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ABSTRACT

ION ASSOCIATION AND COMPLEXATION OF ALKALI

CATIONS BY CROWN ETHERS AND CRYPTANDS IN

VARIOUS SOLVENTS

By

Sadegh Khazaeli

The concentration and temperature dependence of the

13303 chemical shift, 6, for cesium salts in methylamine

was fit by a model involving ion—pairs and triple—ions.

Formation constants for ion—pairing, K. at 25.0°C and

ip’

standard deviations are: (2.65:0.19) x 105 and (1.30i

0.19) X lOLl M_1 for CsI and CsBPhu respectively, and the

corresponding enthalpies of association are: 3.7:O.3 and

l. The value for (K. obtained
lp)CSI

from conductance measurements depended on the conductance

A.O:l.0 kcal.mole_

equation used. The Onsager limiting law fit the data best

A —l
with (K. ) (3.u3io.2o) x 10 M at —15.7°c which is

ip 051 =

only about 35% of the value obtained from the NMR data at

this temperature.

The variation of 5 with temperature and with
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(l8—Crown—6)/(Cs+) mole ratio (R) in methylamine and am—

monia solutions indicated the formation of both 1:1 and 2:1

complexes. The concentration and temperature dependence

of 6 for the 1:1 complex in methylamine was described by

 K
Kthe equilibria: Cs+ + C‘-f Csc+, Csc+ + X‘ :A Csc+.x‘,ARC . AHXK+_ X +—

_and Cs .X -+C EH0 CsC .X , where C and X are the ligand
x

and the anion respectively. Values of KC = (1.07:0.08)

x 10L1 M‘1 at 25.000 and AH: = —l6.72i0.08 kcai.moie‘l were

obtained. The ion—pair formation constants of the 1:1

complex at 25.0°C are: (KA)CSI = (l.51i0.06) x 105 and  (KA)CsBPhh = (1.16:0.34) x 10A M—l. Other parameters have

the values: KX = (8.4ii.u) x 103, (6.33:0.uo) x 103,

and (4.87:0.53) x 103 M‘1 at 25.000 with AH; = —l8.80i0.95,

—16.uoio.53, and —13.50i0.73 keg-iihoie‘l for CsBPhu, CsI,

and CsSCN, respectively.'

The mole ratio'data for R > 1 were analyzed for solu-

. . . + _
tions in methylamine according to the equilibrium CsC .X

K

+ C A§§2 CEC:.X_ with corrections introduced for ion—associa-
x2

tion of the salt and the 1:1 complex. The thermodynamic

parameters are: (Kx2)CsI = “-03:0'05’ and (Kx2)CsBPhh =

22.82i0.35 M“1 at 25.000 with (AH;2)C8I = —6.05i0.08, and

< = —7.35:O.l2 kcal.mole_l. The corresponding

0

AHx2)CsBPhh

approximate values in ammonia are: (Kx2)CsBPh4 = 649i44

M“1 at 25.000 with (AHO = -u.9i:o.28 keai.moie‘l.x2)CsBPhu

Rubidium-87 chemical shifts of some rubidium salts were

Studied as a function of concentration. Attempts to use

 ¥
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87Rb NMB to study complexation of the Rb+ ion by l8—crown—6

and cryptand-222 failed.

The exchange of the Li+ ion between the free and 211—

cryptated species in methylamine solutions, while slow on

the NMR time scale, occurs within seconds of mixing. The

chemical shift of Li+ in the complex is the same in methyl-

amine and ammonia, indicating that the complexant effec—

tively isolates Li+ from the solvent and anion.  
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CHAPTER I

INTRODUCTION AND HISTORICAL
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INTRODUCTION

Since the discovery of crown ethers by Pederson (1—3)  
and cryptands by Lehn and coworkers (A-7), the thermo—

dynamics and kinetics of complexation of alkali cations by

these novel compounds have been studied in aqueous and

nonaqueous solvents by various physicochemical techniques.

Most of the research in this area has been performed in  relatively high dielectric media, where ionic association

occurs to a limited degree if at all. Little is known

about the effect of different ion—association processes

upon complexation in low dielectric solvents. The high

sensitivity of 133Cs NMR along with its narrow lines al—

lowed us to investigate extensively the thermodynamics of

the complexation of cesium salts by l8—crown—6 in the low

dielectric constant solvent methylamine. The results of

this study are presented in Chapters III and IV of this

Dissertation and are compared with the data in liquid am—

monia and in other solvents.

The thermodynamics of complexation of all the alkali

cations except the rubidium cation by crown ethers and

cryptands has been studied by the alkali metal NMR tech—

nique. To fill the gap, attempts were made to use 87Rb

NMR to study the complexation of rubidium salts in solu—

tion. This work will be described in Chapter V.

 



The kinetics of complexation of alkali cations with

crown ethers and cryptands has been investigated mostly

by line shape analysis of NMR signals. It was suggested

that the rate of exchange of Li+ ion between the solvated

 and C211 cryptated states in methylamine is very slow

the exchange rate can be determined directly

Chapter

(8). If so,

from the time dependence of the 7Li chemical shift.

V also describes the kinetic study of the complexation of

the lithium cation by C211 in methylamine.  
HISTORICAL BACKGROUND

1. Ion Association

A. Theoretical Aspects

Michael Faraday (9) was the first to realize that ions

play an important role in the behavior of electrolytic

solutions. He assumed, however, that in solutions ions

are formed only under the influence of an electrical field.»

Arrhenius, after extensive studies on the conductivity of

electrolytic solutions, proposed that molecules of an

electrolyte are spontaneously dissociated, to a certain

extent, into free ions (10). His theory could explain

the behavior of weak electrolytes where only a small frac—

tion of the molecules are dissociated but the behavior of

strong electrolytes shows considerable deviations from

Arrhenius' theory.

 



The concept of "ionic atmosphere" which is characterized

by a certain regularity in the distribution of ions and the

use of Poisson's equation by Debye resulted in the Debye-

Hfickel limiting law (11) (DHLL) for the activity coefficient

of ions.. The DHLL describes the behavior of strong elec-

trolytes only at very low concentrations which is a conse-

quence of the approximation used to linearize the Poisson—

Boltzmann distribution function. A modification of the

DHLL considers ions with finite size instead of point

charges by introducing an ionic parameter "a" which is

the minimum average distance to which two ions can ap—

proach each other.

The Debye-Hfickel theory was successful in describing

experimental data at low concentration (<0.01 M) for 1:1

electrolytes in high dielectric constant solvents. At

biggier concentrations, and for ions with high charges, the

lirnsarized Poisson-Boltzmann equation is not valid, and

true short—range forces between the ions also becomes im-

portant.

Grunwall, LaMer, and Sandved (12) improved the Debye-

Pfiickel theory by using higher order terms in the Poisson-

Ekoltzmann equation. Their treatment predicts departures

iflwmlthe Debye-Hackel theory for electrolytes of high

‘falence type, for electrolytes whose "a" parameters are

53nm11,2u1d for electrolytes in solvents with low dielectric

clonstants. However, their treatment has been criticized



 

because of internal mathematical inconsistencies.

Although the theory of Debye-HUckel including the ion

size parameter is very successful in describing many experi—

mental data (13,1A), there remain some unsolved problems

such as the question about the validity of the linearized

Poisson-Boltzmann equation and the consideration of short—

range forces between the ions. It also does not seem to

be possible to extend this theory to more general models

nor to higher concentrations (m0.5 M). For these reasons

much theoretical research has been done on the basis of

the exact statistical treatment of the problem (15—18).

A complete solution of the Poisson—Boltzmann equation

is not possible due to mathematical difficulties. Bjerrum,

who realized such difficulties, suggested a much simpler

approach by introducing the concept of ion—pair forma—

tion (19). He proposed a model of rigid nonpolarizable

spheres in a medium of fixed macroscopic dielectric

constant (primitive model). The ion—solvent interaction

as well as nonpolar bonds were neglected. The probability

that an ion is at a distance r from another ion was given

by the Maxwell—Boltzmann distribution function. The Bierrum

distance q is defined as the distance at which the energy

of interaction of the ions is 2kT. Two ions within a

distance q 1 r 2 a are considered as ion—pairs. Within

this region the potential energy of the two ions was taken

as the Coulombic energy. The probability of finding two
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ions 1 and 2 in this region is,

o [Z1Z2le2/DrkT 2

e r dr
 probability = 1 — a 1000

 (l—l) 
where d is the degree of dissociation of the ion—pair,

N is Avogadro's number, C is the molar concentration,

4

Z1 and 22 are the valences of the ions, D is the bulk di—

electric constant, k is the Boltzmann constant, and T is  the temperature in OK. If y E IZlZ2Ie2/erT and b

IZlZ21e2/aDkT, then it can be shown that,

2
IZlZ2le 3 fb y -A
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— ””NC ’lezle >3 0(b) <1—2) 

— 1000 DkT

b

where Q(b) E f e y dY-

2

The ion-pair formation constant KA can be written as,

l-d (1—3)
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where r+ is the mean activity coefficient. As concentration

decreases the mean activity coefficient and a2 approach

unity, then,

  

Introducing a from Equation (1—2) gives.

[le2le2)3

KA =1‘0‘0‘0 ( DKT Q(b) (1—5)

Values of Q(b) have been tabulated by Bjerrum for the range

1 3 b i 15. Values of Q(b) in the range 15 g b 5 80 were

obtained by Fuoss and Kraus (20). Despite the mathematical

artifacts and the oversimplification of the model, the

Bjerrum theory has been able to describe systems of 1:1

electrolytes (20) as well as polyvalent electrolyte

systems (21) in water and mixed solvents.

One of the problems of the Bjerrum theory was that

the probability function diverges for r > q and so cannot

have any physical meaning. Furthermore, at low dielectric

constants the value of q becomes extremely large. Fuoss

(22) in 1958 defined ion-pairs to include only those ions

in physical contact. The solvent was taken as a continuum

dielectric and ions as rigid spheres. Upon formation of an

ion-pair, the solvent molecules between the ions were

 
 



 

 

 

squeezed out. Cations were taken as conducting spheres

of radius "a" and the anions as point charges. This is

equivalent to considering both cations and anions as spheres

of radius a/2. By a statistical treatment the following

 expression for the ion—pair formation constant was ob—

tained,

 

 

 

1—d
K =

A d2Cy

- _ AiTNa3 b
_KA — 3000 e

(l 6)

The value of "a" corresponding to the minimum in KA can be

obtained by differentiating the above equation with re—

spect to "a". This yields,

2

— 'le2le - g <1-7>amin-W-sq

The Fouss expression consists of two terms (23). The pre—

eXponential factor has an entropic nature and stands for a

probability factor which increases with the Size of the

C01liding ion. When 'legl = 0 the value of KA is a measure

Of the excluded volume from the solution occupied by the

ions. The exponential term is energetic in nature and
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expresses a shielding factor caused by the ionic charges.

The Fouss theory considers the solvent to be a continuum

dielectric and includes only electrostatic forces between

the ions.

Fouss and Kraus (2A,25) obtained an expression for the  
formation constant of triple—ions, by assuming equal prob-

ability of the formation of cationic and anionic triple—

ions. Their final equation for the case in which the

centers of the three ions lie on a straight line is,

 3

~ 311: I<b3) (1—8)

where a3 is the distance of closest approach of the ion—

pair and the other ion, and b3 = lZlZ2Ie2/a3DkT. Values of

I(b3) for values of b3 from 3.5 to 36.6 were calculated and

tabulated (2A,25). Consideration of boundary conditions

leads to the conclusion that triple-ions are unstable

(K3 - 0) with respect to thermal agitation when b3 : 8/3,

therefore ion-triples can form in solvents with

2

3lZlZ2le

D < -————————

— 8a3kT
(1-9)

Denison and Ramsey (26) calculated ion—pair association

constants from a Born cycle. Their thermodynamic theory

considers two ions as an ion—pair when they are in contact,

that is separated by the distance of closest approach. The



  

10

ion-pair formation constant calculated from their model

is expressed as,

b . (1-10)

According to the above theories the ion-pair association

constants of a salt in two solvents with the same dielectric

constant should be equal (isodielectric rule). Gilker-

son (27) noted that ion-pair association constants of some

tetraalkylammonium salts are different in 1,2-dichloro-

ethane (D = 10.2), 1,1-dichloroethane (D = 10.0), and g—

dichlorobenzene (D = 9.93) which have practically the same

dielectric constants. Gilkerson tried to rationalize the

above facts by including ion-solvent effects in the

tflueoretical expressionfku°the ion-association constant (27),

arki obtained the following expression,

KA = [(2nukT/h2)3(gvo)exp(-Es/kT)]_lexp(e2/DakT) (l-ll)

iri which u is the reduced mass, g is the internal rotational

811d.vibrational contributions to the partition function,

\’ is fine free volume available to each particle, and o is

The
a. facUn? varying from unity for solids to e for gases.

IDEuemeter' ES is the difference between the solvent-ion

al'ldsolvent-ion-pair interaction energies. To a first
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approximation ES is proportional to the dipole moment of the

solvent molecule. This approach could explain the dif-

ferences in the ion-pair association constants in solvents

with the same dielectric constant. Later GilkerSOn (28)

substituted for the energy term, Es’ the free energy change

of the solution upon dissociation and came up with,

2

K = AuNa3 ex [A s _ Ass + [ZlZZIe (1 12)

A 3000 p RT R aDkT ‘

Pettit and Bruckenstein (29) have extended the Denison—

Ramsey theory by the introduction of the entropic term in

the ion-association constant expression. Their theory is

applicable mainly to solventsof low dielectric constant

(D g 10) where contact ion—pair formation must be ex—

pected.

Eigen and Tamm (30) attacked the ion-association problem

by a kinetic approach with a multistep model for associa—

tion.

From the ion—association theories mentioned, the

behavior of strong electrolytes can be explained in suf-

ficiently dilute solutions. The extension of these theories

to more concentrated electrolytes must take into account

the short—range forces between the ions which makes the

theoretical treatment complicated. The short range forces

are due to (23),

 

 



l. Repulsive forces from quantum mechanical effects.

2. The molecular structure of the solvent which results

in deviations from Coulomb's law for a continuum

dielectric medium.

 Attractive contributions to the interaction forces

from mutual polarization of the ions, from Van—

der Waals forces, and from attractive forces of co—

valent bond formation.

A. Solvation effects.

(31),These effects have been considered by Levine et a1.

Stecki (32), Marcus (33), and others (3A,35).

Specific ion—solvent interactions influence the extent

of ion—association and can also lead to the formation of  different types of ion—pairs. No quantitative theory is

available for ion—solvent interactions,but consideration of

the dielectric constant, the dipole moment, and the donor

ability of the solvent can lead to a qualitative description

of the problem.

In 195A Winstein (36) and Fuoss (37) simultaneously and

independently suggested that two kinds of ion-pairs may

exist - contact and solvent separated. Solvent separated

ion-pairs may exist only in those solvents in which one

(solvent shared) or both (solvent separated) ions have tight

solvation shells. When interaction of the solvent with both

ions is weak a contact ion—pair forms. In solvents of
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medium dielectric constant, the association constant of the‘

two kinds of ion pairs can be separated by the combination

of appropriate experimental techniques (38). The extent

of formation of different kinds of ionepair cannot be

explained by simple electrostatic considerations. The be-

havior can best be explained by the donor-acceptor concept.

In strong donor solvents, ions are tightly solvated and

therefore the formation of solvent separated ion-pairs is

favored. On the other hand, in solvents of low donor ability.

contact ion-pair formation is favored.

Recently Fuoss (39,A0) proposed a model in which the sol-

vent-separated ion—pair was introduced as an intermediate

transition state between unpaired ions and contact pairs,

according to the following equilibria,

(1—13)

KA = KR(1 + KS) (1—1A)

wtierre A+ ... B- denotes a solvent separated ion—pair. The

ffilrst step in Equation (13) is diffusion controlled and

311355 equilibrium constant can be obtained from,

 



 

1A

2

in which 8 = UET’ and R is the diameter of the Gurney

coesphere. The second step is controlled by short-range

ion-solvent and cation-anion interactions with,

KS = exp(ES/kT) (1—16)

where Es is the difference in free energy between solvent

separated pairs and contact pairs.

B. Methods of Studying Ion-Association

Ion-association in solutions can be studied by dif-

ferent experimental techniques such as electrical conduc-

tance measurements, potentiometry, polarography, and a

variety of spectroscopic techniques such as electronic and

Vibrationa1,electron spin resonance and nuclear magnetic

resonance spectroscopy.

Ion—association studies by electronic, vibrational,

and electron spin resonance spectroscopy will be discussed

briefly in Section (1).

The oldest method used to study ion—association in

electrolytes is the measurement of electrical conductance.

The accuracy of association constants derived from such

measurements dependscnlthe accuracy of the theoretical

conductance equation. This method will be given more

attention in Section (ii).
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Alkali NMR spectroscopy is one of the most informative

techniques for the study of alkali ions in solutions. Im—

provements in instrumentation have resulted in extensive

and growing applications of this technique for the study of

different association processes in solution. A detailed

review of alkali NMR technique will be given in Section

(iii).

(1) ESR, ElectronicJ and Vibrational Spectroscopy

(a) ESR Spectroscopy - Electron spin resonance

studies have yielded the most detailed description of ion—

pair structures but require paramagnetic species. Detailed

study of ion-pairing is possible because of the appearance

of hyperfine structures in the ESR spectra of radical an—

ions. The hyperfine splitting is caused by the interaction

between the unpaired electrons and nuclei of the diamag—

netic cations.

Weissman and coworkers (A1,A2) discovered that each

line in the ESR spectra of the benzophenone ketyl anion and

the naphthalene radical anion splits into four lines by

coupling to 23Na, as a result of close association of the

‘anion with the sodium cation. The effect of ion—pairing

on the g—value has been studied by Williams e: a1.(A3).

Electron spin resonance spectroscopy also gives in—

formation about different types of ion—pairs and the extent

 

 

 



of solvent participation. For example, deelmann, Jagur—

Grodzinski, and Szwarc (AA) observed two sets of metal hyper-

fine couplings for sodium naphthalenide. Sodium naphthal-

enide forms contact ion—pairsiiltetrahydropyran but solvent

separated ion—pairs form on addition of tetraglyme. The

intensity of the line due to the solvent separated ion—pair

increases with increasing tetraglyme concentration. The

authors determined the equilibrium constant between the two

kinds of ion-pairs (N200 M_l). Other evidence for the

presence of two types of ion—pair is given by Hirota and

coworkers (A5,A6) and by Van Willigen 3: a1. (A7).

Triple ion formation has also been detected by ESR.

The addition of sodium tetraphenylborate to sodium—2,5-

di—p—butyl-p—benzosemiquinone in tetrahydrofuran results in

a spectrum characteristic of the triple cation (A8).

Symons (A9) recently reviewed the application of ESR

spectroscopy to the study of solvation.

(b) Electronic Spectroscopy — Symons and coworkers

(50) reported the earliest spectrophotometric studies of

ion—pair formation. They observed marked shifts in the

position of the first electronic absorption band of a

variety of iodides as a result of changes in the solvent

polarity, counterion, and temperature. The interesting

properties of the optical spectracu‘pyridinium iodide led

Kosower to establish a scale of solvent polarity (51,52),

 

 



  

 



 

17

called theEZparameter, which is defined as the transition

energy in Kcal/mole of the longest wavelength absorption

band of l-ethyl—A-carbomethoxy pyridinium iodide dissolved

in a particular solvent. Another solvent parameter ET

was introduced by Dimroth pp a1. (53). Smid and coworkers

(5A) observed a trend in the shift of the absorption band

of the fluorenyl contact ion—pair in tetrahydrofuran with

the size of the cation. A shift to higher wavelength

results as the radius of the cation increases. The trend

in Amax was,free ion > N+Butu > Cs+ > K+ > Na+ > Li+. A

similar trend was observed by Zaugg and Schaefer (55) in  
the spectra of alkali enolates and alkali phenolates.

The existence of different kinds of ion-pairs can be

detected by optical spectroscopy. Changes in solvent

polarity and struCture can affect the equilibrium between

contact and solvent separated ion—pairs. The absorption

bands caused by solvent separated ion—pairs are often in—

dependent of the cation and solvent, but the absorption

bands of contact ion—pairs usually show a shift to higher

wavelength as the solvent polarity increases (5A). The

equilibrium between the two kinds of ion-pairs also depends

on temperature, pressure, and anion structure. For ex-

ample, 9—(2—hexy1)fluorenyllithium in 2,5—dimethyltetra—

hydrofuran solution is predominantly in the form of contact

ion pairs at -20°C, but in the form of solvent separated

ion—pairs at —A0°C (5A). Szwarc and coworkers showed that
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for fluorenyllithium and sodium salts in tetrahydrofuran, the

equilibrium shiftstowanS solvent separated ion-pairs as the

pressure increases (56). The presence of large substuents

on the anion also shifts the equilibriumtowards formation of

solvent separated ion—pairs.

Fox and Hayon (57) found a linear correlation between

the position of the absorption maxima of the first absorp-

tion bands of bromide and chloride ions and Vmax (cm—l)

for solvated iodide in the same solvent. They also ob—

tained a linear relationship between Vmax of the solvated

electron and Vmax of the solvated iodide in 38 solvents.

Symons (58) has reviewed uv spectroscopic studies of solva—

tion.  (c) Vibrational Spectroscopy — Evan and Lo (59)

found a band in the far IR spectra of tetraalkylammonium

salts in benzene which was assigned to ion—aggregates.

Edgell and coworkers (60,61) observed similar far IR broad

bands of alkali solutions in tetrahydrofuran and dimethyl—

sulfoxide. The frequencies of these bands depend largely

on the nature of the cation and, to some extent, on the

anion. It was suggested that the bands are due to the

cation—anion Vibration of ion-pairs or higher aggregate

Species. Popov and coworkers (62) obtained far IR spectra

of a large number of alkali salts in dimethylsulfoxide.

Far IR bands were observed which could not be assigned to
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either solvent or salts. The frequencies of the bands

were strongly cation dependent, but completely independent

of the anions (63). These bands were assigned to the vibra-

tion of the cation in a solvent cage. Isotopic substitutions

of 6Li+, NDZ, d6DMSO for 7Li+, NHZ, and DMSO, respectively

indicataithat both cation and solvent participate in the

vibration.

Popov and coworkers (64,65) studied the mid infrared

spectrum of lithium perchlorate in nitromethane—acetone

mixtures. The symmetric stretching vibration of the per—

chlorate ion shows a narrow and symmetrical band when the

.+ .

acetone/Ll mole ratio is greater than M. This band  
broadens and shifts with decreasing mole ratio. This

behavior shows that the solvation number of Li+ is

M.

The effects of cation, anion, solvent, and concentration

on the far IR band of NaCo(CO)u in tetrahydrofuran solution

were investigated by Edgell at al. (60,61). The additional

Raman and IR data for the Co(CO); anion was explained by

the existence of different sites (or kinds of ion—pairs)

for the anion in tetrahydrofuran. The authors concluded

that NaCo(CO)u exists mainly as solvent separated and

contact ion-pairs (66—68). Addition of cryptand C221 to

the NaCo(CO)u solutions (69) in tetrahydrofuran and 1,2—

dimethoxyethane solutions converts the mix of ion sites to

a single solvent separated ion site of tetrahedral symmetry.
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In tetrahydropyran and 2-methyl tetrahydrofuran a new

site of 02v symmetry formed. This indicates that there

is some interaction between the anion and the cryptated

sodium cation.

Popov (70) and Irish (71) reviewed IR and Raman studies

of electrolytes.

(ii) Electrical Conductance Measurement

Arrhenius (10) was the first to explain the conductance

behavior of weak electrolytes by defining the degree of dis—

sociation of an electrolyte a as a = A/AO where A is the

measured equivalent conductance at a given concentration

and A0 is the equivalent conductance at infinite dilution.

At low concentrations and for a 1:1 electrolyte the

Kd _
equilibrium AB 2: A+ + B led to the Ostwald dilution

equation (72),

2
A C

K = (1-17)
d AO(AO-A)

crfléi Ostwald dilution equation was rearranged by Kraus and

Bray (73) to give,

CA (1-18)
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A0 and Kd can be obtained from the slope and intercept of a

plot of % against C . The Ostwald dilution equation was

found to be unsatisfactory for aqueous solutions of strong

electrolytes.

Kohlrausch (7H) found that for strong electrolytes the

equiValent conductance approaches A0 according to the em-

pirical equation,

A = A - sol/2 (1-19)

The square root law of Kohlrausch found its explanation in

the Debye—Hfickel-Onsager (DHO) theory.

Debye and Huckel obtained a good first approximation to

the solution of the conductance problem from the electro-

static theory of electrolytes. Debye showed that the

eaguivalent conductance at low concentrations should be a

liliear function of the square root of concentration.

The next important step in the electrostatic theory of

eslxectrolytes was taken by Onsager which resulted in the

Chiisager limiting law for completely ionized electrolytes

('7ES,76). In the case of 1:1 electrolytes the Onsager

lJirniting law is giVen by,

A = A0 - (a*AO + 8*)01/2 (1-20)



where

in union r; is

above theorgr a
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where

 
* _ 8.2 X 105

a " /2
<DT>3

* = 82

in which n is the viscosity of the solvent in poise. The

above theory attributes the changes in the equivalent con-

ductance with concentration to two long range effects of

ion interactions known as the relaxation and electrophoretic

effects. The relaxation term (%§ = -a*Cl/2) results from

the perturbation of the applied field, X, by the asymmetry

of the ionic atmosphere. The electrophoretic term (AAe =

_B*Cl/2
) takes into account the decrease in the velocity of

an ion due to the counter flow of the solvent in the ionic

atmosphere. According to this theory the coefficients

a*, and 5* are independent of the model. A number of ex-

tensions of the Onsager limiting law have been made (77—

85). The behavior of weak electrolytes was described by

the Ostwald dilution equation while the limiting behavior

of strong electrolytes could be predicted by the DHO theory.

MacInnes and Shedlovsky (86) suggested that both the frac-

tion of the solute that contributes to conductance and the

mobility of the ions are concentration dependent. This

led Fuoss and Kraus to propose that, "for electrolytes in
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general, equivalent conductance decreases as concentration

increases, both because the fraction of solute that con-

tributes to conductance decreases with increasing concentra-

tion, and because the mobility of the ions decreases on

account of increasing effects of interionic forces" (87).

They introduced the ion association constant to the conduc-

tance equation to account for the deviations in low di-

electric constant solvents,

 

A = d(AO - SVCd) (l-2l)

_ l-d

KA ‘ 2 2
Ca Y+

where S = a*AO + 8*, and a is the degree of dissociation of

the ion-pair. Fuoss and Onsager (81) extended the theory

of conductance by adding higher order terms to the con-

ductance equation. A revised Fuoss-Onsager equation for

an associated electrolyte is (83),

1/2
A = AO—S(Cd) +ECdlog(Cd)+JlCd-KAA(Cd)yE-J2(Cd)3/2 (1-22)

where

E = ElAO — E2

E1 = 2.3026K2a2b2/2uc

E2 = 2.3026K2abe*/I6Cl/2

K2 = nNe20/125 DkT

b = e2/DkT



and

‘5‘!

thecoezzicier
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l—q

and KA = 2 2

Cd Yr

 

_ bK/2

9.1’1Yi _ _ 1+Ka

 

the coefficients J1 and J2 are functions of solvent prop—

erties and can be expressed as a function of the size

parameter a. There has been much debate on the necessity

of introducing the J2(Co¢)3/2 term in the conductance equa—

'tion. This term has been partially calculated by different

authors (83,84,88). The values for J2 and even for Jl

obtained by different workers are not in agreement. Only

accurate sets of data with internal precision better than

1% can be used with this method (89). The major limitation

of the method for determining association constants is that

the theory is valid only for symmetric electrolytes although

it has been used for unsymmetric electrolytes with fair

results (90). Equation (22) has been very successful in

fitting conductance data of 1:1 electrolytes with 10 < KA

< 1000 M.1 over a wide range of dielectric constants.

For KA < IO M-1 almost horizontal plots of equivalent con—

ductance versus 01/2 are obtained which makes the calcula—

tions difficult. For KA > 1000 Mil the slope of the con—

ductance plot becomes very high and insensitive to changes

OfAd Also the computed sum, ECdlog(Cd)+-chd becomes
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small with respect to KACayin, and therefore can be

neglected.

Karl and Dye (91) pointed out that a-good fit of the

conductance data to the theoretical equation does not

necessarily mean a good value for the ion-association

constant. The reason is that both association and the

higher—order terms involving ion size have the same concen-

tration dependence in the first approximation and the separa—

tion of the two effects depends upon second—order terms in

the association (92). Karl and Dye showed that the terms

which were dropped in the treatment of the electrophoretic

effect are not small for those cases requiring the intro—

duction of an association constant (91). In fact, simply

retaining these terms in many cases yields surprisingly

good fits of the data for reasonable and constant ion—size

parameters, without requiring consideration of ion—pair

formation (91).

Since the publication of the original Fuoss-Onsager

conduction equation (1957) various anomalies concerning the

physical meaning of the distance parameter have appeared

in the literature. The choice of ”a" used by Fuoss et a1.

as the distance parameter was criticized by Prue and co—

workers (93,9U). This criticism was supported by Justice

and colleagues (95,96). A reanalysis of available con—

ductance data by Justice (95) lead to a reconsideration

of the physical meaning of the distance parameter in
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agreement with the Bjerrum ion-pair concept. Even though

the Bjerrum ion—pair model has been criticized because of

the arbitrary cut—off represented by the choice of the

distance q, a much more exact integration of the Boltzmann—

Poisson equation (97) indicates that the range of possible

values for the distance parameter around the Bjerrum value

of q is small. To avoid any ambiguity, Justice (96) sug—

gested that the distance parameter in the conductance

equation, R, be called the "furthest distance of separation

of an ion—pair".

Recently Fuoss (39) proposed a model in which the solvent

separated ion-pair is an intermediate transition state be—

tween unpaired ions and a contact ion pair. He calculated

the electrostatic and hydrodynamic terms of the conductance

equation according to the above model. A distance param-

eter R was defined as the distance from a reference ion

beyond which continuum theory may be applied. Ions in the

region a i r i B were considered as ion-pairs. This model

uncouples the R parameter of the conductance equation from

short range effects. The final conductance equation for

this model (after some correction) is given by Fuoss (98).

It is premature to assume that the difficulties of

conductance theory are resolved. What can be said at the

present time is that: (I) All equations yield nearly the

same value of A0- (2) Those equations which use an ion—
3

size parameter similar to the Bjerrum distance are favored,
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(3) When association constants are to be compared, the

same equation should be used to analyze the data, (A)

when the association constant is large (>103) the choice

of the conductance equation is not very important, and (5)

Recent improvements in the statistical treatment of the

problem are encouraging.

(iii) Alkali Metal Nuclear Magnetic Resonance Spec-

troscoEy

(a) Introduction - Nuclear magnetic resonance

spectroscopy is a powerful technique for the study of

electrolytic solutions. Proton and 13C chemical shift

and relaxation studies have yielded much information about

ion—solvent, ion-ion and ion—ligand interactions in solutions.

Alkali metal nuclear magnetic resonance spectroscopy can

provide direct information about the interaction of alkali

cations in solution. All alkali metals have natural

isotopes with nonzero spin. Except for 7Li and 133Cs,

line widths are dominated by quadrupolar broadening which

means that deviations from a spherically symmetric environ—

ment around the nucleus considerably broaden the NMR

line. Lithium—7 and Cesium-133 show high sensitivity and

the lines are generally narrow due to the small quadrupole

moments of the nuclei. The chemical shift range of 7Li is

about 10 ppm, while that of 1330s is several hundred ppm.

Consequently resonance lines of dilute solutions (<lO_3M)
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can be detected and accurate chemical shift measurements

are possible for both nuclei. The sensitivities of the

chemical shift measurements vary with the nucleus, but in

general, they are adequate to detect resonance signals down

23 39 87
to 0.005 M for Na, K, and Rb nuclei especially when

the pulsed Fourier Transform technique is combined with

high field NMR instruments.

23Na, and l33CS NMR studies

39

A large number of 7Li,

appear in the literature, while K and especially 87Rb

NMR investigations are rather sparse due to the low sensi—

tivity of the former and the broad resonance lines of the

latter. The NMR parameters of the alkali metal nuclei are

given in Table l.

