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ABSTRACT

EXCHANGE KINETICS OF THE SODIUM ION WITH

SOME CROWN ETHERS IN TETRAHYDROFURAN SOLUTIONS

By

Patrice Szczygiel

The exchange kinetics of the sodium cation with 18 member ring crown

ethers in tetrahydrofuran (THF) solutions were investigated.

The dependence of the exchange on the counteranion and on ligand

substitution were studied by sodium-23 NMR spectroscopy and by electrical

conductance. The anions used were tetraphenylborate (BPh4'), thiocyanate

(SCN‘), iodide (1’), perchlorate (C104’), hexafluoroarsenate (AsF6’) and

pentamethylcyclopentadienide (Cp(CH3)5") and the ligands used were

18-crown-6 (1806), dibenzo-lB-crown-G, dicyclohexyl-18-crown-6 (DCIBCG)

cis-anti-cis and cis-syn-cis, diaza-l 8-crown-6 (DA18C6) and dithia-18-crown-6

(DTlSCG). For ligands containing only oxygens as the donor atoms, the results

indicate that strong ion pairing of the free and complexed salts observed

with SCN’, 1’, C104‘, AsF6', Cp(Cl-I3)5" gives fast exchange on the NMR

time scale at room temperature while the loose ion pairing of the free and

complexed salt observed with BPh4' gives slow exchange under the same

conditions, showing the 18C6 analogs to have the same kinetic behavior.

Upon substitution of oxygens by softer donor atoms, such as in DA18CG
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and DTlSCG, only room temperature fast exchanges are observed that are

better explained in terms of complex stabilities rather than ionic association.

The parameters characterizing the exchange kinetics of sodium

thiocyanate with the two isomers of DC18C6 and with DA18CG in THF were

obtained from a quantitative lineshape analysis of the sodium-23 NMR signals.

With DC18C6 cis-anti-cis and cis-syn-cis, the cation exchanges via the

bimolecular exchange mechanism with fast rates of decomplexation: 19.83

x 104 and 10.88 x 105 M‘Lsec‘1 respectively. The activation parameters

are very similar with both crowns and an averaged Arrhenius activation

energy of 2.75 kcal/mol and an averaged free energy of activation (A61)

of 10.02 kcal/mol were obtained. With DA1806 the associative dissociative

exchange mechanism, with AGi = 12.85 kcal/mol at 25°C, is predominant

down to -20°C while the bimolecular exchange mechanism, offering a lower

energy barrier for decomplexation with AG* = 8.53 kcal/mol at —40°C, becomes

predominant below —35°C.
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INTRODUCTION

Since the discoveries of the synthetic macrocyclic polyethers crown

ethers by Pedersenl'3 and cryptands by Lehn and co-workers4'7, the ability

of these compounds to strongly and selectively complex alkali and alkaline

earth metal ions in solutions was soon well established. These discoveries

and the recognition of the biological role of Li+, Na+ and K“ cationsS‘10

enhanced the interest of the chemists throughout the world. As a result,

the coordination chemistry and the equilibrium properties of these ions

associated with their interactions with the macrocycles rapidly became a

major field of research during the past fifteen years. The physicochemical

studies already done have been carried out with a number of different

techniques11 and are described in several reviews12"16. However, most of

these studies dealt with the thermodynamic stability of such complexes in

a large variety of nonaqueous solvents. The low solubility of the macrocyclic

polyethers in water and the strong solvating power of water toward the alkali

and alkaline earth metal ions lead to very low thermodynamic stabilities

of the complexes in aqueous solutions.

Surprisingly, the kinetic studies and studies of exchange mechanisms

have been quite sparse, despite their importance for the understanding of

ion transport processes in organic and biological membranes8 and of catalytic

phenomena”. As pointed out by J.-M. Lehn18 in the early stage of these

different investigations, the overall process of molecular recognition includes

a selection process with the formation of a specific complex followed by



a specific function of this complex such as specific reactions and/or transport

properties and/or catalytic properties. The selectivity step can be either

static (thermodynamic selectivity) or dynamic (kinetic selectivity) or both.

Therefore, it was of interest for us to improve the knowledge one already

has on these complexation reactions by also determining their kinetic

parameters. The species and the solvent to be studied were determined when

J.D. Lin19, in this research group, found an anion dependence on the exchange

kinetics of the sodium ion with the 18-crown-6 (Figure 1) in the low dielectric

solvents tetrahydrofuran and 1,3-dioxolane. At room temperature, this

exchange is slow on the sodium-23 NMR time scale with the tetraphenylborate

anion (BPh4') but becomes fast when the counter ion is either the iodide (1’),

the perchlorate (CIO4') or the thiocyanate (NCS‘). These results were rather

surprising since in all previous studies, most of the authors did not pay a great

deal of attention to the anions, probably assuming no anion influence on their

results. This might be true in high dielectric media such as the widely used

methanol where no significantly strong ionic association occurs but not in

solvents with low dielectric constants. Moreover, this was the first slow

exchange ever observed with a crown ether at room temperature. The slow

exchanges usually observed at room temperature were obtained with cryptands

as macrocyclic receptors. Their tridimensional cavity, strongly encapsulating

the alkali metal ions, lowers the rate of decomplexation and, as a result,

room temperature exchange is slow on the NMR time scale20‘22. To explain

this quite unusual slow exchange, we decided to study the kinetics of

complexation of the sodium ion with a large variety of counter anions and

crown ethers in tetrahydrofuran.

In this laboratory, we directly probe the chemical environment of the

alkali ions by multinuclear NMR spectroscopy. This sensitive technique has
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already proved to be valuable for studying ionic solvation, thermodynamics

and kinetics of complexation in nonaqueous solventsll920’23,24. We used

sodium-23 NMR for this study and with the advance of superconducting magnets

and the development of fast Fourier Transform NMR, high quality 23Na NMR

spectra can be obtained even for dilute solutions, _ifiq 0.01-0.001 E. In this

dissertation, a kinetic study of complexation reactions of the sodium cation

with some crown ethers in tetrahydrofuran is presented.

In the first part, we qualitatively investigate, by sodium-23 NMR, the

anion and crown dependence on the exchange rate between the solvated and

complexed sodium cation in tetrahydrofuran at room temperature. The second

part is a qualitative conductance study of the ionic association of some sodium

salts solvated and complexed in tetrahydrofuran. The third and last part

is a quantitative study on the effect of substituent groups on the kinetics

of the Na+ ion complexation by macrocyclic ligands containing 18-crown-6

skeleton in tetrahydrofuran.

We will first review the different physicochemical methods already used

to get kinetic parameters of complexation reactions with an emphasis on

multinuclear NMR spectroscopy. Then the different mechanisms of exchange

observed so far will also be presented and finally the kinetics of complexation

reactions involving metal ions with crown ethers and cryptands will be

reviewed. For the last topic outlined above, the literature up to early 1981

has been covered in the Ph.D. Thesis of Emmanuel Schmidt25.



CHAPTER I

HISTORICAL REVIEW



1.1. The Physicochemical Methocb

As noted by Eyring in 197826, kinetic studies of macrocyclic complexation

reactions in nonaqueous solvents have been sparse in the past. High reaction

rates when crown ethers are involved increase experimental difficulties and

the lack of color of the complexes make spectrophotometric measurements

nearly impossible. Another reason omitted by Eyring is the formation of

stable ion pairs and of higher aggregates in nonaqueous solvents with low

dielectric constants. Such reactions are shown in Figure 2. This ionic

association limits the conductometric measurements to high dielectric media

in which little or no ionic association occurs. The reasons outlined above

explain why most of the kinetic studies previously reported were carried

out with cryptates since their smaller decomplexation rate falls in the range

observable by a number of techniques such as cyclic voltammetry28,

stopped-flow29‘40, spectrophotometry“, 1H-NMR“2 and alkali metal NMR

spectroscopy20'22,43‘45. It should be noted that for the stopped-flow

measurements, the detection method is either conductometry for high dielectric

media such as water, water mixtures, N,N-dimethylformamide (DMF), propylene

carbonate (PC)29‘33’37'40 or spectrophotometry when UV absorbing complexes

are studied34'36.

The transient chemical relaxation techniques developed by Eigen and

co—workers46,47: temperature-jump, pressure-jump and electric field-jump

are very good techniques to study fast reactions in solution such as those

involving crown ethers since they range down to 10’7 sec. (See Figure 3 for

a comparison of the different kinetic techniques). Unfortunately, their

detection methods are still a limitation since the latter are the same as those

used with the stopped-flow technique. This explains why the few studies

done with these transient relaxation techniques involve benzene substituted



(a) M+ + x- g MX

(b) M+ + x-: M+(s)x-

(c) M+ + x- + (n-2)S $.- M+(s)nx-

2M+ + r: M2X+

(d)

w + 2X'=-"— MXZ‘

(e) ZMX : (MX)2

(f) nMX : (MX)n

Figure 2 Possible ionic associations in low dielectric

solvents; (a) Contact ion pair; (b) Solvent

shared ion pair; (c) Solvent separated ion

pair; ((1) Triple ions; (e) Quadrupoles; (f) Higher

aggregates such as octopoles (n = 4,27). The

species M+, X“ and S are the metal ion, the

counter anion and the solvent molecule

respectively. All the species presented are

solvated although, for more clarity, it is

omitted. In equation (a) the two ionic species

are in contact, in equation (b) at least one

solvent molecule is shared by both ions in

their first solvation sphere and in equation

(c) the two ions have their first solvation

sphere either in contact or separated by solvent

molecules
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crown ethers absorbing in the near UV region with spectrophotometrical

detection"8 or conductometric detection in water“. Another method

developed by Eigen and co-workers, the ultrasonic absorption relaxation,

is a very good technique for studying the interactions of metal ions with crown

ethers in solution. This technique has already been extensively used by several

workerssu‘57 and with the progress of X or Y-cut quartz crystals used as

piezoelectric resonators, frequencies up to 500 MHz can be attained. According

to the fundamental equation:

T-1 2 ZTIfreI. (1.1)

where “r and frel. are the relaxation time and the relaxation frequency for

a single exchange process respectively, one can see that relaxation times

as low as 3.5 x 10‘10 sec. can be obtained. However, most of the time this

technique is much too powerful for the complexation reactions we are

interested in, since it can detect conformational rearrangement of solvated

crowns or complexes as well as simple ionic associations which occur to a

great extent in low dielectric solvents58‘61. This high sensitivity usually

makes the interpretation of the results very difficult.

Surprisingly, for a long time the dynamic NMR (DNMR) spectroscopy

was thought to be limited to rate constants less than 104 sec'162. Several

attempts have been made to derive kinetics of complexation by either proton

or carbon-13 NMR spectroscopy for both crown ethers and cryptands but

the small 1H or 13C NMR chemical shift range (0.1—0.5 ppm for both nuclei,

see reference 63) between the solvated and complexed forms of the ligands

severely limits the sensitivity of measurements. With a few exceptions“,

the Arrhenius activation energy (Ea) of decomplexation cannot be obtained
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and one is usually limited to the determination of the exchange rate and of

the free energy of activation for decomplexation AG): at the coalescence

temperature TC65:66. In many cases, '1‘C falls below the liquid range of common

solvents and the use of very low melting freons (like freon 21 : CHCIZF)

becomes necessary65. In some isolated cases, these techniques can lead to

valuable information and suggest the mechanism of exchange42’64.

Probably, the most interesting NMR technique for studying complexation

reactions of cryptands and crown ethers with metal ions in solution involves

measurements of the resonance of the metal ions themselves. In 1971, Schori

and co-workers24 published the first application of this technique to kinetic

studies. Their method applies only under three conditions which are: (l) the

metal ion NMR chemical shift difference between the solvated and complexed

nucleus must be negligible within experimental error; (2) the linewidth at

half-height of the complexed nucleus must be significantly larger than the

one of the solvated nucleus; (3) at chemical equilibrium, the population of

solvated species must be greater than or equal to the population of complexed

species. The equations describing the three conditions stated above are:

Mr wB '—‘-' 0 (1.2)

TZA >> T23 with T2 = (n w1/2)'1 (1.3)

pA >1 P3 (1.4)

where on, T2, W1 /2 and p are the frequency, the spin-spin relaxation time,

the linewidth at half-height and the population respectively and where A

and B stand for the solvated and complexed site of the nucleus investigated
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respectively. By solving the Block—McConnell equations for the steady-state

transverse magnetization between two uncoupled magnetic environments72

with the approximations mentioned above, the authors derived the equation:

(l/Tzs - l/TzobsXI/Tzobs - 1/T2A)PB
 

Tl}; = (1/T2Av - l/Tzobs) (1'5)

with

1/T2Av = PA/TzA + PB/TZB (1-5)

and

Tzobs = ("W1/2)‘1 (1.7)

where W1/Zobs is the linewidth at half-height of the multinuclear NMR signal

undergoing fast exchange and TA is the mean lifetime of the nucleus in the

solvated site. The other symbols have their usual meaning. The method

consists of obtaining the spectra of the pure solvated and complexed species

in order to characterize the temperature dependence of T23 for the complexed

site and of T2Aref for the solvated site. Then by studying a solution with

a mole ratio ligand to salt of at most 0.5, T20bs values can be obtained at

different temperatures. A typical plot is shown on Figure 4. With this method,

the authors could easily derive the kinetic data as well as the mechanism

of exchange as shown later. The main advantage of the method is that the

necessary data for the plot can be rapidly obtained from the multinuclear

NMR spectra and the data in equation (1.5) for obtaining 1A are derived off

the plot. In Figure 4, one sees that at high temperature, one population

averaged NMR line is observed with 1/T20bs = l/TZAV- As the coalescence
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Figure 4 Semilog plots of potassium-39 relaxation rates 1s. ll'l‘ for

1,3-dioxolane solutions. Top curve: K+-1806 complex (0.05

E); Middle Full curves: (0) 18C6/IV = 0.5 (I) lacs/K+ = 0.25;

Lower curve: KAst (0.1 M); Dashed curves: extrapolations

of l/T2AV (Obtained from reference 25)
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temperature is reached, the signal corresponding to the complexed species

slowly broadens out into the baseline (this is practically done by applying

a large delay time DE 1800-1000 usec) and only a signal corresponding to

the solvated species broadened by chemical exchange is observed. Finally,

at low temperature, far below the coalescence temperature, a signal

corresponding to the solvated species and not significantly affected by the

exchange is observed and the limiting value 1/T20bs = l/T2A is reached.

The small difference between 1/T20bs = 1/T2A and l/TZAref at low

temperature is attributed to a difference of viscosity due to the presence

of the complex. In order to derive l/TZAV, 1/T2A is assumed to have the

same temperature dependence as 1 /T2Aref.

The main disadvantage of the above method is that the kinetic data can

only be derived around coalescence temperature since it was shown that these

data usually do not lend themselves to extrapolation at room temperature“.

The above method has been used by other authorsZ5i67’68.

A more precise NMR method for studying exchange kinetics was described

by Ceraso and co-workers in 197320’69. It involves a complete line shape

analysis of the NMR spectra of the species undergoing chemical exchange.

The theoretical equation of the NMR spectrum was derived by solving the

Block-McConnell equations mentioned above without approximations. The

theoretical absorption (or real) part of the NMR spectrum is described by

the equation:

I = - mIMousu +Tv)/(SZ+T2)] + B (1.8)

with

s-PA+:};)’.+ T.. _ __ - 1(wA- w)(wB-w) (1.9)

T2A T213 T2AT23
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U = 1 + T(pA/T2A + PB/TZB) (1.10)

T ( + ) + (wA-w (DB-w) ( )

= P w p w -(1) T 1.11

A A B B T213 T2A

v = T(pAwA + me3 —w) (1.12)

where I is the intensity at the frequency w, y is the gyromagnetic ratio of

the nucleus, Mo is the macroscopic magnetization, H1 is the magnetic induction

of frequency w, B is the baseline intensity and 1 is the relaxation time of

the exchange process. The other symbols have their usual meaning. The

frequencies “’A and “’B and the relaxation times T2A and T23 are first obtained

from solutions containing only the salt or the complex, then spectra of solutions

undergoing chemical exchange, _ifin mole ratio ligand to salt between 0 and

1, are obtained and fitted to the theoretical equation (1.8) in whichw is the

independent variable, I is the dependent variable and (Y HIMO), B and T are

the three unknowns to be found. The main advantage of this method is that

it is not limited to a narrow temperature range like Schori's method. Moreover,

it is believed to be the most versatile method for studying crown ethers

interactions with alkali metal ions as it will be discussed later.

