
u
t
i
o
n

 

158



159

was obtained by dring in vacuum and recrystallized from

hexane. The purity of cryptand 0222 was confirmed by

melting point, carbon-13 proton-NMR and flame emission

technique which was applied to detect the content of Na+

impurity. The yield is about 60'~'80%. The recovery of

the cryptand 0211 from cryptate was performed in the

similar procedures.

Since the recovery is based on the protonation

of cryptand. It was of interest to investigate the pro-

tonation of cryptand in more detail. The carbon-13 and

1H NMR were applied to study the protonation. These

results studies are presented in Table 31 and Figure 45

and 46. As can be seen, both 1H and 13C NMR spectra of

protonated cryptand show so much difference from that

of free cryptand. As can be seen from Table 31 in the

H20 case the change in 0-13 chemical shift by protonation

for carbon 1 (QQHZ), carbon 2 (0032) and carbon 3 (NQHZ)

are -0.56, 5.34 and -0.66 ppm respectively ("+" means

upfield shift). The assignments of peaks for carbons

was made by Lehn (86). As can be seen, the one of QQHZ

carbon, not NQHZ carbon give the largest shift. The

identical phenomenon was also observed by Lehn, 33.3; (110).

Since it is well known that the protonation is easier

occurred on nitrogen atom, not on oxygen atom, it is

reasonable to expect the largest shift for NQHZ carbon.

These results are surprising. There are some probable
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Figure 45. Carbon-13 Spectra of Protonated and Free

Cryptands
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eXponation as following:

(1) It is caused by 3 effect. The attachment of H+ on

nitrogen causes the big chemical shift for 8 carbon

(carbon (2)) (110).

(2) The assignments of 13C NMR peaks for carbons is

probably not correct, however, this is less possible

since the OCH2 carbon, (not NQH2 carbon) usually resonates

around 70 ppm, for example, in the cases of 18-crown-6,

15-crown-5 and 12-cr0wn-4, the QQHZ carbons all resonated

around 70 ppm as mentioned in Chapter IV(B).

(3) The big change in 130 chemical shift for carbon (2)

(QQHB) probably suggest an extremely structure change

upon protonation. As also can be seen from the 1H NMR

spectra shown in Figure 46, the peaks for NCHZ and 00H2

protons in protonated cryptand show so close, which

indicates that the all protons have the similar enviroments

while the so different enviroments were found for NCH2

and OCHZ protons on free cryptand. This is probably

another evidence for an extremely cryptand structure

change upon protonation.

.
.
fi
"
.
1 \
.
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APPENDIX I

DESCRIPTION OF COMPUTER PROGRAM KINFIT AND SUBROUTINE

EQN FOR THE CALCULATION OF ION PAIR FORMATION

CONSTANTS BY THE NMR TECHNIQUE

The equilibrium for an ion pair reaction can be

expressed as

 
 

 

 

KIP _

M+ + x“ .———'- M+ - x (A.1)

and + _ C E

K _ (M - X) _ (MX) . 1
IP ' _ - Y 2

M+ - x CM+ 0X- 1:

1

where Kc is the concentration equilibrium constant,

1’: is the mean activity coefficient which can be calculated

by using Debye-Huckel equation:

6
1.82 10

(653/2 I“! I
' 108 7+ = (A03)

50.29 -o

1 + —————_ ' a

(DT)1/2

 

where Z. and Z- are the charges of the ions, I is the

molar ionic strength, D is the dielectric constant of
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the solvent, T is temperature (OK), 8 is the closest

0

distance of approach of the ions in A. The values of

8 for KPF6, KI and KSCN were used to be 4.0, 3.0 and

3.0 X (102)(111).

The observed chemical shift is a pOpulation average

 

 

 

 

of these of the free ion and ion pair I"

dobs = GFXF + bipxip ‘

= (6 F " 61p)XF + 61p (A04)

CM

where F

CT

Mass balance leads to

_ M M

[M+A]= CT " CF (A.6)

and charge balance to

- M

[W] = [A] = CF (A.7)

substitution of (5) (6) (7) into (4) yields

1 2

M -1 i (1 + 4chg) /

CF 2 (A.8)

2Kc

substitution of (8) to (2) we obtain

M 2 1/2

-1 + (1 + #KIPCT 7t )

obs ZKIPCT +

(A.9)



166

In order to fit this equation, four constants and two

parameters are used; namely

 