(b) Relaxation Studies — Alkali NMR relaxation

studies provide significant information on the structural

and dynamic aspects of ion-solvation. Lithium—7 and Cesium—

133 nuclei are characterized by small relaxation rates in

aqueous solutions, so that the contributionof‘nonquadrupolar

relaxation mechanisms must be considered for these nuclei.

0n the basis of the correlation times in H20 and D 0,

7
2

Hertz et 1. (99) have achieved, for Li, a separation of

the total relaxation rate into two contributions. At 25°C

one of these amounts to 0.031 sec"1 and is caused by

dipole—dipole interactions, while the other has a value

of 0.024 sec"1 and is due to quadrupolar interactions.
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For 133Cs similar studies (100) show that in spite of the

small relaxation rate, dipole-dipole relaxation does not

make an appreciable contribution. The recent nuclear Over—

hauser enhancement study by Wehrli (101) confirms this

conclusion. For the other alkali ions, the relaxation

mechanism is mainly quadrupolar which is mediated by molecu—

lar reorientation of the solvent.

A large number of relaxation investigations have been

7 133
carried out for Li, 23Na, and Cs nuclei. According to

the investigations of Hertz and coworkers (99,102,103),

the 7Li quadrupolar relaxation rate for lithium chloride in

aqueous solutions increases in the order I- < Br_ < Cl

23
<< F-. The concentration dependence of Na relaxation in

aqueous halide solutions (104) indicates that the relaxa—

tion rate follows the sequence Cl’ < Br- 2 I- < F—. In

the case of 133Cs the trend is Br” < I- 2 Cl- < F_ (102).

In summary, for alkali halides (except fluorides)

the concentration dependence of the relaxation rates is

quite small and the sequence of Cl‘, Br- and 1- ions bears

no simple relationship to the ion size. Studies of the

temperature dependence of the relaxation rate have also

provided information on the potential barriers associated

with the relaxation process (105,106).

NMR relaxation studies of alkali ions were first re-

ported by Jardetzky and Wertz (107). A 7L1 quantitative

relaxation study was performed by Craig and Richards (108)
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. .+ .
who studied L1 salts in methanol, formic acid, and di-

methylformamide solutions. A variety of solvents has

been used in the NMR relaxation studies of Li+ (106,109),

+ (112), Rb+ (110), and Cs+ (106,110)Na+ (110,111), K

ions. These studies demonstrate the formation of a rather

tightly packed first solvation shell for all the alkali

ions in methanol, and for the lithium ion in a number of

other solvents (113).

Since ion-ion interactions are generally more im-

portant in nonaqueous solvents than in water, the quadru-

polar relaxation rates of these ions in nonaqueous sol-

vents should provide very sensitive probes for the in-

vestigation of such interactions. Although the quadrupolar

relaxation method should be a very useful approach for the

study of ion-association, the theoretical treatment of the

ion-ion contribution to relaxation is very complicated.

Therefore only a few investigations have been reported on

this subject (106,109-111,11A). The reliable evaluation of

equilibrium constants requires further development of the

understanding of different contributions to ion-ion ef-

fects (115).

(0) Chemical Shift Studies - The shielding of a
 

nucleus varies as a function of time due to ion-solvent,

ion-ion, and ion-ligand interactions and therefore the

observed chemical shift is an average over the different
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possible configurations around the ion. To rationalize

the chemical shift it is therefore essential to consider

both the probability of various configurations around the

ion being studied and the magnitude of the shielding con-

tributions exerted by other species when situated at various

distances. The total shielding that the nucleus receives

is expressed by the screening constant 0. Ramsey (116)

developed a general equation for the screening constant.

Although his treatment can be applied quantitatively only

to the simplest molecules, it provides an understanding of

the origin of screening effects and a framework for further

calculations. Saika and Slichter (117) have put the cal—

culation of the screening constant on a practical basis by

dividing it into three independent contributions,

0 = Gd + op + 0 (1—93)

The diamagnetic contribution, 0d, arises from the local

diamagnetic current in the molecule and is expressed by,

 

k k|o0>} (1—2u)

in which e and m are the charge and mass of the electron,

c is the velocity of light, Ek is the angular momentum of
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the k'th electron, and rk is the radial distance of the

k'th electron from the origin at the nucleus. The dia—

magnetic term od depends only on the ground state electronic

wave function To and is a function of the symmetry of

the electronic distribution and the density of circulating

electrons. Contributions to the shielding from the elec—

trons of the other atoms are contained in do. The effect

 and 0 on nuclei other than
3

of these two contributions, od

protons is; usually minor. The paramagnetic term Up is

usually the dominant shielding term and can be expressed

approximately as,

A. A 3

p m C2 (wolk§,(£klk'/rk)l¢o> (1‘25)
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where A is the average excitation energy. This term arises

from the interaction of the ground state with excited states

in the presence of a magnetic field.

 
Several models (118,119) have been proposed in order

to rationalize the large paramagnetic shifts of ionic

crystals. It is not an easy problem to unambiguously choose

the correct model, but quantitative estimates on the basis

of different models have led most workers in the field

(120—122) to prefer the overlap model proposed by Kondo

and Yamashita (118). According to this theory the para-

magnetic shift of cations and anions of alkali halides is
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due to the short—range repulsive forces between the outer

s and p orbitals of the central ion and those of neighbor-

ing ions.

The extension of the theory of Kondo and Yamashita to

chemical shifts in solutions is more complex due to random

variation of the environment of the magnetic nucleus with

time. In solutions an exact expression for the chemical

shift would require knowledge of the radial distribution

function of the solvent molecules and other ions around

the central ion. Deverell and Richards (121) investigated

the concentration dependence of the chemical shifts of

aqueous alkali halides and nitrates by alkali metal NMR.

Anions showed a definite pattern of shielding effects.

The order of increasing shielding for all cations was

I < Br < Cl < F‘ < H20 < N03 The magnitude of the

shifts increased considerably with increasing atomic number

of the cation. The authors concluded that the chemical

shifts were caused by changes in interactions with both

the solvent molecules and the counter ions. Typical plots

of 133Cs chemical_shifts versus concentration for various

cesium salts in waterenwegiven in Figure 1. Similar plots

were obtained for other alkali salts. The concentration

dependence of the 133Cs chemical shift of cesium salts has

been examined by Halliday, Richards and Sharp (120). The

authors assumed that the concentration dependence of the

chemical shift is essentially determined by cation-anion
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Figure 1, Cesium—133 chemical shift as a function of

concentration. Taken from Reference 121.
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interactions, and therefore, the concentration dependence

of the chemical shift should follow the probability of

cation-anion contact (HRS theory). By taking into account

the influence of the ionic atmosphere on the probability of

ion-ion contact through a Debye-Huckel type of treatment,

       
the 13305 chemical shift data were accurately represented

from the lowest up to very high concentrations in H2O,

according to the following equation (120,123),

I

2

ZaZ e expE-K(Re-a)]

 

_ B _ :
éobs — AC exp(— DkTRe 1+Ka ) — 0 + B (1—26)

and

A = 0(a) “—3'” (sfl — a3><N/io3>

Rm = a + RS

0(a) is a constant which depends only on the solvent

properties, a and RS are the radii of the ion and the sol-

vent molecule respectively, K is the inverse Debye length,

C is the molar concentration, Za and Z8 are the valences

éobs is the shift relative to the infinite

dilution shift as zero, 0'

of the ions,

is an experimental shift referred

to an arbitrary zero, B is the infinite dilution chemical

shift, and Re (a < Re < Rm) has little effect on the con—

centration dependence of the chemical shift. Later, Richards

and coworkers (123) tested the validity of the HRS theory
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in low dielectric solvents and found it much less satis-

factory. The experimental and calculated chemical shifts

for CsBr in acetic acid-water mixtures are compared in

Figure 2.

The first systematic investigation of the applicability

of alkali NMR in nonaqueous environments is due to Maciel

7

t 1. (12“) who determined the Li chemical shifts of

LiBr, LiClOu in eleven nonaqueous solvents. Popov and co-

workers (125,126) obtained the infinite dilution 7L1 chemi-

cal shifts in a number of solvents by a systematic variable

concentration study of various lithium salts. They found

evidence for the formation of contact ion-pairs in tetra-

hydrofuran, nitromethane, and tetramethylguanidine. Their

results are in agreement with the data of Maciel at al.

(12U) and of Akitt and Downs (127). In contrast to 23Na,

no correlation was found between the limiting chemical

shifts in various solvents and the Gutmann donor numbers

(128)* of the solvents.

 

The Gutmann donor number is an empirical scale of the

donor ability of solvents. It is based on the enthalpy

of formation of the 1:1 complex between a dilute solu-

tion of a given solvent S and antimony pentachloride in

1,2-dichloroethane solution,

1,2 DCE

s + Sb015 I S'SbClS

(kca1.mo1“l)
’AHS-SbCl5 = Gutmann donor number
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[CsBrJ/mol dm—a

Cesium—l33 shifts against concentration for

CsBr+HOAc-H20 systems (shifts referenced to

infinite dilution shifts). o, 0.2 mole fraction

HOAC, 0.8 mole fraction H20; 0, 0.4 mole fraction

HOAc, 0.6 mole fraction H20; 0, 0.7 mole fraction

HOAc, 0.3 mole fraction H20. Curves show the

best least squares fit of data to Equation (26)

by using solvent bulk dielectric constants:

(a) D=57.2; (b) D=u2.5; (c) D=23.8. (Re=0.435

nm, a=0.365 nm, T=298K.) Note: curves a and b

have the same origin but have been separated

for clarity. Taken from Reference 123.
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The first comprehensive study of sodium iodide in

twelve nonaqueous solvents was that of Bloor and

Kidd (122). They found a correlation between chemical

shifts in different solvents and the aqueous pKa values of

the solvents. Popov and coworkers (125,129-132) investi-

gated various sodium salts in a number of nonaqueous sol-

vents. The experimental results of Bloor and Kidd (122)

were confirmed. In addition, they indicated that the counter

ion also plays an important role in determining the behavior

23
of Na chemical shifts. A linear relationship between

23
Gutmann's donor number and Na infinite dilution chemical

shifts were obtained as indicated in Figure 3. This linear

relationship was used to estimate the donor number of a

number of solvents, which had. not been measured calorim-

etricaily, from the 23Na infinite dilution chemical shifts.

Potassium-39 chemical shifts have been studied for KI

solutions in ethylendiamine and KOH solutions in methanol

(132). Recently Shih and Popov (133) presented a rather

extensive report on the concentration and counterion de-

pendence for a number of solvents.

The concentration and counterion dependence of the

87Rb chemical shift of rubidium salts in nonaqueous sol-

vents has not been studied extensively so far due to the

broad lines.

The solvent dependence of 133Cs chemical shifts was

briefly considered by Halliday et al. (120). A more
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systematic approach to the 133Cs chemical shifts in non-

aqueous solvents was reported by DeWitte gt 31. (13u,135).

The infinite dilution chemical shifts of alkali cations in

nonaqueous solvent are summarized in Table 2. Concentration

133
dependent Cs chemical shifts were used to calculate

contact ion-pair formation constants (135). Since the

exchange between the solvated cation and ion-pair is fast

on the NMR time scale, only one population averaged signal

is obtained,

5 = ofxf + 6 x (1—27)
obs ip ip

where 6f and 6 are the chemical shifts of the free ion

ip

and the ion-pair respectively, and Xf and Xip are the rela-

tive mole fractions of the two species which can be ob-

tained from the equilibrium,

 

Ki+ - p + -

M + X I M ' X (1-28)

where

1-a

K =

ip a2Cy3

The mean activity coefficient can be obtained from the

Debye-HUckel equation. The values of Kip and 61p can be

obtained from a nonlinear least squares iteration program.

Chemical shift studies are also suited for investigations

of preferential solvation phenomena in mixed solvent



'I Q ‘.

no n‘. no
'--L\.L-.-\.r

v

0

. .

'. +vmma‘f‘
“V

_ J'. v3.1» J1.



 

42

Table 2. Chemical Shifts/ppm at Infinite Dilution for

7 .+, 23Na+’ 39K+ and 133
L1

Solvents. Taken From Reference 115.

+ . .
Cs Ions 1n Various

 

 

 

Solvent Lia Na KC CsC

Nitromethane —0.36' —15.6 —21.10 —59.8

Acetonitrile —2.8O — 7 — 0.41 +32.0

Dimethylsulphoxide —1.01 — 0.11 + 7.77 +68.0

Propylene carbonate —0.6l - 9.4 —ll.48 -35.2

Methanol —O.54 - 3.8 —l0.0S ~45.2

'Dimethylformamide 0.45 — 5.0 - 2.77 — 0.5

Acetone 1.34 — 8.4 —10.48 —26.8

Pyridine 2.54 1.35 0.82 —31

 

 

aReference: Aqueous 4.0 M LiClOu.

bReference: Aqueous 3.0 M NaClOu.

cReference: Infinitely dilute aqueous solutions.
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systems. Thus a variety of solvent mixtures have been used

in the study of the alkali salts by 7Li (65,124,127,136,

23 87Rb (136) and 1330s (120,123,136,137), Na (138—143),

137) NMR. In most cases only qualitative deductions about

preferential solvation have been made. An illustrative

quantity in this type of investigation is the ”isosolva—

tion point" taken as the solvent composition where the

chemical shift is at the midpoint between the chemical

shifts of the ion in the two pure solvents (144). It is

assumed that the isosolvation point corresponds to that

composition of the binary mixture at which the inner cat—

ionic solvation shell contains an equal number of molecules

of the two solvents. One important point in using the above

method to predict preferential solvation phenomena is

that ion—pairing must be eliminated. This can be done by

measuring the chemical shifts at different salt concentra—

tions and, at each solvent composition extrapolating to

infinite dilution. Popov and coworkers (143,145) have

determined the isosolvation points of the sodium cation in

a number of mixed solvents and found solvation to increase

in the sequence,

nitromethane << acetonitrile < pyridine < tetramethyl—

urea 2 dimethyl sulfoxide z hexamethylphosphoramide

A systematic approach to the preferential solvation has
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been made by Covington g3 g1. (136,137). By introducing

simplifying assumptions the valuesof Kl/n were obtained for

alkali cations in H202, H2O solvent mixtures, according to

the equilibrium,

n—x—le+l + A (1—29)

in which M is the alkali cation and A and B are solvents.

Recently Delville g2 g1. (146) reported marked changes in

the chemical shifts of NaClOu with the composition of binary

solvent mixtures of tetrahydrofuran with unidentate and

bidentate amines. Their results are consistent with tetra-

coordination of the sodium cation by these solvents. The

authors also followed the successive steps of displacement

of tetrahydrofuran from sodium coordination by the amines.
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2. Complexation of Alkali Cations by Crown Ethers and

Cryptands

A. Introduction

Since Moore and Pressman (147) reported that the anti—

biotic valinomycin induces the transport of potassium cations

through the mitochondrial membrane by complexation, a num-

ber of other naturally occurring macrocycles have also been

considered as potential ioncarriersthrough membranes (148).

In addition, a large number of synthetic macrocyclic crown

ethers (first synthesized by Pederson (1-4)) and cryptands

(first synthesized by Lehn and coworkers (4—7)) with similar

properties have been prepared and investigated. The struc-

tures of some naturally occurring antibiotics, crown

compounds and cryptands are given in Figure 4. Particularly

interesting is the strong and selective affinity by macro—

cycles for alkali and alkaline earth cations which results

in their use as models for carrier molecules in the study

of active ion—transport phenomena in biological systems.

The ability of crowns and cryptands to complex alkali

cations, and their resistance to chemical reduction have

also had profound effects on alkali metal solution chem—

istry, which resulted in the isolation of the first sodium

anion salt by Dye and coworkers in 1974 (149). Although

the most interesting species in alkali metal solutions are

anionic, i.e., solvated electrons and alkali metal anions,
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Figure 4. Naturally occurring and synthetic macrocycles
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it is the complexation of alkali cations by crowns and

cryptands which enhances the solubility. Consequently,

studies of the thermodynamics and kinetics of complexation

of simple salts with macrocycles can be used to predict

the behavior of alkali metal solutions.

Since macrocyclic ligands are expensive to synthesize,

they have had limited commercial applications so far.

Some of their possible commercial applications are (150):

the separation of isotopes, separation of optical isomers,

partitioning of radiactive streams. They can also be used

as catalysts in electron transfer, and anionic polymeriza—

tion reactions.

Crown ethers are able to form complexes of different

stoichiometries with alkali cations. For example the potas—

sium cation can form a 1:1 (93%32) complex with l8-crown—6,

a 2:1 complex with benzo—l5—cggwn—5, a 1:2 complex with

dibenzo-24—crown—8, and a wraparound complex with dibenzo—

30—crown—10 as demonstrated in Figure 5 (151). Mei g3 g1.

showed by 13305 NMR that cryptand—222 forms two kinds of com—

plexes with cesium salts (152). The inclusive complex is one

in which the cation is inside the cavity of the cryptand.

In this case the chemical shift of the complexed cation is in—

dependent of the counterion and the solvent. The other form

is an exclusive complex in which the cation is only par—

tially inside the cavity so that the chemical shift still

depends on the solvent and the anion (Figure 5).
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Figure 5. (a) Various stoichiometry of K+-crown ether

complexes. (b) Exclusive Cs+-C222 complex.
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The detection of the complexation reaction, and the

determination of the thermodynamic and kinetic parameters

of the resulting complex or complexes in solution can be

achieved by a variety of physicochemical techniques. These

are potentiometry, electrical conductance, calorimetry,

spectroscopy, and relaxation techniques. The results of

such studies have been reviewed extensively by several

authors (153—159) and will not be repeated here. Instead

general principles which govern the selectivity and thermo—

dynamics of the complexation reactions will be discussed

in Section (B). Then, the use of alkali metal NMR spectros-

copy to study the thermodynamics and kinetics of complex  
formation will be described in Section (C).

B. Selectivity of Complexation

The most interesting characteristic of macrocyclic com—

pounds is their ability to selectively bind certain cations

in preference to others in solution. Various characteris-

tics of the ligand, cation, anion, and solvent are respon-

sible for this selectivity. The following parameters

influence the selectivity and binding properties of macro—

cycle ligands.

(i) Relative Sizes of Cation and Ligand Cavity — In

general crown compounds form the most stable complexes

with those metal cations whose ionic radius best matches

¥
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the radius of the cavity formed by the ring upon complexa—

tion (1,2). Figure 6 shows how the complex formation

constants in the case of 18—crown—6 vary with the ratio

of cation to cavity diameter (160). In this figure metal

cation radii have been taken from the data of Shannon and

Prewitt (l6l) and the cavity radii of complexes are taken

as the X—ray crystallographic values (inn). The maximum

stability for complexes of l8—crown—6 with both alkali and

alkaline earth cations occurs at a cation~to—cavity diameter

ratio of unity. The increased stability of complexes of K+,

and Ba2+ ions in aqueous solutions over those of other ions

in the series is largely due to the enthalpy term (162) which

corresponds to the greater electrostatic bond energy for

those cations that fit the ligand cavity. For the smaller

crown ether lB—crown—S, almost no cation selectivity has

been seen since its cavity is too small even for the sodium

cation. For benzo—lB—crown-S it is difficult to distinguish

the trends because of the formation of 2:l complexes (Figure

7a). Larger crown ethers are not as selective as lB—crown—

6 because of the formation of complexes of variable stoi-

chiometry. When stability peaks occur, as in the case of

dibenzo-27—crown—9 and dibenzo—30—crown—lO, the strongest

Complexes are formed with K+ and Rb+ ions which are con—

siderably smaller than the cavity of the two macrocycles

(Figure 7b).

In the case of cryptands, much better relationships
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Figure 6. Selectivity of lB-crown-6: log K values for the re-

action of lB-crown-6 with metal cations in H2O

vs. ratio of cation diameter to 18-crown-6 cavity

diameter. Taken from Reference 160.
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IogK

3 " Dibenzo.24-Crown-8
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1 l 1 ‘1 I
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O
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”9“ .\ inMoOH BmuoqumwnsinMeon
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Figure 7. Selectivity of cyclic polyethers of various

sizes: log K values for reaction of several

crown ethers with alkali metal ions vs cation

radius. (a) Crowns smaller than l8-crown-6.

(b) Crowns larger than l8—crown—6. Data

points labeled 0 indicate 2:1 complex forma—

tion. Taken from Reference 155.
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exist between the stability of the complexes and the relative

sizes of the cation and the cryptand cavity. As demon—

strated in Figure 8, each alkali cation is preferentially

bound to the cryptand with the proper size (162). Selec—

tivity becomes less pronounced for larger cryptands, prob—

ably because of ligand flexibility.

(ii) Arrangement of Ligand Binding Sites — Crown 

ethers, even the small 15?crown—5 are fairly flexible with

respect to their oxygen donor groups in space. -The ability

of larger, more flexible crown ethers to accommodate more

than one cation or to wrap around a metal cation greatly

reduces their selectivity. Cryptands are more rigid than

crown ethers over a broader range of cavity sizes, which

results in their higher selectivity.

(iii) Type and Charge of Cation — The binding of 

alkali and alkali earth cations by macrocycles can be

considered to be electrostatic in nature. Many variations

in coordination number and geometry are possible (Figure 5),

and there are no real stereochemical requirements. All that

is necessary is that the ligand provides an electron—rich en—

vironment to replace the cationic solvation shell. Smaller

cations, such as Li+ are more strongly solvated than the

larger cations. Thus considerably more energy is required

to replace the solvation shell of smaller cations. On
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10.0-( [2211b

log K

   K‘ Rb‘ Cs‘

Metal Ion Radius (pm)

Figure 8. Selectivity of cryptands: log K values for re—

action of several cryptands with alkali metal

cations vs cation radius. Data points: a —

value reported <2.0; b — in 95% MeOH; c — in

MeOH. Taken from Reference 162.
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the other hand larger cations are not able to attract and ‘

organize the ligand molecules as well as smaller cations.

These two effects cause the selectivity peaks for cations of

2+ to be generally higher thanintermediate size, as K+, Ba

for the other cations. Complexes of large alkaline earth

cations often have higher formation constants than mono—

valent alkali cations of similar size, whereas the op—

posite is true when comparing small cations of different

charges (163). Again this results from the competition

between solvation and complexation.

(iv) Type of Donor Atom - Substitution of sulfur or 

nitrogen for oxygen in the crown ether ring reduces the

affinity of the ligand for alkali and alkaline earth cations,

both because of the reduction of the cavity size, and be—

cause of the lower donor abilities of S and N. However,

this substitution increases the complexing ability of the

ligands for transition metal cations of similar sizes, due

to more covalent character in the binding (164).

(V) Number of Donor Atoms — Little quantitative work 

has been done to investigate the result of varying the

number of donor atoms in the ring without changing the size

of the ring. Cram et al. showed that 18—crown—6 is a much

better host for tert—butylammonium cation than is l8—crown-

5 with one less donor atom (165). Cryptand—222.produces

much stronger complexes with alkali cations than its
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analog,cryptand—22C8,in-which the oxygens in one of the

chains are replaced by —CH2— groups (162).

(vi) Substitution on the Macrocyclic Ring — Dietrich 

and coworkers (166) have shown that the addition of a

benzene ring to crowns and cryptands alters the Selectivity

of the macrocycles. For example, in methanol solutions,

the formation constant of dibenzo-18C6 with Ba2+ is

smaller than with K+. The addition of one benzene ring

to one of the bridges of C222 increases the stability of

the Na+ complex in 95% methanol, but decreases the stabili—

2
ties of K+ and Ba+ complexes. The addition of another

benzene substituent into a second bridge further decreases the

2 complexes (166). These resultsstability of the K+ and Ba+

may be explained in terms of ligand bulkiness, rigidity of

the ligand and the electron withdrawing ability of the

benzene ring.

Substitution of cyclohexano groups has a less dramatic

effect on the stability of the complexes and on the cation

selectivity. Schori and Jagur—Grodzinski (167) have shown

that in dimethylformamide solutions, the dinitro derivative

of dibenzo—lB—crown—6 has a lower affinity for Na+ ion

than the unsubstituted ligand. Conversely, substitution of

-NH2 groups on the benzene rings results in a slight increase

in the Na+ complex formation constant. These results are

consistent with the electron—withdrawimgcharacter of --NO2

groups and electron-donating ability of —NH2 substuents.
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(vii) Solvent and Anion Effects — In the complexation

reaction, ligands must compete with solvent molecules for

the cation in solution. Therefore, changes in the solvent

can produce significant changes in the apparent formation

constants of the complexes. The selectivity of the macro—

cycles for certain cations over others may also change with

the nature of the solvent. Frensdorff noted that formation

constants of crown ethers with metal cations were three to

four orders of magnitude higher in methanol than in water

(16M). Kauffman gt gt. (168) found out that the enhance—

ment of the stability of complexes in methanol over water

is primarily of enthalpic origin which can be explained

by the expenditure of less energy in the desolvation of the

cation in a lower dielectric solvent. Cahen gt gt. (169,

170) demonstrated that the dielectric constant is not the

only solvent parameter that influences the stability of

macrocyclic compounds. They showed that the solvating

power of the solvent has a great influence on the stability

of the complex.

The degree of ion—pair formation of the complex affects

the stability of the complex. In low dielectric media,

and where the complex cation is exposed to the anion, com—

plex formation competes with both the ion—pair formation

of the salt and the complex and alters the stability of the

complex. Smid and coworkers (171) found that in tetra-

hydrofuran solutions, the complexes of substituted
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18—crown-6 polyethers with K+ are much less stable than

those with Na+ ion, while in water and methanol solutions

the reverse is true. In tetrahydrofuran, ion—pairs are

predominent while in water and methanol we are dealing with

undissociated cations. The order of stability of complexes

of substituted 18—crown-6 polyethers with alkali cations in

tetrahydrofuran is, Na+ >> K+ > Cs+ > Li+.

The conductances of solutions of the cryptates (Na-

C221)+PhuB_ and (K C222)+PhuB— in tetrahydrofuran have

been measured at various temperatures by Boileu gt gt.

(172). At 20°C the ion-pair formation constants of the

two complexes are 1.22 x 10M and 1.11 x 10M, respectively,

while the ion—pair formation constants of uncomplexed salts

are 2.3 x lOLl and 1.1 x 10“. Considering the relatively

small differences between ion—pair formation constants of

complexed and uncomplexed salt, one may conclude that the

uncomplexed salts form solvent separated ion—pairs (159).

C. Thermodynamics of Complexation

The thermodynamics of complexation of alkali cations

by cryptands shows a remarkable range of enthalpic and

entropic contributions. The contributions to enthalpy

and entropy are discussed by Kauffman gt gt. (168). Ac—

cording to these authors, the enthalpy of formation of

the complex is influenced by:
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(i) The variation in the enthalpy due to the re-

placement of the first solvation shell of the cation

by the ligand.

(ii) The change in the interaction with solvent

molecules outside the complex as compared to those

outside the first solvation shell of the cation.

(iii) The change in inter-binding site (or intrasolva-

tion shell) repulsions, which depends on the size of

the solvent molecules and the degree of localization

of the solvent dipole moments.

(iv) The change in ligand solvation enthalpy upon

complexation.

(v) The steric deformation of the ligand by the

cation.

Changing the solvent from water to a poorer donor sol-

vent, especially if the dielectric constant also decreases,

is expected to yield negative contributions to the en-

thalpy of complex formation from effects (i), (ii), (iv).

It is expected that effect (v) will be relatively solvent

independent. Effect (iii) is difficult to assess (Chapter

5 of Reference 157).

Kauffman t l. (168) attribute the changes of the

entropy of cryptate complex formation to:

(i) Entropy increase caused by the desolvation of

the cation.
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(ii) Entropy increase caused by release of solvent

bound to the ligand.

(iii) Changes in ligand internal entropy caused

by orientation, rigidification, and conformational

changes.

(iv) Decrease in translational entropy due to the

formation of a single complex from two species, which

amounts to -15 to —25 e.u., depending on the motional

freedom remaining in the complex.

(v) Decrease in solvent entropy caused by solvent

structure formation about the large cryptated complex.

The equilibrium constants for the complexation of Cs+

by C222 in acetone, propylene carbonate, dimethylformamide

(143), and 95 wt% methanol-water mixture (162) have been

studied as a function of temperature. The data yield AS°

values of —32, —21, —19, and —23.7 e.u. for the above sol—

vents, respectively. The value of A80 for the formation

of the Cs+-18—crown—6 complex changesfrom -8.l e.u. in water

to —1u.1 e.u. in methanol (173,17U). The origin of such

large negative AS° value is not known. Popov and co—

workers (175,176) have studied the complexation of the Cs+

ion with large crown ethers in nonaqueous solvents. In

all cases the complexes were enthalpy stabilized but en—

tropy destabilized. The authors assume that the decrease

in entropy upon complexation is related to a change in the

conformational entropy of the ligand, although it is not
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the only factor governing the change in entropy of com-

plexation. Many additional studies on the thermodynamics

of complexation, as well as on the ligand—solvent inter—

action are needed before the entropy of complexation

and the macrocyclic effect (177) can be understood.

D. The Use of Alkali Metal NMR to Study Thermodynamics
 

and Kinetics of the Complexation
 

Alkali metal NMR can provide unique information about

stability, structure and dynamics as well as about kinetics

of the complexation. Quantitative information on the

stability of a complex can be obtained by fitting chemical

shift, variable signal intensity or relaxation data to a

model of equilibria.

Upon complexation,the nucleus of the complexed cation

usually resonates at a different frequency than that

of the uncomplexed cation. When the exchange between

complexed and solvated cationsis slow on the NMR time

scale, two resonance lines are observed. The integrated

intensities of the signals are proportional to the concen;

trations of the two species, and thus the formation constant

of the complex can be determined. However, this technique

does not produce accurate results because of inaccuracies

associated with the determination of the area under the

peaks.

When the exchange is fast on the NMR time scale, only
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one weighted—average signal occurs. If the free and

complexed cations have different chemical shifts, the varia—

tion of the chemical shift with mole ratio (M) at a
cation

fixed cation concentration can be used to evaluate the

formation constant of the complex. If the cation and/or

the complex exist in appreciable amounts as ion—pairs,

then the contribution of these species should be included

in the calculation of the observed chemical shift as

i

= Z X.6. (1—30)

1

in which éobs is the observed chemical shift, and the Xi's

are the relative mole fractions of different cationic

species. The latter are related to equilibrium constants,

while the chemical shifts are characteristics of the various

cationic species in solution. When ion—pair formation is

important, the concentration dependence of the chemical

shifts of the salt and the complexes will provide ion—pair

formation constants. These data can then be used in mole

ratio studies to obtain the formation constantcfi‘the complex.

The variation of linewidth or relaxation times with

the mole ratio could also be used to evaluate the complex

 formation constant. This method is particularly useful

when one of the two sites has a much larger linewidth than

the other (Chapter A of Reference (157)).

.Alkali metal NMR spectroscopy also provides valuable
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information about the kinetics of complexation. When

a quadrupolar nucleus is placed in an environment which does

not have cubic or higher symmetry, the NMR signal broadens

because of the asymmetry of the electric field at the

nucleus. An investigation of the line broadening as a

function of temperature yields kinetic parameters.

When the cation exchange is slow, and the signals are

relatively narrow, two resonance lines appear. A complete

line shape analysis using modified Bloch equations can be

performed to obtain kinetic parameters (178,179). When

the quadrupole coupling constant of the nucleus is large,

the linewidth of the complexed cation is broad. In this

case only one resonance line is detectable, and an approxi-

mate solution of the Bloch equations yields kinetic param-

eters (114). The linewidth of the NMR signal at the co-

alescence temperature also yields the-approximate value of

the exchange rate at this particular temperature (180).

When the rate of the complexation is extremely slow, it is

possible to study the kinetics of the complexation from

the variation of the chemical shift or linewidth with

time.



 

CHAPTER II

EXPERIMENTAL

614



 

The 1:

times by f

(181). T1

from a so]

an ice-ace

the crysta

Shown in 1:

hours at a

nitrile.

the meltin

coldfinge:

COOled nit]

this Vacuur

the cold fj

bottle Wit?