It should be noted that other approximate NMR methods can be developed

by considering the NMR properties of the nucleus studied and by modifying

the Block-McConnell equations accordingly. This was done by Shamsipur70

when he studied the kinetics of complexation of Cs+ with various crown ethers

by cesium-133 NMR spectroscopy. For species undergoing fast exchange,

1:9, above coalescence temperature Tc, the author derived the following

equation:
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1/T20bs = PA/TzA 1‘ PB/TzB + pAPB(wA- wB)2T (1-13)

in which the quantity pApB(w A - wB)2T represents the exchange broadening

(see equation (1.6) which is the limiting case for very fast exchange, _1_._g.,

very small relaxation time T ). Since cesium-133 is a nucleus with narrow

linewidth (about 1 Hz) and consequently long transverse relaxation time T2,

the author assumed the linewidths at half-height of the solvated and complexed

cesium to be negligible compared with that of the species undergoing fast

chemical exchange as shown in the equation below:

1/T20bs >> l/TzAzl/TZBz-‘O (1.14)

By combining equations (1.13) and (1.14), the author derived the following

equation which only holds above coalescence temperature.

l/TZObS z pApB(w A-wB)2T (1.15)

1.2. The Mechanisms of Exchange

In 1969, Wong _e_t_ 31:64 reported a proton NMR kinetic study of the

complexation of dimethyl-dibenzo-l8-crown-6 with the fluorenyl sodium

ion pair (Na+Fl‘) in THF-d3 solutions. As noted in section 1.1., this study

is a special case in which the fluorenyl ring delocalized electrons cause large

chemical shifts of the ligand protons between solvated and complexed forms

of the macrocycle allowing the authors to observe coalescence temperatures

for each set of the crown protons within the liquid range of THF-d3 when

using a 2:1 ligand to salt ratio. The authors assumed the exchange process
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to be the bimolecular process shown below:

Fl'Na+C* + cfiFl‘NaT + C* (1.16)

This is one of the few cases in which the Arrhenius activation energy (Ea)

could be derived with either proton or carbon-13 NMR spectroscopy. the

value of Ba is 12.5 kcal/mole.

The most interesting mechanisms for us were first proposed by Schori

and co-workers24 who studied the kinetics of complexation of sodium

thiocyanate with dibenzo-lB-crown-6 (DBl8C6) in N,N-dimethylformamide

(DMF) using dynamic multinuclear NMR spectroscopy. Assuming no significant

chemical shift difference on the sodium-23 NMR frequency scale between

the solvated and complexed sodium ion, they modified the Block-McConnell

equations developing the method described in section 1.1. The authors proposed

two possible routes for the exchange of sodium between the solvated and

complexed forms according to the equations:

k1

M(S),,+ + C 72-7—2 MC+ + nS (1.17)

-1

*M(S)n+ + MC+ *MC+ + M(s)n+ (1.18)

where S is the solvent, M+ is the metal ion and C is the macrocyclic polyether.

It should be noted, however, that MC+ and C are undoubtedly also solvated

to some extent. Equation (1.1?) represents a first order associative mechanism

and equation (1.18) is a bimolecular mechanism between the solvated and

complexed species. In this dissertation, these mechanisms will be called

associative-dissociative and bimolecular respectively. The authors found
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the associative—dissociative mechanism to be predominant with an upper

limit of 103 Mflsec‘1 for k2. They also observed a strong ionic strength

dependence on the observed rate constant of the decomplexation reaction

k'_1 which in terms of the transition-state theory is given by the equation

k'f‘l = K-1(kBT/h)(ysnyC/y* ) (1.19)

and

xi, = exp(-AGf1/RT) (1.20)

where Kfl is the "equilibrium" constant for the formation of the activated

complex from the complexed species, A611 is the free energy of activation

associated with this process and the y's are molar activity coefficients. They

found the best results by keeping the ionic strength constant with lithium

thiocyanate which they assumed not to compete effectively with sodium

ions for DBlSCG. They extrapolated their data to infinite dilution and room

temperature and found k_°1 (25°C) = 1.0 x 105 sec'1 which is consistent for

a decomplexation rate of crown ethers. However, 12 years later Schmidt

and Popov67 ruled out such extrapolation to room temperature invoking that

the Arrhenius activation energy (Ea) may vary with temperature as noted

by Liesegang it. 31:50 and that another mechanism may contribute at a different

temperature. Also, the same authors67 reported the first bimolecular

mechanism (equation (1.18)) ever observed by studying the kinetics of exchange

of potassium hexafluoroarsenate with 18-crown—6 in 1,3—dioxolane solutions.

Schori e_t a_l.24 observed a strong anion dependence on the exchange rate

TA'I (see Section 1.1) which drops from 800 sec"1 to 445 sec"1 when the small

thiocyanate anion (SCN', a22.4 A) is replaced by the bulky tetraphenylborate

0

anion (BPh4’, 825.0 A). This anion influence will be discussed later.



18

Mechanisms (1.16) and (1.17) were also proposed in 1970 by Lehn and

co-workers“2 when they studied the formation of M+-C222 complexes in D20

with proton NMR spectroscopy. However, the authors could not determine

unambiguously which of the mechanisms was involved.

In 1972, Chock“8 reported a relaxation study of complex formation of

dibenzo—30-crown-10 (DB30C10) with Na”, K", Rb+, Cs+, NI-l4+ and Tl+ cations

in methanol solutions using temperature-jump relaxation with

spectrophotochemical detection at a near-UV wavelength. According to

the author, the simplest mechanism consistent with the relaxation amplitude

data is the two-step process represented by the equations:

C1 g 02 (1.21)

k21

k23

M+ + Cg ~——‘-‘ M02+ (1.22)

k32

where C1 and CZ are the unreactive and reactive form of the crown

respectively. the Joule heating temperature-jump apparatus he utilized did

not permit measurement of relaxation times under a microsecond so that

he was unable to measure the kinetics of the fast preequilibrium. According

to the author, C2 has an open configuration and is the predominant species.

After complexation this form has a closed configuration which is stabilized

by the monovalent cation in a "wrap-around" type complex. However, it

was not mentioned whether the conformational rearrangement of C2 from

the open to the closed configuration occurs during the cation binding step

or after this step has been completed. Very possibly this last case could apply

here since conformational rearrangements of complexes have been reported

as it will be discussed below. The author found that the rates of formation
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are all equal and diffusion controlled while the decomplexation rate ranges

between 104 and 105 sec'1 for all ions.

Grell e_t 11.71 reported a study of the formation of the M+—valinomycin

complexes in methanol using ultrasonic absorption method. The data indicated

that the uncomplexed ligand undergoes some fast conformational equilibria,

and the mechanism could be simply described as shown below

k12 k23
M+ + V = M+----V —*w— MV+ (1.23)

k21 k32

where MV+ is the final form of the complex, M+----V is an intermediate

encounter complex and M+ and V are the solvated cation and ligand

respectively. A diffusion controlled bimolecular collision, between a reactive

form of the ligand and the solvated cation is followed by the rate-determining

conformational change of the ligand around the cation leading to the compact

final structure of the MV+ complex. Mechanism (1.23) is usually referred

as the Eigen—Winkler mechanism.

Very recently, Petrucci e_t 31:56 reported a study of the complexation

of lithium, sodium and potassium thiocyanates with 18-crown-6 in DMF

solutions using ultrasonic absorption method. They observed and characterized

the fast crown ether rearrangement orginally proposed by Chock“8 and the

data indicated that the Eigen-Winkler mechanism was the predominant one.

They also observed a new relaxation process occuring above 45°C at low

frequencies only if the cation (Na+ or K+) and the 1806 are simultaneously

present in solution. They attributed this new process to a two step

rearrangement of the complex described by the equation shown below:

l"l k2 k3

w + 0 ~——‘ M+m-c -——" MC+ -—'—“ (MC)+ (1.24)

k-1 k_2 k_3
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where M+----C is a solvent separated pair, MC+ is a contact pair and (MC)+

is an included metal complex in the final "wrap-around" configuration. Steps

2 and 3 are attributed to a multistep ligand rearrangement around the cation

and/or to the desolvation process. The mechanical resonator used for this

study did not allow them to get enough informations at very low frequencies

(f < 30 MHz) in order to fully explain the observed new relaxation process.

Using Raman spectroscopy, they also investigated the competition between

SCN‘ and the crown ether for the metal ion as shown below:

K

M+ + SCN' :== M+Ncs- (1.25)

KP

w + c :2 (MC)+ (1.26)

It appears that K < K}: for NaSCN/18C6 and KSCN/18C6 but the converse

situation K > Kp appears to be the case for LiSCN/18C6 as well as for

LiSCN/15C5 and LiSCN/1204 systems. The intermediate situation KzKF

appears to occur for NH4SCN/18C6, NH4SCN/15C5 and NaSCN/15C5 systems.

This again demonstrates the role played by the cation-anion association which

should not be ignored when studying cation-ligand interactions.

Although kinetics of cryptates formation is not of direct interest for

our study, it should be noted that these ligands undergo the same mechanisms

of exchange as the one reported above for the crown ethers but in the case

of cryptates, rearrangements appear to be somewhat more complicated. In

their early studies, Lehn and co-workers42 proposed three conformations

which hold for both the solvated cryptands and the complexed cryptates and

which can be represented as shown below
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out-out in-in in-out

Figure 5. Three possible forms of cryptand 0222.

Both lone pairs of the N atoms point away from the cavity in the "out-out"

conformation, both point into the interior of the cavity in the "in-in"

conformation and "in-out" is the obvious intermediate case. The authors

noted that the exchange between the solvated and complexed ligand may

occur in any one of these forms. In addition to these rather complicated

features, the cryptate complexes can also exist in three different forms

depending on the metal ion position relative to the cryptand cavity. The

complex may be either exclusive when the metal ion is inside the cavity or

exclusive when the metal ion is outside the cavity and interacting with several

oxygen atoms or external when the metal ion interacts with one nitrogen

atom35. The exchange processes between all these possible forms usually

lead to rather difficult interpretations of the kinetic data35944.

In conclusion, we can classify these mechanisms of exchange into two

main groups, the first containing the bimolecular processes which can be

described by either equation (1.16) when the ligand is in excess or equation

(1.18) when the metal ion is in excess. The second group contains the

associative-dissociative processes in which several ligand and complex
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rearrangements can occur and which are best represented by their rate limiting

step, Le” equation (1.22). For our multinuclear DNMR studies of kinetics

of complexation, we will only retain mechanisms (1.18) and (1.22) since this

technique is not sensitive enough to observe very fast relaxation processes.

1.3. The Kinetic Results

In this section, we do not intend to present an exhaustive review of the

kinetic studies of the complex formations with crown ethers and cryptands.

This part is to be considered more as an update of the review done by Schmidt

in 198125. Before describing in some detail the crown kinetics, we will review

the cryptate kinetics which has been described by Lehn13, Cox gt a_l.32 and

more recently by Schmidt25. All the data summarized in Tables 1-4 have

been obtained by Cox, Schneider and co-workers33’40 and confirm the typical

trends already observed for cryptate kinetics which are worth being recalled.

1. The exchange mechanism between the solvated and the complexed

sites of the metal ion is the associative-dissociative one (Equation (1.22))

and not the bimolecular one (Equation (1.18)).

2. The association rates in water tend to be smaller than the association

rates in nonaqueous solvents and are usually much lower than the diffusion

controlled rates ( 1010 _M_'lsec‘1).

3. For a given solvent, variations in the formation constant are

essentially reflected in the dissociation rates.

4. The dissociation rates increase with the donor ability of the solvent

(a few exceptions are given in reference 22).

5. The dissociation of the cryptates is acid catalyzed.

These general features were mostly derived from rate data since very few

activation parameters have been reported.
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Kinetic studies of crown ether complexes have been rather sparse because

they require very accurate work and also because, as noted earlier, most

of the classical relaxation methods are not applicable. Since 1981, Cox, Firman

and Schneider34v37 studied the thermodynamics and kinetics of complex

formation involving some alkaline earth metal ions with substituted 18-crown-6

crown ethers in methanol by using stopped-flow conductometry or stopped-flow

spectrophotometry methods. They obtained the stability constants with their

competitive potentiometric titration using the Ag/Ag+ electrode to monitor

the silver concentration in the reaction

ML"+ + Ag+ == AgL+ + M!” (1.27)

By knowing the equilibrium constant of the AgL+ complex, they could calculate

the equilibrium constant of the ML‘1+ complexes. The results obtained are

given in Table 5 . For the diaza-l 8-crown-6 (2 , 2) and

N,N'—dimethyl-diaza-18-crown-6 (2,2-Me2), they observed that the kinetic

behavior of these crowns is quite different from that of the cryptates presented

above although their dissociation is also acid catalyzed and the differences

in the stability constants (KF) are reflected in the rates of decomplexation

(kd) which are considerably faster than those obtained with the cryptates.

The data showed more similarities to the corresponding data for the 18C6

complexes and, according to the authors, solvation of the metal complexes

should make a major contribution to the differences between the (2,2) and

the (2,2-Me2) complex since the N-H bond of (2,2) is strongly polarized in

the presence of a metal ion in the crown cavity, thus leading to significant

interactions involving the hydrogen atom and solvent molecules.

Petrucci gt 31: made a major contribution to the understanding of kinetics
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of macrocyclic complexation reaction. They studied complexation reactions

of 18-crown-6 with several alkali metal ions in nonaqueous solvents using

ultrasonic or dielectric relaxation methods. For most of their studies, the

simplest mechanisms consistent with their relaxation data were either the

Chock mechanism (Equations (1.21) and (1.22)) or the Eigen-Winkler mechanism

(Equation (1.23)). For a better understanding of their results, it is worth

recalling these mechanisms

k0

C1 ~——-—"" C2 (1.21)

k-o

k2

M+ + 02 .—— 11.102+ (1.22)

k-2

k1 k2
M+ + C _—-=_- M+~°°C —..= MC” (1.23)

k-1 k_2

They first investigated the interactions of LiClO4 with 18C6 in 1,3-dioxolane

and 1,2-dimethoxyethane (DME) solutions“. In 1,3-dioxolane, they observed

a relaxation without solute proving that this solvent exists in at least two

conformations, then by replacing LiClO4-18C6 with LiClO4-15C5, they

observed relaxation at a different frequency showing the different kinetic

behavior at these two crowns toward LiClO4. At room temperature and with

18C6, the Chock and Eigen-Winkler mechanisms were kinetically

indistinguishable and they reported an overall formation constant K}: = 1.56

M‘l. However, they observed a relaxation process at -l9.8°C for an 18C6

solution indicating at least two conformations for this crown and leading

the authors to favor the Chock mechanism with a crown conformational

rearrangement prior complexation in 1,3-dioxolane. In DME, they previously
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reported that LiClO4 is mainly present as contact ion pairs and quadrupoles61.

They observed the relaxation corresponding to the quadrupole formation

represented by the equation shown below:

k4

2Li0104 f: (Li0104)2 (1.28)

4

Assuming no competition between the complex and the quadrupole formation

they derived k.4 = 8.1 x 107 sec‘l, k4 = 1.2 x 109 04:1 sec"1 and K4 = 14 M‘1

according to the following equation.

K4 = k4/k_4 (1.29)

Here, the assumption of no competition can be subject to criticism since

the stability constant of the quadrupole is large enough to assume that the

quadrupole formation and the complex formation affect each other to a certain

extent. The results for both solvents are presented in Table 6.

The above authors also studied the complexation of LiClO4, NaClO4

and K0104 with 1806 in methanol (MeOH) solutions55. They observed the

change of conformation of 1806 at -20°C and proposed that this reaction

implies the exchange of one molecule of MeOH with the bulk solvent. They

proposed the simple two steps Eigen-Winkler mechanism between the reactive

form of the crown and the metal ions, the second step being rate determining

and reflecting the rearrangement of the open crown around the ion, not a

desolvation process. By considering the insolubility of K0104 in MeOH, they

proposed that the first form of the potassium complex represented as M+---:0

in Equation (1.23) or (1.24) is not a solvent separated complex but more probably

a different configurational entity of the final complex. The results are shown
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in Tables 6-7. In ethanol, they also observed, at -15°C, the 1806 rearrangement

followed by the two steps Eigen-Winkler mechanism with NaClO4 and Li010457.

The results are given in Table 6-7. The authors proposed a third step in the

Eigen-Winkler mechanism (see section 1.2., equation (1.24)) when they studied

the complexation of Na+ and K“ with 1806 in DMF56957. No interaction

was observed between LiSCN and 1806 in DMF probably because SCN‘ is

more competitive for Li+ than 1806 whose cavity is rather large for this

ion. They observed the 1806 isomerization at -10°C. The rate constants

and the activation parameters are given in Tables 6-8. From the data discussed

above, we see that 18-crown—6 in solution can undergo a relaxation indicating

at least two different conformations for the solvated crown probably due

to its great flexibility.