Const (1) = chemical shift of free K+

Const (a) = dielectric constant of solvent

Const (3) = temperature of solution (OK)

Const (h) = ion ion closest distance (2) F

U (1) = chemical shift of ion pair

11 (2) = KIP

In the cases of solvents of low dielectric constant ;

tsuch as acetone, pyridine and ethylenediamine, the

Debye-Hukel (DH) equation seems to be invalid at high

concentration of the potassium salt ()>0.2‘M). For

example, the value of 7; obtained for 0.2,! of KPF6 in

acetone is only 0.17 (activity = 0.03h). The value of

KIP for KPF6 in acetone obtained by fitting the data

to equation (A-9) and the DH equation is only 0.03

while the concentration equilibrium constant for ion-pair

formation (Kc) is 8.23 I 0.17.

The value of Kc can be obtained using equation (A-9)

with?+ = .0 and only one constant (ie: chemical shift

of free K”). The subroutine EQN for calculations of

KIP and Kc are listed the next two pages.
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APPENDIX II

DESCRIPTION OF COMPUTER PROGRAM KINFIT AND SUBROUTINE

EQN FOR THE EXTRAPOLATION OF NMR CHEMICAL SHIFTS TO

INFINITELY DILUTE CONCENTRATION

It was discovered that the curves described by

the chemical shift vs concentration plots could be

adequately described using a simple power series in

concentration

8 a do + AC + BCZ + 1303 +204 + F05 + so6

+ 807

dob

where bobs is the observed chemical shift, C is the

° salt concentration in molarity, A. B. D. E. F. G.

i and H are unknowns and 50 is the chemical shift at

infinite dilution, which is also unknown. The above

equations expressed in Fortran notation are as follows:

3 = u(1) + U(2)*XX(n) + U(3>’XX(1)"2

+ umfxxm"; + U(5)'xx(1)"4

+ 0(6)‘xx<1>'_"5 + u<7>fxxm“6

+ u(a>*xx<1)**7

Subroutine EQN of this calculation is listed on the

next page
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APPENDIX III

DESCRIPTION OF COMPUTER PROGRAM KINFIT AND SUBROUTINE

EQN FOR THE EQUILIBRIUM CONSTANT OF PREFERENTIAL

SOLVATION IN BINARY SOLVENT MIXTURES

The equilibra in mixed solvents can be expressed

as K1 K2

M+(SA)n + SE .____.._—. M+(SA)n_1(SB) -—————----'

K

M+(SA)n-2(SB)2 ——__n'—' M+<SB)II + (SB)n

(8.1)

where SA and SB are the solvent A and B respectively

n is the solvation number K1 ..........Kn are the

equilibrium constants for each step. If o:p is the total'

shift in the resonance of M+ from pure A to pure B

solvents. Hence, the intrinsic shifts of the various

solvated species was assumed to be prOportional to the

amount of B which they contain and then

1

oMAn = o; awn-18 = {or Oman = 6p (B.2)

1/n .. coco-cc 1/n

Let K' = K - (K1K2K3 Kn) (B.3)

K] = nK', Kn = %K' (Bali) .

The final equation in this treatment allows calculation

of K”11 as follows:
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1

T '—(1 + K1/n

 

35.13

XA

a = observed chemical shift relative to the resonance

of M+ in pure A

o .

- o -

5p " ‘M(solv A) ‘M+(801V B) q,

K1/n = the geometric equilibrium constant

n = solvation number l

 
XA , XB = the mole fractions of A and B respectively b:

The subroutine equation is listed on the next page.
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APPENDIX IV

DESCRIPTION OF COMPUTER SUBROUTINE EQN FOR THE

CALCULATION OF FORMATION STANTS FOR ONLY ONE STEP

REACTION

When the exchange between the free and complexed

K+ ion is fast on the NMR time scale, only a pOpulation

averaged chemical shift is observed

! - ' (D.2)

F XF ‘ 6FXF * bIPXIP

In which 61? , élpf and 5c are the chemical shifts

where b

for free, ion pair and complexed K+ ions respectively

and XF, XIP and Xc are the relative mole fractions

for each species. Since

(D.3)

C
) 0
5

H C
)

M M * CML

and T D.
CL = CML +CL ( A)

Substitution of (D.3), (D.h) and (D.2) to (D.1)

yields

' T

bobs = [R. 6M... + (KI‘.R.CL ' 6.MX)J/[(1+ d PIXOR)

+ (KIP’R'CMT. JIP )/ (1+ KIP.R)] / GMT

(v.5)

where T T

R = cM / (Kr-RIP) 'CL (1+Kf) + (1/KIP) (D.6)

171+
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In which CMT and 0LT are the total concentration

of metal and ligand respectively. Kf and KIP are the

formation constant of complex and ion-pair respectively.