6Was kept

(bring Weig

Was 39i1°c

cryptand 22

cold finger



1. Purification of Materials

A. Ligands

The ligand l8-crown-6 (Parish) was purified several

times by the formation of the complex with acetonitrile

(181). The fine white crystalline adduct was precipitated

from a solution of l8-crown-6 in acetonitrile by cooling in

an ice-acetone bath. The solution was filtered rapidly,

the crystals were transferred to the sublimation apparatus

shown in Figure 9, and pumped under high vacuum for several

hours at ambient temperature to remove weakly bound aceto-

nitrile. Then the crystals were heated under vacuum through

the melting point to about 60°C in an oil bath, while the

cold finger of the sublimator was maintained at -50°C with

cooled nitrogen gas. The l8-crown-6 crystals produced by

this vacuum distillation were collected on the walls of

the cold finger, and were transferred in a dry box to a

bottle with a vacuum take off side arm. Purified 18-crown-

6 was kept under vacuum and in the dark at all times except

during weighing. The melting point of the purified product

was 39il°C in agreement with the literature value (181).

Cryptand 222 (E. M. Laboratories, Inc.) was distilled under

vacuum at 110°C and the crystals were collected on the

cold finger and stored following the same procedure as in

65
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Figure 9. Cryptand sublimation apparatus. Taken from

Reference
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the case of l8—crown—6. The meltingpoint of the sublimed

cryptand 222 was 68il°C (reported 68°C (182)). Liquid

cryptand 211 was vacuum-distilled in an apparatus similar

to that shown in Figure 9 except that a cup was attached to

the cold finger (8). The cryptand was heated to about 65°C

in an oil bath and the cold finger temperature maintained

at —50°C in semidarkness. After distillation, the cold

finger was warmed up to 3O-35OC. The cryptand 211 then

liquified and dripped into the cup. Upon cooling to room

temperature, the ligand solidified as a waxy solid. The

arms were broken and the cup was transferred to a bottle

with a vacuum take—off side arm and stored in the same

manner as other ligands.

B. Solvents

Methylamine (Matheson, anhydrous, 98%) was transferred

from the gas cylinder to a glass bottle maintained under

vacuum and containing Cal-l2 and a magnetic stirring bar.

A pressure indicator was connected to the top of the glass

bottle to check the H pressure build up as the solvent

2

was stirred over the CaHz. When the pressure indicator

showed about 2 atmospheres, the solution was frozen with

liquid nitrogen, and pumped out. After 2“ hours, the sol—

vent was distilled into a bottle containing sodium—potassium

alloy (1:3 w/w). Many freeze-pump-thaw cycles were per—

formed until the liquid remained blue for several hours.
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If the solvent was not dry enough, it was transferred

into another Na—K bottle and the procedure was repeated.

The dry methylamine was then distilled into a heavy wall

glass bottle for storage (183).

Liquid ammonia (Matheson, anhydrous 99.99%) was dried

with Na-K alloy in a similar way. The preliminary drying step

over CaH2 was omitted because of the good quality of the

ammonia.

Methanol (Mallinckrodt or Fisher) was refluxed for a

day over magnesium turnings and iodine and then fractionally

distilled. Propylene carbonate (Aldrich) and dimethyl—

sulfoxide (Fisher) were refluxed over calcium hydride under

reduced pressure for 12 to 24 hours and then fractionally

distilled. Methanol, propylene carbonate, and dimethyl—

sulfoxide were further dried for 4-12 hours over freshly

activated 4A molecular sieves. These solvents showed a

water content of less than 100 ppm by Karl Fisher titra—

tion. Deuterium oxide (KOR isotopes, 99.75 Atom %D) was

used as received. The distilled water which was used for

the calibration of the conductance cell was deionized by

a "Milli—Q" water—purification system (Millipore Corporation).

The specific conductance of the deionized water was found

to be 9 x 10‘7 ohm—1 cm'l. The specific conductance of

methylamine was 1.1 x 10'8 ohm"1 cm—l.
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C. Salts

Cesium iodide (Ventron Alpha Products), and cesium

bromide (Polyresearch Corp.) were dried at 60°C under

vacuum for several days. Cesium thiocyanate (Pfaltz and

Bauer) was recrystallized from reagent grade methanol and

dried under vacuum at 50°C for 2 days. Cesium tetraphenyl-

borate was prepared by reacting sodium tetraphenylborate

with cesium chloride in tetrahydrofuran solution. The

resulting precipitate was washed thoroughly with distilled

water and dried under vacuum at 70°C for 2 days (152).

Cesium triiodide solutions were made by adding equimolar

amounts of cesium iodide and iodine. Cesium nitrate and

cesium perchlorate (Ventron Alpha Products) were dried at

120°C for several hours. Potassium chloride (Mallinckrodt)

was recrystallized from Milli-Q water and dried in vacuum

at 70°C, then ground and dried once more for two days at

200°C in the presence of P205. Rubidium bromide and ru-

bidium iodide (Ventron Alpha Products) were dried at about

110°C for several days. Lithium perchlorate (Fisher)

and lithium bromide (Matheson Coleman and Bell) were dried

at 190°C for a few days. Tetraphenylphosphonium iodide

(Ventron Alpha Products) was recrystallized from water and

dried at 100°C. Tetraphenylarsonium tetraphenylborate was

synthesized by mixing equal proportions of aqueous solutions

of tetraphenylarsonium chloride (Aldrich) and sodium tetra-

‘phenylborate (Ventron Alpha Products), and dried at 100°C
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for 2H hours. Tetraphenylphosphonium thiocyanate was

synthesized by mixing equal proportions of aqueous solutions

of sodium thiocyanate and tetraphenylphosphonium chloride,

and dried at 50°C for 2H hours.

2. Glassware Cleaning

The glassware for methylamine and ammonia solutions was

first washed with an HF cleaner which consists of 33%

HNO3, 5% HF, 2% acid—stable detergent, and 60% H20 by

volume. After thoroughly rinsing with distilled water,

the glassware was filled with aqua regia and kept under the

hood overnight. The glassware was then rinsed thoroughly

with deionized water and oven dried for several hours.

Other glassware was soaked in sulfochromic cleaning solu-

tion overnight, then rinsed with distilled water and oven

dried.

3. NMR Techniques

A. NMR Instruments

All 133Cs and 7Li NMR data were obtained on a home—

bUilt, single coil, pulsed spectrometer, at 1.A09 Tesla

which employed a Varian DA—6O magnet and console, and was

equipped with a wide band, variable temperature probe

Capable of multinuclear operation (18A). A small external

probe was placed 1.5 to 2.5 cm from the sample to serve
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as the look. This probe contained water doped with a

small amount of a paramagnetic species (185). The line—

1H lock signal was about A Hz. The Varianwidth of the

proton lock circuitry was used to lock the magnetic field.

A Nicolet 1080 computer which was coupled to a Diablo

magnetic disk system was used to carry out the averaging

of spectra and the Fourier-Transformation of the data.

Cesium-133 and Lithium-7 NMR were performed at 7.87 MHz

and 23.32 MHz, respectively. All 133CS NMR data were ob-

tained with 5000 Hz sweepwidth and 8 K memory.. In all

cases the linewidth at half-height was less than 2 Hz.

The temperature was controlled within :0.5°C as measured

with a calibrated thermocouple. The errors in chemical

shifts were 30.15 ppm. In 7Li NMR measurements a sweep—

width of 1000 Hz with 8 K memory was used, and the chemical

shifts obtained were accurate to within :0.1 ppm.

A11 87Rb NMR and one set of 13303 NMR (for a comparison

with DA-6O results) measurements were performed on a

Brucker WH-18O superconducting multinuclear spectrometer

which consists of a superconducting solenoid, a Nicolet

1180 computer disk system, a quadrature detection system,

and a temperature control unit. Most of the spectra were

obtained with a sweepwidth of 5000 Hz and used 8 K of

87Rb chemical shifts dependmemory size. The errors in the

on the linewidth and the signal to noise (S/N) ratio of the

:resonance line. The broader the line, the smaller is the
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S/N ratio, and less well—defined is the maximum of the

peak.

B. Data Handling

Cesium—133, lithium-7, and rubidium—87 chemical shifts

were first referred to; a 0.7 M aqueous solution of CsBr,

a 4.0 M aqueous solution of LiClOu, and a 1.0 M solution of

RbBr in D20. The chemical shifts were then corrected to

refer to infinitely dilute aqueous solutions. The values

of such correctionsforl33Cs, and 87Rb reference solution

are, +9.89 ppm, and +5.89 ppm, respectively. The reference

solution for 133Cs measurements was sealed in. a 5 mm NMR  tube which was coaxially sealed into a 10 mm tube. The

space between the two tubes was evacuated and vacuum—sealed.

In this way, the ambient temperature shift of the reference

could be obtained even when the probe was cold (186). Two

kinds of reference samples were used for 7Li measurements.

Both of them contained 4.0 M aqueous LiClOu solutions but

one of them was placed in a 10 mm NMR tube and the other

in a 5 mm tube which was coaxially sealed into a 10 mm

tube. The chemical shift of aqueous LiClOu is concentra-

tion independent; but because of the homogeneity differences,

the chemical shiftscfi‘these two reference samples are not

0.23 ppm). A11 7Li chemical shiftthe same (a a

10mm— 5mm =

data were corrected to the infinite dilution with respect
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to the reference sample in the 10 mm NMR tube. Chemical

shifts are corrected for the differences in bulk diamag—

netic susceptibility of the solvent (nonaqueous) and the

reference (aqueous) (187a) as appropriate for Fourier

Transform NMR (187b),

2 sam 1e ref

5 — + 3710“) p - xv ereme) (l—3la)
corr _ 6obs

£1 ( sample _ reference)

3 XV Xv6corr = éobs (1'31b)

where Xsample Xreference
v , u are the volume susceptibility

(31b) of the sample and reference solutions, respectively,

6corr and éobs are the corrected and observed chemical

shifts, respectively. Equation (1—31a) applies to the DA—6O

instrument where the applied magnetic field is transverse

to the long axis of the cylindrical sample tube, while

Equation (1-31b) applies to the WH—180 spectrometer where

the polarizing magnetic field is along the long axis of

the sample tube. The values of volume susceptibility of

the solvents and the corresponding corrections on each

instrument are given in Table 3. The contribution of the

salt to the magnetic susceptibility of the solution was

ignored since all measurements were done at low concen-

trations.
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The ion-association and complex formation constants

were obtained by fitting the NMR data with the appropriate

equations using the nonlinear least squares KINFIT“ pro-

gram (188) on a CDC-6500 or a CDC-7501 computer.

C. NMR Sample Preparation

Two kinds of 10 mm O.D. precision NMR tubes (Wilmad)

were used for measurements on the DA-6O NMR instrument.

Solutions in liquid ammonia were prepared in tubes with

wall thickness of 1.0 mm; those in methylamine and other

solvents were prepared in tubes with the wall thickness

of 0.5 mm. These two kinds of tubes were calibrated at

0°C as shown in Figure 10. The samplesitm°Brucker WH—lBO

measurements were prepared in l5-mm spinning NMR tubes

(Wilmad) and coaxially mounted in 20 mm tubes which con-

tained D20 as the lock.

All NMR samples in methylamine and liquid ammonia were

prepared under high vacuum (<10.5 torr) in extended NMR

 
tubes of the type shown in Figure ll. In the case of

salt solutions, solutions used for the mole ratio studies,  
and solutions used for the concentration study of the 2:1

1806
(“T

Cs

ligand were placed into the NMR tube. The Kontes valve

) complexes, weighed amounts of the salt and/or the

was then closed and the tube was connected to the vacuum

manifold with 9 mm Fisher-porter ”Solv—Seal" joints. The

NMR tube was.flamed and pumped out for an hour. Then the
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T0 VACUUM
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Figure 11. Extended NMR tube for high vacuum.
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solvent was distilled very slowly into the NMR tube, which

was immersed in an isopropanol—dry ice bath at -78°C,

and filled to the mark. The walls of the tube were washed

thoroughly by the solvent to bring all the reagents into

the sOlution. The solution was then frozen completely in

liquid nitrogen, pumped out, and vacuum sealed. The frozen'

solution was thawed in an isoprOpanol-dry ice bath. The

height of the solution in the tube was measured carefully

at 0°C, and finally the volume of the solution was obtained

from the calibration curve (Figure 10). In the case of the

concentration studies of the 1:1 and 2:1 complexes, stock so-

lutions were made in methanol. Known volumes of the solution

were transferred to the NMR tube, frozen, and pumped out.

Methanol was then removed by distillation under high vacuum,

and the residue was pumped out for 1 hour, before transfer

'of the solvent into the NMR tube. Salt solutions in sol-

vents other than methylamine and liquid ammonia were pre—

pared from stock solutions by using volumetric flasks. The

volumetric flask was weighed before and after the addition

of the ligand, then the flask was filled to the mark with

the stock solution of the salt. The sample for the kinetics

study of complexation of lithium bromide by cryptand-211 was

prepared in the apparatus shown in Figure 12. Weighed

amounts of lithium bromide and the ligand were placed in

the NMR tube and the side-arm respectively via the exten-

sion tubes. The extension tubes were sealed and the
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Figure 12. Extended NMR tube for the kinetic experiment.
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apparatus was connected to vacuum. Methylamine was distilled

into the NMR tube and the apparatus was disconnected from

the vacuum. Some of the solvent was distilled into the

side-arm and the apparatus was shaken at -50°C to dissolve

both the salt and the ligand. Care was taken to ensure

the salt and the ligand solutions were not mixed. The

apparatus was kept at -50°C overnight to make sure that the

salt and the ligand were completely dissolved. The solu-

tions were mixed at -50°C in the NMR tube, and the appa- *

ratus was placed in the precooled (-50°C) probe immediately.

The time lag between mixing and the acquisition of the first

data was about 15 seconds. After a few pulses (1-5) the

data were stored on the disk for later processing. The

data acquisition and storage process was repeated 98 times

over a two hour period.

u. Conductance Method
 

A. Conductance Equipment

Resistances were measured at 400, 600, l K, 21<and M K

Hz with a bridge assembly originally designed and described

by Thompson and Rogers (190) which was duplicated with

minor improvements by Smith (191). The complete con—

ductance circuit is described elsewhere (191,192). When

the cell resistance was greater than 90,000 ohms, the cell

was shunted in parallel with a 90,000 ohm standard precision
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resistor, and the cell resistances were computed from the

measured resistances. An oscilloscope was used as a null-

point detector. An Erlenmyer-type cell shown in Figure 13,

with a side arm for the introduction of the solvent and

salt, was used. The cell was thermostatted to within

:0.0H°C in a constant temperature ethylene glycol bath.

B. Data Handling
 

l was determinedThe cell constant of 1.02l3i0.000A cm-

in the sample resistance range at 25°C. Aqueous potassium

chloride solutions were used and the conductance equation

of Barthel gt al. (193) was applied as follows:

1/ 3/2
A=1u9.873-95.01 c 2+38.u8 c logC+183.l c—176.u 0 (1-32)

Changes in the cell constant with temperature are

negligible. If we consider a conductance cell which is

made of Pyrex (coefficient of linear expansion = 3.5 x 10"6

1)°K- , and its electrodes are 10 cm apart from each other,

and have radii of 1 cm, the change in the cell constant

for a AO°C change in temperature is about :0.000U5 cm"-1

which is about the accuracy of the measurements.

Measured resistances were corrected for irreversibility

at the electrodes, and the capacitance by-pass effect by

using Equation (32),
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2 b

R = R + af + —: (1-33)
meas o /f

in which Rmeas and R0 are the measured and corrected

resistances, f is the frequency, and a and b are adjust-

able parameters. The best value of R0 for each concentra—

tion was obtained by using the nonlinear least squares

KINFIT program (188). This value of R0 was then used to

calculate the equivalent conductance of the solution. The

ion association constant and limiting equivalent conductance

were determined by fitting the conductance data to the prOper

conductance equation with the KINFIT program.

0. Sample Preparation for Conductance Measurements

Potassium chloride solutions were made by weighing suc-

cessive portions of the salt into a weighed amount of

deionized water in the conductance cell.

Cesium iodide solutions were prepared by the following

procedure: The lid of the cell was sealed with Apiezon

W, "black wax", (Figure 13). Then the whole cell assembly

was connected to high vacuum and pumped out for several

hours, until a pressure of less than 1 x 10"5 torr was

obtained. Methylamine was transferred from a weighed stor-

age bottle into the cooled (-U0°C) cell under vacuum. The

side arm was flamed out to transfer all the solvent into

‘the cell. Valve B was closed and the cell assembly and
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the storage bottle were disconnected from the vacuum line.

The outside of the storage bottle was cleaned and dried.

The bottle was weighed again to calculate the amount of the

solvent transferred. Weighed amounts of cesium iodide were

added into the side arm, and the cell assembly was con-

nected to the vacuum line again in order to evacuate the

side arm. Valve A was then closed and the cell was dis-

connected from the vacuum. [The salt was washed into the

cell by repeatedly distilling some solvent into the side

arm, dissolving the salt, and transferring the solution

back into the cell. After complete transfer of the salt,

the side arm was warmed up to ensure the complete transfer

of the solvent into the cell. Valve B was closed, and the

cell was disconnected from the vacuum line, and kept in the

' glycol bath for 30 minutes before making resistance measure—

ments.



 

CHAPTER III
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1. Introduction

The main purpose of this dissertation is to study the

complexation of alkali cations by crown ethers and cryp-

tands in nonaqueous solvents, especially in methylamine

and liquid ammonia. Such studies produce valuable in—

formation about the behavior of alkali metal solutions in

the presence of macrocyclic ligands.

The unusual concentration dependence of the chemical

shifts of 1:1 and 2:1 complexes of cesium salts by

l8—crown—6 in methylamine solutions (Chapter IV) motivated

us to study this system extensively. It became clear

that a complete understanding of the system required the

‘nvestigation of ion—association of cesium salts in this

olvent. .

The concept of ion—pair formation was introduced by

jerrum in 1926 (19). Since that time, various properties

f ion—pairs have been studied, mostly in solvents of high

r medium dielectric constant, but little is known about

on-association in solvents with dielectric constants lower

han 15. The existence of triple ions in low dielectric

edia was proposed by Fuoss and Kraus (24) many years ago,

ut until recently the presence of such species has merely

een inferred on the basis of deviations from classical

aws .
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In this chapter, an extensive study of ion—association

of cesium salts in methylamine by 133Cs NMR Spectroscopy will

be presented. The sensitivity of 133Cs NMR is relatively

high as compared to other alkali nuclei, and the resonance

lines are very narrow. Therefore, signals from dilute solu—

tions (down to 0.0005M) of cesium salts have been detected

and the chemical shifts have been measured accurately.

Methylamine has a dielectric constant of only 11 at its

boiling point (~6.3°C) so we rationalized the chemical shifts

on the basis of the formation of ion—pairs and triple—ions.

In addition to NMR studies, the conductance of cesium

iodide in methylamine was measured to permit comparison

of two methods for the determination of ion-pair formation

constants. The results of such studies will be discussed

in this chapter; and will be used in the next chapter to

ermit calculatiOn of the complexation constants for cesium

alts with l8—crown—6 in methylamine solutions.

Cesium-133 NMR Studies of Cesium Salts in Methyl—

amine

A. Concentration Dependence of 133CS Chemical Shifts

of Cesium Salts in Methylamine

The concentration dependence of the 133Cs chemical

ifts of cesium iodide in methylamine at various tempera—

res was examined. The results are given in Table A
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and shown in Figure 14. At all temperatures an increase

in the concentration of cesium iodide results in a para-

magnetic (downfield) shift indicating that the cesium cation

interacts more strongly with the iodide ion than with the

solvent. The data for a similar study with cesium tetra-

phenylborate in methylamine are given in Table 5 and are

illustrated in Figure 15. Since the solubility of cesium

tetraphenylborate in methylamine is low, it was not pos-

sible to study this system at temperatures below -3°C.

The solubility of cesium tetraphenylborate in methylamine

was increased by the addition of 18-crown-6 to the salt

solutions. Since the formation constant of the resulting

1:1 complex is larger than 104 (Chapter IV), a plot of the

chemical shift versus (l8-crown-6)/(Cs+) mole ratio is

practically linear in the range 0 < mole ratio < 1. There-

fore, the chemical shift of the uncomplexed Salt at each

concentration could be obtained by extrapolating to zero

mole ratio. The results of such studies are shown in

Table 6 and Figure 16. A diamagnetic shift occurs upon

increasing the concentration of cesium tetraphenylborate

at various temperatures (Figure 15) which means that the

cesium cation interaction with the solvent is stronger

than with the tetraphenylborate anion. In the case of

cesium thiocyanate, the chemical shift is concentration

independent in the concentration range studied. However,

the chemical shift is temperature dependent. The results

are given in Table 7 and illustrated in Figure 17. In
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133

 

 

 

 

Table 5. Concentration Dependence of the Cs Chemical

Shift of CsBPhu in Methylamine at Various Tem—

peratures.

éobs (ppm)

Temperature, 0C

Sonc. (M) 25.0 13.2 5.8 -2.9

3.00048 17.72 24.70 27.96 31.37

3.00072 13.30 19.35 22.69 25.71

3.00074 13.07,13.07 22.53 26.02

3.00113 9.19 14.62 17.80 20.82

3.001275 7.72 13.38 16.25 19.27

3.00171 6.56 14.70 17.26

3.00210 4.85 9.97 12.84 15.55

3.00265 2.83 7.88 10.36 12.68

3.003175 1.75 6.48 8.65 10.90

3.00390 0.04 6.79 9.27

1.00505* 2.0:O.5 3.8tO.5

1.00509' —2.44

1.00612 —4.07,-3.91 2.45

).OO727* —5.0iO.5 -O.95i0.5 l.OiO.5

).0103* —7.4:0.5 -3.4 :0.5 1.65:0.5

 

  

3Chemical shifts were obtained from the extrapolation of

the mole ratio curves to 0.0 mole ratio.
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Table 6. Variation of the 133Cs Chemical Shift with the

Mole Ratio (18C6)/(CsBPhp) in Methylamine Solu—

tions at Different (Cs+) Concentrations and

Various Temperatures.

 
 

 

  
 

 

dobs (ppm)

(Cs+) Mole Ratio Temperature, 00

(M) +

(1806)/(CS ) 25.0 13.2 5.8

0.00505 0.0a 2,020.5 3.8:0.5

0.404 8.03 10.12

8.11

0.519 9.50 11.75

0.648 11.75 13.92

0.760 13.61 15.55

0.00727 0.0a _5.0:0.5 —o.95:0.5 1.0:0.5

0.396 2.76 6.48 8.57

as 0.456 4.00 7.49 9.81

0.668 8.11 11.52 13.85

0.822 10.28 13.69 15.78

0.0103 0.0a -7.4:0.5 —3.4:0.5 —1.65:0.5

0.209 —3.06 0.74 2.60

0.495 3.07 6.79. 8.73
0.644 6.01 9.43 11.52

0.857 9.89 13.54 15.71

 

 

aObtained by the extrapolation to 0.0 mole ratio.
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Figure 16. Cesium-133 chemical shift versus (lB-crown-

6)/(CsBPh ) mole ratio at different concen-

trations of CsBPhu and various temperatures.
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Table 7. Concentration Dependence of the 13303 Chemical

Shift of CsSCN in Methylamine at Various Tem—

peratures.

aobs (ppm)

1 Temperature, °C
oonc.

(M) 25.00 9.4 6.0 -2.5 —10.3 —16.2

0.00094 60.68 64.33 65.26 67.51 68.82 69.76

0.00148 60 68 64.17 65.34 67.04 68.82 69.91

0.00428 60.76 64.25 65.34 67.12 69.06 69.76

0 0054 60.65 —————————— 67.15 68.89 —————

3.00823 60.53 64.48 65.34 67.27 68.75 69.99

3.01314 60.76 64.56 65.41 67.04 68.59 69.99

1.01803 61.07 64.40 65.41 67.58 68.82 69.99
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addition, the concentration dependence of the 13305 chemical

shift of cesium triiodide in methylamine at 25.0°C and

5.6°C was studied briefly. The data are given in Table 8 and

shown.in Figure 18. The concentration dependence of the chem—

ical shift of cesium bromide, cesium perchlorate, and cesium

nitrate could not be studied due to the low solubilities

of these salts in methylamine. Therefore the chemical shifts

of the saturated solutions were measured at 25.0°C. The

results are given in Table 9 along with approximate solu—

bilities of the salts in methylamine.

To compare the results, the concentration dependence

data for various salts at 25.0°C are illustrated in Figure

19. The chemical shift of the free solvated cesium cation

should, of course, be independent of the counterion; there-  
fore, the curves should converge at infinite dilution. It

is obvious from Figure 19 that substantial ion—association

occurs even at the lowest concentration studied, where ac-

:umulation times of 8—10 hours per sample was required.

Ionsequently, it was not feasible to study even more dilute

1olutions. From the concentration dependence of the 133Cs

whemical shift of cesium iodide and cesium tetraphenyl-

orate and the requirement that these salts and cesium

hiocyanate have a common intercept, it was possible to

etermine the ion—pair formation constants of these salts.

he results will be presented in Section C.

The long extrapolation of the data to infinite dilution

1de numerical calculations very difficult, so that attempts
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Table 8. Concentration Dependence of the
133

IIIII______________—___________—==fi‘__________:illll’

Cs Chemical

Shift of CsI3 in Methylamine at 25.0° and 5.6°C.

 
 

 

 

6(ppm)

Temperature, °C

Conc. (M) 25.0 5.6

0.00131 123.88 123.57

0.00348 125.59 125.36

0.01177 128.46 127.37

0.01991 131.64 130.93
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Table 9. Cesium—133 Chemical Shifts of Saturated Solu-

tions of CsBr, CsClOu, CsNO3 in Methylamine

 

 

 

at 25.0°C.

Salt Conc. (M) . dobs(ppm)

CSBP <0.001 103.80

103.87

CscloLI 50.0007 49.52

CSNO3 <0.0007 46.72

46.34
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were made to obtain the chemical shift of the solvated

cesium cation experimentally. Although such attempts.failed

to give the chemical shift of the free cation directly, the

data contain some information about ion-association which

will be discussed in Section C.

Cesium thiocyanate data do not appear to give much in-

formation because of the concentration independent chemical

shift. In the case of cesium thiocyanate three possibilities

exist:

(1) Cesium thiocyanate is not ion-paired even at the

highest concentration. From the behavior of the other salts

in this low dielectric constant solvent this possibility is

highly unlikely. The linewidths of the signals are larger

for this salt than for the other salts which is also an in-

dication of ion-ion interactions;

(ii) It is possible that cesium thiocyanate is com-

pletely ion-paired even at very low concentrations. If

this is true then the chemical shift might suddenly change

at lower concentrations which are beyond the detectability

limit of the method. The direction of the change is not

known even though in all the solvents which were studied by

Popov and coworkers (129-135) a diamagnetic shift has been

observed for alkali thiocyanates; and

(iii) It is probable that the chemical shifts of the

free solvated cesium cation and cesium thiocyanate ion pairs

are the same. This would not be surprising since both
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:hiocyanate and methylamine are nitrogen donors. Actually,

;his assumption formed the basis for our choice of the

:hemical shift for the free solvated cesium cation as

rill be discussed later in this chapter.

B. Ion Association of Cesium Salts in Methylamine 

Various models were used in an attempt to analyze the

:oncentration dependence of the 133Cs chemical shifts of

:esium iodide and cesium tetraphenylborate in methylamine

Lolutions. Among them, a model which involves the forma—

vion of ion—pairs and two kinds of triple—ions is the most

)lausible and will be discussed in detail in Section ii—b.

lhort reviews of two other models will be given in sections

and ii-a for the sake of completeness.

(i) Simple Ion—Pair Model — We first tried to fit the

hemical shift data for cesium iodide and cesium tetra—

henylborate with a simple model in which only ion—pairs

orm. The following equations were fit to the data by

sing the weighted nonlinear least squares program KINFIT:

K.

1p

Cs + X Z CS-X (3-1a)

(CS.X) = l—CX (3-lb)

1p (Cs)(X)vi d2C72
‘1'
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6 1/2

Yi = exp _(__£1121§fl£19_1921_____I7?_)
(3—lc)

‘——_‘—__————1

3/2 50.298(0a)
(DT) [1 +

(DT)1/2

6 X +
obs = 08605 XCS°X605.X = ”60s + (1— )GCs.X (3—1d)

in which Cs and X are the solvated cation and solvated

anion, respectively; Cs-X is the ion—pair (charges are omitted

for simplicity), the terms in parenthesis in Equation (3—1b)

are the molar concentrations of various species, Kip is the

Lon-pair association constant, a is the degree of dissocia—

;ion of the ion—pair, Y: is the mean activity coefficient of

:he salt in solution, C is the analytical concentration of

(he salt, D is the dielectric constant of methylamine, T is

he temperature in , a is the distance of the closest ap—

roach (a = 5.3 X)*, sobs is the measured chemical shift,

Cs and écs-X are the chemical shifts of the free solvated

ation and ion—paired cation, respectively, and XCs and

05.x are the relative mole fractions of the free and ion—

aired cation respectively. Values of the dielectric

onstant at different temperatures were obtained from the

quation in Reference 194,

D = DO - 0.09195 (3—2)

 

The distance of the closest approach was chosen as the av—

’age of (rCS+ + r1-) and ¢Cs+ + PI' + rs) in which rCs+ =

‘67 h and r _ = 2.20 h are the crystal ionic radii of the

ésium cation and the iodide anion respectively, and rs =

7 is the Vander Waals radius of methylamine molecule.

)wever, the exact choice of "a” does not affect the results

.gnificantly.
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where DO — 11.3 is the dielectric constant of methylamine

at 0°C and t is the temperature in oC. Cesium iodide and

cesium tetraphenylborate data at 25.0°C were fit simul—

taneously by equations (3-1) with five adjustable param—

eters. These are: two ion—pair association constants,

two chemical shifts of the ion—pairs, and the chemical

shift of the free cesium cation in methylamine (see Ap—

pendix 1A for details). The results of this type of curve

fitting are illustrated in Figure 20, where the experimental

and calculated chemical shifts are compared. The adjust—

able parameters are given in Table 10. The simple ion—pair

model requires a sharp change in the chemical shift at low

concentrations with a flat portion at high concentrations.

Even the "best fit" of the data is very poor at all tempera-

tures. A closer look at the chemical shift—concentration

plots (Figures 14 and 15) shows the existence of rapid

Changes with concentration at low concentrations and slower

continuing changes at higher concentrations. This indi—

cates that other interactions are important in the solu—

tion. Table 10 shows that none of the adjustable param—

eters are well—determined by this model. The average

standard deviation of the residuals is about 1.0 ppm

which is much higher than the experimental errors in the

zhemical shift determination. Therefore it is clear that

1 simple ion-pair model cannot describe the behavior of

lesium salts in methylamine, and that other effects are
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25.0°C. 0 experimental points, x calculated

from the simple ion pair model.
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Table 10. Calculated Thermodynamic Parameters of Ion-

Association of Cesium Salts in Methylamine at

25.0°C According to a Simple Ion—Pair Model.

 

 

 

CsI CsBPhu

.9, ..
6CS+ ppm ~04:15

K' M-l (“i )x10“ (14:1)x10Ll
lp

5- ppm 130:: _33i25

1p
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also responsible for the chemical shift changes as a func-

tion of concentration. It must, however, be realized that

most of the changes in chemical shift with concentration
 

can be accounted on the basis of ion-pair formation so that

the remaining information needed to improve the model is

relatively minor. It would seem that the logical next step

would be to invoke triple-ion formation.

(ii) Formation of Triple—Ions - According to theory
 

(89), the maximum concentration, Cmax’ for which triple-

ion formation of a univalent electrolyte in a solvent of

dielectric constant D may be neglected is given by:

Cmax s 1.19 x 10-lu(DT)3. In methylamine, even at the

lowest temperature, and concentration which we studied,

the formation of triple-ions cannot be ignored according

to this equation. Therefore, we tried to analyze our data

according to models in which triple-ions form.

(a) One Type of Triple-Ion - In this model it
 

was assumed that only ion pairs and anionic triple—ions

will form in the solution. Even though the formation of

cationic triple—ions cannot be neglected, this model was

used as a starting point and is worth describing briefly.

The equilibria and subroutine equations required for the

analysis of multiple data sets according to this model are

given in Appendix 1B.
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To analyze the data completely (neglecting the tempera-

ture dependence of the chemical shifts), it is necessary

to evaluate at least seven parameters for each salt. Four

of these are ion—pair and triple-ion formation constants

together with the enthalpies of the formation of the two

species. The other three are the chemical shifts of the

free solvated cation, the ion-pair, and the triple-ion.