Several attempts have been made to derive the conformations of this

ligand in the solid sate73 as well as in the liquid state”. Recently, Perrin

gt 31.75 studied the theoretical and experimental conformations of 18-crown-6

by dipole moment measurements. Within the six possible theoretical

conformations, three of them with low dipole have been observed in the solid

state complexed or uncomplexed. The authors observed a high dipole moment

in cyclohexane solutions (1122.66 Debye at 20°C) showing that the three other

conformations having a high dipole moment are possible in solution.

By using the dynamic NMR method first published by Schori e_t a_1.24,

Schmidt and Popov67 studied the complexation of KAsF6 with 18-crown-6

in various nonaqueous solvents; Lazlo e_t £11.68 studied the interactions of

NaClO4 with a variety of spiro—bis-crown ethers in pyridine. This new group

of crown ethers, first synthetized by Weber76 have a Spiro-linked assembly

of two crown ether like macrorings. They are usually referred to as On—Om,

n and m being the number of oxygen atoms in each ring. Some of these
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macrocycle are shown in the Figure 6 below.

(‘0’) WA (336/1)

0. WWW ° W

"05-dodecy12" «06.06::

{“1 0"? (”H N.

L. .J .

"05-05" "06-04"

Figure 6. Some examples of spiro-bis-crown—ethers.

Since these ligands have two possible sites for the sodium ion, the authors

could not derive any result with the method used which only applies for a

two-sites exchange (see section 1.1). However, the "05-dodecy12" ligand

with a single cavity could lead to the kinetic parameters which are shown

in Table 9 along with those obtained by Schmidt and Popov.

McLain77 reported a kinetic study of the complexation of NaPF5 with

a N-substituted monoaza-lS-crown-S in methylene chloride solutions using

phosphorus-31 NMR spectroscopy. With an excess of crown, the author

observed the bimolecular mechanism (Equation (1.16)). At 3°C, the rate

of exchange dropped from 37.2 x 104 M‘lsec'1 down to 3.86 x 104 _l\:I_‘1sec’1

when the substituent -P(Ph)2[Fe(0p)(00)Me] is replaced by -P(Ph)2[Fe(0p)(00)

00Me] indicating that the oxygen of the extra carbonyl group in the second
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substituent is also bonded to the sodium ion giving an hexacoordinated sodium

complex while the first substituent gives a pentacoordinated sodium complex.

This conclusion was confirmed by infrared data obtained for the acylic carbonyl

stretch in the 1500—1600 cm”1 region. This result is in excellent agreement

with those already obtained for the "lariat" ethers78‘33. This new group

of ligands, first synthesized by Gokel and co-worker584 are crown ethers

having one or more side chains with donor heteroatoms which can also bind

to the cation. These side chains are attached either to a carbon or a nitrogen

(for monoaza or diaza-crown ethers) of the ring, i_.e_., a carbon pivot or a

nitrogen pivot respectively. Recently, Gokel gt 31.85 showed that the solid

disubstituted diaza-l8-crown-6-Na+ complex shown later (see Experimental

Part), has a crystalline structure which is intermediate between those found

for cryptate complexes (Na-0222f“ and (Na°0221)+. The arrangement of

the macroring donor atoms is a twist-boat structure while the two hydroxyethyl

side arms are bent on the same side of the ring. This cryptate like

configuration in which the sodium ion is strongly encapsuled explains the

decrease in the rate of exchange observed by McLain and discussed above.

Krane e_t 31.65 reported a dynamic NMR study of lithium cation complexes

with small crowns and could only report free energy barriers at coalescence

which range from 9 kcal/mole at -93°C in CHCIZF (Freon 21) to 17 kcal/mole

at +42°0 in 1,2-dichloroethane.

By analyzing the results presented above, along with those reviewed

by Schmidt25, the following picture emerges.

1. As with the cryptates, within a given solvent, variations in the

stability constant, whether resulting from changes in cation or ligand, are

essentially reflected in the dissociation rate of the complex, the association

rate being diffusion controlled. We also see in Table 6 that when the cation
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is too small to fit into the ligand cavity, there is complexation with fast

decomplexation rate rather than no cation ligand interactions as it was believed

in the early investigations of crowns complexation.

2. The dissociation rates are much higher in aqueous solutions reflecting

the low stability of the crown complexes.

3. The energy barrier for decomplexation is lower for crown complexes

than for the cryptates. This fact is directly related to the rate constants

of decomplexation.

4. The flexibility of the crowns, as well as the substituents on it,

influence the kinetic results to a great extent.

5. The cation exchange between the solvated and complexed sites can

proceed either via the associative—dissociative mechanism or via the

bimolecular mechanism. This means that for kinetics of crown ether

complexation reactions, the kinetic parameters can no longer be derived

from the kinetic parameters of decomplexation and the thermodynamic

parameters without knowing the mechanism.

6. For a given cation and ligand, the relative change in the dissociation

rate is less sensitive to the donor ability of the solvent with crowns than

it is with cryptates.

In summary, stabilities of macrocyclic complexes can be viewed in terms

of the following factors: radius-charge density of the metal ion, cation-ligand

interactions including electrostatic (cation-anion, ligand-cation, ligand-anion)

interactions, polarization and ligand field effects such as electrostatic

ligand-ligand repulsion. Ion size specificity for a given ligand is usually

explained in terms of compensation between binding energy, solvation of

cation, ligand and complex and ligand conformational rearrangement energy

upon complexation. As we see, the complexity of such systems is difficult
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to overcome and the data interpretations as well as the proposed mechanisms

are a very simplified picture of the actual phenomena. As explained earlier,

a single technique is not sufficient enough and electronic spectroscopy, NMR

spectroscopy of several nuclei, electrical conductance, electrochemical

techniques and ultrasonic relaxation must all be used to derive all the species

which are present and which undergo chemical exchange in solutions and

to lead to a possible good understanding of macrocyclic complexation reactions

in liquid solutions.
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2.1. Salts and Ligands Purification

Sodium salts were of analytical reagent grade quality. Sodium tetraphenyl-

borate (Aldrich Gold Label), sodium iodide (Matheson, Coleman and Bell,

MCB), sodium perchlorate (G. Frederick Smith) and sodium hexafluoroarsenate

(Ozark Chemicals) were sufficiently pure for our purposes and were not further

purified except for drying under vacuum at room temperature for a least

two days. Sodium pentamethylcyclopentadienide (Alfa Products) was purchases

as a 0.86 M solution in tetrahydrofuran (THF) and was diluted to the desired

concentration. Sodium thiocyanate (Mallinckrodt) was recrystallized from

acetonitrile (Fisher Scientific, certified A08). The method consists of making

a hot saturated solution (just below the boiling point of this solution), filter

it in order to remove the insoluble impurities and then allow it to cool down

to room temperature followed by a slow immersion into an isopropanol-dry

ice bath. After ten to fifteen minutes, the crystallization was completed

and the solvent was removed by filtration. This filtration was done fast enough

so that the solution did not warm up to room temperature, so as not to

redissolve the salt. The final product was a fine white crystalline powder.

The resulting salt was finally dried on a vacuum line at a pressure less than

10'5 torr and at room temperature for at least two days.

The macrocyclic polyether 18-crown-6 (1806, Aldrich) was recrystallized

twice from acetonitrile“. The dried 1806 melts at 36-37°C [lit. m.p.

36.5-38.0°086, 39.5-40.50087, 39—40001]. Dibenzo-l8-crown-6 (DBl806,

Parish) was recrystallized twice from benzene. The dried DBl806 melts

at 164-166°C [lit. m.p. 164°01]. Diaza-18-crown-6 (DA18C6 or [22], MCB)

was recrystallized from n-heptane. The above three crowns were dried under

vacuum at room temperature for at least two days. Dithia-lB-crown-G

(DT1806, Parish) was simply dried under vacuum at 50°C for at least two
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days.

The mixed dicyclohexyl—18-crown-6 diastereoisomers (D01806, Aldrich)

were separated into two principal components by lzatt and co-workers88

who had previously identified the two major isomers as the cis-anti-cis (Isomer

A, m.p. 83—84°C) and cis-syn-cis (Isomer B, m.p. 61-62°0) isomers. The

structure of the five possible diastereoisomers is shown in Figure 7. It should

be noted that isomer A also exists in a second crystalline form with m.p.

69-70°039. The two major isomers were separated by following the procedure

developed by lzatt and co-workersgg. The method consists of taking advantage

of the great solubility differences between the lead perchlorate (Pb(0104)2)

and oxonium perchlorate (H300104) complexes of isomers A and B.

H20

  

Ia +15 + 914010.02 [PbIa][0104]2-H20(S) + [13515]2+ (2.1)

l

 

Ia +15 + H0104 [H301b][0104](s) + [113018]+ (2.2)

The mixture of diastereoisomers is first dissolved in distilled water and isomer

A precipitated as the lead perchlorate complex followed by filtration of the

precipitate. The filtrate is then treated with hydrogen sulfide gas until the

precipitation of the lead sulfide (PbS) is complete. The solid PbS is filtered

off and the filtrate is treated with enough perchloric acid to precipitate isomer

B as the oxonium perchlorate complex. Pure isomer A is isolated by dissolving

the lead perchlorate complex in a mixture of N,N-dimethylformamide and

water (50% by volume) followed by the precipitation of PbS with hydrogen

sulfide gas. The precipitate is filtered off and the solvents removed under

vacuum. Water is then added to the resulting viscous oil and this mixture

is extracted with n-hexane. Pure isomer B is isolated by dissolving the oxonium
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CiS‘flnti‘Cis cis—syn—cis

 

trans-cis

Figure 7 The five possible diastereoisomers of dicyclohexyl-l 8-crown-6
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perchlorate complex in a mixture of acetone and water followed by extraction

of this solution by n-hexane. For both isomers the n-hexane extracts are

dried over anhydrous magnesium sulfate. The n-hexane is removed under

vacuum and the solid isomers A and B are recrystallized from n-hexane and

diethyl ether respectively. In our case, the hydrogen sulfide gas was obtained

by the decomposition of sodium sulfide with a 30% phosphoric acid solution

in a concentrated aqueous solution. The acid solution was allowed to drip

slowly from a separatory funnel into the sodium sulfide solution. In the

extraction and recrystallization steps, a mixture of hexanes was used instead

of n-hexane as recommended in reference 88. The two diastereoisomers

were then dried at room temperature on a vacuum line at a pressure less

than 10"5 torr for at least two days. By using this method, 24% of isomer

A (m.p. 67-68°0) and 20% of isomer B (m.p. 60-61°0) were obtained. These

resulting yields, compared with those of reference 4 (39% and 44% respectively)

are very low. This might be due either to the use of a mixture of hexanes

instead of n-hexane as mentioned earlier or to diethyl ether for the

recrystallization of isomer B which is definitely not appropriate. It should

also be noted that, as shown above, the melting point of isomer A is not as

good as the one of isomer B. This is very probably due to the separation step

in which isomer A was first precipitated with aqueous lead perchlorate as

the lead(II) complex. This aqueous lead perchlorate was made by dissolving

14.4 g of lead carbonate in a mixture of 14.8 g of 70% perchloric acid and

15 ml of water. The resulting solution has a pH = 3, therefore it also

precipitated a small amount of isomer B as the oxonium perchlorate complex

and affected the purity of isomer A. For future work, it would certainly

be better to precipitate isomer B first.

Literature has been checked to see if it exists a significant spectroscopic
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difference between the two major isomers in order to check quantitatively

their purity. Unfortunately, the only difference ever observed thus far is

the width of the proton NMR multiplet in the 3.3-4.0 ppm regiongo. This

difference is small as shown on Figure 8. The two isomers have also been

separated by column chromatography on Woelm alumina (activity grade 1)

using n-hexane-diethyl ether solvent mixtures as eluents89. However, this

separation method is costly and very time consuming with a low yield for

each isomer83.

The macrocyclic polyether N,N'-bis(2-hydroxyethyl)—1,4,10,13-tetraoxa-7,16-

diaza-cyclooctadecane complexed with sodium iodide was a gift from Professor

Gokel, its structure is shown below. It was dried at room temperature for

two days.

H0’\/N "8+ N"\,0H ' 1'

Its purity was previously checked by proton NMR, carbon-13 NMR, infrared

spectroscopy and elemental analysis by G.W. Gokel and his research group.

The anhydrous complex melts at 131-132°C. It should be noted that the

macrocyclic polyether can easily be obtained uncomplexed from DA180691.

All the melting points mentioned above were taken on a Thomas-Hoover

melting point apparatus and are uncorrected. All salts and ligands were

constantly kept in separate desiccators.

2.2. Solvent Purification

Tetrahydrofuran (THF, Mallinckrodt) was refluxed over magnesium metal
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Figure 8 Proton NMR spectra of (a) the cis-syn-cis and (b) the cis-anti-cis

isomer of dicyclohexyl—l 8-crown-6 at room temperature in CD013
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and benzophenone (an indicator which turns dark blue in the absence of water)

for one week, fractionally distilled and then transferred into a dry box under

dry nitrogen atmosphere and further dried over freshly activated 3 A or 4

A molecular sieves. These sieves were previously washed with distilled water,

then dried at 110°C for several days and finally activated at 500°C under

a flux of dry nitrogen for 24 hours. It was found that, like methanol”, THF

slowly decomposes after a prolonged standing over molecular sieves. Therefore,

only a small quantity (100 ml) was stored over sieves while the remaining

stock solvent was kept in a closed 500 ml flask in a dry box under nitrogen

atmosphere. The water content of purified THF was determined by using

a Varian Aerograph Model 920 gas chromatograph connected with a Sargent

Welch Model SRO recorder. The method previously used in this laboratory

was the standard additions method which was tedious and time consuming.

A new method was developed, it consists of comparing the water peak of

the solvent with the water peak of carbon tetrachloride (0014, Mallinckrodt)

saturated with water which contains 100 ppm of H20 at 24°C”. the water

content of THF was always found to be less than 10 ppm by both methods.

The experimental conditions were as follow:

Column: 80/100 Porapak Q8; 5' x 1/4" SS

Carrier gas: Helium

Sample size: 5 microliters

Flow rates: Reference = 30 ml/min.

Carrier = 30 ml/min.

Temperature: Column = 200°C

Injection = 300°C

Detector = 245°C
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Filament current: 90 mA

Attenuation: 1

The deuterated solvents chloroform-d, acetone-dG (Stohler Isotopes) and

deuterium oxide (D20, KOR Isotopes) were used as received.

2.3. Sample Preparation

in view of the hygroscopic nature of the nonaqueous solvents and of the

reagents, all nonaqueous solutions were prepared either in a glove bag under

dry nitrogen atmosphere or in a dry box under dry argon atmosphere. Flasks

and NMR tubes were rinsed with distilled water, cleaned with hot concentrated

nitric acid for at least 30 minutes in order to remove the sodium ion adsorbed

at the surface of the Pyrex glass, rinsed again with distilled and deionized

water, dried at 150°C for three days and then transferred into a desiccator

All the flasks used for this study are class A Pyrex volumetric flasks.

2.3.1 Kinetic Measurements

Samples were prepared by weighing out various amounts of complexing

ligand and salt either into 2 ml volumetric flasks for the qualitative kinetic

study of the exchange (fast or slow on the NMR time scale) or into 10 ml

volumetric flasks for the samples used to obtain the spin-spin relaxation time,

T2, or the exchange relaxation time, T , in the quantitative study. It was

followed by dilution with THF. After dissolution, the solutions were transferred

into 10 mm NMR tubes. The insert tube containing either the reference sodium

chloride solution in D20 for room temperature studies or a lock solvent (D20

for high temperature studies or acetone-d5 for low temperature studies) was

then introduced in the NMR tube, which was wrapped with teflon tape (see

Figure 9) to prevent contamination by atmospheric moisture as well as solvent
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evaporation (major problem with THF solutions).

The reference solutions were made by dissolving an accurately weighed

amount of dried sodium chloride in 99.75% D20 in a 5 ml volumetric flask.

After dissolution, each solution was transferred to an insert for 10 mm NMR

tubes and frozen in a dry ice-isopropanol bath. This insert was then connected

onto a vacuum line under rough vacuum (760 torr > P > 0.01 torr). The solution

was degased by bringing it back to room temperature and freezing it again.

The vacuum line was then connected to high vacuum (P < 10'5 torr) and the

insert tube closed under vacuum to prevent any change in the reference solution

concentration.

2.3.2. Formation Constants Measurements

Samples were prepared in 5 m1 volumetric flasks as described above.

They were transferred into 5 mm NMR tubes which were closed under rough

vacuum without degasing. Because of the high vapor pressure of THF, as

little empty volume as possible was left at the top of each tube to prevent

large solvent evaporation which would change the solution concentration.