In order to fit these equations, four constants

and two parameters are used; namely

Const (1) = Ion pair formation constant

Const (2) = Total cone of ion pair

Const (3) a Chemical shift of ion pair

Const (4) = Chemical shift of metal

U (1) = Chemical constant of complexed

I U (2) = Formation constant of complex

If only very small amount of the ion pair formation

is in the solution, the (0.6) equation can be simplified

to 2

T T 2 T
= - C -bobs (KfcM K L 1) + (Kf CL

2 T

' 2xf cL

2 T3
+ Kf CM

T T T T

+ ZKfCMT + 1)‘/2 6f - 5C + £0

M
2K0T

Subroutine EQN of the calculation of Kf with and

without ion pairing consideration are listed on the

next two pages.
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APPENDIX V

DESCRIPTION OF COMPUTER PROGRAM KINFIT AND SUBROUTINE

EQN FOR THE CALCULATION OF FORMATION CONSTANTS

FOR TWO-STEP REACTION

The equilibria for this two step reaction can be

 

m

expresses as ‘-

K ..

K“ + pF6' ——.IP K+PF6

+ + .

15 c 5 15 c 5 J

. ,1;
K1 1] , '1 K1

+ - KIP - +
K «1505 + PF6 = PF6 . K o1505

+ +

15 c 5 15 c 5
I

K2 “ K v 11 K2

+ IP + _

K (15cm = (K 15c5)?_pp6

As shown in Figure 379 the 1:1 complex of 15 C 5 with

K+ gives no evidence for contact ion pair formation.

That is, KIP'-O. Also, as can be seen from Table 24,,

anions show no interaction with 2:1 complexes, it _

suggested KIP"—~O too. Therefore the above scheme can be

simplified to KIP

K” + PF6' =. K+PFg

+ K1 +
K + 1505 = (K 1565)

K

(K*15c5) + 1505 'é K+(1505)2

178
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The observed chemical shift can be expressed as

+ 6 X (E'I)
6 - +

' 6FXF 6IPXIP ‘5 c1xc, ca c2-obs

Where F, IP, 01, 02 denote uncomplexed K+, ion-paired

+

K+, (K 1505) and K+(15C5)2 respectively.

The equilibria for two step reaction can be

rewritted in general form:

 

 

M+ + L=ML, K1 = CML/ CMCL (3.2)

+ ——3

ML + L,_.ML2, K2 = cMLZ / cMLcL (3.5)

C

w + X-g-t MX, KIP = MX (3.1+)

CM+CX-

The concentration balance leads to

T _
E.

T - 5.6cL - cL + cML + acMLZ ( )

T _ T _

substition of (3.2) (E.7) to (3.5) and (E.6) to (3.5)

yields

C T 2
M CM(1+KICL+K1KZCL IKIPCX) (E.8)

and T 2 (E )

CL = CL + KICMCL + 2K1KZCMCL .9

substition of (D.8) to (D.9) we obtain

V’

 

4K1K2°M

(3.10)



and also since

180

x01 a KICMCL (E.11)

x62 = KIKZCMCLZ/ GMT (E.12)

XF g CM / GMT (E.13)

xIP = KIPCMCX‘ / GMT (13.14)

In most solvents, KPF6 show very weak ionic

association, in addition, the results from 130 NMR

study (shown in Figure 36) indicate that the formation

constant for 1:1 complex always large, therefore

ion pair formation can not compete with the complexation

formation. Therefore in most solvents, the ion pairing

formation can be neglect (XIP21 O). In this case, in

order to fit these above equations, four parameters

and two constants

Const (1)

Const (2)

U (1)

U (2)

U (3)

U (4)

subroutine EQN of

are used

total concentration of metal

chemical shift of free metal

formation of 1:1 complex

Chemical shift of 1:1 complex

Formation constant of 2:1 complex

chemical shift of 2:1 complex

the calculation for with and without

ion pairing are listed on the next two pages.
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