Although we found out that our data could be fit well by

this model, the determination of all seven parameters is

not possible. In general, it becomes apparent in all model-

fitting that those parameters which are highly correlated

with each other, and/or are characteristics of minor species

in the solution cannot be determined simultaneously. For

example, high correlation coefficients exist between the

formation constant of the anionic ion-triple, K and its
ta

chemical shift. Since the anionic triple-ion, X.Cs.X,

is a minor species in the solution, we cannot determine

both the chemical shift and its formation constant simul—

taneously. Because of the existence of only small relative

amounts of Cs+ in solution, even at the lowest concentra-

tions, and the consequent long extrapolation of the chemical

shift to infinite dilution, the accurate determination of

the chemical shift of the solvated cation was not possible.

If we try to adjust 6CS+, high marginal standard deviations

in the other parameters result. Although we would prefer

to determine the chemical shift of the free cation by data
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fitting, it was necessary to fix it at a reasonable value.

In order to maketflmeproblem tractable, we assumed that

the chemical shift of the ion-pair of cesium thiocyanate

and that of the free cesium cation are equal (see section

iii for more explanation of this choice). In addition,

the association constant of the triple—ion was calculated

from the Fuoss equation (24) and used as a constant (more

eXplanation is given in section iii). With these assump-

tions, the data at various temperaturesnmawsfit well by

this model and the average standard deviation of the re-

siduals was reduced to 0.45 ppm. The calculated thermo-

dynamic parameters obtained from 11 data sets are given

in Table 11. Even though all parameters, except the chemi-

cal shift of the triple-ion, are well-determined by this

model, we feel that the formation of the cationic triple-

ion cannot be ignored. Therefore,we refined our model by

introducing the formation of the cationic triple—ion in the

equilibria.

(b) Two Types of Triple-Ions - The most reasonable
 

model for the analysis of the NMR chemical shifts of cesium

salts in methylamine is a model in which the ion-pair

Cs+'X-, and both kinds of triple-ions (anionic and cationic)

exist in the solution. The equilibria involved in this

model are,
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Table 11. Calculated Thermodynamic Parameters for Ion-

Association of Cesium Salts in Methylamine at

25.0°C According to the Ion-Pair and Anionic

Triple-Ion Model.

 

 

 

Assumptions:

1. 6C5 = 60.73 ppm from CsSCN data at 25.0°C.

2. Kta = 32.5 M_1 from the Fuoss equation

at 25°C.

CsI CsBPhu

Kip M‘l (4.3+1.0)x105 (1.5:o.5)x10“

angp kcal. mole‘l (2.0:o.3) (4.710.5)

écs-X ppm 121.710.4 -2l:5

5X-Cs X ppm 784ill9 -337:58
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Kip

Cs + X z Cs-X

C

+ Cs-x Cs (3-3)

where X-Cs-X and Cs-X'Cs are anionic and cationic triple-

ions (charges are omitted for simplicity), and Kta and KtC

are formation constants for the anionic and cationic triple-

ions, respectively. The equilibrium constants, mass balance

equations, charge balance equation, and activity coefficient

equation were used to solve for the concentration of the

different species in solution. The numerical calculation

was based on an iterative method with convergence on the

major species (Cs+-X‘) in the solution. The detailed

algebra and the subroutine EQN for the KINFIT program are

given in Appendix 10. The calculated concentrations of

the various species were then used in the chemical shift

equation,

I X. = 1 (3—4)

1
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where Xi's and 51's are the mole fractions and chemical

shifts of the species containing the cesium cation. A

complete solution to the above equations for each salt at

various temperatures would require the adjustment of

three association constants, three enthalpies of formation

(for the ion-pair and two kinds of triple-ions), and four

chemical shifts even if the temperature dependence of the

chemical shifts is ignored. Since the chemical shift of

the free cesium cation is a common parameter for both salts,

19 parameters would have to be adjusted for a complete.

solution to the problem. As mentioned in Section ii, the

high correlation among some of the parameters would clearly

prevent solution of the complete problem. Assumptions must

therefore be made in order to obtain any quantitative in-

formation about the system. As we shall see, certain

parameters are very insensitive to these assumptions and

can therefore be well-determined. The final set of assump-

tions was:

1. The chemical shift of the free solvated cation was

taken as the chemical shift of cesium thiocyanate in methyl-
 

amige. The concentration independent chemical shift of

cesium thiocyanate suggests that the chemical shift of the

free solvated cation and the ion-paired cation are the

same. It seems that the chemical shift of the triple-

ions and the ion-pair are also the same, since there is
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no concentration dependence. The chemical shift of

a 0.02M cesium thiocyanate solution in methylamine which

is saturated with tetraphenylphosphonium thiocyanate is

60.84 ppm at 25.0°C Which is equal to that of cesium thio-

cyanate in methylamine. The addition of tetraphenylphos-

phonium thiocyanate to the solution should increase

triple-ion formation. Only if the chemical shift of the

ion-pair and the anionic triple—ion are the same would we

expect the same chemical shift upon addition of tetraphenyl-

arsonium thiocyanate. This experiment suggests that the

chemical shift of the triple-ion and the ion-pair are equal,

so that the chemical shift of the ion-pair and the free

cesium cation would also be expected to be the same. A

similar experiment was carried out for a cesium iodide

solution in methylamine. The chemical shift of a 0.024M

solution of cesium iodide in methylamine which is also

saturated with tetraphenylphosphonium iodide is 129.38

ppm at room temperature while the chemical shift of pure

cesium iodide at this concentration is 127.06 ppm. A down-

field shift (2.2 ppm) as a result of the addition of tetra-

phenylphosphonium iodide indicates an increase in the forma—

tion of the triple—ion. The addition of tetraphenylarsonium

tetraphenylborate to a 0.0032M cesium tetraphenylborate in

methylamine, results in a 0.38 ppm upfield shift at 25°C,

also indicating the formation of more triple-ions.

As mentioned above, the chemical shift of the free

solvated cation, 5 could not be obtained from the data

Cs’
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since a very long extrapolation is required (Figure 19) and

the concentration of the free cation is very small (less than

10% at the lowest concentration used). However, the choice

of 603+ is critical, since ion—pair association constants

are affected significantly by a change in the chemical

shift of the free cation. For example, if we change 60s

from 80 ppm to 40 ppm, the ion—pair formation constant of

cesium iodide decreases by a factor of 4 while the ion—pair

formation constant of cesium tetraphenylborate increases by

the same factor (compare Tables 12—14). The residual surface

is not very dependent upon the choice of one of these values,

provided the other parameters are adjustable,and both choices

of 008 give nearly equally good fits to the data.

In summary, our choice of the chemical shift of the

free solvated cesium cation is

(003+)t = 60.73 - 0.224 (t — 25 0) (3-5)

where (0CS+)tis the chemical shift of the free cesium cation

at a given temperature. The temperature dependence was ob-

tained from a plot of the chemical shift of cesium thio—

cyanate versus temperature which yielded a straight line

with a slope of -0.224 as shown in Figure 21.

2. Equal probabilities for the formation of two

kinds of triple—ions. The determination of the formation
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Table 12. Thermodynamic Parameters for Ion-Association

of Cesium Salts in Methylamine at 25.0°C; Ob—

tained with the Assumptions that Ion-Pairs and

Two Kinds of Triple Ions are Present, and That

6Cs = 60.73 ppm at 25.0°C.

Assumptions: 6Cs = 60.73 ppm (from CsSCN data

' at 25.0°C).

_ _ —1
Kta — Kto — 32.5 M (from Fuoss

equation at 25.0°C).

60s.x.0s = 60s.x

 

 

Adjustable Parameters at 25.0°C

 

CsI CsBPhu

K. M‘1 (2.54i0.31)x105 (1.41:0.30)x10”
1p

Ahgp kcal. mole‘l (3.86:0.28) (4.71io.4o)

= . i . 1 -1 .1:4.2SCS-X-CS 605-X ppm 124 19 0 3 3

4 8:24 — 2 8:42
GX'CS‘X ppm 5 9

 

 



 llIllIII::::4tt—————
——————————————————__

_____________1,
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Table 13. Thermodynamic Parameters for Ion—Association of

Cesium Salts in Methylamine at 25.0°C; Obtained

with the Assumptions that Ion—Pairs and Two

Kinds of Triple Ions are Present, and That

6C5 = 40 ppm.

Assumptions: 605 = 40 ppm.

Kta = KtC = 32.5 M"1 (from Fuoss

equation at 25.0°C).

6Cs.x.0s = 6Cs.X

 

 

Adjustable Parameters at 25.0°C

 

Csl CsBPhu

Kip M’l (4.3:0.6)x105 (7.6:0.7)x103

AHEp _ kcal. mole"l (3.40:0.3) (4.66:0.3)

6CS'X'CS:5CS-X ppm 124.05i0.33 -9.8i2.3

GX'Cs-X ppm 545i4o —336i21
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Table 14. Thermodynamic Parameters for Ion—Association of

Cesium Salts in Methylamine at 25.0°C; Obtained

With the Assumptions that Ion—Pairs and Two Kinds

of Triple Ions are Present, and That 605 = 80 ppm.

Assumptions: 605 = 80 ppm.

Kta = Kto = 32.5 M‘1 (from Fuoss

equation at 25.0°C).

6Cs.X.Cs = 50s.x

Adjustable Parameters at 25.0°C 7

CsI CsBPhu

-1 5 4

Kip M (1.10:0.13)x10 (2.97io.67)x10

AHEp kcal. mole‘l (4.85:0.27) (5.38:0.57)

écs-X-Cs=6Cs-X ppm 125.07i0.3 —8.4i3.4

_. +

6X-Cs-X ppm 359:11 391—77
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constants of the triple—ions .isnot possible along with

the determination of the ion—pair formation constants, since

these two constants are highly correlated to each other and

only a small fraction of the cesium cation is in the form

of the ion—triple (less than 10% at the highest concentra—

tion). The values of the ion—pair formation constant,

enthalpy of the formation, and chemical shift of the ion—

pair do not change significantly with a change in the forma—

tion constant of the triple-ion. Therefore the assumption

of equal values of the two triple—ion formation constants

is acceptable even though the degree of the solvation of

the cation and the anion are different.

3. Fixed value for the formation constant of

triple:ign§. Since triple ions are minor species and

the ion—pair parameters do not change much with a Change

in the formation constant of the triple ion, we can fix the

formation constants of the triple—ions at ”reasonable"

values with the understanding that the resulting chemical

shift parameters for the triple—ions will depend upon this

choice. Two procedures were used:

(a) The formation constants of the triple—ions at

different temperatures were calculated from the Fuoss equa—

tion

2WNa3

3 = W I933) “-8)
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Values of I(b3) for integral values of b are tabulated (24)

so that values of I(b3) for nonintegral valueswereobtained

from a plot of log I(b3) versus b.

(b) Independent of the model which we used, the value

of the formation constants of the ion—pairs at 25.0°C ob—

tained from our NMR data for cesium iodide is almost 5 times

larger than the Fuoss value, and almost 5 times smaller than

the Fuoss value for cesium tetraphenylborate in methylamine.

If we assume that the ratio of the ion—pair and triple—ion

formation constants calculated from the Fuoss equation is

the same as the corresponding ratio obtained from NMR data,

we can write,

K = A x K. (3—6)

where A = (Kt/Kip)Fuoss' This assumption suggests that if

any effect is missing in the calculation of the ion—pair

formation constant according to the Fuoss theory, it is

also missing in the calculation of the triple-ion

formation constant. Again, it must be emphasized that

sgme such assumption is forced upon us by the inability

of the chemical shift data to define all the unknown

parameters.

The analysis of data according to either assumption

a or b yields the same thermodynamic parameters for ion—

pair formation (compare Tables 12 and 15). If we adjust
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Thermodynamic Parameters for Ion—Association of

 
 

 

Table 15.

Cesium Salts in Methylamine at 25.0°C; Obtained

with the Assumptions that Ion—Pairs and Two Kinds

of Triple Ions are Present, and That Kt/Ki is

a Known Constant. p

Assumptions: 60s = 60.73 ppm (from CsSCN data

at 25.0°C).

= _ -3
A Kt/Kip — 6.8 x 10 (from

Fuoss equations at 25.0°C).

CSCs.X.Cs = 60s.X

Adjustable Parameters at 25.0°C

CsI CsBPhu

—l 5 4
Kip M (2.68:0.19)X10 (1.16:0.15)X10

AHIp kcal. mole_l (3.75i0-ll) (4.09i0.15)

8 = 8
Cs x-Cs Cs.x ppm 124.05io.20 —17.8i3.2

5 ppm 299il.2 —906i51
X'Cs-X
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"A" for the best fit, the standard deviations become too

high but the best-fit value of this parameter is equal to

the corresponding value calculated from the Fuoss equations

within the standard deviation (Table 16). Even if we use

a value for the triple-ion formation constant which is 3

times larger than the Fuoss value, no change in the ion—

pair formation parameters occurs. This confirms the idea

that the choice of the triple-ion formation constant is not

important as long as its value is within a reasonable range.

4. Chemical shifts of anionic and cationic triple-

igns. The high correlation between the chemical shifts of

the two kinds of triple-ions prevents their determination

simultaneously. For example, since they are formed in

equal concentrations, the chemical shift of one could go

down an arbitrary amount provided that it is balanced

by a corresponding increase in the chemical shift of the

other triple-ion. Therefore we were once again forced to

make some assumptions about the values of their chemical

shifts.

It is important to point out that the choice of the

chemical shifts of triple ions does not influence the ion-

pair formation parameters significantly. Essentially the

same values (within standard deviations) for the ion-pair

formation parameters result regardless of the choice of the

chemical shifts of the triple-ions. The reason is that the
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Table 16. Thermodynamic Parameters for Ion—Association of

Cesium Salts in Methylamine at 25.0°C; Obtained

with the Assumptions that Ion—Pairs and Two Kinds

of Triple—Ions are Present, and that Kt/Ki

is an Adjustable Parameter. p

Assumptions: 5C8 = 60.73 ppm (from CsSCN data

 

 

 

at 25.0°C).

A = Kt/Kip (Adjustable)

50s.x.0s = CSCs.x

(50s.x>t = (6Cs.X)25.O + b(t‘25'0)

Adjustable Parameters at 25.0°C

CsI CsBPhu

—l 5 4
Kip M (2.85i1.0)x10 (1.05i0.35)X10

Apr kcal. mole_l (3.65il.4) (2.56i3-2)

acs-X-Cs=6CS-X ppm 123.73:1.19 —19.9i8.8

b ppm-deg‘l —0.0067:0.0029 -0.25:0.53

6X-Cs-X ppm 283i11 ~608i273

A 0.00111:0.00055
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ion-pair formation parameters are almost completely

characterized by the low concentration region of the chemi-

cal shift—concentration plots, and in this region less than

1% of the cesium cation is present in the form of triple-

ions.

Most workers in the field agree that alkali metal NMR

chemical shifts are only sensitive to nearest neighbor

interactions. Reasonable assumptions about the chemical

shifts of the triple-ions can be made by considering the

nearest neighbor effect.

a. If we assume that the degree of overlap of the

outer p-orbitals of the cation and anion are the same in

the ion-pair and the cationic ion-triplet, Cs.X.Cs, then

the chemical shift of the two species should be equal.

With this assumption the chemical shift of the cationic

species could be fixed at the ion-pair chemical shift and

7 the chemical shift of the anionic triple-ion could be

adjusted.

b. If the degree of overlap is not the same for ion—pair

and ion-triplets, then we can assume that a change in the

degree of overlap results in a change in the chemical

shift. Thus the chemical shift of the cationic triple-

ion can be expressed as

Cs-XoCs ‘ 6C5 x
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where A is the chemical shift characteristic of the dif-

ference in the degree of overlap between the cation and

anion in the ion-pair and ion-triple. Since the cesium

cation is surrounded by two anions in the anionic triple-

ion, the chemical shift of the anionic triple ion can be

written as

GX-Cs-X = 2((SCS.X - 5C3) + 6C5 - A (3_7b)

assuming that the same effect-causes corresponding changes

in the chemical shifts of both triple—ions with respect to

the chemical shift of the ion-pair.

We used both assumptions a and b in the analysis of the

NMR data. Both assumptions lead to the same values for the

ion-pair formation parameters, again showing that the choice

of the chemical shift of triple—ions is not critical (com-

pare Tables 12 and 17).

5. Temperature dependence of the chemical shifts. Since
 

the degree of interaction between cation, anion, and the

solvent is temperature dependent, the chemical shift of

various species should also be temperature dependent. Un-

fortunately there is no theory for the temperature depen-

dence of the chemical shift. The CsSCN data show a linear

dependence of the chemical shift on temperature (Figure 21).

In general, it can be assumed that the chemical shifts of
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Table 17. Thermodynamic Parameters for To

Cesium Salts in Methylamine at 25.0°C; Obtained

with the Assumptions that Ion—Pairs and Two

Kinds of Triple Ions are Present, with Equi—

partition of the Chemical Shifts.

Assumptions: 505 = 60.73 ppm (from CsSCN data

at 25.0°C).

Kta = Kto = 32.5 M‘1 (from Fuoss

equation at 25.0°C).

50s.x.Cs = 5Cs.x ‘ A

5x.Cs.x = 2“Sosa: ' 50s) + Cs ‘ A

Adjustable Parameters at 25.0°C

CsI CsBPhu

—l 5 4
Kip M (2.49i0.28)x10 (1.49i0.31)x10

Ahgp kcal. mole‘l (3.89i0.26) (4.89:0.41)

écs-X ppm 124.28i0.29 —11.8i3.8

A ppm -133i11 114:25

7__—4.

,1. r ..rachQ - _. 1,,
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X-Cs-X

Table 18. Thermodynamic Parameters for Ion-Association of

Cesium Salts in Methylamine at 25.0°C; Obtained

with the Assumptions that Ion-Pairs and Two Kinds

of Triple Ions are Present, and that 605 X is

Temperature Dependent. °

Assumptions: 6C = 60.73 ppm (from CsSCN data

5 at 25.0°C).

Kta = KtC = 32.5 M.1 (from Fuoss

equation at 25.0°C).

6Cs.X.Cs = 5Cs.X

(SCS.X)t = (50s.x)25.00 + °(t'25'0)

Adjustable Parameters at 25.0°C

CSI CsBPhu

-l 5 4
Kip M (2.50:0.22)x10 (1.21:0.21)x10

AHip kcal. mole”l (3.15:0.21) (3.31t0.79)

= 4. i . - . i .GCs-Xocs 6Cs-X 12 47 0 23 16 l 3 7

b 0.020i0.002 -0.16i0.09

0 469i19 -280i27
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various species is linearly dependent on temperature. The

chemical shifts of triple ions are not well determined by

any of the models. Therefore it is obvious that the intro—

duction of temperature dependence of the triple-ion chemi—

cal shifts is not warranted. A comparison of Tables 14

and 18 also indicates that the ion-pair formation parameters

are the same whether the chemical shifts of the ion-pairs

are temperature dependent or not.

Lest the reader feel that any collection of parameters

can fit the model, it should be emphasized that the model

chosen must fit not only the concentration dependence of

the chemical shifts of CsI and CsBPhu at a given temperature

but at EL; temperatures studied. While the data do not per-

mit unambiguous choice of all possible parameters, the model

used is a reasonable one - theory predicts that ion—pairs

and triple-ions should form in this solvent. We expect

different chemical shifts for free ions, ion-pairs, and

triple-ions and reasonable choices of the corresponding

chemical shifts suffice to describe the data very well.

C. Complementary Experiments

Since the determination of the chemical shift of the

free solvated cation in methylamine requires a long ex-

trapolation of the data, we tried various ways to determine

it experimentally. All such attempts failed, but the data

provide some information about ion—association of cesium
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salts in methylamine. Therefore, the results will be given

in this section.

1. Cesium Tetraphenylborate in 90% v/v Methylamine in
_____________________________________________

Dimethylsulfoxide Solutions — It was thought that if we could

extrapolate the chemical shift-concentration data of cesium

salts in mixed solvents, where one of the solvents is methyl—

amine, then the chemical shifts of the free cesium cation

in various solvent compositions could be obtained. Extrapo—

lation of these chemical shifts to 100% methylamine would

then give the chemical shift of the free cesium cation in

methylamine. Exploring this idea, we measured the 13303

chemical shift of cesium tetraphenylborate in 90% v/v methyl-

amine in dimethylsulfoxide solutions as a function of the

salt concentration. The data at 25.0°C are given in Table

19 and shown in Figure 22. It had been found previously

that cesium tetraphenylborate does not form ion-pairs in

DMSO and that the chemical shift of the cesium cation in

this solvent is 68 ppm (135). From the data of Table 19,

it is obvious that cesium tetraphenylborate remains highly

associated in this mixed solvent, probably because of the

high percentage of methylamine. The chemical shifts at

all concentrations are about 40 ppm downfield from the cor—

responding values in pure methylamine solutions. Even

though the solvent contains only 10% DMSO, the chemical shift

is determined largely by the chemical shift of the cesium



131

 

 

 

Table 19. Concentration Dependence of the 13305 Chemical

ggiggcof CsBPhh in 90% V/V Methylamine-DMSO at

[08+] (M) obs (ppm)

0.00056 57.04

0.00075 54.17

0.00105 50.83

0.00135 47.58

0.00174 47.11

0.00221 45.25

0.00255 44.48

0.00352 42.30

0.00428 41.30

0.00527 39.44

0.00615 39-59

0.00674 38.70
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Figure 22. Concentration dependence of the 13303 chemical

shift of cesium tetraphenylborate in 90%

v/v methylamine in dimethylsulfoxide at

25.0°C.
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cation in DMSO indicating preferential solvation by DMSO.

It is clear that the extrapolation of the data to infinite

dilution cannot be easily done. Therefore, this experiment

did not help us to obtain the chemical shift of the cesium

cation in methylamine solutions.

(ii) Mixtures of Cesium Iodide and Cesium Thiocyanate

in Methylamine - Early in the study of cesium salts in
 

methylamine, when we had examined only the concentration

dependence of the chemical shift of cesium iodide and cesium

thiocyanate, it seemed plausible that cesium iodide forms

contact ion—pairs in methylamine while cesium thiocyanate

does not (see Figure 19). To test this hypothesis, mixtures

of these two salts at a constant total concentration of the

cesium cation but various mole ratios of the two salts in

methylamine were prepared and the chemical shifts measured.

The results are given in Table 20 and are compared with the

results for the pure salts at 25.0°C in Figure 23. Extrapo-

lation of the cesium iodide data to high concentrations

gives a chemical shift of 127 ppm or larger. If the limit—

ing shift were due to ion-pairing only, a plot of(6 -l27)/
obs

(GCSSCN-127)versus the mole fraction of iodide should be a

straight line with unit negative slope, provided the pres-

ence of CsSCN shifted the CsI ion-pairing equilibrium to

completion. The fact that the plot is curved (Figure 24a)

shows that this simple interpretation is invalid. If,on
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Table 20. 1330s Chemical Shifts of Different Mole Ratios

of (1‘)/(scn-) +(I') in Mixtures of CsI and

CsSCN in Methylamine at Various Temperatures;

(Cs+) = 0.0054 m.

_ éobs (ppm)

(_I ) _ Temperature, °C

(SCN )+(I )

25.0 —2.5 -10.3

0.00 60.65 67.15 68.85

0.26 77.67 81.85 83.02

0.52 92.40 95.04 95.73

0.76 107.75 108.61 ' 108.92

1.00 122 10 122.33 123.26
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_ ' 0.76

'20“ .11“: fig 051

”4(3 1 1 .1 1 I J .1 1 11 I 1 1

00 0.4 0.8 l2 LG 20 24

[Cs“] x lo2 (M)

Figure 23. A comparison of 13305 chemical shiftscfi‘pure

cesium salts and the mixture of cesium salts

in methylamine at 25.0°C.



 8
0
b
5
—

8
C
s
I

8
0
5
3
c
»
)
.
8
C
s
I

Figure 24.

.
0

(
I
) I

~ (0) -

0.6r / 4

L _

(b)

4 f -

r- _

0.2 - -

136

 

  
 

I I I I I I

O 0.2 0.4 0.6 0.8 (.0
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Plot of (6obs—60slj/(6CSSCN _60sI) versus

mole fraction of iodide. (a) 6CSI = 127.0,

(b) 5CsI = chemical shift of CsI at the con-

centration of C51 in the mixture.
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the other hand, cesium thiocyanate is more strongly ion-

paired than cesium iodide, a plot of <SObS-SCSI)/(6CSSCN-6CSI/

should be a straight line when the value used for 6051 is

the observed value at the cesium iodide concentration in
 

the mixture. This plot which is shown in Figure 24b is

indeed a straight line with unit negative slope. Therefore,

it can be concluded from this experiment that cesium

thiocyanate forms ion—pairs which are at least as stable

as cesium iodide ion-pairs. Of course, complications are

introduced by the formation of triple—ions which could in-

validate this conclusion. Evidence to be presented later

confirms the existence of substantial ion-pair formation

in cesium thiocyanate solutions (Chapter IV).

(iii) Mixtures of Cesium Iodide and Cesium Tetraphenyl-

borate in Methylamine - The chemical shifts of mixtures of
 

cesium iodide and cesium tetraphenylborate in methylamine

at fixed total concentrations of the cesium cation and

varied proportions of the anions were measured at 25°C.

The results are given in Table 21 and are compared in

Figure 25 with the data for pure salts. The chemical shifts

at each concentration and all ratios favor the chemical

shift of cesium iodide which indicates that cesium iodide

is more associated than cesium tetraphenylborate in methyl-

amine. At first glance, one might think that the chemical

+

shift of Cs at infinite dilution is greater than 105 ppm.
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Table 21. Cesium—133 Chemical Shifts of Different Mole

Ratios of (I )/(BPhE ) + (I ) for 0.0007 and

0. 003 M Cs+ in Methylamine Solutions at 24. 6°C

 

 

  

 

 

(1‘) (Cs+) = 0.0007 M Cs+= 0.003 M

CBPh4)+(I-) 8obs 6calc* Sobs écalc

0.00 13.07 2.00

0.40 63.55 60.3 55.25 55.0

73.94

0.50 74.18 71.2 68.67 66.8

0.60 86.97 81.5 81.15 78.0

0.80 104.96 101.5 102.71 100.6

1.00 119.46 122.33

 

 

*

Chemical shifts were calculated by considering only ion-

pzir formation and using ion-pair parameters from Table

l
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Figure 25. A comparison of 13305 chemical shifts of pure

cesium salts and mixtures of cesium salts in

methylamine at 25.0°C.
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However, this is not the case. Instead,the concentration

dependence in the mixture has its origin in the differences

in the degree of association of these two salts in methyl-

amine. A plot of (do '6Csl) versus the mole
bs—50s1)/(6CSBPhu

ratio of CsI is curved as shown in Figure 26. In this plot

6Csl and écsBPhu are the chemical shifts of CsI and

CsBPhu at their concentrations in the mixture. The non-

linearity of the plot results from differences in the

degree of ion-association of Csl and CsBPhu in methylamine.

In fact, we used the chemical shifts of mixtures of cesium

iodide and cesium tetraphenylborate to check the calculated

ion-pair parameters derived for the two pure salts. The

chemical shifts of mixtures were calculated by using ion-

pair parameters and neglecting triple-ion formation.

These calculated chemical shifts are also given in Table

21 for comparison. The trend of the calculated shifts as

a function of concentration,follows the same trend as the

experimental chemical shift. We extended the calculation to

lower concentrations by using the ion-pair parameters from

Table 12. The results at a mole fraction of 0.5 are shown

on a semilog plot in Figure 27, which indicates that the

chemical shift reverses its direction at lower concentra—

tions and approaches the chemical shift of the free cation.

The calculated chemical shifts are a few ppm different from

the experimental values. The reason for this discrepancy is

probably that in the calculations welumnaneglected triple-ion
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concentrations in the mixture.
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formation (the solution to the equilibrium equations become

very difficult when all possible types of triple ions are

considered). The differences in the calculated and experi—

mental chemical shifts can be accounted for by the forma—

tion of triple ions. For example at a total concentration

of 0.003 M, and the mole ratio (I-)/(BPhu-)=l, according to

our model, almost 3.7% and 0.7% of the cesium cation is in

the form of iodide and tetraphenylborate triple-anions

respectively. Since the chemical shifts of ion-pairs and

anionic triple—ions are different, the existence of triple-

ions results in a chemical shift. The value of this chemi-

cal shift is about +1.8 ppm which accounts for the dif-

ferences in the calculated and experimental chemical shifts.

D. Conclusion
 

Cesium iodide and cesium tetraphenylborate are highly

associated in methylamine. According to theory triple—

ions form in methylamine as well as ion—pairs. A model in

which ion-pairs and two kinds of ion-triples are formed, fits

well to our NMR data. To obtain the ion—association param-

eters of these systems, it is necessary to make certain assump—

tions. Among the various assumptions mentioned in this chap—

ter only the one concerned with the choice of the chemical

shift of the free solvated cesium cation is critical. The

assumption that the chemical shift of the free solvated

cation is equal to that of ion-paired cesium thiocyanate
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is consistent with all of the data. The other assumptions

have only minor effects on the values of the ion—pair for—

. O

mation parameters (Kip, AHip’ 61p

12 and 15—18 reveals that the parameters for the formation

). An inspection of Tables

of ion—pairs are well determined and they are the same

within their standard deviations, regardless of the model

used.

One obvious deficiency of the less critical assumption

is that the chemical shifts obtained for the triple ions

are very different from the values one expects on the basis

 of the overlap model. The origin of such behavior is not

known to us. If the effect is real, and not merely a

consequence of inadequacy of the model, the discrepancy  
must be caused by some kind of interaction between the two

sets of overlapping orbitals in the triple ions, which will

affect the average excitation energy in the Ramsey equa—

tion (Equation 25). Another reason for such behavior may

be due to changes in the short range ion—solvent interactions.

When the anion or the cation interacts with the ion—pair,

the solvent molecules may be rearranged in such a way that

it causes a large chemical shift. In solvents such as

methanol where ion-triple formation is not expected, the

plots of 133Cs and 87Rb chemical shifts of CsI and RbI

are not simple (Chapter V and Reference 211). The chemical

shift changes rapidly at lower concentrations, but changes

more slowly at high concentrations.
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According to our model, at the lowest concentrations we

studied,90% and 55% respectively of the cesium cations in

cesium iodide and cesium tetraphenylborate are ion-paired

at room temperature. At the highest salt concentrations

(where the complexation by l8-crown-6 is usually studied)

only 3% and 25% of the cesium cations in cesium iodide and

cesium tetraphenylborate respectively are free. Therefore,

in methylamine solutions,ion-association of cesium salts can-

not be ignored in the study of the thermodynamicscfi‘the com-

plexation of these salts by 18-crown-6. We have used the

results of the ion-association of cesium salts in methyl-

amine described in this chapter to obtain thermodynamic

formation constants for complexation of cesium salts by

18-crown-6 in methylamine as discussed in Chapter IV. The

conductance of cesium iodide in methylamine as a function

of concentration was also measured in order to permit a

comparison with the NMR results. This study will be des-

cribed in Section 3 of this chapter.

3. Electrical Conductance Measurements of Cesium Iodide

In Methylamine
 

A. Introduction
 

The thermodynamics of ion-association of cesium salts

in methylamine has been investigated by 133Cs NMR tech-

niques as described in the previous section. It was
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pointed out that the thermodynamic parameters of the minor

species cannot be well-determined from the NMR data. If

we could independently determine the ion—pair formation

constants of cesium salts in methylamine by another tech—

nique, and use them as fixed values in treating the NMR

data, we could obtain more information about further ion—

association from our NMR data. Ion—pair association

constants of cesium salts (Picrate, tetraphenylborate, and

iodide) cannot be studied by UV spectroscopy, since the

anion absorption band is either weak or insensitive to

ion—pairing with the cesium cation (196). A common  
approach is to measure the electrical conductivity as

a function of concentration, even though conductance theory  
faces difficulties in determining ion-association constants,

as described in the Historical chapter.

B. Results

(i) Calibration of the Conductance Cell — The

cell constant of 1.02l3i0.0004 cm-1 was determined by

using dilute aqueous potassium chloride solutions and Equa—

tion 1—32. Measured resistances of water and of potassium

chloride solutions at 25.0°C are given in Table 22 at

various frequencies.