The 5 mm tubes were individually introduced in a 10 mm tube with two spacers.

The outer. tube contained a reference solution of NaCl in D20 whose

concentration was adjusted by dilution until two sodium-23 NMR signals of

about the same height were obtained. The 10 mm tube was then capped and

wrapped with teflon tape. The reference concentration, although not known,

was constant for a complete mole ratio study (12 samples) at a given

temperature.

2.3.3. Conductance Measurements

The Erlenmeyer type conductance cells with a side arm for the

introduction of the sample have been described elsewhere“. They were

cleaned with running distilled water for 2 hours, filled with hot nitric acid
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for 30 minutes, cleaned again with running distilled water for 30 minutes,

steamed with water vapors at 100°C for one hour and put into an oven at

120°C for at least one day. The sample were prepared, as described above,

in 50 ml volumetric flasks and then transferred into a conductance cell which

was then capped and wrapped with teflon tape.

2.4. NMR Measurements

2.4.1. Proton NMR Measurements

This technique was only used to check the purity of the two isomers

of D01806, therefore a routine Varian T-60 NMR spectrometer was of

sufficient quality for this purpose.

2.4.2. Sodium-23 NMR Measurements

2.4.2.1. Instrumentation

Sodium-23 NMR measurements were obtained with a Bruker WH—180

spectrometer operating at a field of 42.3 RC and a frequency of 47.610 MHz

in the pulsed Fourier transform mode. A Nicolet 1180 data system equipped

with a Nicolet 293B Programmable Pulser and a Nicolet NTCFTB—1180 program

was used to carry out the time averaging of spectra and the Fourier

transformation of the data. The high frequency probe (21-75 MHz) has a

core diameter of 20 mm. A Tektronix 475A oscilloscope was used to tune

the probe to the appropriate resonance frequency.

2.4.2.2. Reference Solution

0.1 M and 0.5 M solutions of NaCl in D20 at 23°C were used as

external standards. Since the chemical shifts of these solutions versus an

aqueous sodium salt solution at infinite dilution are not known, the reported

sodium—23 chemical shifts will be referred to either the 0.10 M or the 0.50

M solution of NaCl in D20. Live and Chan95 reported chemical shifts
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corrections due to differences in bulk diamagnetic susceptibilities between

sample and reference solvents for a cylindrical sample placed in a magnetic

field parallel to the main axis of the sample (superconducting magnets) under

continuous wave conditions, according to the equation:

41! ref sam le

6corr : 6obs ” ‘§'(Kv - Kv p ) (2.3)

where eref and Kvsample are the unitless volumetric susceptibilities96

of the reference and the sample solvent respectively and 5corr and Gobs

are the corrected and observed chemical shifts in ppm respectively. It should

be noted than with pulsed experiments utilizing a superconducting magnet,

the equation becomes:

411 ref sam 1e

(Scorr = 6obs + '§'(KV ‘ KV p ) (2‘4)

where the symbols have the same meaning. Equations (2.3) and (2.4) are correct

for chemical shifts when downfield (paramagnetic shift) is assigned as the

positive shift. It was also shown by Templeman and Van Geet97 that for

low salt concentration, such as the ones used in this study, the contribution

of the added salt to. the volumetric susceptibility of the solutions can be

neglected. Thus, the correction is constant for a given sample solvent and

is meaningful only when chemical shifts of a given species are compared

in different solvents. The volumetric susceptibility correction between D20

and THF remains constant and does not affect, to any significant extent,

our results.

2.4.2.3. Field—Frequency Lock and Temperature Control

Since THF-dg was not available in adequate quantities, the lock
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solvents were never used as internal lock. The sample NMR tubes

configurations have already been described in section 2.3.1 and 2.3.2. For

each variable temperature study, the field was locked at a temperature close

to the middle of the temperature range studied with either D20 for high

temperature studies or acetone-d6 for low temperature studies.

Temperature was controlled with a Bruker B—ST 100/700 temperature

control unit and measured to within 1 0.1°0 with a calibrated Doric digital

thermocouple placed in the probe about 1 cm below the sample. A large

flow of N2 gas and a spin rate of 16-18 Hz were maintained in order to

minimize the temperature gradient across the sample.

2.4.2.4. Measurements of the Sodium-23 Chemical Shifts at High

and Low Temperature.

Measurements were first made at room temperature using a 0.10

M sodium chloride solution in D20 as the external reference. This reference

was then replaced by the pure lock solvent and the spectra were obtained

again without the reference. The temperature was changed to the desired

one without loosing the lock. The chemical shifts were obtained by comparing
 

the position of the signals versus one edge of the spectrum. Since the sweep

width was not changed for a given variable temperature study, the chemical

shifts of the species at different temperatures could be obtained versus 0.1

M NaCl in D20 at room temperature.

2.4.2.5. Data Acquisition and Signal Processing

Although the receptivity of the sodium-23 nucleus is high (9.25 x

10’2 relative to the proton”), high quality spectra required for lineshape

analysis were difficult to obtain because of the low concentration of the

solutions and also because of a 20 mm core diameter for the probe used which

implies 5 mm of "dead" space around the 10 mm NMR tubes. To overcome
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this problem, we used a high magnetic field but it was still necessary to

carefully optimize every step of the data acquisition in order to obtain spectra

with good signal to noise (S/N).

2.4.2.5.1. Signal Averaging

In dilute solutions (0.01 M in Na+) sodium-23 NMR signals cannot

be obtained in one scan and signal averaging is necessary. At room temperature

the typical number of scans (NS) to obtain adquate spectra using a 10 mm

NMR tube are:

NS = 15,000 if W1/2 = 80 Hz and LB = 15 Hz

NS = 40,000 if Wl/Z = 300 Hz and LB = 50 Hz

where LB is the artificial line broadening (see below) and W1/2 the width

of the NMR signal at half-height. Fortunately, sodium—23 spin-spin relaxation

times, T2, are short so that many signals can be accumulated in a short time.

Typical experiment times are 10 minutes for narrow lines (2100 Hz) and

20 minutes for broad lines (2300 Hz). However, care must be taken to avoid

both truncation of the free induction decay (FID) and saturation which distort

the line shape”. All measurements were done in such a way that the FID

decayed completely during the acquisition time which should always be greater

than 5T1, T1 being the spin-lattice relaxation time of the nucleus being

investigated. Even when this condition applies, a fast acquisition often leads

to some baseline distorsion.

2.4.2.5.2. Zero Filling Technique

The theoretical and practical aspects of this technique were reviewed

by Lindon and Ferridgeloo. They consist of increasing the point to point

resolution and sometimes improving lineshapes and positions by adding more

than N zeros to an N-point FID prior to Fourier transformation. This technique

was used for all kinetic studies and, typically, the spectra accumulated using
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No points of memory were zerofilled to 4N0 or 8N0 pointslooilm. With

a spectrum width of 6500 Hz the chemical shifts were accurate to i 0.1 ppm

for narrow lines and to :t 0.3 ppm for broad lines and the line widths to 1

10%. For broad signals, the zerofilling technique saves a considerable amount

of time.

2.4.2.5.3. Sensitivity Enhancement

The FID's were multiplied by a negative exponential weighing function

f(t) = exp(-LB/t) so that the line shape remains Lorentzian after transformation.

This method improves the S/N ratio and does not affect the line shapeloo.

For each spectrum a compromise must be found between the sensitivity

enhancement and undesirable line broadening. A typical artificial line

broadening which was found to apply well for this study is about 0.2 W1/2-

2.4.3. Data Handling

All the FID's for the quantitative kinetic studies were stored on a high

density disk prior to Fourier transformation. They could be recalled at will

and Fourier transformed until the correct artifical line broadening was found.

The spectra were expanded in the region of interest by using the Nicolet

NTCFTB—1180 program. At this point, care must be taken to write down

the frequency scale, £9, the number of Hz between 2 points, and not to have

too many points describing the baseline and just a few points describing the

NMR signal. If so, the fit of the spectra will not be good due to the lack

of information contained in the transferred spectra. For example, one can

see in Figure 10 the fits of two different transfers of the same spectrum

with the same phasing. The difference in the relaxation time, T , is not very

big but the drop by a factor of two in the relative error leads to a better

accuracy in the kinetic parameters and gives more reliability to the results

obtained.
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The expanded region of the spectra was transferred in the ASCII format

onto a floppy disk in a PDP-ll (Digital Equipment Corporation, DEC)

microcomputer by using the Nicolet NTCDTL data-transfer subroutine (See

Appendix I). The microcomputer was previously connected to the RS-232

0H.B outlet of the Nicolet 1180 Data System. The floppy was initialized

and conditioned to accept a file in the ASCII format with the RT-ll Version

4 program102 located on the system floppy. After the transfer of all the

desired files, the floppy was taken to another PDP-ll (DEC) computer

connected to a CIBER CDC-6500 computer system. Then, the files were

put in the appropriate format for the non-linear least-squares curvefitting

program KINFIT103 by using the NIC-84 program102 in RSX language. The

files in the KINFIT .format were kept in permanent memory in the PDP-ll

(DEC) computer until transferred onto a magnetic tape using the CIBER-6500

language. Finally, the magnetic tape was mounted on the CIBER CDC-6500

computer and the files put in permanent memory on the CDC-6500 (See

Appendix II). At this stage, the desired file can be called (without omitting

the 1 in column 70 of the control card in the KINFIT program) and fitted

to the appropriate equation (See Appendices Ill and IV).

The stability constants of complexes were calculated by fitting the

chemical shift-mole ratio data to the appropriate equation using the program

KINFIT (See Appendix V).

2.5. Conductance measurements.

2.5.1. Conductance Equipments

Resistances were measured at 398 1 2, 629 i 2, 971 1 6, 1942 :1: 11 and

3876 :i: 18 Hz with a bridge assembly originally designed and described by

Thompson and Rogers104 which was duplicated with minor improvements
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by Smith105. The complete conductance circuit is described elsewhere1054106.

The cell was always connected in parallel with a capacitor and when the cell

resistance was greater than 90,000 ohms, the cell was shunted in parallel

with a 90,000 ohms standard precision resistor. This wiring was installed

in a metallic box connected to the ground in order to avoid any electromagnetic

and/0r electrostatic interferences from the surrounding. A Heath Company

laboratory oscilloscope was used as a null point detector. The Erlenmeyer

type cells were thermostated to within 1 0.05°C in a constant temperature

oil bath as recommended by J. Comyn 331.107.

2.5.2. Data Handling

The cell constants given in Table 10 were determined at 25.00°C. To

determine these constants, aqueous potassium chloride solutions were used

and the conductance equation of Barthel _e_t a_l.108 was applied as follows:

A = 149.873 - 95010“2 + 38.48010g 0 + 183.10 -176.403/2 (2.5)

By examining Table 10, we see that the most reliable results were obtained

at 971 Hz with the 25 ml and 30 ml cells since two reproducible cell constants

are given in both cases. The 20 m1 cell was used to determine the conductivity

of pure THF. One might think that the oven drying of these cells changed

their constants which are geometrical factors given by the equation:

K(cm'1) = {Lie—"‘1- (2.6)

S(cm2)

where K is the cell constant, 1 is the distance between the electrodes and

S is the area of the electrodes. The 25 ml and 30 m1 cells used for this

study are made of Pyrex (coefficient of linear expansion = 3.5 x 10"6 K4)
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Table 10 - Cells Constants for Various Frequencies at 25.00°C at 0.05°C

 

 

 

 

 

Frequency (Hz) 20 ml cell 25 ml cell m1 cell

398 t 2 (a) 2.321(0) .487(C)

629 1 2 (8) 2.432(0) .476(C)

2.429(b)

971 1 2 (8) 2.413(9) .464(C)

2.416(b) .463(b)

1942 1 11 0.508(b) 2.406(b) .450(b)

3876 1 18 0.505(b) 2.358(0) .424‘6)

2.395(b) .443(b)

(a) The values could not be obtained.

(b) Values obtained by Bruce Strasser (personal communication)

(0) Values obtained by Roger Boss (personal communication)
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and their electrodes are 5.4 cm and 6.4 cm apart from each other, respectively.

The change in the cells constants for a 100°C change in temperature will

always be less than the experimental error on the cells constants.

Also, Khazaeli94 suggested a correction for irreversibility at the electrodes

and the capacitance by-pass effect for the same experimental set-up, by

using the equation:

Rmeas : R0 + 3f? + b/f1/2 (2.7)

in which Rmeas and R0 are measured and corrected resistances respectively,

f is the frequency and a and b are adjustable parameters. This equation was

not used in this work, because it is not correctly referenced and therefore

no proof is given for the validity of this equation and also because the five

data points obtained at the five frequencies for each sample are not enough

to get a good estimate of the three unknowns R0, a and b. The goal of the

conductance work being only a qualitative comparison of the ionic association

in solution, the data will be reported at the individual frequencies for each

system.



CHAPTER III

ROOM TEMPERATURE SODIUM-23 NMR STUDY OF THE EXCHANGE

OF SOME SODIUM SALTS WITH 18C6 AND SOME SUBSTITUTED

ANALOGS 1N THF

66
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3.1. Introduction

In numerous thermodynamic and kinetic studies of crown ether and

cryptand complexation with metal ions in solution, it has been usually assumed

that the anions do not play a significant role in such reactions. This fact

is surprising since soon after the discovery of the crown ethers by Pedersenl,

Schori and co-workers24 observed a strong anion dependence on the exchange

kinetics of the sodium ion with DBl806 in DMF solutions. At -13°C, the

rate of decomplexation drops from 800 sec”1 to 445 sec’1 and from 1800

sec'1 to 1220 sec‘1 at a ligand to salt mole ratio of 0.17 and 0.35 respectively,

when the thiocyanate anion is replaced by the tetraphenylborate. This was

the first indication of slow decomplexation rates with the tetraphenylborate

as well as of the dependency of exchange kinetics of macrocyclic complexation

reactions on the anion.

Ten years later, J.D. Lin19:109 studied the interactions of the sodium

ion with 1806 in low dielectric solvents THF and 1,3-dioxolane and found

unquestionable evidence of this exchange kinetics dependence on the anion.

Using sodium-23 NMR spectroscopy, she observed a slow exchange, on the

NMR time scale, at room temperature which is characterized by two sodium

resonances on the NMR spectrum, when the counteranion is the

tetraphenylborate at a ligand to salt mole ratio of 0.5 in both solvents. This

exchange becomes fast, _i_._e_., one population averaged sodium resonance, when

the counteranion is either the perchlorate or the iodide. These results

confirmed the ones previously obtained by Schori _e_t a_l. and it became clear

that the anion could no longer be ignored when studying exchange kinetics

of macrocyclic complexation reactions especially in low dielectric media.

The goal of the work presented in this chapter is to use sodium-23 NMR

spectroscopy for continuing the investigation of the anion effect on the
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exchange kinetics of the sodium ion with crown ethers in low dielectric ethereal

solvents. Since the slow exchange described above was only observed with

the 1806, we also investigate the effect of substituent groups on the ligand

by using a variety of 18 member ring crown ethers.

3.2. Results and Discussion

Since the slow exchange described earlier was only observed in THF

and 1,3-dioxolane, we decided to carry out this study in THF first because

this solvent presents a wider range of applications such as organic synthesis,

organometallic chemistry, polymer chemistrylm‘112 and also because several

studies on ionic association in THF involving some of the salts used for this

study have already been reported as it will be discussed in the next chapter.

Most of the salts and crowns as well as the corresponding complexes are soluble

in THF allowing the study of a large variety of combinations and therefore

the derivation of more interesting comparisons. The key properties of THF

are given in Table 11.

For this study, a ligand to salt mole ratio of about 0.5, and a total

concentration of salt of 0.05 M, was used for most of the systems investigated.

These systems include the following sodium salts, NaBPh4, NaSCN, Nal,

Na0104, NaAsF6, Na0p(0H3)5 (where 0p = cyclopentadienide) and complexes

of these salts with each of the following crowns, 1806, D01806(cis-anti-cis),

D01806(cis-syn-cis), DA1806, DT1806, DB1806 and the N,N'—-disubstituted

DA1806 earlier described in Chapter II. The measurements were carried

out at room temperature. The results are presented in Table 12. Some

representative spectra are shown in Figures 11-23.