The following procedure was used for the calculation of

the equivalent conductance. First, the resistance of the

solvent at each frequency was computed from the parallel
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resistance according to the equation

 

l _ 1. _ 1 (i .\

R ‘ "R 4‘
solv solv+SR SR

where Rsolv’ RSR’ and Rsolv+SR are the resistances of the

solvent, the standard resistor, and the solvent shunted by

the standard resistor, respectively. Then the resistances

of water and potassium chloride solutions were corrected

Ifor the polarization effect at the electrodes and for the

capacitance by-pass effect according to the equation,

R = R + af2 +
b

meas 0 ;EE (1-33)

The corrected resistances, R0, together with their marginal

percent standard deviations are given in Table 22. The

cell constant at each salt concentration was then computed

from the corrected resistance according to the equation,

 

 

ACRO

_ x01
K _ R0 (3-9)

1000(1 - R KCl)

0

H2O

Another set of calibrations was carried out at three dif-

ferent concentrations of potassium chloride. The computed
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cell constants were 1.02114, 1.02127, and 1.02125 cm'l.

The average value of the cell constant from these five

1
determinations is 1.02l3i0.0004 cm—. Since the cell constant

does not change over a concentration range of potassium

4 — 3.15 x 10‘”chloride (1.07 x 10' M), the procedure for

the correction of resistances for the frequency dependence

can also be used with confidence for the conductance measure-

ments of cesium iodide in methylamine.

(ii) Conductance of Cesium Iodide in Methylamine
 

at -15.7°C. - Resistances of cesium iodide solutions in
 

methylamine were measured at -15.7°C. The measured

resistances at 617, 962, 2020, 3960 Ph: were corrected with

the same procedure which was used for the calibration of

the conductance cell. Equivalent conductances were then

calculated from the following equation,

 

= 1000K ( 1 _ l

C Rosin Rosolv
) (3-10)

and are given in Table 23. The plot of the equivalent con-

ductance versus the square root of the concentration is shown

in Figure 28. Since the specific conductance of methyl-

8
amine is very low (1.1 x 10— ohm.1 cm—l), precise deter-

mination of this quantity was not possible. The main

problem in our experiment resulted from the use of a
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Table 23. Equivalent Conductances of Cesium Iodide Solu—

tions in Methylamine at -15.7°C.

 

 

 

Conc. x 105 —1 A_l —1- .

(M) (ohm cm eq ) 0A Weight

3.522 99.2 1.7 0.0015

9.022 70.7 1.u 0.0023

15.92 59.2 0.97 0.00M?

22.87 52.3 0.65 0.011

31.02 07.3 0.38 0.031

99.28 39.23 0.18 0.13

73.3“ 33.98 0.10 , 0.u2

103.3 29.137 0.058 1.25

1M2.0 25.715 0.0u1 2.5

gou.5 22.189 ‘ 0.027 5.6
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Figure 28. Plot of equivalent conductance versus the

square root of the molar concentration of

cesium iodide in methylamine at —15.7°C.
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glycol bath for the temperature maintenance. An oil bath

would be preferable for such an experiment but was not

available to us. An error analysis of the data was per-

formed and the errors in the equivalent conductances were

calculated and are also given in Table 23. The analysis

shows that at low concentrations where the resistance of

the solvent is not negligible compared to the resistance of

the solution and also the relative error in the concentration

is large, high standard deviations are associated with the

calculated equivalent conductance. To take account of this

error, appropriate standard deviations for equivalent conduc-

tances and concentrations were used in the fitting of the

data; i.e., each point was used with a weight proportional

to the reciprocal of the variance for that point. The

associated weights for each point according to the Onsager

limiting law are also given in Table 23.

C. Discussion
 

Electrical conductance data of cesium iodide at -15.7°C

were analyzed according to various conductance equations.

The Onsager limiting law (LL) for weak electrolytes is

expressed as,

A = MAO - S/EE) (1-21)

and K = r



 

 

The extended conductance equation which adds higher order

terms to the conductance equation has the general linearized

form (83),

A=Ao—S(Cq)l/2+EC log(Cq)+JlCd—KAA(Cq)Y:—J2(Ca)3/2 (1—22)

where S is the coefficient of the limiting law, and E de—

pends only on the properties of the solvent and the charge

on the ions, while J and J2 depend on the same parameters
1

and also on the distance of closest approach of ions. The

coefficients E, J1 and J2 have different values according to

the particular theory employed. Among the conductance equa—

tions are: Pitt's equation (P) (77), the Fuoss—Hsia equa-

tion (FH) (83) (both linearized by Fernandez—Prini (78,84)),

the Fuoss-Hsia equation corrected by Chen (FHC) (197),

and the Justice equation (J) (95,96). The Justice equa—

tion consists essentially of setting the distance parameter

equal to q (Bjerrum distance) in the FHC equation. The

results of the analysis of data according to the above equa—

tions are given in Table 2A and the values of the coef-

ficients along with the subroutine EQN for the KINFIT pro—

gram are given in Appendix 2. For all calculations a value

of 5.3 A was selected as the distance parameter (Section 2Bi)

except for the Justice method in which the Bjerrum distance

of 33.0 A was used. Also the formation of the triple-ions

was ignored since the mobilities of triple—ions are not

known.
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It is clear from 24, that both the ion-association

constant and the limiting equivalent conductance depend

strongly on the conductance equation used. The same

behavior was observed by Gilkerson (198) for ion-

association of cesium tetraphenylborate in acetonitrile,

and of silver nitrate and lithium picrate in 2-butanone.

As was mentioned in Chapter I, the apparent reason for such

behavior is that both the higher order terms in the con—

ductivity equation and the terms caused by association have

the same concentration dependence in the first approximation.

An increase in the sum Equog(Cq) + Jqu can be compensated

for by a decrease in the ion-association constant. Our data

clearly show that the most recent equations, which intro-

duce higher order terms into the conductance equation,

produce smaller ion-association constants as long as the

distance parameter is the'same. 0n the other hand, changes

in the distance parameter cause changes in the J1 and J2

coefficients. An increase in the distance parameter

(Fuoss 1977 (199) and Justice (95)) causes J1 to decrease

and J2 to increase. Both such changes in the J1 and J2

coefficients would be compensated for by an increase in the

ion-association constant.

D. Conclusion
 

The ion-association constants obtained from conductance

measurements depend on the conductance equation used for the
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calculation of this parameter. The Onsager limiting law

fits the data best as indicated by the smallest sum of

the residual squares. The Justice method produces an ion-

pair formation constant which is larger than that obtained

from the NMR data. In this case, the fit is poor and the

ion—pair formation constant and the infinite dilution equiva-

lent conductance are not well-determined. Because the ion-

association and the higher order terms in the conductance

equation have the same concentration dependence, the separa-

tion of these two effects does not appear to be possible with

the available theory, at least at the level of precision of

our measurements. Therefore the ion-association constants

obtained from conductance measurements cannot be trusted

until the separation of these two effects can be made or

until an independent determination of A0 is made.

4. Comparison of NMR and Electrical Conductance Measurements

The only value obtained for ion-pair association con-

stant from the conductance measurement which is larger

than the NMR value is that obtained by the Justice method.

The ion—association constant obtained from other conduc-

tance equations are smaller than the NMR values (Table 24).

Electrical conductance measures the fraction of un-

charged species. The equilibria in the solution are,

K K
+ 1 2

M + x‘ z [M+.s.x‘] 2 M+.X- (3-11)
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+ _

where M and X are the solvated cation and anion respec-

* + _ + _

tively, and M -S-X and M -X are solvent separated and

contact ion-pairs. According to the above equilibria, the

conductance ion—pair constant can be written as

K = (MSX)+(MX)‘ <,_.2)

cond (M)(X)Yi

 

in which the charges are omitted for simplicity. Sub—

stitution of the equilibrium constants into Equation 3-12

gives,

Kcond = Kl<l + K2) (3-13)

With respect to NMR, the second equilibrium in Equation (3-11)

is independent of concentration. Therefore, it is the first

equilibrium which determines the concentration dependence

of the chemical shift. Thus, the observed chemical shift

can be written as

0 = 0
obs M + X

X +

M 6MX[XMSX (3-14)IVIX:J

in which MX=(0MSX+K20MX)/(K2+l) is the population averaged

chemical shift of contact and solvent separated ion-pairs.

Since the exchange between the two types of ion-pairs is fast

on the NMR time scale,the formation constants of these two
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species cannot be separated by the NMR method. Again,as

in the case of conductance,the calculated association con-

stant from NMR measurements would be

_ (MX)+(MSX) _ - ’ D ,
KNMR - _ Kl(l+K2) (J‘LS)

000mg

 

It should be emphasized again that the limiting chemical

shift at high concentration, 5MX’ is not the chemical shift

of the contact ion-pair but is the population averaged

chemical shift of the two types of ion-pairs.

From the above discussion, it is clear that the ion-

associations obtained from conductance and NMR measurement

should be the same. The discrepancy between the calculated

values (Table 24) is probably due to the inadequacy of the

conductance equations.



 

 

 

 



OCHAPTER 1v

COMPLEXATION OF CESIUM SALTS BY l8-CROWN-6

IN METHYLAMINE AND LIQUID AMMONIA
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1. Introduction
 

The complexation of the cesium cation by 18-crown-6 (18C6)

in aqueous and methanolic solutions as well as in mixtures

of these solvents has been studied by potentiometric (160)

and calorimetric (173,174) techniques. Mei et al. (200,

201) used 133Cs NMR to study complexation of cesium tetra-

phenylborate by 18—crown—6 in six nonaqueous solvents. In

all solvents studied, the formation of the 1:1 complex was

followed by the addition of a second molecule of the ligand

to form a "sandwich" 2:1 complex.

The use of high donor solvents such as liquid ammonia

and methylamine to study alkali metal solutions in the pres-

ence of macrocyclic ligands (183) motivated us to investi-

gate the complexation of cesium salts by l8-crown-6 in

these solvents. In the course of such studies with methyl-

amine, it became clear that many equilibria are involved

in the complexation process. Therefore an extensive study

of the system was required to obtain the thermodynamic.

formation constants of the 1:1 and 2:1 complexes. The

results of these studies are presented in this chapter and

compared with the results in liquid ammonia and in other

solvents.

160
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2. Complexation of Cesium Salts by 18-crown-6 in Methyl-
 

amine

A. Mole Ratio Dependence of 1330s Chemical Shift in
 

Methylamine
 

(i) Results - Cesium-133 chemical shifts of cesium

iodide and cesium tetraphenylborate in the presence of

18-crown-6 were measured as a function of (l8-crown—6)/

(Cs+) mole ratio (R) at a fixed concentration of the salt

in methylamine solutions. The results for cesium iodide

at various temperatures are given in Table 25 and shown

in Figure 29. At all temperatures, an upfield shift

resu1ts as the mole ratio increases. This means that

the cesium cation interacts more strongly with the iodide

ion than with 18-crown-6. A plot of the chemical shift

versus mole ratio is practically linear in the range of

0 < R < 1. The linearity of the plots below R = l indi-

cates the formation of a strong 1:1 complex (Kf Z 10“).

The formation of the strong 1:1 complex is followed by the

formation of a weaker 2:1 complex as indicated by a

change in the slope of the mole ratio plot above R = 1.

Similar results for cesium tetraphenylborate are

given in Table 26 and illustrated in Figure 30. A
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Table 25. Mole Ratio Study of 18C6, CsI Complexes in Methyl—

 

 

 

 

amine at Various Temperatures; (Cs+) = 0.0206

1 0.0008 M-

60bS(ppm)

(¥8ég)§?0:$) +25.1°C +13.2°C +9.5°C +6.0°C

0.0 127.14 127.14 126.36 126.13

0.205 117.91 118.22 117.52 117.37

0.365 109.85 110.08 109.69 109.30

0.470 104.34 . 104.73 104.26 104.26

0.576 100.85 101.16 100.62 100.54

0.810 89.45 89.14 88.52 88.37

0.885 87.13 86.58 86.35 85.88

0.958 84.02 83.87 83.02 82.63

1.012 82.70 80.92 80.38 79.99

1.197 79.99 78.13 . 77.u3 76.73

1.569 75.57 72.63. 71.15 69.83

2.050 70.84 66.50 64.25 62.39

2.295 69.44 64.64 61.39 59.91

2.668 65.80 59.29 56.81 54.17

3.170 63.32 54.95 51.92 48.82

4.531 54.30 43.55 39.59 35.87

6.096 47.58 35.09 30.29 26.25

.11.109 28.57 13.27 8.34 4.23

73.66* 17.72 2.37 ____________
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Table 25. Continued.

obs<ppm)

Mole Ratio ‘

(18C6)/(0s+) +2.2°c —2.5°c -10.3o —16.3°c

0.0 125.67 125.20 ------ 124.66

0.205 117.45 116.52 —————— 116.44

0.365 109.46 108.84 —————— 108.84

0.470 104.26 103.80 ------ 103.95

0.576 100.39 99.92 —————— 100.23

0.810 88.60 87.75 ------ 88.13

0.885 85.96 85.27 —————— 85.57

0.958 82.47 81.70 ------ 82.01

1.012 79.76 79.53 81.23 78.60

1.197 76.19 75.49 74.10 72.86

1.569 68.83 66.65 .63.32 60.30

2.050 59.91 56.81 51.69 46.08

2.295 58.28 54.32 47.97 43.08

2.668 50.83 47.35 39.82 33.46

3.170 45.64 41.61 32.07 25.01

4.531 32.38 26.41 16.95 8.36

6.096 22.14 15.86 6.17 -3.84

11.109 0.43 —5.32 -14 46 —21.21

73.66* ------ —14.54 -21 36 -29.50
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Table 25. Continued.

00bS(ppm)

Mole Ratio -

(18c6)/(0s+) -32.1°c —44.0°c —48.0°c

0.0 125.36 124.66 124.19

0.205 116.67 116.83 116.98

0.365 110.00 110.15 109.08

0.470 104.96 105.89 105.19

0.576 101.39 101.78 102.17

0.810 89.92 90.62 91.16

0.885 87.05 89.08 88.53

0.958 83.33 84.56 84.87

1.012 78.83 ------ 79.14

1.197. 69.99 68.83 67.82

1.569 51.84 44.48 41.76

2.050 32.22 21.83 18.56

2.295 27.47 16.87 12.53

2.668 16.17 4.15 1.05

3.170 5.78 -7.87 -12.29

4.531 —10.04 -20.07 -25.00

6.096 -19.89 -28.49 -32.06

11.109 -34.46 -39.12 -40.82

73.66* ———————————— —43.46

(08+) = 0 002 M
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:2 3.466769:be

Mole Ratio( 8-crown-6)/(CsI)->

Figure 29. Cesium-133 chemical shift versus (l8-crown-6)/

(CsI) mole ratio and temperature in methylamine;

(CsI) = 0.02 g.
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Table 26. Mole Ratio Study of 18C6, CsBPhu Complexes in

Methylamine at Various Temperatures; (Cs+) =

0.0108 0.0005 g.

 

 

 

 

60bS(ppm)

Mole Ratio Temperature, °C

(1806)/(Cs+) 25.0 13.2 5.8 —3.0

0.000a -7.45 -3.35 —1.65 0.25

0 209 -3.06 0.94 2.60 4.54

0.495 3.07 6.97 8.73 10.82

0.644 6.01 9.43 11.52 13.54

0.857 9.89 13.54 15.71 17.80

0.875 11.29 14.78 16.33 18.34

0.901 11.68 14.78 16.48 18.50

0.922 11.68 14.78 16.79 18.89

0.999 12.45 15.78 17.57 19.48

1.089 11.68 14.39 16.02 17.72

1.365 10.28 11.21 11-44 11.36

1.511 8.57 8.81 8.42 7.11

1.516 7.33 6.94 6.25 4.39

1.639 6.63 6.03 4.85 2.21

2.013 3.34 1.44 -0.73 —4 30

2.377 -0.65 -4.14 -6.94 -ll.59

2.720 -2.98 -7.40 -10.35 -15.63

3.104 —6.47 -11 51 —15.23 —2o.66

3.331 —8.02 -13.29 -17.02 —22.99

3.797 -1o.97 -17.09 —20.66 -26.55

6.005 —19.96 -26.40 -29.81 -34.85

11.076 -28.96 —33.92 -36.79 —40.51
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Table 26. Continued.

60bS(ppm)

Mole Ratio Temperature, °C

(18C6)/(Cs+) —16.2 —32.1 _ -47.7

0.000a 1.65

0.209 6.25 b b

0.495 12.91 b b

0.644 15.86 b b

0.857 20.36 23.77 b

0.875 20.82 23.85 b

0.901 21.06 24.39 b

0.922 21.60 25.17 b

0.999 22.57 25.36 b

1.089 19.82 22.38 b

1.365 9.97 8.65 7.95

1.511 3.84 0.28 —2.54

1.516 0.51 -3.68 -7.17

1.639 -2.83 -8.56 -14.57

2.013 -11.28 -19.19 -27.64

2.377 -20.58 -29.19 -38.19

2.720 -25.00 -33.77 -40.9O

3.104 -31.13 -38.11 —44.42

3.331 -32.68 -39.82 -45.48

3.797 -35.94 -41.83 —46.64

6.005 -41.75 —45.79 -48.50

11.076 -45.50 -47.49 -49.16

 

 

aObtained from extrapolation.

b
Precipitation in solution.



 

   I A l 1 1 1 n 1 1

| 2 3 44 5 6 7’ 8 9 K) H

Mole Ratio (I8-crown-6)/(CsBph4)
_——,

Figure 30. Cesium-133 chemical shift versus (lB-crown—6)/

(CsBPhu) mole ratio and temperature in methyl—

amine; (CsBPhu) = 0.01 M.
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linear downfield shift followed by an upfield shift which

gradually approaches a limiting value can be explained by

the formation of a relatively strong 1:1 complex followed

by the addition of a second molecule of the ligand to

form a 2:1 sandwich complex.

133
(ii) Discussion — The variation of the 05 chemical

shift as a function of (l8-crown—6)/(Cs+) mole ratio in

methylamine can be explained by the formation of a strong

1:1 complex followed by the formation of a 2:1 complex.

If we were able to neglect ion—pair formation for the salt,

the 1:1 complex, and the 2:1 complex, the data could be

analyzed according to the equilibria,

M+c (4—1)

M+C <4-2)

in which M+, C, M+C, M+C2 are the cesium cation, the ligand,

the 1:1 complex, and the 2:1 complex, respectively. Since

the mole ratio plot is linear below mole ratio of unity,

the formation constant of the 1:1 complex cannot be ob-

tained from the data and only a lower limit of this value

can be estimated (Kl : 104). Then the variation of the

chemical shift above R = 1 could be used to obtain the

formation constant and the limiting chemical shift of the
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2:1 complex by assuming that the formation of the 1:1 com-

plex is complete at a mole ratio of unity. The solution to

these equations and the subroutine EQN for use with KINFIT

Euwagivenelsewhere (186). The results,according to this

simple scheme,are given in Table 27 for cesium iodide and

in Table 28 for cesium tetraphenylborate. The enthalpies

and entropies of complex formation were obtained by

using the KINFIT program. The van't Hoff plots are shown

in Figures 31 and 32.

In the 2:1 sandwich complex, the cesium cation is ex-

pected to be effectively isolated from the solvent and

the counter-ion. However, at least for the iodide salt,

the limiting shift is strongly temperature dependent. In

addition,comparison of Tables 27 and 28 shows that the

formation constant of the 2:1 complex at a given temperature

is strongly anion dependent. Both of these effects suggest

that other equilibria are important in the solution. We

have seen in Chapter III that cesium salts are highly

associated in methylamine. Therefore it is reasonable to

assume that the 1:1 complex,in which the cesium cation sits

above the 18-crown-6 cavity,can also form ion-pairs with the

anion. Since the ion-association constant of cesium iodide

is stronger than that of cesium tetraphenylborate (Chapter

III), the calculated complexation formation constant accord-

ing to equilibrium (4-2) should be smaller for cesium

iodide than for cesium tetraphenylborate, because the
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Table 27. Thermodynamic Parameters for the Formation of

the 2:1 Complex of 18—Crown—6 and CsI in Methyl—

amine. K 3 10M.

 

 

 

 

tOiO.5 1:21 (611m)2:1

(0C) - (M ) (ppm)

25.1 5.0410.20 —25.8:2.4

13.2 6.93:0.13 -36.8:1.0

9.5 7.87iO.19 -39.9i1.3

6.0 8.82i0.17 d41.2il.0

.2 10.30i0.15 -40.5i0.7

-2.5 12.68i0.29 —41.3iO.9

-10.3 17.2910.40 —44.210.8

-16.3 22.7110.95 -45.511.2

-32.1 40.1210.98 —50.2iO.5

-44.0 65.3:2.2 -49.310.4

—48.0 75.5 11.9 —50.0:0.3

AG398°= —0.9610.02 kca1.mo1e-l.

AHO = —5.210.1 kca1.mo1e—l.

A80 = -l4.2iO.4 e.u.
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Table 28. Thermodynamic Parameters for the Formation of

the 2:1 Complex of l8—Crown-6 and CsBPhu in

 

 

 

 

Methylamine. K1 1 10 .

t°i0.5 "¥_" 2 (Slim)2:l

(00) (M ) (ppm)

25.0 23.1:1.0 -47. i .9

13.2 43.6:1.5 -45.8i0.5

5.8 58.9:1.4 -46.4:0.3

-3.0 89.7:1.9 -47.6i0.2

-16.2 186.9i4.1 -49.3i0.1

-32.1 407 i12 -49.5i0.1

-47.7 893 i49 -50.1i0.1

0039800=-1.86:0.03 kca1.m01e‘l.

AH° = -6.8310.25 kcal.mo1e .

A80 = -16.35i0.96 e.u.
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Figure 31. Ln"K2" vs l/T for the 2:1 complex of 18-crown-

6 and CsI in methylamine. K1 1 10“, (Cs+)=0.02M.
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+

and CsBPhu in methylamine. K1 1 10“, (Cs )=0.01M.
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ligand and the anion are competing for the cesium cation.

Thus, although the simple picture given above can be used

to fit the data,it is obvious that ion—association of the

1:1 complex cannot be ignored in the treatment of data.

It will be shown later in this chapter that even the 2:1

complex forms ion—pairs in methylamine (which are probably

not contact ion—pairs). The complete scheme for this system

can be written as,

K
_ ta _ _

K + x z x .M+.X

+ — ip —
M + x 2 M x x

t _
+ M+ : M+ X .M+

+ +

c 0

6C 4+ +1 KX

K
_ A _

MC + x : MC+.X (4-3)

+ +

c c

KC2 4+ ++KX2

K

MG; + x' gf2 MG;.X_

in which MC+, MOS, Mc+.x‘, and MCZ.X‘ are the 1:1 complex,

2:1 complex, ion—paired 1:1 complex and ion—paired 2:1

complex, respectively. Other symbols have the same mean—

ings as in Chapter III. It is important to note that the

1:1 complex might form both contact and solvent—separated
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ion-pairs but the separation of the formation constants of

these two kinds of ion-pairs is not possible from the NMR

data (see Chapter 111). It should also be obvious from the

complexity of the complete scheme that the evaluation of all

the equilibrium constants as functions of temperature and

the chemical shifts of all the species is an impossible

task. Clearly it will be necessary to make some assumptions

and approximations in evaluating the parameters.

The concentration dependence of the chemical shift of

the 1:1 complex could, in principle, be used to evaluate

K0’ KA’ and Ki as functions of temperature. Then the com-

plexation formation constant and the ion-pair formation

constant of the 2:1 complex might be obtained from the

mole ratio studies by using proper equilibria. The results

of studies of this type are given in the next sections.

133
B. Concentration Dependence of the Cs Chemical Shift

of the 1:1 Complex in Methylamine

(1) Results — The concentration dependence of the 133Cs

chemical shift of the 1:1 complexes of l8-crown-6 with cesium

salts was examined. The results at various temperatures

for cesium iodide, cesium tetraphenylborate, and cesium

thiocyanate are given in Tables 29, 30, and 31, respectively.

Plots of the 133Cs chemical shift versus the concentration

of the 1:1 complex are shown in Figures 33, 34 and 35 for

each salt.



 

 

 

 

             



Table 29. Concentration Dependence of the l‘33Cs Chemical

Shift of the 1:1 Complex of CsI and 1806 in

Methylamine at Various Temperatures.

 

 

6obs (ppm)

0

Conc.
Temperature C

 

(M) 25.2 12.3 6.0 —2.1 —10.0 -15.9

0.00045 95.81 ————— 79.53 76.35 74.72

0.00092 91.00 {85.50 83.95 80.85 79.37 78.29

90.85 85.73 78.21

91.16

0.00202 89.30 85.11 83.97 82.09 80.77 79.68

79.99

0.00377 87.98 84.64 83.48 82.09 81.39 80.69

87.98

0.00470 87.36 ————— 83.48 81.93 81.39 80.85

0.00606 86.66 84 02 83.40 82.24 81.78 81.15

86.76 83.09

0.00755 86.43 .83'95 83.09 82.32 81.93 81.47

0.00960 85.73 83.79 83.17 82.32 81.93 81.62

0.01198 85.42 83.40 82.86 82.16 81 93 81 62

85.19

0.01793 84.57 83.02 82.71 82.24 82.09 81.72
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Table 30. Concentration Dependence of the 133CS Chemical

Shift of the 1:1 Complex of CsBPhu and 1806 in

Methylamine at Various Temperatures.

 

 

6

 

 

obs

Conc. Temperature

(M) 25.0 6.0 -2.5 —16.1

0.00024 20.90a ---------- 30.36a

0.00051 17.18a 23.38a 25.40a 28.25a

0.00104 15.63 21.60 23.62a 26.80a

0.00158 14.54 20.44 22.38 26.02a

0.00206 14.00 19.82 21.60 25.55

0.00272 13.85 19.51 21.75 24.47

0.00402 13.30 18.73 21.06 23.85

0.00490 12.91 18.34 20.20 23.62

0.00754 12.60 18.03 19.74 23.07

12.30

0.01129 {12.45 17.65 19.12 23.07

 

 

aThese points were omitted in the analysis of the data (see

text for explanation).
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Table 31. Concentration Dependence of the 133Cs Chemical

Shift of the 1:1 Complex of CsSCN and 18C6 in

Methylamine at Various Temperatures.

dobs (ppm)

Conc.

(M) Temperature

25.0 6.0 -l6.0 -30.8 -50.4

0.00099 43.23 41.14 40.21 40.37 41.99

0.00198 {40.52 39.28 39.36 40.29 42.23

40.21

0.00503 37.88 37.73 {38.82 40.37 42.31

39.13

0.00764 36.49 37.34 38.50 40.44 42.55

0.00993 36.02 36.80 38.58 40.52 42.38

0.01273 35.71 36.41 38.55 ----- 42.69

0.02010 35.09 36.41 38.41 40.68 42.15
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Figure 33. Concentration dependence of the 133Cs chemical

shift of the 1:1 complex of l8—crown—6 and

051 in methylamine at various temperatures.
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Figure 34. Concentration dependence of the 133Cs chemical

shift of the 1:1 complex of l8—crown—6 and

CsBPhu in methylamine at various temperatures.
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Figure 35. Concentration dependence of the 13305 chemical

shift of the 1:1 complex of 18—crown—6 and

CsSCN in methylamine at various temperatures.
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(ii) Discussion — (a) General Discussion - In all
 

 

cases the variation of the chemical shift as a function of

concentration and temperature reflects the competition

between ion-pair formation and complex formation. This

behavior is most pronounced in the cesium iodide case. The

cesium iodide data (Figure 33) show that at low concentra-

tions and high temperatures the chemical shift approaches

that of the Cs+.I- ion-pair (124 ppm), while at low concen-

trations and low temperatures an upfield shift occurs as

concentration decreases. It seems reasonable to believe

that this upfield shift is due to the formation of the MC+

complex. At high concentrations all curves converge to the

same chemical shift whichijsbelieved to be the chemical shift

of the ion-paired complex (MC+.I-). The concentration and

temperature dependence of the chemical shifts of the 1:1

complexes of 18—crown-6 with cesium tetraphenylborate (Figure

34) and cesium thiocyanate (Figure 35) can also be explained

in the same way. However, the cesium iodide data are more

illustrative since the chemical shift of the ion-paired

complex, 6 lies between the chemical shift of the
MC+.X"

ion—paired salt, 6 and the Chemical shift of the

M+.x-’

complex, 6MC+°

According to the above discussion, the equilibria

responsible for the chemical shift changes of the 1:1

complexes as a function of concentration and temperature

can be written as,



+ _

M .x M+

i +
Kt

M+

+

c c - (4-4)

The formation constants and the chemical shifts of the ion-

pairs and triple ions as well as the chemical shift of the

free cation are known (Chapter III) and can be used as con-

stants in the above equilibria in order to obtain other param-

eters. The solution to the above equilibria is given in Ap-

pendix 3A together with the subroutine EQN for use with

KINFIT. To completely analyze the data for each salt at

least six parameters would have to be adjusted. These are

0 and 6 +
O O o .

KX, AHX, KA’ AHA, MC+’ MC .X” Since Kc IS a depen—

dent variable (KC = K Kx/KA) it need not be independently

1p

adjusted. Again, as in the case of cesium salts in methyl-

amine (Chapter III), the determination of all parameters



 

 

 



is not possible since some of the parameters are highly

correlated with each other and/or correspond to minor

species. For example, the chemical shift of the com—

plex, 6MC+’ is difficult to determine from the data.

Since ion-pair formation of both the salt and the 1:1

complex are competing with simple complex formation, so that

the concentration of MC+ in solution is small at all con—

centrations and temperatures. Although this species has its

highest mole fraction at the lowest concentration and the

lowest temperature, even under these favorable circum—

stances, it amounts to less than 15% of the total cesium

concentration. The ion—pair formation constant of the 1:1

complex, KA’ and its enthalpy of formation, AHE are strongly

coupled and the simultaneous determination of these param—

eters is not possible. Consequently, we were forced to fix

6MC+ and AHE (or KA) at "reasonable" values in order to

obtain the other parameters. The rationale behind our choice

Of 6MC+ and AHK will be described in the next two sections.

(b) The chemical shift of the 1:1 complex, 6MC+°

As described in Chapter III, the chemical shift of cesium

thiocyanate in methylamine is independent of concentration

so that we were unable to determine the ion—association

parameters for this salt. Therefore, it might seem that

the concentration dependence of the chemical shift of the

1:1 complex of 18—crown-6 with CsSCN would not provide



186

much information about the complexation reaction. 0n the

contrary, however, the most valuable information about the

chemical shift of the 1:1 complex, can be obtained directly

from the cesium thiocyanate data (Figure 35).

Since the chemical shift of cesium thiocyanate is in-

dependent of concentration and is presumably the same as

the chemical shift of the free cesium cation (see Chapter

III), the chemical shifts of the 1:1 complex, 6MC+’ and

of the ion-paired complex, 5 should also be the

Mc+.x-’

same. A closer look at Figure 35 shows that only the

chemical shift of the 1:1 complex (and the ion-paired com—

plex) can be responsible for the upfield shift at high

temperatures, because the chemical shiftscfl‘other species,

igeg, the free cation and the ion-pair, are both larger

than all of the observed chemical shifts. Therefore,

extrapolation of the curves to high concentration at each

temperature should provide the chemical shift of the 1:1

complex (and the ion-paired complex). Fortunately, the

curves at low temperatures level off at high concentrations

and 5MC+ can be obtained directly. If we assume that the

chemical shift of MC+ is linearly dependent on temperature,

(as is the case for ion—pairs and the free ions), then

6 + at high temperatures can be determined from the ex-
MC

trapolation of the low temperature data. In fact a plot

of the chemical shift versus temperature is almost linear

at low temperatures (Figure 36). By complete analysis of
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Figure 36. Limiting 13305 chemical shift of the 1:1 com-

plex of 1806 and CsSCN vs temperature in methyl-

amine. A experimental values at the highest

concentration studied (Figure 35), 0 calculated

values obtained from the parameters of Table

36.
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the data (section iiic) we found that the chemical shift

of the complex at a given temperature can be expressed as,

(ampt = 32.5 —o 13 (t - 25°C) (4—5)

where the chemical shift of the complex at 25°C is taken as

the reference chemical shift.

Now let us see if the above conclusion about the chemical

shift of the 1:1 complex is consistent with the other results.

The cesium iodide data (Figure 33) suggest that the chemi-

cal shift of the complex at 25°C should be smaller than the

limiting chemical shift, 6MC+ I‘ z 84 ppm, since the cesium

cation interacts more strongly with the iodide ion than

with the solvent. The same data give an upper limit of 72

ppm for 5MC+ at —16°C. The cesium tetraphenylborate data

(Figure 34) indicate that the chemical shift of the complex

is greater than 12 ppm at 25°C and greater than 23 ppm

at —l6°C, because the cesium cation interacts more strongly

with the solvent than with the tetraphenylborate anion.