Although these results describe systems undergoing chemical exchange,

we can, nevertheless, deduce some general trends from these data. When
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Table 11 — Key Properties of Tetrahydrofuran“)

 

 

Density 0.330(b)

0.883(0)

dlnv/dT(d) 0.001035%)

0.00133(C)

Viscosity log 0 -3.655 + 393/T(b)

-3.670 1 395/'r(c)

Dielectric Constant D -1.495 + 2659/T(b)

-1.50 + 2650/T(C)

dlnD/dlnT -1.16(b)

-1.19(C)

Donor number DN(9) 20.0

Melting point m.p. (°C) -108

Boiling point b.p. (°C) 65

Dipole moment 11 (Debye) 1.75

 

 

(a) At 25°C unless otherwise indicated; (b) Determined from -70

to 25°C, reference 113; (c) Determined from -78 to 30°C, reference

114; (d) v = molar volume; (6) The Gutmann donor number DN is defined

as the negative enthalpy for the reaction S + SbCl5 1’2-DCE4— S-Sb015 . 

That is DN = - AH°F (S-Sb015) where S is the solvent molecule

and 1,2-DOE is 1,2-dichloroethane1151116.
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CHEMICAL SHIFT (PPM)

Figure 11 Sodium-23 NMR spectrum of NaBPh4 (0.051 M) and D01806

cis-anti-cis (0.025 M)1n THF with NaCl (0.1 M)in_Dzo as external

reference. T: 23.6°C



75

 

    
”JV 1
g

r 1 I

20 O -35

 

CHEMICAL SHIFT (PPM)

Figure 12 Sodium-23 NMR spectrum of NaBPh4 (0.051 M) and D01806

cis-syn-cis (0.024 M) in THF with NaCl (0.1 M)in_D20 as external

reference. T: 23.6°0
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CHEMICAL SHIFT (PPM)

Figure 13 Sodium-23 NMR spectrum of NaBPh4 (0.049 M) and DA1806

(0.025 M) in THF with NaCl (0.1 M) in D20 as external reference.

T = 22.9°C
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CHEMICAL SHIFT (PPM)

Figure 14 Sodium-23 NMR spectrum of NaSCN (0.049 M) and DA1806

(0.025 M) in THF with NaCl (0.1 M) in D20 as external reference.

T = 22.9°C
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3IOO Hz

FREQUENCY

Figure 15 Sodium-23 NMR spectrum of NaBPh4 (0.0053 M) and DBl806

(0.0026 M) in THF. '1‘ = 23.6°C
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CHEMICAL SHIFT (PPM)

' Figure 16 Sodium-23 NMR spectrum of N81 (0.050 M) and DT18C6 (0.026

M) in THF with . NaCl (0.1 M) in D20 as external reference.

T = 24.0°C



 (a)

(b)

(c)

I )

 

-

fl -

5.4 O -5.0

CHEMICAL SHIFT (PPM)

Figure 17 (a) Sodium-23 NMR spectrum of Nal (0.050 M) and D01806

cis-anti-cis (0.025 M) in THF with NaCl (0.1 M) in D20 as external

reference. T = 23.6°C. (b) Calculated spectrum. (c)

Deconvoluted spectrum
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CHEMICAL SHIFT (PPM)

Figure 18 (a) Sodium-23 NMR spectrum of Na] (0.052 M) and D01806

cis—syn—cis (0.025 M) in THF with NaCl (0.1 M) in D20 as external

reference. T = 23.6°C. (b) CalculaTed spectrum. (c)

Deconvoluted spectrum
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CHEMICAL SHIFT ( PPM)

Figure 19 (a) Sodium-23 NMR spectrum of Na] (0.050 M) and DA1806

(0.025 M) in THF with NaCl (0.l M)in D20 as external reference.

T= 24.0°C. (b) Calculated spectrum. (c) Deconvoluted spectrum
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CHEMICAL SHIFT (PPM)

Figuree20 Sodium--23 NMR specctrum of Mee5CpNa (0.050 M) and 1806

(0.026 M)in THFwithNa01(0.1 M)innD20aseeextrnalreefr

T= 23.6°C
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CHEMICAL SHIFT (PPM)

Figure 21 Sodium-23 NMR spectrum of Me CpNa (0.050 M) and DA1806

(0.025 M) in THF with NaCl (0.1 M in D20 as external reference.

T = 23.6°C
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CHEMICAL SHIFT (PPM)

Figure 22 Sodium-23 NMR spectrum of Me50pNa (0.050 M) and

DBlBC6 (0.024 M) in THF with NaCl (0.1 M) in D20

as external reference. T: 23.6°C
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FREQUENCY

Figure 23 Sodium-23 NMR spectrum of Na] (0.0051 M) and

N,N'—diethanol-DA18C6 (0.0027 M) in THF. T = 23.8°C
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a quadrupolar nucleus, 3.3., 23Na, is placed in an environment which does

not have cubic symmetry, the line width of the NMR signal increases due

to the asymmetry of the electric field at the nucleus“. In general, the lines

are broader for the crown complexes than for the solvated species indicating

that the electric field produced by the planar structure of the former is less

symmetrical than that created by the solvation spheres of the solvent

molecules. Both, the number and the position of the donor atoms of the crown

ethers are essential in determining the alkali metal NMR line width. Another

factor broadening the NMR signal is the charge-charge interaction between

the alkali metal ion and the counter anion. In low dielectric solvents, such

as THF, ions are very largely associated to form ion pairs and higher

aggregates; as a result the asymmetry of the electric field around the metal

ion is increased and the NMR signal is broadened.

0n theoretical grounds, an increase of electron density around the nucleus

is characterized by a paramagnetic or downfield shift, i._e., the chemical

shift becomes more positive. It is usually viewed in terms of short-range

repulsive overlap of the electron donor with the cation. This was found to

be borne out by experiment in a number of cases such as the "inclusive"

Cs+-0222 complex“.

Let us first discuss the meaning of coalescence. The coalescence

temperature is the temperature at which the two signals corresponding to

the solvated and complexed sites of the nucleus merge into one, _i_£., the

"valley" between the two separate peaks disappears. The determination of

coalescence temperature is, therefore, directly related to the resolution

of the instrument which is a function of the magnetic field used and is of

limited interest for the understanding of the dynamics of exchange. For

a system under chemical exchange, _i_._e_., at a ligand to salt mole ratio of about
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0.5, there are three possible observable types of NMR spectrum.

1. Above coalescence temperature, if the exchange is fast on the NMR

time scale, 1.3., the relaxation time T is short; one population averaged NMR

signal is observed, that is characterized by the following chemical shift and

line width.

wl/Zobs - PAwl/ZA + PBW1/28 (3.1)

505s = pA5A + 9858 (3.2)

2. Above coalescence temperature, if significant exchange broadening

occurs, an NMR signal at a chemical shift described by equation (3.2) and

with a line width at half-height broadened by chemical exchange will be

observed. The linewidth at half—height is given by the equation below.

W1/2obs = PAW1/2A + PBwl/ZB 1“ 419.4014 VA’VB)2T (3.3)

The exchange broadening factor being 411 pApB( VA - v B)21 .

3. Below coalescence temperature, the exchange is slow on the NMR

time scale and two NMR signals, broadened by chemical exchange, are

observed. The limiting chemical shifts and line widths of these two signals

when T is very long, are those of the solvated and complexed species.

Thus a comparison of the data from Table 12 is rather difficult since

the case in which a particular spectrum falls above coalescence is not known.

However, being given that the complex is stable and that the [ligand]/[Na+]

ratio is constant and since the resonance frequency of a solvated sodium

salt remains constant, the frequency of the population averaged NMR signal



89

is directly related to the frequency of the complexed species according to

equation (3.2) and the comparison of the observed chemical shifts for a given

sodium salt undergoing fast exchange can be made. The observed trend is

shown below.

DT18C6 > DA1806 > D01806 > 1806

The diamagnetic shift observed upon complexation shows that the electron

density around the sodium ion is greater in the solvated state than in the

complexed state. This is in good agreement with the good solvation ability

of THF which has a Gutmann donor number of 20.0 and also with the cavity

size of the crowns which have been shown to be too large for the sodium

ion12 resulting in less short-range interactions of the donor atoms with the

cation. Thus, the trend shown above can be seen in terms of stability of the

complexes, the more stable the complex is, the less cation-solvent interactions

occur. The more upfield shift observed upon complexation of the Na+ ion

by 1806 is probably also due to the great flexibility of this crown ether which

can envelope the sodium ion better than the other crowns. It has been observed

that this ligand has a D3d symmetry in the complexed state with alternating

oxygen atoms being in two parallel planesll7.

Another interesting observation is that the chemical shifts obtained

with the pentamethylcyclopentadienide anion are strongly shifted upfield.

A comparison of the observed line widths is certainly less straightforward

since the spectra can be differently broadened by chemical exchange. However,

knowing that considerable ion pairing occurs in THF, the resulting line widths

of the solvated and complexed species should generally be broad (> 100 Hz)

and one can reasonably assume that the exchange broadening will be small
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enough to allow a qualitative comparison as done above with the chemical

shifts. For a given sodium salt, the linewidth data show that

D01806(cis-syn-cis) generally gives a broader signal indicating a very

asymmetric electric field for the sodium complex due to the two cyclohexyl

rings being both on the same side of the average plane of the crown. A

noticable exception to this trend is obtained with NaAsF6 and 1806; at room

temperature, this system is very probably close to coalescence and the signal

is largely broadened by chemical exchange. 0n the other hand, the lines

obtained with DT1806 are fairly narrow for sodium—23 NMR probably indicating

a conformational rearrangement of this ligand upon complexation resulting

in a better symmetry around the sodium ion. As previously noted, the

pentamethylcyclopentadienide has a very different behaviour and gives a

broader signal than the other anions.

With regards to the exchange rate alone (fast or slow on the NMR time

scale), it is slow with 1806, the two D01806 and D81806 when the anion

is the tetraphenylborate and becomes fast with the thiocyanate, the iodide,

the perchlorate, the hexafluoroarsenate and the pentamethylcyclopentadienide.

The latter was selected to show whether the organic character and the bulkiness

of the counter anion plays a significant role or not. The results are quite

clear and indicate that the ionic association undoubtedly governs the exchange

rate since the anion is the only parameter which is varied in all these systems.

Trying to derive a rational explanation on why fast exchange occurs

with NaBPh4 when the crown ether is the DA1806 or the DT1806 is more

difficult because the observation of coalescence is directly related to the

chemical shift range between solvated and complexed species according to

the following equation.
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TI

kc = f—Z'WA - v3) (3.4)

where kc is the rate of decomplexation at coalescence, the other symbols

have their usual meaning. The observation of coalescence is also related

to the linewidths of the two sites. For a given nucleus and frequency range

(VA - 93), the coalescence temperature of a system with relatively narrow

lines for the two non-exchanging sites will be higher than that of a system

with broad lines for the solvated and complexed sites. For the reasons given

above, the phenomena observed with NaBPh4 and all the studied crowns cannot

be explained at this time since it is shown above that the crown ethers behave

quite differently with a given sodium salt regarding line widths and chemical

shifts.

Another interesting result is the slow exchange observed with the "lariat"

ether N,N'-diethanol-DA1806 and sodium iodide (see Figure 23) while this

sodium salt gives a fast exchange with all the other crowns. This confirms

the results already observed78‘83185 and discussed before (see Section 1.3)

which show that the two donor atom containing side arms participate in the

complexation and give to this ligand a complexing ability intermediate between

crowns and cryptands. As a result the complex is more stable which lowers

the rate of decomplexation and gives slow exchange at room temperature.

3.3. Conclusion

This study clearly shows the dependency that the exchange kinetics of

the sodium ion with 1806 and its substituted analogs in low dielectric solvents

have on the anion. These results confirm those previously obtained by J.D.

Lin191109. Although the quite different behaviour of the different crowns

toward NaBPh4 cannot be explained from these results only, it is still surprising
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to note such different results with ligands which are so structurally similar.

A more elaborate and complete study of this crown influence should lead

to results as profitable as those concerning the anion influence in order to

fully understand the exchange kinetics of the sodium ion with 18 member

ring crown ethers in THF solutions.



CHAPTER IV

CONDUCTANCE STUDY OF THE IONIC ASSOCIATION BETWEEN

THE SOLVATED AND COMPLEXED SODIUM ION AND SOME ANIONS IN THF

93
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4.1. Introduction

The exchange kinetics of the Na+ ion between the "free" and complexed

sites in THF have been investigated by 23Na NMR spectroscopy. In particular

we wished to study what influence the anion and substituent groups on 1806

have on this exchange. It was shown that the nature of the counter anion

drastically influences the rate of exchange in THF solutionslog. These results

suggest that anion-cation interactions strongly affect the complexation

kinetics. It was, therefore, of interest for us to get a qualitative measure

which would allow a comparison of the ionic association of the sodium salts

in our solutions. Electrical conductivity was the chosen physicochemical

technique for this study. Since a strong ionic association can be changed

to a great extent after complexation by a crown because of the charge-dipole

repulsion between the donor atoms of the crown and the counter anion, an

investigation of the ionic association between the complexed sodium ion and

the anions previously studied is also reported. 1806 was the selected crown

mainly because it is the crown which shows the strongest anion dependence

on the exchange rate. A few measurements involving DA1806 complexes

are also reported in order to illustrate the difference in the behaviour of

the two crowns towards NaBPh4.

4.2. Results and Discussion

The resistance of the sodium salts solvated and complexed by 1806 and

DA1806 (for NaBPh4 and NaSCN) were measured at a total salt concentration

of 0.010 M and at 25.00°C. Measurements were made at 398 Hz, 629 Hz,

971 Hz, 1942 Hz and 3876 Hz. The cell was always connected in parallel

with a capacitor and when the cell resistance was greater than 90,000 ohms,

the cell was shunted in parallel with a 90,000 ohms standard precision resistor.
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In this case, the resistance of the solution at each frequency was computed

from the parallel resistance according to the following equation

= -————----— (4.1) 

where R301, RSR and R501 4, SR are the resistances of the solution, the standard

resistor and the solution shunted by the standard resistor respectively. The

conductivity of each solution was then calculated from the following equation.

Y (9’1.cm'1) = K(cm'1)/Rsol(9) (4.2)

where and K are the conductivity of the solution and the cell constant (see

section 2.5.2.) respectively. Finally, the equivalent conductances were obtained

from the following equation.

10007 _ 1000K (43)
Me ‘1.cm2.9‘1) = -

q C(eq. 1‘1) R5010

where A and 0 are the equivalent conductance and the concentration in eq.

1'1 respectively. The conductivity of THF (3 x 10"1 (2'1.cm’l at 25°C) is

lower than the experimental error on the other solutions conductivities.

Therefore no correction to the observed conductivities is necessary. The

results are presented in Table 13.

Let us first consider the results obtained with only the sodium salts in

solution. The equivalent conductance drops from an averaged value of 20.8

with NaBPh4 down to averaged values of 1.40 with NaAsFG, 0.258 with NaClO4,

0.210 with N81 and 0.128 with NaSCN while no significant electrical
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conductance is observed for Nan(CH3)5. These data are in excellent

agreement with studies reported on the ionic association of NaBPh4 and of

NaSCN in THF solutions; Swarc gt 313134118 carried out an extensive study

on ionic association in THF and DME solutions. By measuring the conductivity

of alkali tetraphenylborides and of butyltriisoamylammonium tetraphenylboride

in these solvents, the authors determined the Stokes radii of the ions, the

ion pairs dissociation constants Kd's and their related thermodynamic quantities

AH°d and AS°d. Their most interesting conclusion which relates to our work

is that sodium tetraphenylboride forms solvent—separated ion pairs in both

solvents. They described these ion pairs as a sodium ion coordinated

(specifically solvated) with the solvent, the first solvation shell of the cation

being in contact with a non-coordinated BPh4’ anion. Very recently, Chabanel

and Wang119 used vibrational spectroscopy to study several thiocyanates,

including sodium thiocyanate, in THF solutions. They observed that in this

solvent NaSCN exists primarily as contact ion pairs NaSCN and quadrupoles

(NaSCN)2 with a small amount of triple ions NaSCNNa+ and Na(NCS)2‘; no

measurable quantities of free ions were detected. Therefore, by comparing

the data in Table 13 and knowing the two results mentioned above, it seems

reasonable to conclude that NaBPh4 is mainly present as solvent-separated

ion pairs and that the other sodium salts are strongly associated in solution

and form contact ion pairs or higher aggregates. Furthermore, these

observations are confirmed in an interesting review article by Garst120 who

concludes that sodium tetraphenylborate ion pairs are probably of the loosest

variety in THF solutions. Equivalent conductances at infinite dilution A0

of 86.2 at 25°cll3, 82.3 at 2000121, 88.5 at 2500118, and 87.7 at 2500107

have already been reported for NaBPh4 in THF. It is also interesting to note

that the trend observed for the equivalent conductance of our sodium salts
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follows relatively well that observed by Wong and Popov122 who studied a

large variety of alkali metal salts in THF by vapor phase osmometric technique

and who derived the ratio of an apparent molar weight to real molar weight

of 1.10, 1.17, 1.24 and 1.41 for NaBPh4, Nal, NaClO4 and NaSCN respectively.