Therefore, the chemical shift of the complex is limited to,

84 > 0 > 12 ppm at 25°C
Mc+

_ O

72 > 6MC+ > 23 ppm at 16 C

which is consistent with the above conclusion.
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(c) Enthalpy of formation of the ion-paired complex
 

As stated earlier, the ion-pair formation constant of the 1:1

complex, KA’ and the enthalpy of the formation of the ion-

paired complex, AH:

simultaneous determination of these two parameters is not

, are highly correlated and therefore

possible. This is evident from attempts to obtain these

two parameters simultaneously from the cesium iodide data.

The results are given in Table 32. The standard deviation

associated with AHO
A

is even greater than the parameter itself.

is very large and the standard devia-

tion of KA

This indicates that the information content of the data is

insufficient to determine both parameters and we must fix

one of those at a reasonable value.

+ -

The free energies of formation of the ion—pair, M .X ,

+ _

and the ion—paired complex, MC .X can be written as,

AGip RTanip AHip IASip (4 6)

and

0 = - = 0 _ 0 _
AGA RTanA AHA TASA (4 7)

If we assume that the difference in the free energies of
 

ion-association of the free cesium cation and the complexed

cation is entirely of enthalpic nature, then we can write,

0 _ o _ o = _
0A8 — ASA ASip 0 (4 8)
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Table 32. Thermodynamic Parameters forthe Formation of the

1:1 Complex of l8-Crown-6 and CST in Methylamine

at 25.0°C; with Adjustment of AHO.

 

 

A

xx (8.53i1.65)x103 ' M'l

AH; —20.0:3.1 kca1.mole-l

KA (4.3:3.6)x105 M-l

0H3 7.1:3.1 kca1.mo1e-l

6MC+.X- 83.48:0.24 ppm

-1
bMC+ X‘ -0.042:0.011 _ ppm.deg

56(3) 0.34 ppm

 

 

aAverage standard deviation of chemical shifts (the symbol

has the same meaning in subsequent tables).
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Subtracting Equations 4—6 and 4—7 and introducing 5AS°

from Equation 4—8 gives,

K.

0= 0 1p
AH AHip + RTln (KA ) (4-9)

With this assumption it is only necessary to adjust one of

the parameters (KA or ARK) since Kip and Ang are known from

the salt results (Chapter III).

iii. Analysis of the Data

The concentration dependences of the chemical shifts

of the 1:1 complexes of 18—crown—6 with cesium salts were

analyzed according to equilibria (4-4). Since the data

for each salt do not provide equal amounts of information,

the treatment of the data for each salt will be discussed

separately. The solution to the equilibria and the general

subroutine EQN are given in Appendix 3A.

(a) Cesium iodide — The concentration and tempera-

ture dependence of the chemical shift of Cs+l8C6.I_ was

analyzed according to equilibria (4-4). The ion—association

parameters of the salt were taken from Table 12. Since

the values of these parameters are internally consistent,

the choice of the model for ion-association should not have

an appreciable effect on the complexation parameters. The

chemical shift of the complex at various temperatures was
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computed from Equation 4-5. The enthalpy of formation

of the complex was obtained from Equation 4.9. In addi-

tion it was considered that the chemical shift of the ion-

paired complex, 6 is linearly dependent on tempera-

MC.X’

ture according to,

(6 ) = (6
MC.X t + b(t - 25°) (4-10)

MC.X)25°

The calculated parameters are given in Table 33. It should

be noted particularly that the ion—pair formation constant

of the 1:1 complex is similar to that of the uncomplexed

salt. If the cesium cation were forming primarily contact

ion-pairs in the salt solution, then one would expect

that the ion-pairs would dissociate upon the addition of

the ligand and the ion-pair formation constant of the

complexed cation would be significantly smaller than that

of the salt. Therefore it is reasonable to conclude that

even the uncomplexed salts form largely solvent separated

ion-pairs. Shchori et al. (167) also found that the dis-

sociation constants of NaBPhu (Kd = 5.42 x 10'5 M at 20°C)

and Na+DBl8-crown-6.BPhu- (Kd = 6.00 x 10'5 M at 20°C)

in dimethoxyethane are of the same order of magnitude,

which is an indication of "loose" ion—pair formation.

In addition Boileau et al. (172) investigated the ion—

association of Na+BPhu_ and K+BPhu- and their complexes

with cryptands in tetrahydrofuran conductometrically.



Table 33.

193

Thermodynamic Parameters for the Formation of

the 1:1 Complex of 1806 and 031 in Methylamine

at 25.0°C; with Calculation of AHX from Other

Adjustable Parameters.

 

 

Fixed Parameters

 

 

= _ _ O

(6MC)t 32.5 0.13 (t 25 )

O = O T

AHA AHip + RTln(Kip/KA)

Adjustable Parameters

KA (l.51i0.06)x105

xx (6.33:0.40)x103

AH§ -l6.40:0.53

SMC.X , 82.69i0.21

bMC.X -0.046:0.007

5 0.34

5 K K 4

Kc 1; X (1.07:0.15)x10

A

0 - TO 0

AHC — Ahip + AHX

.. AHO
A -16.7210.80

(From Equation 4—5)

(From Equation 4-9)

kcal.mole-l

ppm

ppm.deg-l

ppm

M-l

kcal.mole-l

 

 



 

 

 

 



The authors found that the dissociation constants of Na+—

BPhu‘ (Kd = 9.33 x 10"5 M at 20°C) and Na+22l.BPh4_ (Kd =

8.97 x 10_5 M at 20°C) are almost equal. Similarly the dis—

sociation constants of K+.BPhu~ (Kd = 4.39 x 10_5 M at 20°C)

and K+222.BPh4_ (Kd = 8.16 x 10‘5 M at 20°C) are of the

same order of magnitude. The authors concluded that the un—

complexed salts form solvent separated ion pairs in tetra—

hydrofuran.

In summary, our results are consistent with a model in

which both salt and complex form largely "loose" ion—pairs

in methylamine and are in accord with the results of two sets

of authors for similar systems. However, the effect of the

anion on the chemical shift shows that some contact ion—

pairs must be formed.

(b) Cesium tetraphenylborate — The concentration and

temperature dependence of the 1:1 complex of 18—crown—6 and

cesium tetraphenylborate in methylamine was analyzed ac—

cording to equilibria (4—4). The ion—association param—

eters from Table 12 were used as constants. The chemical

shift of MC+ was obtained from the limiting chemical shift

of the CsSCN data as described above (Equation 4—5) and a

linear temperature dependence was assumed for the chemical

shift of the ion-paired complex (Equation 4—10). The value of

AH: was fixed at the value of Ang. The results obtained

in this way are given in Table 34. In the analysis of the



 

 

 

 



 

Table 34. Thermodynamic Parameters for the Formation of

the 1:1 Complex of 1806 and CsBPhu in Methyl-

- o.- 0= 0
amine at 25.0 C, Wlth AHA AHip.

 

 

Fixed Parameters

(6M0)t = 32 5-0.13 (t—25°) (FrOm Equation 4—5 )

AHX = Ang

Adjustable Parameters

 

 

KA (i.30:0.24)x10“ M“l

KX (1.48:0.63)x101l M‘l

AH; —8i25 kca1.mole_l

6M0.X 8.48:1.14 ppm

bMC X —0.12i0.02 ppm.deg'l

66 0.22 ppm

, _..—_—__L
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data we had to omit some of the points at low concentra—

tion, since it was not possible to achieve convergence on

the concentration of species.

The solution to the equilibrium equations were compli-

cated (Appendix 3A), therefore, the iteration procedure for

the calculation of the concentrations was based on the major

equilibria in the solution and successive corrections for

the concentration of the minor species, M+, X_.M+.X—, and

M+.X—.M+. At low concentrations and especially at low

temperatures the fraction of M+ is not small (3 10%) and

therefore the above procedure would not work for these points.

However, neglecting these points should not have signifi—

cant effect on the calculated parameters since it is only a

result of the convergence failure when these concentrations

are included and does not depend on the adjustable parameters.

The only effect of neglecting these points is on the cal—

culated standard deviations of the parameters. Table

34 shows that the standard deviation in AH; is huge. The

reason is that this parameter is largely determined by

points at low concentrations and temperatures, some of

which had to be discarded. To improve the standard devia—

tion in AH; we can use the parameters obtained for CsI.

The formation constant of the unassociated complex, Kc’

is independent of the counter ion,

+
K

M +Cif’Mc+
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The value of KC can be calculated from cesium iodide data

(KC = Kipr/KA) and then used as a constant in the tetra-

phenylborate data. The enthalpy of the formation of the

unassociated complex can also be expressed in terms of the

enthalpies of formation of other species (AH: = AH; +

p

AH; - AHX). Thus only four parameters must be adjusted.

O 0

These are Kx’ AHX, 6MC.X’ and bMC.X' Then KA and AHA

can be expressed in terms of the other parameters. The

calculated parameters are given in Table 35. These results

are more meaningful than the results in Table 34 since KC

(which is also strongly dependent on the low concentration

points) has been used as a constant. The use of K0 and

AH: from the cesium iodide data to fit the cesium tetra—

phenylborate data has another advantage in that it provides

a check on the consistency of the two data sets. The ion—

pair formation constant of the complex for cesium tetrae

phenylborate is the same order of magnitude as the ion-

pair formation constant of the salt and the enthalpies of

formation of these Species are almost equal. This sug-

gests again that "loose" ion-pairs are important as was the

case with cesium iodide. The value of KX is somewhat smaller

for CsI than for CsBPhu which reflects the different degrees

of ion-pair formation of the two salts.

(c) Cesium thiocyanate - Since the chemical shift of
 

the free cesium cation and ion-paired cesium thiocyanate
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Table 35. Thermodynamic Parameters for the Formation of

the 1:1 Complex of 1806 and CsBPhu in Methyl-

amine at 25.0°C; K0 was used as a Constant.

 

 

Fixed Parameters

(6M0)t = 32.5—0.13 (t—25°) From Equation 4—10

KC = 1.07x10“ M‘l From Table 34

AH: = —16.72 Kca1.moie‘l From Table 34

Adjustable Parameters

KX (8.44:1.4)x103 M"l

AH; —18.8010.95 kcai.mole’l

—1
bMC.X —0.19:0.03 ppm.deg

66 ‘ 0.23 ppm

K. K

KA = —iE—§ (i.16:0.35)x10” M‘1
K
C

o __ o o_ o ‘1
AHA — AHip + AHX AHC 2.63ii.31 kcal.mole
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are the same, the ion—pair formation constant of this salt

cannot be obtained from the concentration dependence of the

chemical shift. Similarly the ion—pair formation constant

of the complex, KA’ cannot be extracted from the concentra—

tion dependence of the chemical shift of the 1:1 complex, be—

cause the chemical shifts of the complex and ion—paired

complex are the same.

We have shown in Chapter III that in methylamine solu—

tions CsSCN is ion-paired. The value of KX can be approxi—

mated by considering that cesium thiocyanate is completely

ion—paired in methylamine. Then the only equilibrium which

causes changes in the chemical shift would be,

K

M+.x‘ + c 33‘ MC+.x‘

Four parameters were adjusted to analyze the data. These

are KanHE’ 6MC+.X" and bMC+.X"' The results are given

in Table 36.

The other extreme case is that cesium thiocyanate is com-

pletely dissociated in methylamine although this would be

extremely unlikely being given the low dielectric constant

Of the medium. In such case, the only equilibrium respon-

sible for the chemical shift would be,

The parameters obtained for this extreme case are the same as

the parameters of Table 36 except that KC==KX and AHg==AH;.
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Table 36. Thermodynamic Parameters for the Formation of

the 1:1 Complex of 18C6 and CsSCN in Methylamine

at 25.0°C.

 

 

Assumption
 

a) CsSCN is completely ion-paired in methylamine

then the only equilibrium involved is

K
- X _

M+.X + c z MC+.X

b) CsSCN is completely dissociated in methylamine

K
C

M++C2MC+

Adjustable Parameters
 

Kx or KC = (4.87:0.53)x103 M‘l

AH; or AH% = —13.5040.73 kcal.mo1e‘l

— i
5MC.X or 6MC - 32.51 0.23 ppm

b or b = -0.130$0.004 ppm.cieg‘l
MC.X MC

 

 



 

 

 

 



The fact that Kg obtained by assuming complete dis—

sociation of the salt is different from the values ob—

tained from data for the other salts also confirms that

cesium thiocyanate is associated in methylamine. An at—

tempt was also made to calculate the parameters of Table.

36 by fixing KA and Kip at various values. The values for

K and AH; calculated in this way did not change appre—

ciably. Since KX for CsSCN is smaller than the correspond—

ing values for the other salts, it can be concluded that

CsSCN is more associated than either cesium tetraphenyl—

borate or cesium iodide. The ratio of the ion—pair forma—

+ _ + _

tion constants of Cs .SCN and Cs 18—crown-6.SCN can be ap—

proximated and has a value of 2.2 (Kip/KA = Kc/Kx z 1.07

U

x 10'/4.87 x 103). This ratio for cesium iodide and cesium

tetraphenylborate is 1.67 and 1.27 respectively.

(d) Summary — The thermodynamic parameters for the

formation of the 1:1 complex between l8—crown—6 and cesium

salts in methylamine at 25.0°C are summarized in Table 37.

c

AHg

It is interesting to note that

MC+) is enthalpy stabilized7
4
7
2
5
1

The complex formation (M+ + C

and entropy destabilized.

with very few exceptions, macrocyclic complexes in non—

aqueous solvents seem to be enthalpy stabilized but entropy

destabilized.

It would be very helpful to be able to describe the

solvent dependence of AHg and ASE of complexation, but the
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Table 37. Thermodynamic Parameters of the Complexation of

Cesium Salts by l8—Crown—6 in Methylamine at

 

 

 

25.0°C.

. Salt (a)

Parameter CsI CsBPhu CsSCN

Kip (M'l)' 2.54 x 105 1.41x10” >105

AH§p(xca1.mole‘l) 3.86 4.7

ASS:p (e.u.) 37.7 34.8

KA (M‘l) 1.51 x 105 1.16x10” >105

AHX(kca1.mole-l)(b) 4.18 2.63

ASE (e.u.) 37.7 27.4

KC (M-l) 1.07 x 10” 1.07x10” 1.07x10Ll

AHg(kcal.mole_l) —16.72 —16.72 —16.72

wsg (e.u.) —37.6 ‘ -37.6 —37.6

KX (m‘l) 6.33 x 103 8.44x103 N4.87X103

AH;(kcal.moie‘l) —16 40 —18.80 ' m—i3.50

-37.6 —45.1 m—28.4
O

ASX (e.u.)

 

a . . .
Assuming complete aSSOCiation.

b

A
AHO = 9AHlp + RTAn (Kip/KA).
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data presently available are limited. The value of AH:

for the above reaction changes from —3.97 kcal.mole_l in

water (173) to —8.09 kca1.mole_l in 70 wt % methanol-Water

mixture (174), and to —l6.7 kcal.mole—:L in methylamine (this

work). Values of ASE are —8.1 e.u., -14.1 e.u., and —37.6

e.u. in water, 70% methanol and methylamine solutions,

respectively.

The comparison of these data indicates the profound

effect of the solvent on the complexation. The stronger

solvation of the cation in aqueous solutions Seems to be

responsible for the smaller negative enthalpy of formation

in aqueous solutions than in methylamine solutions. Of

course, other factors such as the Born term (arises from

changes in ion—solvent interaction beyond the first solva—

tion shell of the cation and/or the complex) and changes in

the ligand solvation enthalpy may be responsible for the

more negative AHg in methylamine solutions than in aqueous

solutions.

The origin of the large negative values of ASE is not

known. It seems reasonable to assume that the decrease. in

entropy upon complexation is related to changes in the con—

formational entropy of the ligand (176). Of course, other

factors such as translational entropy loss on formation of

a single complex from two species, the change in the solva-

tion of the free and complexed cation, as well as change in

the solvation of the free and complexed ligand are also
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responsible for the changes in the entropy of formation of

the complex. The much larger negative value of ASS in

methylamine solutions than in aqueous solutions seems to

reflect the difference in the solvation of the cation and/

or the ligand in these two solvents.

More data in other nonaqueous solvents are needed before

the entropy of complexation is understood.
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C. Thermodynamics of Formation of 2:1 Complexes of

18-crown-6 With Cesium Salts in Methylamine

Cesium-133 chemical shifts caused by the complexation

of cesium salts by l8-crown-6 as a function of the mole

ratio and temperature are given in Tables 25 and 26. A

complete analysis of the data would require the solution to

the equilibria given by the equations in 4—3, which are

very complicated. By noting that the 1:1 complex is

nearly completely ion-paired at the cesium concentration at

which the mole ratio studies were carried out, the data

above mole ratio 1.0 Should approximately follow the

equilibria,

+ - KX2 +
MC -x + C : M02.x‘ (4—11)

+ - K42 + -
MC2 + x : M02.X (4-12)

In the case of C31, for example, the 1:1 complex is almost

completely ion-paired. The concentration of the free com-

plex, (MC+), in 0.02 M solution is always less than 5% of the

total salt concentration and, therefore, can be ignored in

the initial calculations. Since KA2 and AHK2 are highly

correlated, these parameters cannot be obtained simultan-

eously and we must fix one of them. If we assume that the

difference in the ion-pair formation constants of the salt
 

and the 2:1 complex is entirely of enthalpic origin then
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the enthalpy of ion—pair formation of the 2:1 complex can

be written as,

K.

AH° = AH? + RTin(—l9) (4-13)
A2 1p KA2

This eliminates one of the adjustable parameters. In ad-

dition it was Shown earlier that the salt and the 1:1

complex both form contact and "loose" ion-pairs in methyl-

amine. Since the cesium cation is sandwiched between the

two ligand molecules, it is reasonable to assume that the

2:1 complex only forms "loose" ion-pairs. If this is the

case, then we might expect that the chemical shifts of

M02+ and MC +.x‘ would be the same.
2

The cesium iodide data were analyzed according to this

model and the results are given in Table 38.. The sub—

routine EQN for use with KINFIT is given in Appendix 3B.

All of the parameters in Table 38 are well—determined except

KA2' The inability to determine KA2 was expected Since ion

pair formation by the 2:1 complex does not affect the chemical

shift. The standard deviation in the calculated chemical

shifts is 2.4 ppm accordingtx>this model which is more than

the experimental error. Since equilibrium (4-12) does not

contribute to the chemical shift changes, approximate

values for Kx’ AH; and 6MC X could be obtained from the

2

analysis of the data according to equilibrium (4-11) alone.



 

  

Table 38. Thermodynamic Parameters for the Formation of

the 2:1 Complex of CsI with 18—Crown-6 in

Methylamine at 25.0°C; Assuming Complete Ion-

Pair Formation of the MC+ Complex at (Cs+)=0.02M.

Assumptions:

1:1 complex is completely formed and completely ion—

paired at 0.02 M total cesium iodide concentration.

K.

AHO = AH° + RTtn<~lB)
A2 ip KA2

6 = 6

MC2 MC2X

Adjustable Parameters

(from Equation 4—11)

 

 

 
 

—1
KX2 = 4.52i0.24 M

AH§2 = —5.43i0.19 1<pa1.m01e“l

KA2 = (4.6:13) x 105 M"1

6MC2X = —46.8il.47 ppm

65 = 2.4 ppm

l__lla



208

The results for CsI are given in Table 39a. The average

standard deviation in the chemical shift is also 2.4 ppm

according to this analysis. In order to examine whether

this high standard deviation is due to the neglect of the MC+

concentration, we improved our model by assigning an average

weighted chemical shift, 6 to the chemical shift
Mc+.x"

+ -

of MC .X at each temperature according to the equation,

' - = _. _ + -

5MC+.x XMC+.x 5Mc+.x XMc+5MC+ (4 l“)

in which X — and XMC+ sum to one and are relative mole

Mc+.x

fractions of MC+.X- and MC+ at R = 1 and the total cesium

concentration of 0.01793 M (the highest concentration at

which the 1:1 complexation was studied). The mole frac-

tions were computed from the 1:1 complex results (Table 33).

These average chemical shifts were then used as constants

in the calculations. The results are given in Table 39b.

The average standard deviation of the chemical shifts im-

proved slightly (66 = 2.1 ppm) upon correction for the MC+

concentration, but was still higher than the experimental

error.

In the case of cesium tetraphenylborate, we could not

. fit the data to Equations 4-11 and 4-12 simultaneously.

Apparently this is because the dissociation of the 2:1

ion-paired complex is large enough to result in very small

activity coefficients which invalidates the use of the
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Debye-Hfickel equation. In addition we expect both MCE

+ _

and MC .X to have the same chemical shifts. Therefore,
2

we only fit the data with Equation 4-11. Two procedures

were used,similar to the cesium iodide case. First, com-

plete association of the 1:1 complex with tetraphenylborate

at R=l and (03+)t = 0.01 M was assumed. The results are

given in Table 40a. Second, an approximate correction for

the presence of (MC+) was made in 6 _ according to
Mc+.X

Equation 4-14. The results are given in Table 40b. In

the case of cesium tetraphenylborate a large improvement in

65 occurs when this correction is made. This is a result

of weaker association of the cesium tetraphenylborate 1:1

complex compared to the cesium iodide 1:1 complex.

The cesium iodide and cesium tetraphenylborate results

(Tables 39a and 40a) Show that the chemical shift of

MC +.X- is essentially the same for both salts. This value
2

also agrees well with the chemical Shift of the 2:1 complex

in other nonaqueous solvents (201). The value of KX2 for

CSBPhu is larger than that for CSI which reflects the dif-

ference in ion-association of their corresponding 1:1 and

2:1 complexes. Finally, all of the thermodynamic parameters

for the formation of the ion-paired 2:1 complexes are very

well determined. Therefore this simple model (Equilibrium

4-12) describes the main features of these systems very

well. The only problem is that the average standard devia-

tionscfi‘the chemical shifts are higher than the estimated

experimental error. However, these high values for 65



 

 

209

u +

Debye-Huckel equation. In addition we expect both M02

+ _

and MC2.X to have the same chemical shifts. Therefore,

we only fit the data with Equation 4-11. Two procedures

were used,similar to the cesium iodide case. First, com—

plete association of the 1:1 complex with tetraphenylborate

at R=l and (05+)t = 0.01 M was assumed. The results are

given in Table 40a. Second, an approximate correction for

the presence of (MC+) was made in 6 _ according to

Mc+.x

Equation 4—14. The results are given in Table 40b. In

the case of cesium tetraphenylborate a large improvement in

66 occurs when this correction is made. This is a result

of weaker association of the cesium tetraphenylborate 1:1

complex compared to the cesium iodide 1:1 complex.

The cesium iodide and cesium tetraphenylborate results

(Tables 39a and 40a) Show that the chemical shift of

+ _

MC .X is essentially the same for both salts. This value
2

also agrees well with the chemical shift of the 2:1 complex

in other nonaqueous solvents (201). The value of KX2 for

CSBPhu is larger than that for CSI which reflects the dif—

ference in ion-association of their corresponding 1:1 and

2:1 complexes. Finally, all of the thermodynamic parameters

for the formation of the ion-paired 2:1 complexes are very

well determined. Therefore this simple model (Equilibrium

4—12) describes the main features of these systems very

well. The only problem is that the average standard devia—

tionscfi‘the chemical shifts are higher than the estimated

experimental error. However, these high values for 56
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Table 39. Thermodynamic Parameters for the Formation of

the 2:1 Complex of CSI with l8-crown-6 in Methyl-

amine at 25.0°C; Assuming Complete Ion-Pair For-

mation of Both the MC+ and MC2+ Complexes at (Cs+)

= 0.02 M.

Assumptions
 

Only the equilibrium MC+.x' + C : MC:.x‘ was considered._

Adjustable Parameters
 

 

 

a) Complete Formation b) 5MC+ X‘ Corrected According to
+ _ .

of MC .X at R=1 and the Equation (4-14)

+

(Cs )t = 0.02 M

 

KX2 = 4.66:0.11 4.29:0.09 M‘l

AH§2 = -5.49:0.09 -5.40:0.08 koal.mole‘l

6MC2X = -46.42il.35 -48.6il.22 ppm

6% = 2.45 2.1 . ppm

1
(AG298.15)x2=-O'86i0'01 kcal.mole

A822 = -15.2210.27 e.u.
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Table 40. Thermodynamic Parameters for the Formation of the

2:1 Complex of CSBPhu with 18-Crown-6 in Methyl-

amine at 25.0°C; Assuming Complete Ion-Pair

formation of both the MC+ and M02+ Complexes

at (Cs+) = 0.01 M.

Assumptions
 

Only the equilibrium MC+.X‘ + c 2

Adjustable Parameters
 

MC+.X- was considered.

 

 

a) Complete Formation of

MC+.x' at R=1 and

(Cs+)t = 0.01 M

b) 6MC+ X‘ Corrected According

tx>theEquation (4-14)

 

KX2 = 18,340.95 27.00:o.51 M“l

AH§2 = -7.12:0.27 -6.99:0.11 Kcal.mo1e"l

6MC2X = -5l.2il.07 -49.4710.40- ppm

55 = 2.7 1.1 ppm

(A0398.15)X2=-1.9510.01 xcal.moie'l

AS° = -16.90:0.37 e.u.
x2
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are not surprising since the complete scheme (Equilibria

4—3) was not used but rather only the major equilibrium (4—12)

was used to describe both the mole ratio and the tempera-

ture dependence of the chemical shifts. In addition to the

inexactness of the model, experimental errors can also pro-

duce high standard deviation in the calculated chemical

shifts. Although the calculations based on this Simple

model are sufficient for the determination of the thermo-

dynamic parameters, attempts were made to refine the cal-

culations and to assess the factors which might cause the

high average standard deviations in the chemical shifts.

These factors are:

1, The neglect of the concentration of (MC+) at the

total concentration of the cesium cation is one of these

factors as described earlier. An approximate correction

to 6 due to the presence of MC+ was made according

MC+.X-

to Equation (4-14). The results were given in Tables 39b

and 40b. The value of 65 decreased substantially in the

case of cesium tetraphenylborate but only Slightly in the

case of cesium iodide. It was mentioned that since the

cesium iodide 1:1 complex is more strongly associated than

the cesium tetraphenylborate 1:1 complex, the contribution

of MC+ in 5 - is less important for the former. In

Mc+.x

addition, it should be noted that the calculated values

for 3 _ are merely approximations. These values were
MC+.x

not calculated exactly at the total cesium concentrations
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where the mole ratio studies were carried out, but at the

highest concentrations where 1:1 complex formation was

studied. Also, plots of 6 - versus temperature were

MC+.X

curved. Since the 1:1 complex formation and the mole ratio

studies were not carried out at the same temperatures, the

values of 6MC+ - were evaluated approximately from these

X

curves. However, even with such approximations the de-

crease in 56 for cesium tetraphenylborate indicates the

importance of the contribution of MC+ to 6MC+.X';

.2. The formation of MC+.X_ from M+.X' and C is not

complete nor of the same extent at various temperatures.

Therefore the presence of M+.X- would contribute to the

average chemical Shift of the 1:1 complex. The concentra-

tion of M+.X- depends on the concentration of the ligand

through,

(MC+.x‘)

KX(C)

 (M+.X‘) (4_15)

and can be obtained at each concentration and tempera-

ture. Then an average chemical Shift for MC+.X- can be

calculated according to,

v _.

6 = X 6

MC+.x' MC+.x ' (“‘16)

+X

MC+.x’ M+.X’6M+.X

in which X's are the relative mole fractions of the species
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_+ _: -+_' - .

(XMC+.X XM+.X l), and 6MC .X is defined by Equation

(4-14). Equation (4—16) approximately corrects for the

contributions of both MC+ and M+.x‘ to nd+ x“ The addi—

tiOnal correction for (M+.X_) did not change the values of

56 even though the errors in the chemical shifts of some

of the points at high temperatures became more random upon

this correction.

It should be noted that in the calculations of these

corrections, the thermodynamic parameters obtained by

fitting the concentration dependence of the chemical shift

of the 1:1 complexes were used. These parameters, in turn,

were obtained from ion association parameters of the salts.

Therefore, the accumulation of errors increases the un—

certainty of these corrections.

3. The preparation of samples for the mole ratio

studies was described in Chapter II. Since we did not use

stock solutions of the salts, the total salt concentrations

were not exactly the same at various mole ratios, and in the

treatment of the data, average values were assigned for the

total salt concentrations. To examine whether this ap—

proximation affects 56’ the total concentration of the salt

at each mole ratio was used as an additional variable to—

gether with its proper standard deviation in the treatment

of the data. This correction caused noticeable improvement

in 66 for both salts. The values obtained for 56 after

all corrections mentioned so far were 1.55 and 0.82 ppm for

cesium iodide and cesium tetraphenylborate respectively.
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The thermodynamic parameters for complexation,after all

corrections were made,are given in Table 41.

The above mentioned factors which affect 56 could be

handled quantitatively. There might be other factors which

cause high values in 66 but we would not be able to account

for them quantitatively. These are:

4. It was mentioned previously that the ion-pair forma-

tion constants of the 2:1 complexes could not be obtained

from the NMR data since the chemical shifts of MC+ and

2

MG;.X- are expected to be the same. We expect 6MC+ to

2

be independent of temperature, but the chemical shift of

MC2.X- might be temperature dependent as is the case for

the chemical shifts of M+.X_ and MC+.x‘. If this were the

case, the neglect of the temperature dependence of

MCE.X- might affect 66' However, an independent measure-

ment of KA2 is required to account for this effect.

5. The mole ratio study of the complexation of CsBPhu

by l8-crown-6 in liquid ammonia indicates that the solvent

molecules and/or the anions interact with the cesium cations

in the 2:1 complexes (Section 3). Even though methylamine

molecules are larger than ammonia molecules, we cannot

reject the possibility of similar interactions in this

solvent. If such interaction occurs, then at least two

kinds of ion-pairs (ligand separated and solvent separated)

may be present in the solution according to the equilibrium
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Table 41. Thermodynamic Parameters for the Formation of

the 2:1 Complexes of Cesium Salts with 18-crown-6

in Methylamine at 25.0°C.

Kx2
+

+
Only the equilibrium MC+.x’ + C MG;.X- was considered.

6MC+ X' was corrected approximately for MC+ and M+.X’

concentrations.

Total concentrations of the salts were used as variables

at each mole ratio.

 

 

 

CSI CsBPhu

KX2 4.03:0.05 22.82to.35 M'1

AH§2 -6.05:0.08 -7.35:0.12 1coal.mole'l

GMC; X‘ -46.l710.56 -49.40:0.19 ppm

85 1.55 0.82 ppm deg”l

_ -l
(00398.15)X2--0.8310.01 - 1.85:0.01 kca1.mole

AS° = —17.52:0.27 -18.44iO.40 ’ e.u.
x2

 

 



217

"K"

MC x I [MC2X1' (4-17)
2

in which MCZX and [MCZXJ' are ligand.separated and solvent

separated ion—pairs. Although this equilibrium is not con-

centration dependent, it might be temperature dependent.

Since the degree of association of the 2:1 complexes

with iodide and tetraphenylborate anions are different,

the equilibrium is also expected to be anion dependent. The

neglect of the above equilibrium (if it exists at all) would

affect the average standard deviation in the chemical Shifts.

6. E. Mei et al. (201) studied the complexation of the

cesium cation by dicyclohexano-l8-crown-6 in nonaqueous

solvents. The variations of the chemical shifts as a func-

tion of the mole ratio were indicative of the formation of

both 1:1 and 2:1 complexes in pyridine, propylene carbonate,

dimethylformamide, and acetonitrile solutions. However,

they were not able to obtain the formation constant of the

2:1 complex in these solvents. The reason for such failure

appears to be the unusual linear variation of the chemical

shift above R = 2. For example, in acetone, at R < l a

linear downfield shift occurs as a function of the mole
 

ratio (Kl > 10“). In the range of l < R < 2 a nonlinear

downfield shift occurs with increasing mole ratio. Above
 

R = 2 an upfield shift results when the mole ratio increases.

This unusual upfield shift seems to be linearly dependent
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on the mole ratio. The unusual variation of the chemical

shift above R = 2 might be due to the dependence of the

chemical Shift on the concentration of the complexant.

This would interfere with the ability of a simple equilib-

rium scheme to describe the system. In the case of the

complexation of cesium salts by l8-crown-6 in methylamine

this effect (if it exists at all) cannot be seen from the

mole ratio plots, since the variation of the chemical

shift with mole ratio is large and masks minor effects.

The discussion about the possible contributions to the

average standard deviation of the chemical shifts clearly

shows the high sensitivity of the model to minor approxi-

mations. However, in spite of these problems, the Simple

model with appropriate corrections defines the system very

well and the calculated thermodynamic parameters of Table

41 can be trusted with a high level of confidence.

In addition to the mole ratio studies, the concentra-

tion dependence of the 1330s chemical shift for CSI in the

presence of a 6.0-fold excess of l8-crown-6 was studied in

methylamine at various temperatures. The results are

given in Table 42 and shown in Figure 37. The expected

chemical shifts at each concentration and temperature were

calculated from the parameters in Table 41 and the solid

curves shown represent the calculated values. Although

the calculated and experimental chemical shifts follow the

same trend, they are not identical, probably as a result
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Table 42. Concentration Dependence of the 133Cs Chemical

Shift of CS1 in the Presence of a 6.0-Fold Excess

of l8-Crown-6 in Methylamine at Various Tempera-

 

 

 

 

tures.

_Eobs (ppm)

Conc. Temperature, 0C

(M) 25.0 -2.5 -10.2 -16.2 -32.4

0.00511 66.89 46.26 38.74 32.84 9.5

0.01001 59.13 32.92 23.90 16.09 -3.37

0.01302 54.02 25.94 15.78 7.35 —11.75

0.01768 ————— 17.26 9.05 0.74 _;—__

0.01932 ”7:58 15.86 5.93 -3.95 -19.89
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Figure 37. Concentration dependence of the 13303 chemical

shift of CSI in the presence of a 6.0-fold

excess of l8-crown-6 in methylamine at various

temperatures.
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of the problems discussed earlier.

In summary, the ion-association equilibria of the 2:1

complexes could not be fully understood. However, even

with the average error in the calculated chemical Shifts of

1.55 ppm for cesium iodide complexes and 0.82 ppm for cesium

tetraphenylborate complexes, the fit is sufficient to de-

and AH° Attempts to improve

X2 X2°

the model did not give more information about the system be-

termine the values of K

cause of the incapability of the NMR technique to separate

different kinds of ion—association. The best values for

K AH° and the limiting chemical shift of the 2:1 com-
X2’ X2

plexes on the basis of the model used are those listed in

Table 41.

 

3. Complexation of Cesium Tetraphenylborate by l8-Crown-6

in Liquid Ammonia
 

A. Results

Cesium—133 chemical Shifts of cesium tetraphenylborate

in the presence of l8-crown-6 were measured as a function

of (l8-crown-6)/(Cs+) mole ratio (R) at fixed Cs+ concentra—

tions. The results for (CS+) = 0.001 M are given in Table

43 and illustrated in Figure 38. Another set of experi-

ments was carried out with (CS+) = 0.0075 M. Measurements

at R > 1 were not possible below 14°C due to the insolu-

bility of the ligand. The data are given in Table 44

and shown in Figure 39. To examine ion-association of
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Table 43. Mole Ratio Study of l8C6.CSBPhu Complexes in

Liquid Ammonia at Various Temperatures; (Cs+)

= 0.001 M.

 

 

 

 

6obs (ppm)

Mole Ratio Temperature, °C

(1806)/(Cs+) 14.5 4.5 -4.4 —20.9 -33.0

0.000 118.45 120.70 122.49 125.43 127.68

0.25 106.90 108.14 110.00 111.09 ------

0.495 98.45 98.21 98.52 100.28 101.47

0.60 94.88 94.18 94.18 94.57 95.26

0.70 91.86 90.62 90.15 90.77 —————

0.90 86.12 84.49 83.48 82.55 83.71

1.00 81.50 79.99 78.36 77.98 77.90

1.20 77.47 75.88 74.49 73.32 73.01

1.39 73.94 71.77 70.30 69.21 69.76

1.59 70.61 68.90 67.66 66.27 67.04

1.80 68.44 66.11 64.72 64.64 65.57

1.99 66.50 64.78 63.47 63.32 63.94

2.22 65.26 63.01 62.08 62.54 63.47

2.38 63.86 62.08 60.76 61.85 62.62

2.575 63.01 61.46 60.84 61.69 62.85

3.00 60.30 58.36 58.05 59.75 60.99

3.32 58.82 57.81 57.58 58.74 60.84

3.97 56.34 55.72 55.64 57.35 60.06

4.97 53.63 54.01 54.01 56.26 58.98
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Figure 38. Cesium-133 chemical shift versus (l8-crown—6)/

(CsBPhu) mole ratio and temperature in liquid

ammonia; (05*) = 0.001 M.



224

Table 44. Mole Ratio Study of l8C6.CsBPhu Complexes in

Liquid Ammonia, at Various Temperatures; (Cs+)

 

 

 

 

= 0.0075M.

Sobs (ppm)

M016 Ratio Temperature, °C

(1806)/(Cs+) ‘ 14.5 6.0 —25.5

0.00 112.64 114.96 120.08

0.12 105.89 107.99 113.10

0.395 90.38 91.70 96.74

0.55 83.17 84.41 89.22

0.63 79.29 80 77 ' 85.42

0.725 73.71 74.49 78.98

0.83 68.13 68 67 72.62

0.895 66.42 66.81 ‘ 70 61

0.985 62.54 63.16 65.65

1.09 59.13 ————— 62.47*

1.42 53.01 ————— 57.12*

2.19 46.57 46.80* _____

2.34 45.95 46.26* -----

2.69 44.17 44.62* _____

 

   

 
 

* u .

Some precipitate in solution.
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Figure 39. Cesium-133 chemical shift versus (18C6)/(CsBPhu)

mole ratio in liquid ammonia at various tem-

peratures; o l4.5°C, A6.0°C, o -25.5°C; (Cs+)=

0 0075 M.
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the salt, the chemical Shift of cesium tetraphenylborate

was measured as a function of concentration at 6.0°C. The

results are given in Table 45 and Shown in Figure 40.

B. Discussion
 

Figure 40 shows that a downfield shift results as the

cesium tetraphenylborate concentration decreases. This

indicates that the cesium cation interacts more strongly

with ammonia molecules than with the tetraphenylborate anion.

The degree of interaction of the cesium cation with ammonia

is much greater than that with methylamine, since in ammonia

the chemical shifts are much more downfield (compare Figures

40 and 15). The concentration dependence of the chemical

Shift also Shows that cesium tetraphenylborate is associated

in ammonia. The determination of the association parameters

in ammOnia would require an extensive study similar to that

in methylamine which was not possible due to time constraints.

However it is expected that ion-association in liquid am-

monia would be considerably less important than in methyl—

amine solutions due to the higher dielectric constant of the

former (D = 23 at -33°C). The mole ratio plots Show the for-

mation of a relatively strong 1:1 complex followed by the

formation of a weaker 2:1 complex. The data above R = l

were analyzed according to the equilibrium,

H H

+ K

MC + C MC+
2

assuming that the 1:1 complex is completely formed at



227

Table 45. Concentration Dependence of the 133Cs Chemical

Shift of CSBPhu in Liquid Ammonia at 6.0°C.

 

 

 

Conc.

(M) GODS (ppm)

121.40
0.00044 121.56

0.00079 120.32

0.00363 117.45

0.00755 114.96

0.00899 113.96
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Cesium-133 chemical shift versus concentra—

tion of CsBPhu in liquid ammonia at 6.0°C.
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R = l. The chemical shift of the 1:1 complex was fixed at

each temperature as the observed chemical shift at R = l.

" and 6Two parameters, "K C+ were adjusted for each data
2 M

set. The results are given in Table 46a. The enthalpy and

entropy of formation of the 2:1 complex were obtained from

the Van't Hoff equation with the aid of the KINFIT program.

In addition,data at various temperatures were analyzed

simultaneously, with a linear temperature dependence for

6 The results are given in Table 45b. Even. though
MC‘E'

separate fits at various temperatures are good, AH° and AS°

obtained in this way have high standard deviations. The

simultaneous fit has an average standard deviation of the

chemical shift of 0.42 ppm which is about two times the

experimental error.

A comparison of Tables 41 and 46b indicates that the

formation constant of the 2:1 complex in liquid ammonia is

much larger than in methylamine. If ion association of the

1:1 and 2:1 complexes could be ignored then one would

expect the reverse order, because ammonia is a better

electron-donating solvent than methylamine and consequently

can compete better with complex formation. The limit-

ing chemical Shift at high values of R in methylamine is

almost temperature independent and practically equal to the

values in other nonaqueous solvents (201). Surprisingly,

the limiting chemical shift in ammonia is about 90 ppm

downfield compared to other solvents. This huge downfield
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Table 46. Complexation Formation Constant, Limiting Chemi-

cal Shifts,and Thermodynamic Parameters for the

2:1 Complex of 1806, CsBPhu in Liquid Ammonia at

 

 

 

 

Various Temperatures, assuming K1 3 104.

a. Separate Fit at Each Temperature

[CS+]
_

(M) t 010.5 K2 (611m)2 1 06

0.0075 14.5 395:252 38.4 13.3 0.39

0.001 14.5 1025184 45.08:0.80 0.41

0.001 4.5 17441125 49.17:0.41 0.28

0.001 -4.4 1902:182 49.89i0.48 0.35

0.001 -20.9 25661341 53.50:0.46 0.39

0.001 -33.0 3937i669 57.52:0.36 0.37

("K59298 = 856:1000 M“l

(AG298)2:1 =_4.0:0.7 xcal.mo1e'l

(AH°)2:l = -3.6:0.67 xcal.mo1e'l

(AS°)2:1 = l.3i3.3 e.u.

 

b.~ Simultaneous Fit at All Temperatures. Reference Tempera-

ture = 25.0°C.

 

"K2" = 649144 M-l

MH°)2:1 = -4.91:0.28 1coa1.mo1e"l

6M0; = 40.07:0.65 ppm

bMCE = -0.310.1 ppm.deg_l

E6 = 0.42 ppm

(AG298)2:1 =-3.88:0.04 kcal.mo1e

(AS°)2:1 =‘3-u5i0095 e.u.

 

 



  

shift could be due to the interaction of the cesium cation

with both the anion and the solvent, since the chemical

shift of the free cation in liquid ammonia is larger than

122 ppm and the chemical shift of the ion—pair with tetra-

phenylborate seems to be larger than 100 ppm (Figure 39).

The large temperature coefficient of 6M0; might also arise

from the interaction of the solvent and/or anion with the

cesium cation in the 2:1 complex.

In any event, a more quantitative description of the

formation of the 2:1 complex is not possible since the ion-

association parameters of the salt and the 1:1 complex are

not known and also the 2:1 complex may form various kinds

of ion—pairs which cannot be distinguished from each other

by the NMR technique.

0. Summary

The thermodynamic parameters for the formation of the

2:1 complex between 18-crown—6 and cesium salts in methyl—

amine and ammonia solutions are summarized in Table 47.

+ _ KX2 +

The 2:1 complex formation (MC .X + 0 3 M02

0

AHX2

thalpy stabilized but entropy destabilized in both solvents.

.X-) is en—

The entropy of formation of the 2:1 complex seems to be

almost anion_independent, but strongly solvent dependent.

However, the enthalpy of formation of the 2:1 complex is

both anion and solvent dependent.

In methylamine solutions, differences in the stability
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of the 2:1 complexes of cesium iodide and cesium tetra-

phenylborate with 1806 are mainly determined by the en-

thalpy contribution to the free energy of formation. The

larger complexation constant for cesium tetraphenylborate

compared to that for cesium iodide reflects the difference

in the degree of ion—association of their corresponding

salts and complexes in methylamine solutions. The much

more positive entrOpy of formation in liquid ammonia might

be due to the stronger solvation of the cesium cations by

small ammonia molecules than by methylamine molecules.

However, more data in other nonaqueous solvents are needed

to rationalize the thermodynamic parameters of the complexa-

tion.

4. Conclusion
 

The mole ratio (R = (l8-Crown-6)/(Cs+)) and tempera-

133
ture dependence of Cs chemical shifts in methylamine

and in liquid ammonia Show the formation of a relatively

strong (K1 3 10”) 1:1 complex followed by formation of a

weaker 2:1 complex. If we could neglect ion-association

of the salts and the complexes, the data could be analyzed

according to the simple equilibria,
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However, the results obtained from these equilibria were

unsatisfactory since the formation constantsand the limiting

chemical shifts of the 2:1 complexes were anion and solvent

dependent. In addition, the chemical shifts of the 2:1 com—

plexes,especially for 031, were strongly temperature dependent.

The chemical shifts at R = l were also very different for

different anions and solvents. Therefore it is clear that

both the 1:1 and the 2:1 complexes are associated in methyl—

amine and presumably in liquid ammonia as well.

The concentration and temperature dependence of the 1:1

complexes in methylamine showed that three processes are

involved in complex formation. These are ion—associa—

tion of the salt, ion—association of the 1:1 complex and

simple complex formation. A complete analysis of the CSI

data (with reasonable assumptions) was carried out and the

thermodynamic parameters of the complexation processes were

determined by using the ion—association parameters of CSI

from Chapter III. The complexation formation constant

(M+ + C is M0+) should be independent of the anion. There—

Vfore KC and AHg obtained from the CSI data were used in the

treatment of the CSBPh4 data and the thermodynamic parameters

for the complexation were obtained. The ion-pair formation

constants of the 1:1 complexes are of similar magnitude to

the ion—pair formation constants of the salts. This could

indicate that both the salts and the 1:1 complexes form

mainly "loose" ion—pairs and only small relative concentrations
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of contact ion—pairs are present in methylamine. However,

the separation of the effects of these two types of ion—pairs

 was not possible by NMR techniques. The equilibrium con—

stant for the reaction M+.X- + 0 £8 M0+.X_ shows a trend

with, SCN‘ < 1' < BPhu— which indicates a competition be-

tween ion—pair formation of the salt and complex forma—

K
tion. The formation of the 1:1 complex (M+ + 0 f: MC+) is

enthalpy stabilized and entropy destabilized.

The thermodynamic parameters for the formation of the

2:1 complex of CsI with 18—crown—6 were obtained from

the equilibria,

K
X2

MCX + C 2 MC X
2

M0: + x‘ K92 MCBX

However, since the complex and the ion-paired complex have

the same chemical shifts, KA2 is only "determined” from

changes in the activity coefficient, which results in a

high standard deviation for this parameter. The situa-

tion for CsBPhu is even worse since the degree of dis-

sociation of the 2:1 complex of this salt is expected to

be large and therefore activity coefficients become too

small to be estimated by the Debye-Huckel equation. Be—

cause of these complications we treated our data according

KX2

to the simple equilibrium MCX + 0 Z MC2X. In this treatment,
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weighted average chemical shifts were assigned to MC+.X- in

order to correct for the presence of MC+ and M+.X- species.

In addition the total concentration of the salt was used as

a variable at each mole ratio. The thermodynamic param7_

eters obtained in this way were well—determined. The only

deficiency was that the average standard deviation in the

calculated chemical shifts, E , was larger than the ex-
6

pected experimental error. Various effects might cause

this deficiency such as the interaction of the solvent

molecule with the cesium cation in the 2:1 complex, the

neglect of dissociation of the ion-paired 2:1 complex, and

the neglect of the concentration dependence of the chemical

shift. However, even with 66 m 0.8 to 1.5 ppm the system

is well defined, and improvement of the model in order to

decrease 36 would probably not have an appreciable effect

on the calculated thermodynamic parameters.

The mole ratio (l8-Crown-6)/(CsBPhu) data in liquid

ammonia were analyzed according to the equilibrium MCX +

C K§2 MC2X or MC+ + 0 K32 M02. The formation constant

of the 2:1 complex of CsBPhu with l8—Crown-6 was much larger

in liquid ammonia than in methylamine which reflects the

difference in the degree of association of the complexes

in these two solvents. However, since the formation

constant of the 2:1 complex in ammonia is both temperature

and concentration dependent, it is clear that the 1:1 and

the 2:1 complexes are also associated in this solvent.



CHAPTER V

1. RUBIDIUM-87 NMR INVESTIGATION OF RUBIDIUM SALTS

AND THEIR COMPLEXES IN AQUEOUS AND

NONAQUEOUS SOLVENTS

2. LITHIUM-7 NMR STUDY OF COMPLEXATION OF LITHIUM

SALTS BY C211 IN METHYLAMINE AND

LIQUID AMMONIA
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1. Introduction

The concentration and counter—ion dependence of the

chemical shift of all alkali cations, except the rubidium

cation, have been studied extensively in our laboratories

(125,126,129—135) and elsewhere (120—122,124) by the alkali

metal NMR technique. Similarly, the thermodynamics of com-

plexation of all alkali cations but the rubidium cation,

has been investigated by this method (l52,170,l75,l76,

200—209). The reason that 87Rb chemical shift studies are

sparse is that 87Rb NMR lines are very broad due to the

large quadrupole moment and large Sternheimer antishielding

factor (210) of this nucleus. For the sake of completeness,

we have used 87Rb NMR in an attempt to investigate ion—

association and complexation of rubidium salts with 18—

crown—6 and 0222 in solution. Three solvents were used

in this study: water, methanol (protic) and propylene car—

bonate (aprotic).

Landers' (8) suggestion that the exchange rate of the

lithium cation between the solvated and C211—cryptated

species in methylamine is extremely slow, motivated us

to study this system by 7Li NMR technique. In addition

a mole ratio study of the complexation of the lithium

cation by 0211 in liquid ammonia was carried out. The

results of these experiments are described in this chapter.
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2. Investigation of Rubidium Salts and Their Complexes

in Aqueous and Nonaqueous Solvents

A. Salt Solutions

The concentration dependence of the 87Rb chemical

shifts and linewidth of rubidium salts in water, methanol,

and propylene carbonate (P0) was studied. The results are

given in Table 48 and Figures 41 and 42. Our results for

aqueous rubidium bromide solutions in the range of 0.2

to 1.0 molar agree well with those of Deverell and Rich-

ards (121). In addition, pulsed Fourier Transform tech—

nique allowed us to study solutions as dilute as 0.02 M.

Over the complete concentration range, the variation of the

chemical shift with concentration is nonlinear. However,

a plot of chemical shift versus the mean molar activity

of the solution is linear and in agreement with the results

obtained by Deverell and Richards. The same behavior has

been observed for aqueous cesium bromide and iodide solu—

tions in our laboratories (211). As has been pointed

out in Chapter III, the origin of this behavior is not

known quantitatively. In methanol (D = 32.7) and propylene

carbonate (D = 69.0) solutions, the curvature in the plot

of chemical shift versus concentration is more pronounced

at lower concentrations. The mean activity curves Show

linearity at high concentrations, but become nonlinear as

the concentration decreases. In these two solvents,
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Figure 41. Rubidium-87 chemical shifts of rubidium bromide

versus concentration (-) or mean molar activity

(---) in aqueous solutions.
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Figure 42. Rubidium—87 chemical shifts of rubidium bromide

in methanol_(—) or rubidium iodide in propylene—

carbonate (-——) versus concentration (0) or mean

molar activity (A ) of the solution.
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especially in methanol, ion—pair formation is also res-

ponsible for chemical shift variations. Attempts were

made to fit the data to a simple ion—pair equilibrium in

these two solvents. The variation of chemical shift with

concentration does not follow the Simple ion—pair model,

presumably because other interactions in solution are also

responsible for chemical Shift variations.

B. Complexation

Attempts were made to study the complexation of the

rubidium cation by 18—crown—6 and cryptand—222 by using

87Rb NMR techniques. The results in H20, methanol, and

P0 are given in Table 49.

The exchange rate of the rubidium cation between the

solvated and Rb+-18—crown—6 complexed species in aqueous

solution is fast on the NMR time scale (213). Therefore,

a single population averaged signal is expected for this

system at all mole ratios. At mole ratio (l8—crown-6)/

(Rb+) = 0.47, where the concentration of RbI is 0.14 M,

the linewidth of the signal is about 1100 Hz; therefore

the chemical shift determination is not precise. If there

is any variation in the chemical shift as a function of the

mole ratio, this change is not detectable because of line

broadening, and a mole ratio study of this system is not

possible. Above mole ratio 1, the signal is undetectable

at this concentration. The complexation constant of
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Rb+-18-crown-6 in water is 36.3 (173), so that at a mole

ratio of 4.5, more than 90% of the Rb+ Should be complexed.

Therefore, above mole ratio 1, the signal disappears because

the line is very broad and weak, and cannot be discriminated

from the noise. However, a broad signal (Avl/2 >3000 Hz)

was detected above a mole ratio of one for a solution which

was 0.5 M in rubidium iodide. The rate constants for the

dissociation of Rb+0222 cryptate in H20, methanol, and PC

are 140 (214), 0.8 (215), and 0.17 s‘1 (216), respectively.

Therefore, two NMR signals are expected at 0 < mole ratio <

l in all three solvents. Dye gt al. (217) reported a peak

for aqueous Rb+0222 which is about 50 ppm downfield from

that of 0.1 M aqueous rubidium iodide solution with a line-

width of 1300 Hz. However, they were not able to observe

the complexed peak in alkali metal solutions containing

cryptand 222. The authors also reported a broad Signal

(Avl/2 = 4000 Hz) for the complex in methanol solutions at

about 100 ppm downfield from a 0.4 molar rubidium iodide

solution in methanol. Our attempts to observe similar

signals failed even though different experimental condi-

tions, such as different delay times, different sweep

.widths, different concentrations, and different spectrom-

eters were used. The complexation formation constant

of Rb+-0222 in H

4

20, MeOH, and PC are of the order of

2 x 10 , 9.5 x 108, and 1 x 109 (216) respectively.

In methanol we have been able to see a very small peak
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at mole ratio of 0.98 even though the fraction of the free

cation is very small. A broad signal (Avl/2 = 1300 Hz)

was also observed in PC at mole ratio 0.46. The above

facts Show that if the linewidth of the complexed cation

signal in water is indeed only 1300 Hz we should have been

able to observe it easily. In the case of Rb+c222 in water

no peak was observed within 1200 ppm of the free rubidium

cation Signal. It appears that the complexed signals

broaden as a result of some kind of exchange. Perhaps the

exchange occurs between inclusive and exclusive complexes

as in the case of the cesium cation complexes with 0222

(152). Another possible explanation is that the true line-

width of Rb+-C222 in water is much larger than that re—

ported (217). However, we expect narrower lines for this

complex than for the complex with 18-crown-6.

3. Complexation of the Lithium Cation by 0211 in Methyl-
 

amine

Solutions of lithium bromide and 0211 in methylamine

were prepared as described in Chapter II. The solutions

were mixed and the 7Li NMR spectra of the resulting solu-

tion were taken more than 90 times over a 2.5 hour period

at -51°C. Only part of the data is given in Table 50,

since no distinct changes occur between the reported data

points. All data consisted of two signals, one for the

free cation and the other for the complexed cation. The
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Table 50. Lithium—7 Chemical Shiftsrqfthe Free, 6F, and

C211—Cryptated, 5 Lithium Cation in Methylamine

 
 

 

 

 

as a Function of Time. (211)/(Li+) = 0.5, (Li+)

= 0.069 M.

Time 6F 60

Hr Min Sec (ppm) (ppm)

0 (mixing)

15 0.75 —0.82

40 0.66 -0.93

4 02 0.62 ~1.03

7 19 0.55 —l.05

11 24 0.59 -1.06

13 43 0.70 —0.90

20 26 0.76 -0.82

23 26 0.84 —0.75

27 40 0.84 —0.79

35 00 1.00 —0.65

46 56 1.03 -0-52

57 14 1.05' -0.52

1 04 00 1.08 —0.52

1 11 00 1.04 —0.58

l 38 59 0.97 -0.61

2 22 37 0.96 —0.56

96 1.16 -0.42*

>10 days 0.67 —0.98*

 
 
*

Precipitate was formed in the solution.
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chemical shift of the reference solution, which was measured

both before and after the experiment, had values of 15.11

ppm and 15.19 ppm respectively. It was noted that some

precipitation occurred in the solution after 2—1/2 hours

even though both 0211 and lithium bromide were completely

soluble at the time of mixing. This precipitate could not

be dissolved even after 96 hours at room temperature. The

precipitate dissolved gradually in a few days but the

chemical shifts of the free and complexed species were

0.67 and —0.98 respectively; It should be noted that the

difference in the chemical shifts of the free and complexed

lithium cation was constant at all times (1.59 i 0.04 ppm).

The ratio of the intensities of the two signals remained

almost constant at a value of 0.8 — 0.9 during the 2-1/2

hour period. The signals had almost equal intensities

after 96 hours. The final chemical shift of the complex

was -0.42 ppm, in good agreement with the corresponding

chemical shift in other solvents (170). In addition, the

chemical shift of lithium bromide in methylamine was

concentration independent over the concentration range

studied (0.0058 to 0.094 M), and had a value of 1.11 ppm

at —52°C.

The data show that the exchange rate of the lithium

cation between the free and bound species is slow on the

NMR time scale, but it is not extremely slow, since most

of the complex is formed immediately after mixing (within
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15 seconds). The data also demonstrate that the chemical

shifts of both species change with time. The fact that the

difference between the two chemical shifts is constant, and

the chemical shifts of the dissolved solution after a few

days is equal to the chemical shifts at the time of mixing,

suggests that precipitate formation is involved in the

chemical shift changes. It is possible that the C211

sample had absorbed small amounts of carbon dioxide during

weighing. Then if the formation of the complex occurs via

the formation of an exclusive complex, it is probable that

both the lithium cation and lithium exclusive complex form

ion—pairs with the carbonate or bicarbonate ions which would

affect the chemical shift. The role of the precipitate

cannot be assessed without information about its composi—

tion. It is important to point out that the first attempt

to make the solution failed, because even before the solu—

tions were mixed, precipitation occurred in the lithium

bromide solution. In this attempt, some of the isopropanol—

dry ice solution, which had been used for cooling, col-

lected on the Kontes Teflon vacuum valve accidentally.

The isopropanol—dry ice solution may then have been trans—

ferred to the lithium bromide solution to form carbonate

in the solution.

In any event, our experiment showed that the complexa-

tion of the lithium cation by 0211 is not as slow as has

been predicted (8)-
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4. Complexation of the Lithium Cation by 0211 in Liquid
 

Ammonia

A mole ratio study of the complexation of lithium

bromide solutions by cryptand 211 in liquid ammonia was

carried out. The results are given in Table 51. The ex-

change rate of the lithium cation between the solvated

and complexed species in liquid ammonia (as in other sol-

vents (170)) is slow on the NMR time scale, and therefore

two Signals were observed below mole ratio 1. The chemical

shifts of the free and complexed species are nearly tem-

perature independent, and the complexed signal is 1.9 ppm

upfield from the solvated Li+ signal. The chemical shift

of the complexed lithium cation agrees well with the results

in other nonaqueous solvents (170) indicating that the

lithium cation is effectively isolated from the solvent

and the anion by the ligand.

5. Conclusion
 

Rubidium-87 chemical shifts of rubidium salts in water,

methanol, and propylene carbonate Show a nonlinear de-

pendence on concentration over the complete range of con-

centration which was studied. However, the chemical Shifts

in water are linearly dependent on the mean activity of the

solution. In methanol and propylene-carbonate, the non-

linearity in the plot of the chemical shift versus
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concentration cannot be accounted for only by considering

ion-pair formation in the solution. This suggests that

other effects are also responsible for the chemical shift

variation.

Rubidium-87 NMR signals are broad in the presence of

C222 and especially l8-crown-6 in aqueous and nonaqueous

87Rb NMR techniques are not suitablesolvents. Therefore

for studies of the complexation of rubidium salts by crown

ethers and cryptands in solution.

Lithium-7 NMR data show that the exchange rate of the

lithium cation between free and C211 cryptated complex

species is slow on the NMR time scale in methylamine and

liquid ammonia. The chemical shift of the complexed

cation is the same as in other solvents which indicates

that the lithium cation is effectively isolated from the

solvent and the anion in the complex.
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1. Summary

The concentration and temperature dependence of 133Cs

chemical shifts of cesium salts in methylamine was studied.

The variation of the chemical shifts of cesium iodide and

cesium tetraphenylborate as a function of concentration

indicated strong ion-association of these salts in methyl-

amine. However, the data did not follow the behavior ex-

pected for simple ion-pair formation. Instead of leveling

off at high concentrations, the chemical shift versus con—

centration showed a gradual downfield shift for CSI and a

gradual upfield shift for CsBPhu. The chemical shift of

CsSCN was concentration independent in the range of concen-

tration and temperature studied.

The cesium iodide and cesium tetraphenylborate data

at various temperatures were analyzed according to the

equilibria for the formation of ion-pairs and two kinds

of triple ions (cationic and anionic). In this analysis,

determination of all the thermodynamic parameters from

the NMR data was not possible. Therefore, we had to make

justifiable assumptions about some of the parameters.

For example, the triple ion formation constants were cal-

culated from the Fuoss equation and used as constants;

linear temperature dependence was considered for the

chemical shifts of the free and ion-paired cations; equal

256
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probability for the formation of the two kinds of triple-

ions was considered; and the chemical shift of the cationic

triple—ion was assumed to be the same as the chemical shift

of the ion-pair. A long extrapolation was required to ob-

tain the chemical shift of the free cation, and since the

fraction of this species was small even at the lowest

concentrations, the determination of this parameter from

just the data with CsI and CsBPhu was not possible.

The fact that the chemical shift of CsSCN was inde-

pendent of concentration, together with other experimental

facts led us to propose that the chemical shifts of the

free cesium cation and the ion-paired CsSCN are the same.

This was the major assumption in the treatment of the

data. Other assumptions did not have significant effects

on the ion-association parameters.

The ion-pair formation constants, K at 25.0°C For
ip’

these salts (averaged from the models with different as-

sumptions) were found to be: (Kip)CsI = (2.65:0.19)

5 -1 O O = +
-l

X lo M Wlth (AHip)CSI 3.7—O.3 kcal.mole , (Kip)CSBPhu

LI -1 ° 0 _
M With (AHip)CsBPhu - 4.0:1.0 kcal.

mole-l. The equivalent conductance of CsI in methylamine

= (1.30:0.19) X 10

was measured as a function of concentration at -lS.7°C.

The conductance data were analyzed according to various

conductance theories. The value of (Kip)CsI obtained

from conductance at -15.7°C depended on the theory ap-

plied and had values ranging from 8.7 x 103 to 1.4 x 106 M-l,
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The Onsager limiting law fit the data the best but Kip

obtained from the limiting low was only about 35% that ob-

tained from NMR data (corrected to -lS.7°C).

Cesium-133 chemical shifts were measured as a function

of the (lB-Crown—6)/(Cs+) mole ratio (R) and temperature.

The variation of the chemical shift with R indicated the

formation of a relatively strong lzl complex followed by

the formation of a weaker 2:1 complex. The formation

constant of the 1:1 complex is too large to be calculated

from mole ratio studies at a fixed total cesium salt con-

centration. The data for CSI and CsBPhu above R = l

were analyzed at various temperatures according to the

Kc2 + Kx2

equilibrium MC+ + c z MC2 or MC+.X‘ + c z MC+ '2.x

The fact that KC was anion dependent together with the
2

behavior of simple salts in methylamine and with the fact

that the limiting chemical shift of the 2:1 complex was

temperature dependent, indicated that the 1:1 and presum-

ably also the 2:l complexes are associated in methylamine.

Therefore, to analyze the data above R = 1 it was necessary

to investigate the ion-association of the 1:1 complexes.