The above conclusions about the type of ionic association for the sodium

salts in THF solutions do not necessarily apply to NaAsF5 whose averaged

equivalent conductance of 1.40 is greater than that of NaSCN, Nal, NaClO4

and NaCP(CH3)5 by about one order of magnitude.

In order to interpret the change in equivalent conductance observed

after complexation by 18C6, it is necessary to briefly review some of the

previous studies in this field. Boileau and co—workers123 studied the

conductance of sodium tetraphenylborate complexed by the cryptand C221

in THF solutions while Schori e_t a_l.124 studied the same salt complexed by

DBlBCG in DME solutions. As it was discussed previously, solvent-separated

ion pairs of this salt exist in both solvents. A drop in the conductance was

observed upon complexation giving A0 = 76.6 at 20°C in the former case and

A o = 83.6 at 20°C in the latter (A 0(NaBPh4) = 101.2 at 20°C in DME). Smid

e_t 31.125 studied the loose ion pair flurorenylsodium complexed by

4,4'-dimethy1—DB18C6 in THF and observed a drop from A0 = 95 down to A0

= 88 upon complexation. Other authors observed the same phenomenon when

studying the conductance of alkali metal salts solvated and complexed by

crown ethers in acetonitrile1267127, ethanol128 and methan01127. It should

be noted that in all these studies, only a weak or a negligible amount of contact

ion pairing was observed. In every case the drop in equivalent conductance

was interpreted as an increase in the intrinsic radius of the cation which

decreases the conductance according to the primitive model of Stokes129

described by the equation below.
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A°+ : A/(nR+) (4.4)

where A°+ is the equivalent conductance of the cation at infinite dilution,

R+ is the radius of the cation, A is a constant that depends on the charge

of the ion and n the viscosity of the solvent. In other words, the change in

[‘0 reflects the decreased mobilities of the complexes. This corresponds

to what we observe for NaBPh4 complexed with 18C6. The conductance

of this salt drops from 20.8 down to 16.6 upon complexation. It can reasonably

be attributed to a change in mobility and the complex is probably still a

solvent-separated ion pair in THF. However, an increase of the equivalent

conductance by one order of magnitude or more is observed when NaSCN,

Nal, NaClO4 and Nan(CH3)5 are complexed by the 18C6. This does not

fit the model proposed above and it can be rationalized again in terms of

the ionic association of the solvated sodium salts in THF. As discussed above,

the ionic association of NaSCN in THF solutions is already known therefore

it is the example considered for the following discussion, the reasoning being

then extented to Nal, NaClO4 and Nan(CH3)5 which show quite similar

results. For NaSCN, the quadrupole formation from the ion pairs is described

by the equation below.

Kapp
2NaNCS w—_=———" (NaNCS)2 (4.5)

Kapp = [(NaNCS)2]/[NaNCS]2 (4.6)

where Kapp is the apparent dimerization constant and is equal to 40 _01‘1

at 0.01 All and 25°C119. Our data indicate that, except NaAsFe, the other
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salts should behave quite similarly. Since these sodium salts are quantitatively

complexed by 18C6 in THF to form a stable 1:1 complex, we can interpret

the increase in A by considering the following equilibria.

(NaX)2 + zc :2 2NaX + 20 == 2Na-C+X‘ (4.7)

2Na-c+x :2 2N8C+ + 2x- (4.8)

After complexation, which most presumably occurs between contact ion pair

and ligand, the crown ether encapsulates the sodium ion forming an organic

layer around the cation and probably weakening the stability of the contact

ion pairs. As a result, the number of dissociated and conducting species is

increased and a larger conductance is observed.

The proposed models for either the increase or the decrease in conductivity

are in fairly good agreement with the results obtained for DA18C6. The

equivalent conductances obtained for NaBPh4 with both crown are not

significantly different since no significant anion—crown repulsion occurs due

to the solvent-separated ion pairs of the salt and of the complex in THF

solutions. Since 18C6 and DA1806 cavities have approximately the same

size, the primitive model of the Stokes described by equation (4.4) still holds

and the same conductances are observed for both complexes. On the other

hand, the stronger ionic association of NaSCN as well as the weaker stability

of its DA18C6 complex compared with that of the 18C6 make the equilibrium

(4.8) less shifted to the right. As a direct result, the increase in equivalent

conductance is smaller with NaSCN-DA1806 than with NaSCN-1806.

Regarding a plausible explanation on why slow exchange is observed

on the NMR time scale at room temperature with NaBPh4 and 18C6, DC18C6



104

and DB18C6 while it is fast with the other sodium salts as already discussed

in Chapter 111, it seems that the ionic association in solution is probably the

cause of the observed phenomena which can be analyzed in terms of dissociation

rates of the complex since it is shown in Chapter I that the crown complexation

rates are all approximately equal and diffusion controlled. With NaBPh4,

because of the solvent-separated ion pairs for the solvated and complexed

species, once the cation desolvation—complexation step is achieved, the final

sodium complex is less destabilized by the BPh4‘ anion than by the other

anions. In this case, the complexation can be seen as a charge-dipole

attraction. With the other sodium salts, the situation is quite different and

a dipole-dipole attraction between contact ion pairs and ligand is a more

suitable model for explaining the complexation step. In these final complexes,

which are presumably contact ion pairs, the anions upset the crown—cation

interactions and compete directly with the crown for the cation. This results

in a faster decomplexation rate giving fast exchange on the NMR spectrum.

Also the large localized electron density of SCN', I', ClO4‘, AsFG’ and

Cp(CH3)5' compared with that of the bulky soft BPh4' anion is in favor of

the interpretation proposed above.

On the contrary, ionic association is not the reason why either slow

exchange occurs with NaBPh4 and 18C6, DC18C6 and DBlSCG or fast exchange

occurs with the same salt and DA18C6 and DT18C6. The conductance study

involving one crown of each category, i._e., 18C6 and DA18C6, shows that

the ionic association of the NaBPh4 complex is the same with both of them.

The possible explanation for the different NMR spectra obtained with these

two crowns and NaBPh4 (see Chapter III) is probably related to the stability

of the sodium complex by itself. It has already been shown that the sodium

and potassium complexes with 18C6 are more stable than with DA18C6 in
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methanol solutionsl309131 therefore it seems reasonable to assume the same

behaviour in our solutions. Since no significant anion-crown repulsion occurs

with the BPh4‘ anion, the rate of decomplexation is directly related to the

stability of the complex and is probably faster with DA18C6. Also as it is

discussed in Chapter III, a DA18C6 complex results is a smaller diamagnetic

shift of the 23N8 NMR signal than an 18C6 complex leading to a smaller

chemical shift range ( VA - v3) between solvated and complexed species and

favoring the observation of fast exchange. The two explanations proposed

above show fairly well why room temperature is above coalescence with the

DA1806-NaBPh4 system while it is below coalescence with the 18C6-NaBPh4

system.

4.3. Conclusion

We have qualitatively investigated the ionic association of a variety

of sodium salts solvated and complexed by 18C6 and DA18C6 in THF. It

shows a good correlation with the room temperature sodium-23 NMR spectra

presented in Chapter III. A strong ionic association of these salts in solution

results in a fast exchange of the sodium ion while the solvent-separated ion

pair in THF solutions, -i_._e_., NaBPh4, promotes slow exchange with 18C6 and

its derivatives. The change in stability of Na+ complexed with different

crowns also has a great influence on the observed 23Na NMR spectra.



CHAPTER V

KINETICS OF COMPLEXATION OF SODIUM THIOCYANATE WITH

DA18C6 AND WITH THE CIS-ANTI-CIS AND CIS-SYN-CIS ISOMERS

OF DC18C6 IN THF BY SODIUM-23 NMR SPECTROSCOPY
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5.1. Introduction

We have seen that for complexation reactions between the sodium ion

and crown ethers in low dielectric solvents such as THF, the nature of the

anion and consequently the anion-cation association as well as the nature

of the crown govern the kinetics of exchange. Several authorszo'n’ 24'252

43‘45’ 67'” used alkali metal NMR spectroscopy to study the complexation

kinetics of alkali metal ions with crowns and cryptands in several nonaqueous

solvents. Among these authors, Schmidt and Popov6'7 reported the first

bimolecular exchange mechanism ever seen with crown ethers when they

studied the complexation kinetics of K+-18CG in 1,3-dioxolane using 39K

NMR. From these results it is clear that the same technique could be used

to study the complexation kinetics of the Na+ ion with crown ethers.

The goal of the work presented in this chapter was to determine if the

activation parameters for the release of the sodium ion from substituted

analogs of 18C6 as well as the corresponding exchange mechanism depend

on the nature of the substituent groups. Consequently, we decided to use

23N8 line shape analysis to study the complexation kinetics of sodium

thiocyanate with DA18C6 and the two isomers of DC18C6 in THF.

5.2. Results and Discussion

As pointed out in Chapter 1, several alkali metal NMR methods can

be used to derive the activation parameters of decomplexation. Some of

these methods are based on approximations which do not apply in our case

as it will be discussed later, therefore the complete lineshape analysis

described by Ceraso e_t 11.20969 was used to analyze the data. In this method,

the treatment of kinetic data depends on the chemical shifts and line widths

of the solvated sodium ion and of the complexed sodium ion, in the absence
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of chemical exchange as well as on the population of solvated and complexed

species undergoing chemical exchange at equilibrium. Therefore it is

necessary to characterize the two sites before discussing the kinetic results.

In the following discussion site A refers to the solvated site and site B refers

to the complexed site.

5.2.1. Sodium-23 NMR of the Solvated and Complexed Sodium in

the Absence of Chemical Exchange

To obtain the transverse relaxation times, T2A and T23, and the

chemical shifts, 6A and 63, in the absence of exchange, solutions containing

sodium thiocyanate only and sodium thiocyanate with an excess of ligand

were prepared. Since the sodium complex with DC18C6 is quite stable,

_i_._e_., log Kf = 3.68 and 4.08 in MeOH at 25°C for the cis-anti-cis and cis-syn-cis

isomer respectively132, only a slight excess of this ligand was sufficient

to complex all of the cation. On the other hand, since the stability of the

sodium complex with DA18C6 is not known, a larger excess of ligand was

used in this case. In all solutions, chemical exchange between the solvated

and complexed sodium is absent but, because of the ionic association of

NaSCN in THF, exchange between "free" ions, contact ion pairs and

quadrupoles is probably present to a significant extent.

The temperature dependence of 1/T2A, 1/T23, 00A and 613 is given

in Table 14. The angular frequencies were obtained with the method described

earlier in Section 2.4.2.4. The reciprocal transverse relaxation times were

obtained by fitting the observed spectra to the theoretical Lorentzian function

corrected for delay time, line broadening and zero-order dephasing and derived

in Appendix VII. These fits were performed by using the KINFIT program103

with the subroutine EQN. given in Appendix III. A typical fit is shown on
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Table 14. Transverse Relaxation Times and Sodium-23 NMR Frequencies

for NaSCN Solvated or Complexed in THF Solutions

At Various Temperatures

Solute T(a) 103/T(b) 103T2(c) ln(1/T2)(d) 01(9)

(°C) (K’l) (s) (rad/s) (rad/s)

NaSCN“) 22.3 3.384 3.63 .62 - 798 30

11.7 3.510 3.39 .69 - 843 30

1.1 3.646 3.21 .74 - 813 30

—10.0 3.799 2.88 .85 - 844 30

—20.8 3.962 2.45 .01 - 874 30

-31.4 4.136 2.04 .20 - 874 30

-41.2 4.310 1.69 .38 - 936 30

-52.2 4.525 1.36 .60 - 936 30

NaSCN/ 24.0 3.365 3.01 .81 -1877 60

DA1806”) 11.0 3.519 2.62 .95 -1897 60

0.3 3.657 2.29 .08 -1917 60

- 9.7 3.796 1.98 .23 -1917 60

-20.4 3.956 1.64 .41 -1917 60

-30.5 4.121 1.36 .60 -1957 60

-4l.3 4.313 1.08 .83 -1957 60
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Table 14 - cont.

 

 

 

Solute 146) 103/14b) 103T2(c) ln(1/T2)(d) 9‘9)

(°C) (K‘l) (s) (rad/s) (rad/s)

NaSCN/ 22.0 3.388 1.18 6.74 -2632 1 90

DC18C6 10.0 3.532 0.907 7.01 —2510 1 90

(cis-anti-cis)(f) 0.1 3.660 0.685 7.29 -2632 1 90

- 9.8 3.797 0.535 7.53 -2541 1 90

-20.4 3.956 0.424 7.77 -2632 1 90

—30.6 4.123 0.339 7.99 -2755 1 90

NaSCN/ 47.0 3.124 1.91 6.26 -2959 1 90

DC18C6 35.7 3.238 1.49 6.51 -2965 1 90

(cis-syn-cis)(f) 23.5 3.371 1.18 6.74 -2978 1 90

15.5 3.464 0.949 6.96 -2978 1 90

6.1 3.581 0.793 7.14 -2984 1 90

- 4.1 3.717 0.599 7.42 -2990 1 90

-14.2 3.862 0.457 7.69 -2997 1 90

 

 

(a) 1 0.100; (b) 1 10-6K-1; (c) 1 1096; (d) 1 0. 01 rad/s; (e) 61-- 270 where v

is the resonance frequency in Hertz. The angular frequencies are given vs. NaCl

(0.1 M) in D20. An error of :1: 30 rad/s corresponds to t 0. 1 ppm; (f) [NaSCN] =

0.0100 M :t 0.0003 M with a ligand to salt mole ratio of193, 1.09 and 1.22 for

DA18C6, DC18C6 ris-anti-cis) and DC18C6 (cis-syn-cis) respectively.
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Figure 24. This corrected equation is of limited interest to us since,

application of delay time and line broadening does not change the original

exponential decaying factor of the FID, i._e., -1/T2. Thus, the same value

of T2 would be obtained whether the Lorentzian shape of the spectrum is

corrected or not. However, the corrected equation presents other advantages

and it is interesting to discuss on their usefulness. Equation (VII .17) of

Appendix VII contains some new terms as compared to a typical Lorentzian

profile T2/[1 + T2200 - wA)2]. Firstly, the new term exp(-DE/T) shows that

the intensity of the NMR signal is affected by the applied delay time.

Consequently, the integrated area of the signal depends on the delay time

to an extent which is related to the linewidth of the peak. For example,

let's consider an NMR signal with W1/2 = 150 Hz obtained with or without

line broadening. 95.4% of the real intensity is actually seen with a delay

time DE = 100 usec while only 68.6% is seen with DB = 800 usec. These

percentages respectively drop down to 91.0% and 47.0% when W1/2 = 300

Hz. These results show that FT-NMR results concerning intensities or

integrated areas can no longer be done without correcting for delay time.

Secondly, the phase correction, earlier described by Ceraso69 as [cos( 6 o

+ 9') - T2(w -wA)sin( 90 + (3')] where 90 and 9' are the zero-order and

first-order phase correction respectively, allows us to know the expression

of the first—order phase correction, Lg, 6' = (w - mA)DE. We see that this

correction varies over the frequency range and is directly related to the

delay DE in the start of data acquisition. Very significant phase distortion

of the calculated spectrum can occur when a large delay time is used. This

inconvenience can be overcome since the algebraic expression is known

and can be substracted from the theoretical lineshape.

Figure 25 shows plots of the logarithm of the observed relaxation rates
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Figure 25 Semilog plots of sodium-23 transverse relaxation rates

gs_. 1/'r for NaSCN (o), NaSCN-DA18C6 (I),

NaSCN-D01806 (cis—anti-cis) (O) and NaSCN-D01806

(cis—syn-cis) (O) at 0.0100 _M in THF
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YE- reciprocal absolute temperature for all the species studied. Figure 26

shows the temperature dependence of the chemical shifts of all the species

studied.

The quadrupolar reciprocal relaxation times, T1 and T2, for 23Na in

dilute solutions and in the absence of chemical exchange is given by the

equation133:

‘1'

T1 T2 4012(21-1) 3 h 322 C

 

1 _ 1 _ 3 21+3(1,_\_13)(£Q.£!)2 (5.1)

where I is the spin of the nucleus, v is the asymmetry parameter (v = 0 for

a symmetric field gradient at the nucleus, 0 < v 5 1), Q is the quadrupole

moment of the nucleus, 32W 322 is the 2 component of the electric field

gradient at the nucleus produced by solvent fluctuations and Tc is the

correlation time which characterizes these fluctuations. For a simple

reorientation process, TC may be expressed by the equation134:

Tc = A'exp(-Er/RT) (5.2)

where Er is an activation energy for solvent reorganization. We prefer to

use this general expression rather than Debye's formula Tc = 41m a3/3kT

(n = viscosity) which has been found to give too large Tc values for solvated

species135 as well as for complexesl36. Also, the macroscopic viscosity

does not adequately describe the frictional forces acting on a solute

molecule137. If the nuclear quadrupole coupling constant (NQCC) eQ/h

x 32W 3Z2 is assumed not to change with temperature, then the reciprocal

transverse relaxation times will vary exponentially as a function of
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Figure 26 Temperature dependence of the sodium-23 angular

frequencies and chemical shifts is. NaCl 0.10 M in

D20 at 22.3°C for NaSCN (o), NaSCN-DAlscs'Tl),

NaSCN-DClscG (cis-anti-cis) (O) and NaSCN-DC18C6

(cis-syn-cis) (O) at 0.0100 M in THF
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temperature. Figure 25 shows that this behaviour is observed within

experimental error for all the species studied. The two major isomers of

DC18C6 give approximately the same relaxation times with the same

temperature dependence although the cis-syn-cis isomer tends to have a

smaller T2 at low temperatures. Some deviation from linearity is observed

in the case of NaSCN solutions. This behavior is probably related to a

temperature dependence of chemical exchange between various species

such as contact ion pairs of quadrupoles. The relaxation rates of the

complexed sites are much larger than those of the solvated site. This is

caused by the asymmetry of the electric field gradient at the sodium nucleus

due to the planar structure of the crowns and is more pronounced for DC18C6

because of the two cyclohexyl rings. Equations (5.1) and (5.2) were combined

to derive the following expression.

(1/T2)T = (1/T2)293.15 eprEr/R(1/T-1/298.15)] (5.3)

The experimental results were fitted to equation (5.3) and the results obtained

are presented in Table 15.

The change in chemical shifts observed on Figure 26 confirms the trends

already proposed and discussed in Chapter III. From the results presented

above, we see that none of the approximations described in Chapter I and

represented by equations (1.2), (1.3) and (1.14) can be made. Schmidt25

proposed that Schori's method. is applicable when the product ( VA’ VB)T2B

does not exceed 0.1. At 25°C, this product is 0.94, 0.48 and 0.57 for

NaSCN-DA18C6, NaSCN-DC18C6 (cis-anti-cis) and NaSCN-DC18C6

(cis-syn-cis) respectively. Thus, it is clear that no approximations can be

made in solving the Bloch-McConnell equations for the systems we are
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Table 15. Activation Energy, Er, for Solvent Reorganization and Transverse

Relaxation Time T2 at 25°C for NaSCN 0.0100 _A_A

Solvated and Complexed in THF

 

 

 

Species(°) (T2)298.15K Er

(rad/s) (cal/mole)

NaSCN 3.98 x 10-3 1 1.4 x 10‘4 1729 1 102

NaSCN 3.14 x 10-3 1 4 x 10-5 2171 1 47

DA18C6

NaSCN 1.21 x 10-3 1 4 x 10-5 3428 1 153

DC18C6

cis-anti-cis

NaSCN 1.209 x 10-3 1 7 x 10-6 3775 1 76

DC18C6

cis-syn-cis

 

 

(a) The ligand to salt mole ratio are the same as those

Table 14.

reported in
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interested in, therefore a complete line shape analysis has to be done for

the derivation of the kinetic results.

5,2,2, Kinetics and Mechanism for the Exchange Between NaSCN

Solvated and Complexed by DA18C6 in THF.

Preliminary studies on this system show a strong curvature on the 1n(1/1 )

191° 1/T plot. As it will be discussed later, this plot should be a straight line

with a slope proportional to the Arrhenius activation energy Ea- The above

results were obtained by assuming a large formation constant K}: of the

complex, therefore assuming that the population of complexed sodium at

chemical equilibrium is equal to the analytical amount of ligand in solution.

Since the treatment of the kinetic data depends on the population of solvated

and complexed sodium, our first guess for explaining that strong curvature

was that the formation constant was smaller than expected and that its

temperature dependence was strongly influencing the relative populations

at equilibrium and therefore the kinetic results. Thus, we decided to study

the thermodynamic stability of the DA18C6 complex of NaSCN in THF as

a function of temperature with 23Na NMR spectroscopy.

5.2.2.1. Sodium-23 NMR Study of the Stability of the DA1806

Complex of NaSCN in THF at Various Temperatures.

The 23Na chemical shifts were measured as a function of the

DA1806/NaSCN mole ratio. The concentration of the salt was held constant

at 0.0100 M since it is the concentration at which the kinetic study was

done. The exchange rate of the sodium between the solvated and the

complexed site is fast on the 23N8 NMR time scale so that only one population

averaged line was observed. If only a 1:1 complex is present, the observed

chemical shift, 50b3, is given by:
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566s = X01501 + XMLGML (M)

where 5M and ‘5ML are the averaged chemical shifts of the solvated (or

free) and complexed species, respectively. XM and XML are the respective

mole fractions of the "two" species. The apparent concentration equilibrium

constant for the formation of the complexed is,

_ [Mm

' [Mum (5'5)

where [ML+], [01+] and [L] denote the equilibrium molar concentrations of

the complex, the cation and the ligand, respectively.

By combining equations (5.4) and (5.5) with the mass balance equations

it can be shown that

GobsleFCMT - KFCLT - I + ((KFCLT-KFCMT +1)? +

M (5.6)
4KFCMT)1/2]x 2KFCMT + 51111.

In equation (5.6) the total concentration of the cation and of the ligand (CMT

and CLT respectively) are known and 6M is determined by measuring the

cation chemical shift in the absence of the ligand. The two unknown

quantities, KF and 5ML can be evaluated by a non-linear least-squares.

procedure starting with reasonable estimates of KF and ‘SML- The program

KINFIT103 was used to perform the iterations and to obtain statistical

information regarding the unknowns. Details about the use of this program

for this purpose can be found in Appendix V.
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The chemical shifts as a function of the DA18C6/NaSCN mole ratio

at different temperatures are given in Table 16 and plotted in figure 27

where, for more clarity, the chemical shifts are given on a relative scale.

As pointed out in the experimental part, the reference solution concentration

was not known for this experiment and only chemical shifts relative to the

signal at zero mole ratio could be obtained. However, since the temperature

dependence of the 23Na NMR chemical shift for a NaSCN solution 0.0100

M in THF is known, the data reported in Table 16 were calculated according

to this temperature dependence extrapolated to the desired temperatures,

i_.e_., 22.5, 43.0 and 56.5°C.

A data analysis using KINFIT yielded to the values shown below:

 

 

1‘00 108 K18!” 5111an (ppm)

295.65 1 0.1 3.87 1 0.22 -6.36 1 0.70

316.15 1 0.1 3.77 1 0.20 -6.24 1 0.70

329.65 1 0.1 3.44 1 0.17 -6.15 1 0.90      

where GMLlim is the calculated limiting chemical shift of the complex.

These values are in good agreement with those already reported in Section

5.2.1 and shown in Figure 26. The errors on log KP were calculated with

the following equation:

6(anF) _ 6 KF

lnlO " 14111610 (5'7)
6(log KF) =

It has been shown repeatedly that this NMR technique cannot be used

to measure large values of K}: and usually has an upper limit of 104-105

depending on the investigated nucleus. It is therefore of interest to derive

a theoretical upper limit of KF in order to check the reliability of our results.
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Table 16 Sodium-23 Chemical Shifts of Solutions Containing NaSCN(a)

and DA18C6 at Various Mole Ratios and Temperatures in THF

 

 

 Chemical Shifts (ppm)(b) 

 

[DA18C6] 7 T

m 'r = 22.5°c 'r = 43.0°c T = 56.5°C

0.00 -2.66 -2.54 -2.45

0.49 1 0.02 -4.30 -4.18 -4.01

0.72 1 0.03 -5.32 -5.11 -5.09

0.81 1 0.03 -5.33 -5.26 -5.09

0.90 i 0.03 —5.43 (c) (c)

1.02 1 0.03 -6.04 —5.88 -5.50

1.17 1 0.04 —6.20 -6.08 -5.66

1.20 1 0.04 -6.12 -5.93 -5.71

1.35 1 0.04 -6.25 -6.08 -5.86

1.55 1 0.05 -6.33 -6.26 -5.91

1.98 1 0.06 -6.35 -6.21 -5.97

2.89 1 0.09 -6.30 -6.18 -6.09

 

 

(a) [NaSCN] = 0.0100 _11_4_ 1 0.0003 .1113 _

NaCl 0.10 M in D20 at 22.3°C and are given :1: 0.10 ppm; (c) The

sample has been contaminated by moisture.

(b) The chemical shifts are vs.
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Figure 27 Sodium-23 chemical shifts _v_s_. DA18C6/NaSCN mole ratio in THF
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This can be done by considering the uncertainty on the chemical shifts and

reasoning at a mole ratio of 1.00. By checking Figure 27, we can see that

if the complex is "infinitely stable", at a mole ratio MR = 1.00, essentially

all of the metal ion is complexed and the observed chemical shift is that

of the complex. In this case, we observe two straight lines intercepting

at MR = 1.00. We immediately see that the applicability of this method

depends on an observable difference between the observed chemical shift

dobs at MR = 1.00 and 5ML- In other words, the error range on Gobs must

not overlap the error range on 5ML at MR = 1.00. This can be represented

by the following equation.

At MR=1.00, 60bS = XMGM + XMLGML < GML-AGObS-AGML (5.8)

where Mobs and “ML are the estimated errors on éobs and 5ML respectively.

Defining the chemical shift range between solvated and complexed species

as 5R = 5ML - 5M and considering the relationship XM + XML = 1 both

combined in equation (5.8) lead to the following equation.

A6 + A6

XM > ML 6 °bs (5.9)

R

Rearranging equation (5.5) in terms of mole fractions and combining it with

equation (5.9) gives,

5R(5R - Mobs - MML)
(5.10)

(Mobs t AGML)2CMT

 

For this study, the upper limit of RF obtained with equation (5.10) is 32,375

M’1 proving our results to be reliable.
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By considering the following equation,

KF = exp(-AG°/RT) (5.11)

where AG° is the free energy for the complexation reaction, one sees that

KF should vary exponentially as a function of temperature. This is true

within experimental error as shown in Figure 28. However, the enthalpy

AH° and the entropy 115° for the complexation reaction which can be derived

from the slope and the intercept of the Van't Hoff plot will not be calculated

since the three data points obtained are too few and too scattered to get

reasonable estimates of AH° and 118° but the positive slope indicates that

the complex is enthalpy stabilized which is a characteristic feature of crown

complexation reactions1 2.

5.2.2.2 The Kinetic Results

The relaxation times which characterize the complexation reaction

were obtained by fitting the NMR spectra of species undergoing chemical

exchange to the theoretical equation describing the NMR spectrum of an

uncoupled spin system undergoing chemical exchange between two

nonequivalent sites. This equation, first derived for FT NMR spectroscopy

by Gupta gt 81.138 was recently modified for delay time (DE) and line

broadening (LB) corrections by Strasser and Hallenga139 to give the following

expression,

8(0)) = -C1 eXp[(l\1-LB)DE]/(A1-LB)-C2 exp[(A 2-LB)DE]/(A 2-LB) (5.12)
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Figure 28 Van't Hoff plot for the complexation of NaSCN

0.0100 M by DA1806 in THF



126

with

A1, A2 = ’(O‘A + 013 + 1’1)i[(oA - GB + TpB’1 - TpA-l)2

+ 4 szA”1pB‘1]1/2 /2 (5.13)

01A=T2A'1+i(wA- 00) (5.14)

“B = T213 '1 + i093 - 9) (5.14)

C1 = -iMo(1\2 + pAaA 1‘ PB 061/01 - A 2) (5-16)

C2 = iMo(I\1 + PACIA + p13 GB)/(A1 - A2) (5.17)

As it was previously discussed in this chapter, corrections for delay

time in a single Lorentzian profile can lead to very useful information

concerning the intensity of the NMR lines but can also drastically change

the phasing of the calculated spectrum and therefore give very poor fit

and consequently large uncertainties in the sought unknowns. Experience

showed us that the same phase distortion occurs in the calculated spectrum

described by equation (5.12). It was therefore of interest for us to derive

the expression of the phase correction in the expression describing the NMR

signal of an uncoupled spin system undergoing chemical exchange between

two nonequivalent sites in order to get rid of an unwanted phase distortion

and keep the corrected intensities. Unfortunately, we found out that the

real and imaginary parts of the theoretical spectrum could not be separated

and therefore the expression of the phase correction could not be algebraically

derived. Thus, we must know at this point whether or not it is worth keeping
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the delay time correction in the calculated equation. If we recall the shape

of an NMR spectrum of species undergoing chemical exchange between

the two sites, we know that below coalescence two NMR signals broadened

by chemical exchange are observed. Usually, for complexation reactions

involving synthetic crown ethers, the signal corresponding to complexed

species is broader and therefore less intense than that of solvated species.

This broader signal, whose shape is essential for determining the relaxation

time T, is the most affected by the lack of information at low intensities

when no delay time correction is done. In this case, the computer generated

spectrum always lies above the experimental spectrum as, for example,

it can be seen in the work done by Ceraso“. Consequently, a delay time

correction must be done in order to improve the fit and the resulting phase

distortion can be controlled by choosing a very small delay time (< 50usec)

when acquiring the FID and by introducing it in the theoretical equation

when fitting the spectrum.

On the other hand, one signal averaged resonance signal is observed

above coalescence and the use of the delay time correction can be left to

the user's decision depending on the quality of the fits. We have seen that

the corrected equation (5.12) is not absolute and in order to optimize the

fits, the users of this method must be able to recognize when it is more

important to correct for the lack of information at low frequencies despite

the resulting phase distortion and vice versa.

We already know that an aqueous solution of sodium halide like NaCl

gives the narrowest 23Na NMR signal and is therefore very convenient as

a reference since its position can be known with an excellent accuracy.

However, since such solution cannot be used below 0°C, we decided to obtain

the NMR spectra without any reference. Therefore, the absolute frequencies
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could not be known and we had to introduce a frequency shift parameters

in equation (5.12). This is done by replacing equations (5.14) and (5.15) with

the following ones.

aA=T2A-1+i(wA +1100 -w) (5.18)

aB=TZB’1+i(wB+ Aw-w) (5.19)

This frequency shift parameter allows the absolute frequency in equation

(5.12) to shift without changing the shape of the function. The relative

chemical shifts at the two sites without chemical exchange were not adjusted.

Also, a zero-order phase correction 60 was introduced in equation (5.12)

by numerically extracting the real and imaginary parts of the calculated

spectrum S(w) with the FORTRAN functions REAL and AIMAG respectively

and by using the following equation.

90») = AIMAG[S( (11)]COSGO - REAL[S(w)]sin 60 (5.20)

where S'(w) is the calculated spectrum corrected for zero-order dephasing.

Finally, a baseline intensity correction similar to the one described in

Appendix VII was added.

The complete KINFIT program used for this lineshape analysis is shown

in Appendix IV. The final equation has 8 constants which are the population,

the frequency and the transverse relaxation time of the two sites, the delay

time and the line broadening. The 5 unknowns are an intensity factor, the

intensity of the baseline, the zero-order phase correction, the frequency

shift parameter and the relaxation time of the exchange process. If no delay
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time correction is desired, the corresponding constant is set at zero.

Two solutions containing DA18C6 and NaSCN at crown to salt mole

ratios of 0.53 and 0.72 were studied over a wide range of temperature (42.3°C

to -49.1°C). A delay time of 153 usec and a sweep width of 6536 Hz were

used. Since no coalescence was observed for both solutions, the delay time

correction and therefore the first-order phase correction was kept in the

theoretical equation. For each spectrum analyzed, 80 to 99 points were

found to be more than sufficient to determine '1. The program KINFIT gave

complete statistical information about the fit of the data including standard

deviation estimates for each of the parameters and the multiple correlation

coefficient, which gives a measure of the coupling of each parameter to

all of the others. Coupling between T and the other four parameters was

always next to the lowest which was found between baseline intensity and

the other four parameters. A typical value of the T coupling of about 0.6

(0 ~.< coupling < 1) gives a good reliability to our results. The transverse

relaxation times and the frequencies of the two sites were respectively

obtained from the computer fits and the linear regressions which are shown

on Figures 25-26. The population of solvated and complexed species at

equilibrium were calculated from the temperature dependence of the

formation constant K}: obtained from computer fit and shown in Figure

28.