The concentration and temperature dependence of the

chemical shift of the 1:1 complex showed that ion-pair

formation of the salt competes with complex formation and

that the 1:1 complex also forms ion-pairs. The variation

of the chemical shift as a function of the concentration

of the 1:1 complex and temperature was analyzed according
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to the equilibria,

+ _

M .x M+

+ +
Kt

M+

+

K K
_ i _ - t _ _

M+ + x 2p M+.X + x z x .M+.X

+ +

c 0

ii KC It» KX

K
+ _ A _

MC + x z MC+ x

The internally consistent thermodynamic parameters ob-

tained from NMR studies of ion-association of the salts

in the absence of complexant were introduced as known

constants in the above equilibria. The KA values for

CsI and CsBPhu ((1.51ro.06) x 105 and (1.16:0.34) x 10

M.1 at 25.0°C respectively) proved to be comparable to

4

the K values for the uncomplexed salts, indicating that

1p

the formation of solvent-separated ion-pairs of both the

salts and the 1:1 complexes probably dominates over contact-

pair formation. The value of Kc’ which is anion independent,
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was (1.07:0.08) X 10“ M-1 at 25.0°C with AH: = -l6.72i0.08

-l

Kcal.mole . Other parameters were found to be. (Kx)CsSCN

= (4.87:0.53) x 10‘3 < (KX) (6.33:0.40) x 103 <

(Kx)CsBPhu =

responding AH; values of -l3.50:0.73, —l6.40:0.53, and

CsI =

(8.4:1.4) x 103 m‘1 at 25.0°C with the cor—

-18.8i0.95 Kcal.mole“l respectively. The order in KX for

various salts reflects the difference in the degree of ion-

association of the corresponding salts in methylamine.

The mole ratio data in methylamine for R > 1 were ana-

K

lyzed according to the equilibrium MC+.X_ + C $2 MC

0

AHx2

with proper corrections applied for the ion-association of

+

2.x

the salts and of the 1:1 complexes. The thermodynamic

parameters were found to be: (K = 4.03:0.05, and

l

x2)CsI

at 25.0°C with (AH
O ) _

X2 051

= -7.35:O.l2 Kcal.mole. The

(K = 22.82:O.35 M-
X2)CSBPhu

O

-6.0S:0.08, and (AHx2)CsBPhu

dissociation of MC:.X- was not included because the ion—pair

formation constant of the 2:1 complex could not be obtained

from the NMR data, (presumably because the chemical shifts

+ _

of M02.X and MC+ are nearly the same). The corresponding
2

approximate values in ammonia are: (K = 649144 M-1

l

x2)CsBPhu

at 25.0°C with (AH = -4.91:0.28 Kcal.mole-° )
x2 CsBPhu

Rubidium—87 chemical shifts of rubidium salts were

measured in water, methanol, and propylene carbonate.

The variation of the chemical shifts as a function of the

concentration was nonlinear in all of the solvents.

However, a plot of the chemical shift versus the mean

molar activity of the salt was linear in aqueous solutions.
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The variation of the chemical shift with concentration in

methanol and in propylene carbonate did not follow a simple

ion-pair formation model. Attempts to study complexation

of rubidium salts by 18-crown-6 and cryptand-222 failed

either because the NMR lines were broad or the chemical

shift changes were small.

The exchange rate of the lithium cation between the

free and the 211-cryptated complex species in methylamine

and liquid ammonia is slow on NMR time scale, consequently

(0211)

(1.1+)

was formed in less than 15 seconds in methylamine. The

two signals were observed at O < < l. The complex

chemical shift of the complexed species was the same in

both solvents and equal to the value obtained previously

in our laboratories indicating that the lithium cation is

effectively isolated from the solvent and the anion in the

complex.

2. Suggestions for Further Studies
 

The studies already made stimulate the following sug-

gestions for further studies:

(1) It has been shown that the 13305 chemical shift

in methylamine and liquid ammonia changes gradually at

high concentrations instead of leveling off. The oc-

currence of similar behavior in methanol and ethanol solu-

tions and with 87Rb chemical shift in methanol and PC



 

 

solutions suggests that the chemical shift is concentra—

tion dependent even when ion aggregates do not form. To

study ion—association by the NMR technique accurately, it

is necessary to separate the contributions of concentration

and ion—association to the chemical shift. Determination of

ion-association constants by various methods such as elec-

trical conductance measurements, calorimetry, and UV spec-

troscopy and the comparison of these results with the NMR

results would provide a useful probe for the study of this

problem.

(2) Since ion—pair formation constants and the limit—

ing equivalent conductances, A0, obtained from electrical

conductance measurements depend on the theory used, an

independent measurement of A0 would help to test the validity

of various conductance theories. The best method for ob—

taining A0 is to measure both conductances and transference

numbers.

(3) An extensive study of ion—association and complex

formation of cesium salts in liquid ammonia and the com—

parison of the results with those obtained with methylamine

would provide valuable information about the role of the

solvent in these processes.

(4) The study of complexation of the lithium cation by

cryptand—211 in methylamine has already shown that the

exchange rate of the cation between the free and complexed

species is slow on NMR time scale, but the reaction takes
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place in less than 15 seconds. In this study complications

arose because of the formation of precipitate in the solu-

tion. A more careful experiment is required to explain

the complications we encountered. ‘More study is also re-

quired to understand the mechanism of complex formation.
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APPENDIX 1

DETERMINATION OF ION-ASSOCIATION PARAMETERS BY NMR

TECHNIQUES; DESCRIPTION OF THE COMPUTER PROGRAM

KINFIT AND SUBROUTINE EQN

A. Simple Ion-Pair Formation

The equilibrium for ion-pair formation can be expressed

as

Kip

M+ + x’ + M+.x‘ (lA-l)

+ -

K := (M .XI) = l-d (lA-2)

 

 . + _
1p (M )(x >yi oa2y§

in which M+, X', M+.X- are the solvated cation, solvated

anion, and ion-pair species, respectively, the terms in

parentheses are the molar concentrations of the correspond-

ing species, Kip is the thermodynamic ion-pair formation

constant, a is the degree of dissociation of the ion-pair,

and y: is the mean molar activity coefficient of the solu—

tion. The latter can be calculated from the Debye-Huckel

equation,
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—4.19764xlO6IZ+Z_I/I
Y = exp( /_ ) (lA-3)

(DT)3/2[l + 50'29 3 1]

 

H
-

 

in which Z+,Z_ are the charges of the ions, D is the dielec-

tric constant of the solvent, T is the temperature in °K,

3 is the distance of closest approach of the ions in

Angstroms,and I is the molar ionic strength of the solu—

tion (I = 1/2 EC aZi).
i

i

The observed chemical shift is a pOpulation averaged

chemical shift and can be expressed as,

6obs = XM+6M+ + XM+.X-6M+.X- = 6M+ + (l'a)5M+.X- (lA’u)

where XM+ and XM+.X‘ are the relative mole fractions of the

free and ion-paired species, respectively, and 5M+ and

6M+.X- are the chemical shifts of the corresponding species.

Three parameters should be obtained for each salt from the

fitting of equations lA-2,3, and 4 to the NMR data. These

Q. .
parameters are Kip’ 5M+’ and 6M+.X-' Since 6M+ in a given

solvent is independent of the anion, the above equations

can be fit to n_data sets at a given temperature to obtain

3n—l parameters. In our case, data for CsI and CsBPhu

at 25.0°C were used to obtain five parameters. These are,
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U<l> - 505+.I‘ 0(4) = (Kip)CsBPhu

U(2) = (Kip)CsI U<5> = 6Cs+.BPhu‘

U(3) = 5CS+

The values of D, T and 8 were introduced as follows,

l/2
Const(JDAT,l) (DT)

O

const(JDAT,2) 3 = 5.3 A (Chapter III)

The value for D was taken from Reference 194. The sub-

routine EQN is given on the next page.

B. Ion-PairszmuiAnionic Triple-Ion Formation
 

The equilibria for the formation of ion-pairs and

anionic triple-ions can be expressed as

(lB-l)

- - _ + _

M .X + X 2: X .M .X

where
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_ (M+.x')

- ‘ “_—:—_— —2ip (M+)(X )7: (1B )

and

Kt = —£§:t¥:*§:l (1B—3>
(M .X )(X‘) .

in which Kt is the anionic triple—ion formation constant and

(X_.M+.X_) is the molar concentration of the triple—ion.

Other symbols have the same meanings as before. Equal

activity coefficients are considered for X' and X_.M+.X_.

The mean activity coefficient, vi, can be obtained

from the DebyefHUCkel equation (Equation lA53).

The mass balance and charge balance equations are,

+ + _ — —

00*: (M ) + (M .x ) + (X .M+.X )

(x') + (M+.x‘) + 2(x‘.M+.x‘) (lB—4)

(M+) = (x‘) + (x‘.M+.x‘) (lB—S)

in which CO is the total concentration of the salt. Sub—

stituting for (M+) and (X‘) from Equations lB—4 and 5 into

the triple—ion formation constant expression gives,
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_ (X.M.X)

Kt ' [co-(M)—(X.M.x)][(M)-(X.M.x)7 (13’6)

in which charges are omitted for simplicity. Equation

lB-6 can be solved for (X.M.X) as a function of CO, Kt’ and

(M),

 

. (KtCO+l):\/(Ktco+1)2-4K§(M>[c -(M)1
(x.M.x) =

O (lB-7l2Kt

 

The negative root has to be chosen to satisfy the boundary

conditions. Similarly, substituting for (M.X) and (X’)

from Equations lB-4 and 5 into the ion-pair formation constant

expression yields,

Kip = Co-(M)-(x.M.x) 2 (lB-8)

(M)[(M)-(X.M.X)lyi

This equation can be solved for (M) as a function of Kip’

CO, and (X.M.X),

 

2 ‘ 2 2 2
Ki (x,M,x)Yi-1+\/[Kip(X.M.X)yi-l] +4KipyiECO-(X.1VI.X)]

(M): J 2

2K Y
ip i

 

(lB-9)
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The concentration of M+.X_ is given by,

(MX) = CO—(M)—(X.M.X) (lB—IO)

The concentrations of the species can be obtained by an

iteration technique. Starting with initial estimates of

zero and unity for (X.M.X) and Y the first value of (M)
+3

was obtained from Equation (lB—9) and used to calculate

(MX), and more accurate estimates of y: and (X.M.X) from

Equations (lA—3) and (lBO7) respectively. This procedure

was repeated until convergence occurred. Then the final

values of (M), (M.X) and (X.M.X) were used to calculate

the relative mole fractions, Xi“ The values of the ad-

justable parameters were then obtained by fitting the

calculated chemical shifts to the values obtained experi—

mentally according to the following equation,

= 2X16. ' (lB-ll)

The ion—pair formation constant at each temperature, (Kip)T

can be expressed as,

o
AHip

1 I 1
_ _ — _ lB—l2

(Kip)T ‘ (Kip)298.l5 exp[ R (T 29 15)] < )

in which AHIp is the enthalpy of the formation of the ion—

pair. Four parameters were adjusted for each salt. These

are,
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CsI CsBPhu

(Kip)298.15 = U(l) ’ U(3)

4ng = U(2) , ' U(4)

6M.X = U(5) , U(7)

6X.M.X. = U(6) ’ U(8)

Triple—ion formation constants were calculated from the

Fuoss equation (l-8) and used as constants. The chemical

shift of the free cesium cation at various temperatures

was chosen from the CsSCN data. The FORTRAN expression

for this problem is listed on the next page.

C. Ion—Pairs and Two Kinds of Triple Ions

The equilibrium for the formation of ion—pairs and two

kinds of triple ions can be written as

K.

M+ + x‘ ip M+.X‘

Kt +_

M .X- + X_ #: X-.M .X (lC—l)

K
t _ +

M+.x‘ + M+ z M+.X .M

where

_ (M.x) (lC—2)

ip (14mm:
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_ (X.M.X) _ (M.X.M)

Kt ‘ (M.X)(X) M.X) m)— (lC-3)

in which (MXM) is the concentration of the cationic triple—

ion and the other symbols have their usual meanings. The

activity coefficients of M, X.M.X, and M.X.M are considered

to be equal. The charges are omitted for simplicity.

Equal probabilities for the formation of two kinds of

triple—ions are considered. The mass balance and charge'

balance equations are,

CO = (M) + (M.X) + 2(M.X.M) + (X M.X)

= (X) + (M.X) + (M.X.M) + 2(X.M.X) (lo—u)

and

(M) + (M.X.M) = (X) + (X.M.X) (lC-5)

From Equations lC-3, M, and 5 we have

(M.X.M) = (X.M.X) (lo-6)

and

(M) = (X) (10-7)

Substituting (M) for (X) in ion-pair formation constant

expression gives,

_ (MX) (lo—8)K. _ ——————

1p (M)2Yi

 





OI1

MX

(M) =‘/ L—g
(lC—9)

KipYi

Equations lC—M, 6, and 7 give

(XMX) = (MXM) = £91£M%:$M§l (lC—lO)

Substituting for (XMX) or (MXM) from the above equation

into the expression for Kt gives,

K = CQ—(M)—(M.X)

t 3(M.X)(M)

01”

c _

(M x) = gii%%¥%j (lC—ll)

The concentrations of the other species can be expressed

as

(M.X.M) = Kt(M.X)(M) (lC—l2)

(X.M.X) = Kt(M.X)(X) (lo—13)

The solution to Equations lC—lO, ll, 12, and 13, and the

Debye—Hfickel equation (lA-3) can be obtained by an
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iterative method as was described in Section B. The cal—

culated concentrations then are used in the observed chemi—

cal shift expression (Equation lB-ll). The temperature

dependence of the ion-pair formation constant is obtained

from,

(K  
rAH.

ip)T = (Kip>298,15 expE— Rip (l = l )J (lC-lll)

The subroutine EQN for use with the KINFIT program is given

on the next page.

It should be noted that all equations and iteration

methods described in these Appendices were checked by

testing the numerical values of all concentrations and

activity coefficients for consistency with the equilibrium

constants and conservation conditions.
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APPENDIX 2

DETERMINATION OF ION—PAIR FORMATION CONSTANTS BY

CONDUCTANCE MEASUREMENTS; DESCRIPTION OF THE

COMPUTER PROGRAM KINFIT AND SUBROUTINE EQN

A.' The Onsager Limiting Law

The Onsager limiting law for lzl weak electrolytes is

expressed as

A = d(Ao — s/Ea) (2A-1)

The ion—pair formation constant can be written as

— 1'“ 2A—l
KA ‘ __§_§ ( )

Cd Vi

which gives

I 2
— l+AK C

a = _E:_____A_:£ <2A-3>
2

2KACY:

in which a is the degree of dissociation of the ion—pair and,

Y+ = exp _ H.2Ol79XlOO/EE \ (2A—A)

50293 /E3/2
(DT) [1+

(DT)1/2

281.l
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In these equations A and A0 are the measured and infinite

dilution equivalent conductances respectively, 3 is the

distance of closest approach in Angstroms, and

S = 0””‘o + 5*
(2A-5)

where

2

a* = _.___§_£_____

6DkT<l+q)Cl/2

3WnCC

and

2
8we NC l/2

K = (lOOODkT)

in which

e = charge on an electron = A.8032A x 10'10 stat coulomb

k = Boltzmann constant = 1.38066 x 10‘16 erg,m01e‘l,°K'l

N = Avogadro's number = 6.022OA X 1023 mole—1

F = Faraday's number = 9.6A8A6 x 10“ coulomb.mole—l

c = speed of light = 2.99792458 x 1010 cm.sec'l

q = l//2

molar concentration of the salt

0

ll
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D = dielectric constant of the solvent

n = viscosity of the solvent in pose

T = temperature in OK

The values of physical constants were taken from Ref—

erence (218) and the dielectric constant and the viscosity

of methylamine at —15.7°C were obtained from References

(194) and (219) respectively. A value of 5.3 3 was chosen

for the distance parameter (Chapter III). The solution to Equa—

tions (2A—3 and M) was obtained by an iteration technique.

An initial estimate of unity was first assigned to y:

and the degree of association was calculated from Equation

(2A—3). This value of a then was used in Equation (2A-M)

to obtain a more accurate value of vi. The procedure was

repeated until convergence occurred. The ion—pair formation

constant and A0 were then obtained by fitting the calculated

equivalent conductances from Equation (2A—l) to the experi—

mental equivalent conductances. The subroutine EQN for

use with the KINFIT program is given on the next page.

B. Extended Conductance Equation

Various extended conductance equations have the general

form,

A=AO—S(Cd)l/2+ECdlog(Cd)+Jl(Cd)—KAA(Cd)Yi—J2(Cd)3/2

(23—1)
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in WhiCh E, J1, and J2 are the coefficients whic have dif—

ferent values according to different theories. Other sym—

bols have the same meanings as before. This equation can

be rearranged for use with the KINFIT program as,

AO—S(Cd)l/2+ECleg(Cd)+Jl(Cd)—J2(Cd)3/2

 

 

l+KA(Ca)Yi

where

-l+ Vl+uKACyE

a = ————2——‘ <2B—3)
2KACYi

and

u 20179x106/EE

u = exp ' o/__ (2134:)

.2
(DT)3/2[l+50 Tii/ga]

The ion—pair formation constant and A0 can be obtained by

an interation technique similar to that which was described

in Section A. The values of the coefficients according to

different theories are,
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(i) Pitt's Equation Linearized bx_Fernandez-Pirini
  

 

E = Ele + E2

E _ K2a2b2

l - 25C

E _ KabB*

2 1601/2

and

J1 = Ole + 02

2

_ (bKa) 2
ol - 12C [inn(——7§) + — + 1.7718]

* *

o — 3—53 + B bKa [0.01387 — 2n
2 ' 1/2 ‘17? “16%”

C 8C C

_ (bKaL3 [1.2929 + 1.5732]

03 — 6C3;2 b2 b

~
w
‘

 

2 2

_ 8*(Ka) B*b(Ka)
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where

 

In all expressions a has units of gm. Other symbols have

their usual meanings.

(i3 Fuoss-Hsia Equation Linearized by Fernéndez-Pirini

E = The same as Pitt's equation.

J

_ (Kab)2 2 2
01 - —:flfiT—[l. 81U7 + 2Rn(* +—§(2b +2b-l)])

C1/2 b

 02=d*8*+8*(
Kab

01/2)-8*1601/2[l° 5337+;—+ 2n(——7—)J

 

 

 

2 3
b (Ka) u.u7u8 3.828u

o = ———————[O.609U+ + J

3 21:03/2 b b2

* b
on = 8 2i: )2 [—%(2b2+2b1) - 1. 938”] +

2 2
8*(Ka) B*b(Ka)

“*B*(ET72) + 0 ‘ 160

2

(1.5405 + ELEZQl) 8* Kab [1* -2.2lgu] 

b - 1611001/2 §5
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(iii) FUOSS-Hgia_ Equation Corrected by Chen
 

J1 and J2 = the same as the Fuoss—Haisa equation. The

term EC lnC is replaced by

2

ECan = 12 O £n(Ka) - B u £n(Ka)
 

 

 
to satisfy the Onsager reciprocal law.  

(iv) Justice Equation
 

The equation is exactly the same as the Fuoss-Haisa

equation except that the distance parameter is taken as the

Bjerrum distance,

 

The subroutines (EQN) of the conductance equations for

use with the KINFIT are given on the following pages.
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APPENDIX 3

DETERMINATION OF COMPLEX FORMATION CONSTANTS BY

THE NMR TECHNIQUE; DESCRIPTION OF THE COMPUTER

PROGRAM KINFIT AND SUBROUTINE EQN

A. 121 Complex Formation in Media of Low Dielectric Constant

The equilibria involved in a solution which contains

equimolar concentrations of a salt, MX, and a ligand, C,

in a mdeium of low dielectric constant can be written as,

M+.x‘.M+

++ Kt

M+

K +

M+ + x‘ 4p M+.x' + X K+ X'.M+.x1

+ +

(3A-l)

c 0

KC M '++ KX

MC+ + x' E? MC+ X—

in which MC+ and MC+.X_ are the 1:1 complex and the ion-

paired complex respectively. The other symbols have the

302
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same meanings as in Appendix 1.

The equilibrium constants for these reactions are

(M.X)
 

 

 

 

 

 

ip = <M><x>vi (3A-2)

Kt = <§§éfi i; = égigiflg> (3A‘3)

Kx = z§¥§S§c> (3A'u)

‘KA = (M(CM)C(.XX))Yi (3A_ 5)

Kc = ti¥%%7 = Kiifx
(3A-6)

in which the activity coefficients of M, X.M.X, M.X.M are

considered equal and the formation constants of the two

kinds of triple—ions are taken to be the same. The mean

activity coefficient is expressed as

 

 

 

 

6

Y+ = eXp (-u.193:4x10 5g<:;o+/:xwx: )) (3A_7)

’ 3 . a X + XMX
(DT) [1 + 1/2

(DT)
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The mass balance and charge balance equations are,

3

II

C
) II (M) + (M.X) + (X.M.X) + 2(M.X.M) + (MC) + (MC.X)

t o

(3A-8)

Xt = C0 = (X) + (M.X) + 2(X.M.X)-+(M.X.M) + (MC.X)

(BA-9)

Ct = C0 = (C) + (MC) + (MC.X) (3A-lO)

(M) + (MC) + (M.X.M) = (X) + (X.M.X) (3A-ll)

in which M X and Ct are the total concentrations of the
t’ t’

cation, anion and the ligand, respectively. The solution

to the above equations can be obtained by an iteration

method based on the major species and successive corrections

for minor species in solution. If we assume that (M),

(X.M.X), and (M.X.M) are small, the major equilibria are,

Kx

M.X + C 2 MC.X (3A—12)

and

KA

MC + X it MC.X (3A-13)

The mass balance equations can be written as,

(MX) + (MC) + (MC.X) = cs z CO (3A-1A)

(C) + (MC) + (MC.X) = C0 (3A-15)

(X) + (M.X) + (MC.X) = cg 2 CO (3A-l6)
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This set of equations yields

 

(MK) 2 (c)

and

(X) 3 (MC)

Then

Kx (MC)(X)yi ~ (Mc)2yf

KA (M.X)(C) (0)2

01”

KX

(Mo) 3 (C) ——2‘ (3A-17)

K Y _

A i

and

(MC.X) = KX(M.X)(C) = KX(C)2 (3A-18)

Substituting for (MC) and (MC.X) from equations (3A-l7)

and (3A-18) into Equation (3A-15) gives,

K
x

2
KAY:

 

(C) + (C)
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which can be solved for (C),

 

 

K Y K Y

(o) x A i A l“ ,_ (BA—l9)
 

The concentrations of the other major species are approxi—

mately,

are known.

 

 

(M.X) 3 (C) (SA—20)

K

(X) 2 (MC) = (C)‘/ X2 (3A—2l)

KAY+

(MC.X) : KX(C)2 (3A—22)

Now the approximate concentrations of the major species

To correct the scheme for the minor species, we

utilize the exact mass balance equations.

Let us define

(M) + (XMX) + 2(MXM) = A

(3A-23)

(M) — (XMX) + (MXM) = A'
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Subtracting Equation 3A-9 from Equation 3A-E gives,

(M) - (XMX) + (MXM) + (MC) - (X) = O (3A-2A)

and subtracting Equations 3A-lQ from Equation 3A-o yields,

(M) + (XMX) + 2(MXM) + (MX) -(c) = 0 (BA-25)

Substituting A and A' from Equations 3A-23 into

Equation 3A-2A and 3A-25 gives

(X) = (MC) + A' (3A-26)

and

(MX) = (C) (3A-27)

I

D

if we define

(C)' = (C) A/2 (3A-28)

and

(MC)' = (MC) + A/2 (3A-29)

Equations 3A-26 and 3A—27 give,

(X) = (MC)' + A'/2 (BA-30)
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and

(MX) = (C)' - A/2 (BA—31)

Then,

K
1 IMA = <MX><c> = £<c> -A/2][(C) +A/2] (3A_32)

[(MC)'-A'/2][(MC)'+A'/2] 2x (MC)(X)~{:

This equation can be solved for (MC)' as a function of (C)',

 

K K .

(MC')'= ‘LA/2)2 + ——§§(c)'2 — ——§§(A/2)2 (BA—33)

KAY: KAY:

Substituting for (MC') in Equation 3A-26 gives

 

____ ' 2
K K v+

(MC) = X2 (C)' 1J1 — l 2[(A/2)2 - —%—L
A + (C') x

‘ (3A-34)

(A'/2) -(A'/2)  

(MCX) substituting for (MK) and (C) from Equa—Since KX = (TDCYU77’

tions 3A-30 and 3A—31 gives

(MCX) = KX [(C)'2 - (A/2)2] (3A—35)
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Rearranging Equation 3A—28 gives

(0) = (C') + A/2 ' (3A—36)

Now (C), (MC), and (MCX) are expressed in terms of

(C'), A, and A' in Equations 3A—3A, 3A—35 and 3A—36. Sub—

stituting these values into Equation 3A—lO gives

 

 

c0 = (av) + (A/2) + R(C') — (A'/2) + KX(C')2 - KX(A/2)2

' (3A—37)

where

2

K Ky+

R = _—§§ l — 1 2 [(A/2)2 - —%—:<Av/2> <3A-38)
KAYi (C') X

Equation 3A-37 can be solved for a new (C)' as a function

of R (or old (0')),

 

= -<1+R> + VQI+R>2+uxtco-A/2 + A'/2 + KX(A/2)2]
 

(C')new 2Kx

(BA—39

Then from Equation 3A—28 we have

= ' A (3A-40)
(C)new (C )new + /2

 





310

and substituting (C')new into Equations 3A—3A and 3A—35

yields

 

 
K K

_ , I(MC)new —‘/ X2 (C )new \/1 — @72— [(M2)2 — fim'mfi

KAY: )new

— (Av/2)

<3A—u1>

and

(MCX>new = Kxnc')new — (a/2)21 <3A—42>

The new concentrations of (C) can be used in Equation 3A—27

to give

(MX) = (c)new — A (3A—u3>

Then the concentrations of the other species,

new’ (XMX)new’ and (MXM)new ’

can be obtained from equilibrium constants (Equations 3A—2

to 3A—6) as follows,
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( ) (MCX)new ( A“)
X =

3A-

new 2

KA<Mc)newY:

(Mx)

(M)new = new 2 (3A_u5)

Kip(X)newY+

(XMX)I’18W = Kt(MX)new(X)new (3A-L‘6)

(MXM)new = Kt(MX)new(X)new ' (BA-A7)

The new value for the mean activity coefficient is,

6
—A.l976uxlO

) Qinew

 

 

 

(Y new = exp
(3A-A8)

: 50.29X5.3 ‘F

(DT)3/2[l + 1/2 new .

(DT)

where

Inew = (X)new + (XMX)new

= <M)new + (MXM)new <3A-u9>

The procedure for the calculation of the concentrations is

as follows. Approximate values for (C), (MX), (MC), and

(MCX) are calculated from Equations 3A-l9 to 3A-22. These
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values are used to calculate (M), (MXM), and (XMX) from

the equilibrium expressions for Kip and Kt' Now approxi-

mate values for A and A' are obtained from Equations 3A-23

and 3A-2U which are then used to calculate (C)' according

to Equations 3A-28. The value of (C') is then used to cal-

culate (C')new according to Equation 3A-39. Then improved

values for (C), (MC), (MCX), (MX), (M), (XMX), (MXM), and

Y: are obtained from Equations 3A-UO to 3A-48. These new

values are used again to calculate improved values for

A, A', (C') and so on. The procedure is repeated until

convergence on the concentrations occurs. The converged

concentration are then used in the chemical shift equation

to adjust thermodynamic parameters. The converged values

were tested to insure consistency with the original equa—

tions. The temperature dependence of the equilibrium

constants can be expressed in general as

_ o
e AH /R l _ 1

( ) (BA-50)

T TRef

KT = KRef

in which K and KRef are the equilibrium constants at TOK
T

and at the reference temperature (TRef = 298.150K) respec—

tively, and AH° is the standard enthalpy of the reaction.

The temperature dependences of the chemical shifts are

expressed as,

a = 5' ) (3A-51)T Ref + b(T — T
Ref
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in which 5 and 6 are chemical shifts at a given
T Ref

temperature T, and at 298.15°C respectively and b is the

linear temperature coefficient of the chemical shift.

Depending on the problem, equilibrium constants, enthalpy

changes, chemical shifts, and b coefficients are used as ad-

justable parameters (U(l), U(2),...) or as constants (CONSTS

(JDAT,l), CONSTS(JDAT,2),...). The FORTRAN expression for

the above solution is given on the next page.

B. 2:l Complex Formation in Media of Low Dielectric
 

Constant
 

If it is assumed that the lzl complex is completely

ion-paired in a medium of low dielectric constant, then

the equilibrium involved for the formation of the 2:l

complex, M02,and 2:l ion—paired complex, M02.X, can be

written as

K

MC.X + c $2 MC2.X (3B-l)

KA2
MC2 + x 2 MC2.X (3B-2)

'The mass balance equations are

3

ll (MC.X) + (M02) + (MC2X) (3B-3)

>
< ll

(X) + (MCX) + (MC2X) (3B-U)
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* 1.1 COMPLEX FORMATION FROM NMR TECHNIQUE *

* MULTIPLE DATA SET-CONTINUED *

*ti*************ki‘kki*i‘k'ki'ki'kii'kt‘kit‘k'k‘ki'k‘k'ktik‘k'ki’iitiit

RETURN

12 CONTINUE

RETURN

13 CONTINUE

RETURN

END
7

9 CARD

****************t**t*i**i****ttii**t*t***********t*****

CONTxOL CARD

TITLE CARD

MCRT ARRAY CARD

NCST ARRAY CARD

CCNSTS ARRAY CARDS

IRX ARRAY CARD

ISNIN ARRAY CARD

IRITIAL ESTIMATE CARD

DATA CARDS

******************iii******************************tttt

BLANK CARD

6
7

E

9 CARD
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ct = (C) + (MCX) + 2(MC2) + 2(MC2X) (3B—5)

Equations 3B-3 and BB—A provide,

(X) = (MC2) (BB-6)

Subtracting Equation 38-3 from Equation 3B-5 gives,

2
U II (c) + (MC2) + (MCZX)

(C) + (X) + <MC2X> (33-7)

in Wthh R = Ct - Mt'

Equilibrium 3B-l gives,

(MC2X)

Kx2:=(Mc,X)(cj
(38-8)

 

Substituting for (MCX) from Equation 3B-7 and rearranging

it gives

(MC2X)

(C) =KXEEMt-(X)-(MC2X)]
 

(3B-9)

If we substitute for (C) from Equation 38-9 into Equation



 

3B—7 we obtain,

(MC2X)

gdgwt—<X)—(MC2X)J
 

+ (X) + (MC2X) (3B—lO)

This equation can be solved for (X) in terms of (MC2X) and

gives

 

2 1
[Ct-2(MC2X)]-‘JECt-2(MC2X)] -A{RMt—(MC2X)[Ct+K;;(MC2X)]}

 (X) = 2

(3B-ll)

then

(M02): (X) (3B—12)

(MC2X) = KA2(X)2y§ . (BB—13)

(MCX) = Mt — (x) — (MC2X) (3B—1u)

(MC2X) (SB—15)

(C) = K (MCX)
X2

The activity coefficient can be obtained from the Debye—

Hfickel Equation (BA—7) with I = (X).
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The numerical solution to the above equation was based

on an iterative method. Starting with (MC2X) = O and

Y: = 1, an approximate value for (X) was obtained which

was then used to calculate the concentrations of the other

species according to the Equations 38-12 to 38-15. Then

an improved value was obtained for y+. The improved value

for (MC2X) was used again to obtain a better value for

(X) and so on. The procedure was repeated until conver-

gence. Then the converged concentrations were used in

the chemical shift equation to obtain thermodynamic param-

eters for the complexation. The temperature dependences

of the equilibrium constants and the chemical shifts were

obtained as before (Equations 3A-50, 3A—5l). The FORTRAN

expression for the above problem is given on the next page.
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* 2.1 COMPLEX FOR”ATIUN FROM NMR TECHNIQUE *

* MUTTIFLE DfiTA SET'CUNTINUED *
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dRITE(JTAPE9222)JDAT9XX(1)9EC9EMCX9EMC2X

?22 FORMAT(5X911595X94E1504)

RETURN

3 CONTINUE

RETURN

4 CONTINUE

RETUPN

5 CONTINUE

IF(IWETH.NEo '1) GO TO 23

PETURN

25 CONTINUE

RETURN

9 CCNTINUE

RETURN

I? CONTINUE

RE URN

11 CONTINUE

PETURN

12 CONTINUE

RETURN

13 CONTINUE

RETURN

END
7

L.‘

? CARD
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CONTROL CAQU

TITLE CARD

RCFT ARRAY CARD

NEST ARRAY CARD

CCTSTS ARRAY CARDS

I?! ARRAY CARD

ISWIN ARRAY CARD

I‘ITIAL ESTIMATE CARD

DnTA CARDS

tirtt'kttttt *tttttttii*iink-ktttitittiiiiiitttiittitttiifit

FLLNK CARD

5

9 CARP
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