The computer generated values of I for both solutions are collected

in Table 17. The corresponding Arrhenius plot ln(1/T ) .‘E- l/T is shown in

Figure 29. As it will be seen later, the reciprocal relaxation time is directly

proportional to the decomplexation rate kd of whatever exchange mechanism

involved, this rate being related to the reciprocal temperature according

to the Arrhenius equation shown below.
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Table 17. Temperature Dependence of the Relaxation Time of the Exchange Between

NaSCN Solvated and Complexed by DA1806 in THF

 

 

 

[l' and]

[salt] T(°C)(a) r (msec)(b)

0.53(c) 42.3 0.1941 1 0.0109(d)

31.5 0.2094 1 0.0108

21.1 0.1943 1 0.0093

11.3 0.2300 1 0.0095

1.0 0.2366 1 0.0116

- 9.8 0.3266 1 0.0162

-19.3 0.3699 1 0.0144

-29.6 0.5094 1 0.0198

-39.2 0.9225 1 0.0405

-49.1 2.353 1 0.412

0.72(e) 6.2 0.1545 1 0.0124

- 7.7 0.1874 1 0.0149

—21.0 , 0.2443 1 0.0305

-34.9 . 0.7306 1 0.0850

-45.6 1.496 1 0.209

 

 

(a) :1: 0.1°C; (b) The values corresponding to a mole ratio fo 0.53 are the

weighed averages of two different computer generated values obtained from

the same spectra; (c) 0.01024 M NaSCN; (d) Represents one standard deviation;

(e) 0.01011 M NaSCN - Another spectrum at 25°C gave a very poor fit and the

corresponding 7 value is not reported.
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Figure 29 Arrhenius plot of ln(1/7) vs. (l/T) for DA1806/NaSCN

in THF - (o) DA1806/N? = 0.72 - (o) DA18C6/Na+

= 0.53
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kd = A exp(-Ea/RT) (5.21)

Therefore the Arrhenius plot should lead to a straight line with a slope equal

to —Ea/R. The curvature observed in Figure 29 at two different mole ratio

rules out the above observation. As already noted by Schmidt and Popov67,

this phenomenon is either due to two mechanisms having different Arrhenius

activation energies with one of them being predominant at high temperatures

while the other one is predominant at low temperatures or it can be due

to only one mechanism whose activation energy varies with the temperature.

In order to check which one of the above supposition is valid, we decided

to determine the mechanism of exchange.

As already discussed in Chapter I, the exchange of the Na+ ion between

the solvated site and complexed site may proceed via two mechanisms: the

bimolecular exchange mechanism 1 and the associative-dissociative mechanism

II.

R} .

11161+ + NaC+ ? Na+ + *Nac+ (I)

1

k2

N6+ + c T: NaC+ (II)

-2

Since these two mechanisms may contribute to the overall sodium exchange,

we have to derive an expression involving both of them. In general, the

relaxation time is given by140:
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1 _ rate of removal of molecules from site iby exchange

7 - . . . (5.22)
i number of molecules 1n s1te 1

By considering mechanisms 1 and II we can derive:

l/TNa+ = k-2[NaC+]/[Na+] + 2k1[NaC+] (5.23)

1/ TNac+ = 2k11Na+1 + k-2 (5.24)

1/1 = 1/ 1148+ + l/TNaC+ = k-2cNa+/1Na+1+ 2k1CN6+ (5.25)

where CNa“ is the total concentration of sodium ion in solution. k-2 and

k1 are in sec'1 and M'1.sec’1 respectively. Here, we see the proportionality

between 1/1 and the dissociation rate kd, the proportionality factor being

2CNa+ for mechanism I and CNa+/[Na+] for mechanism 11. It should be noted

at this point that equation (5.23) is the one used to derive the exchange

mechanism when the NMR method described by Schori e_t M.“ is used. The

same authors showed the influence of the ionic strength on the rate constants

and therefore on the mechanism plot. They recommended to keep the ionic

strength constant. Since THF has a very low dielectric constant, ions are

highly associated and the extent of the association is not known therefore

we cannot calculate the ionic strength of our solutions. However, since

the concentration of free ions must be very low in all of them (shown by

electrical conductance measurements) it seems reasonable to assume that

if the total concentration of sodium salt is kept constant then the total

concentration of free ions will not vary very much in our solutions.

From equation (5.25), we see that a plot of 1/1 x CNa" 32° l/[Na+] should
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lead to a straight line with a slope equal to k-2 and intercept equal to 2k]

at a constant temperature. This mechanism plot is shown in Figure 30 and

the data in Table 18. The plot clearly shows that two exchange mechanisms

are going on in solution. The bimolecular one is predominant at low

temperatures (<-35°C) and since the associative-dissociative one is obviously

predominant at higher temperatures (>-21°C), the straight lines corresponding

to this mechanism have been forced through the intercept. Schmidt and

Popov67 have already observed a bimolecular exchange when they studied

the K+°18C6 system in 1,3-dioxolane. As an explanation to this first

bimolecular process ever seen with crown and cryptand complexation of

alkali metal ions, the authors suggested that when the energy barrier to

decomplexation becomes very large it may eventually reach a point where

lower energy pathways become available. They concluded that, in general,

the slower is the dissociation of the complex, the more likely is the

contribution of mechanism I to the cation exchange. We derived the values

of the dissociation rates at different temperature and as it can be seen in

Table 19, the above conclusion about dissociation rates is not exactly true

and is better explained in our case in terms of 1/ TNac+ which represents

the number of species leaving the complexed site per unit time. On the

other hand, speculations as to the reason why the exchange process changes

with temperature are more difficult since the solution chemistry of this

system is not fully understood. Changes in complex and ion pair stabilities

may play a part in the observed phenomenon. Also, a change of conformation

of the complex over the range of temperature studied may account for both

mechanism since the nonequivalent donor atoms probably make the DA18C6

molecule less symmetrical than the 18C6. The symmetry of 18C6 compared

with the cage like cavity of the cryptands was one of the reasons proposed
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Table 19. Values of the Dissociation Rates and of 1/ ‘NaC+ for a

THF Solution Containing NaSCN and DA18C6 at a Ligand/Nat

Mole Ratio of 0.53 and at Different Temperatures“)

 

 

 

T(°C) k-2(sec’1) k-1(M‘1.sec‘1) l/t Nac+(b)(sec‘1)

6.2 2010 i 90 - 2010 i 90

- 7.7 1640 :1: 60 - 1640 i 60

-21.0 1240 :1: 50 - 1240 i 50

-34.9 - 72500 :1: 3500 700 :i: 40

-45.6 - 29000 :1: 4000 .280 i 40

 

 

(a) Values of k graphically obtained from Figure 30.

(b) Values obtained from equation (5.24)
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to explain the bimolecular exchange of K+'18C6 in 1,3-dioxolane67. The

symmetry of 1806 gives identical probabilities of access of the cation from

either side of the molecule while the cryptands must have an ion leaving

their cavity before another one comes in. Two possible conformations for

DA18C6 are the "chair" and the "boat" conformations. The symmetry of

the former would probably favor mechanism 1 while, in the latter, the two

nitrogen atoms are on the same side of the ligand and therefore give non

identical probabilities of access of the cation from either side of the molecule

consequently favoring mechanism 11. Finally, a change of polarization of

the two N-H bonds of DA18C6 upon complexation and therefore a change

of ligand-solvent interaction may also account for the two different exchange

processes. As we have seen, explaining why two mechanisms occur is not

straightforward and the derivation of the activation parameters, which will

be presented and discussed later along with those obtained with DCIBCG,

will probably give more insights about this very interesting phenomenon.

To our knowledge, this is the first Combination of two mechanisms ever

observed with the same system.

5.2.3. Kinetics and Mechanism for the Exchange Between NaSCN

Solvated and Complexed by DC1806 in THF

The temperature dependence of the relaxation time, characterizing

the complexation reaction between NaSCN and DCl8C6 (cis-anti-cis or

cis-syn-cis), was obtained with the method previously described in section

5.2.2.2. A delay time of 153 usec and a sweep width of 6536 Hz were used.

The delay time was kept in the theoretical equation (5.12). The computer

generated values of T for both isomers of DC18C6 are presented in Table

20 and the corresponding Arrhenius plots are shown in Figures 31-32. As
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Table 20 - Temperature Dependence of the Relaxation Time of the

Exchange Between NaSCN Solvated and Complexed by DC18C6 in THF

 

 

 

 

 

 

Ligand T(°C)“) 1041 (sec.)

DC18C6 36.7 2.114 1 0.121(6)

cis-anti-cis(b) 31.5 2.196 t 0.111

26.1 2.436 1 0.143

20.7 2.533 1 0.123

15.2 2.942 1 0.219 ‘

10.8 3.148 1 0.191

5.8 3.715 1 0.319

1.3 3.661 1 0.414

-4.8 4.327 1 0.537

-9.2 3.986 1 0.582

DC18C6 45.0 0.3291 1 0.0310

cis-syn-cis(d) 39.6 0.3912 1 0.0279

34.1 0.3673 1 0.0335

28.6 0.4371 1 0.0410

22.7 0.4562 1 0.0433

18.8 0.5324 1 0.0655

12.2 0.4997 1 0.0467

6.1 0.5173 1 0.0679

0.5 0.7579 1 0.0792

(a) i 0.1°C; (b) 0.01024 M NaSCN - [ligand]/[Na+] = 0.50; (c) Represents one

standard deviation; (d) 0.01024 1". NaSCN -[ligand1/[Na+] = 0.51.
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expected, these plots show two straight lines indicating that only one exchange

mechanism occurs for both systems in solution. Another direct observation

is that small ‘1' values obtained indicate a relatively fast exchange rate

especially with the cis-syn-cis isomer. This results in a very small exchange

broadening of the NMR signal and, as a direct result, the experimental errors

are large and the data points are scattered.

In order to derive the exchange mechanism for both systems, several

solutions at ligand/11a" mole ratios ranging from 0.2 to 0.8 were studied

at different temperatures but only solutions at a mole ratio MR close to

0.5 (0.45 < MR < 0.55) gave reproducible values of T. The others gave

extremely scattered data, in most cases with a relative error on r greater

than 100%. In order to explain this fact, we should first recall that, under

fast exchange condition, the linewidth at half-height of an NMR line describing

a system undergoing a two sites exchange is the population average of the

linewidths of the two sites broadened by chemical exchange. This exchange

broadening is given by 411 pAPB( vA - vB)2-r and has already been discussed

in Chapter I in terms of relaxation times (see equation (1.13)). We know

that the term (0 A - v3) in the exchange broadening expression, does not

vary much (as previously shown on Figure 26). On the other hand the term

pApB, which is a parabolic function of either population, does vary as we

change the mole ratio. This term is at a maximum at MR = 0.5 and decreases

drastically as the mole ratio is changed toward 0 or 1. Since 1’ is small in

all cases, the computer analysis could only detect it at the maximum pApB

value. Because of the above observations, the mechanisms could not be

derived since, at 0.45 < MR < 0.55, the values of l/[M‘L]eq are too close

to each other on the mechanism plot and the relative errors on 1 are too

large. Consequently, mechanisms 1 or I] could not be unambiguously observed.

r
m
.
”
H
3
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We can, however, deduce the mechanisms from the following observations:

(1) As already discussed, the cis-syn-cis isomer is known to form more stable

complexes with Na+ and K+ than the cis-anti-cis isomer132. Therefore,

if the associative-dissociative mechanism was the predominant one, we

would observe larger 1/ T values with the cis-anti-cis isomer than with the

cis-syn-cis isomer since 1/7 is directly related to the decomplexation rate

according to equation (5.25); (2) If the associative-dissociative mechanism

was the predominant one, at MR < 0.5, the 1/7 value would drop on the

mechanism plot, or 7 would increase. This effect should compensate for

the decrease of the pApB factor and the exchange broadening should still

be experimentally observable at least down to MR = 0.3. This has been found

not to be the case; (3) As it will be discussed in the next section, the

activation parameters with both isomers are very similar to those found

by Strasser e_t_ 111.141 for the NaSCN/18C6 system in THF. These authors

found the bimolecular mechanism to be the predominant one.

Therefore, it seems reasonable to assume that the exchange between

NaSCN and either isomer of DC18C6 proceeds via the bimolecular mechanism.

5.2.4. General Discussion: Rates and Activation Parameters

The rates of decomplexation were calculated from the 1 values by using

equation (5.25) in which only the term corresponding to the observed

mechanism was considered. It should be noted that for the NaSCN/DA18C6

system the temperature dependence of the proportionality factor CNa+/[Na+]

has been calculated on the basis of the Van't Hoff plot which is shown on

Figure 28 and when the associative-dissociative mechanism was the

predominant one. The data were fitted to another form of the Arrhenius

equation as shown below.
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E 1 1

lnkT = lnkTo - [Tia—(T- fi)] (5.26)

where To is the temperature at which the dissociation rate is calculated;

the other symbols have their usual meaning. Then the free activation energy

of decomplexation A01 was calculated from the rate according to the

transition-state theory of Eyringl‘m’l“3 described by the following equation:

_ kBT -AG*
k - exp RT (5.27)

 
 

where RB and h are the Boltzmann constant and the Planck constant

respectively. The activation enthalpy of decomplexation Alli was calculated

from the following expression which only holds for condensed phases (AV:

negligible):

611* = Ea - RT (5.28)

Finally, the activation entropy of decomplexation was obtained from

the following equation:

66* = 611* - TAS* (5.29)

The results are presented in Table 21 along with those obtained by

Strasser 9191.141 with ligand 1806.

By considering the results obtained with DA18C6, we can, now discuss

the reasons why two exchange mechanisms are observed with this system.
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This is best explained in terms of free activation energy of decomplexation

AG; The Arrhenius activation energy has been generally shown not to

describe the threshold energy for reaction144 and, therefore, is of little

interest in this case. An extrapolation of the data describing mechanism

11 gives 13sz = 10.36 kcal/mol at -40°C. Thus, it is clear that the system

chooses a lower energy pathway with mechanism I for which the free energy

barrier to decomplexation is only AG: = 8.53 kcal/mol at -40°C. At low

temperature, the contribution of mechanism ‘1, which theoretically requires

a collision between identically charged species, is not surprising since we

know that NaSCN solvated or complexed is mainly present as contact ion

pairs in THF solutions. In that case, mechanism I is better represented by

a collision between neutral species. The slower decomplexation rate for

mechanism II is also consistent with the results obtained with the

NaBPh4/18C6 system in THF”1 for which kd = 53 sec’l. In our case,

the rate is faster because of the ion pairing which destabilizes the complex

while the solvent separated ion pairs of NaBPh4 do not give significant

crown-anion repulsion resulting in a more stable sodium complex.

Regarding the results obtained with D01806, we see that the two isomers

give results which are very similar to those obtained with the 1806141 showing

that the assumption of the bimolecular mechanism for these two systems

is valid. The faster rates obtained with DC18C6 are probably related to

the presence of the two cyclohexyl substituents on the ligand which destabilize

the DC18C6 complexes and give a faster bimolecular exchange. These faster

decomplexation rates are directly related to the lower free energy barriers

for decomplexation, AG: and to the lower Arrhenius activation energies,

Ea, compared with those obtained with the 1806.

Since the temperature dependence of the formation constant of the
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DA1806 complex is known, we can derive the activation parameters and

the rates for the formation of the activated complex from the solvated

species when mechanism 11 applies. A computer fit of the data, shown in

Figure 28, gave AHF = —5.63 i 1.33 kcal/mol and ASF = -l.l :t 8.4 e.u.

where Hip and ASF are the enthalpy and entropy of formation of the DA18C6

complex respectively. Although the error on these data is fairly large, it

is still interesting to get the activation parameters and the rates for the

formation of the complex to get the order of magnitude of these values.

The results are presented in Table 22. The most surprising result is that

the formation of the activated complex from the solvated species is enthalpy

stabilized while its formation from the complex is enthalpy destabilized.

This may be due to the polarization of the N-H bonds of the ligand upon

complexation. In the solvated state of DA1806, these two bonds probably

interact weakly with the solvent molecules but when complexation occurs,

their polarization gives more positive interactions with THF which is a good

donor (DN = 20.0). As a result, more solvent molecules interact with the

ligand in the activated state resulting in a better solvation. This increase

in ligand solvation is also reflected in the large negative value of as: . On

the other hand, when decomplexation occurs, the polarization of the N—H

bonds of the ligand decreases, resulting in a destabilization of the

ligand-solvent interactions as shown by the positive value of AHfZ. This

is confirmed by the results obtained for the bimolecular mechanism. In

this case, all the ligand is in the complexed state and the exchange occurs

between two identical states containing a solvated complex and a solvated

ion pair. This exchange results in a larger activation enthalpy of

decomplexation due to the larger barrier which is necessary to activate

stable polarized solvated species. Another observation is that the rate of
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Table 22 - Activation Parameters and Rates for the Formation of

the NaSCN-DA18C6 Complex in Turk)

 

 

 

T(b) PG) 25.0 0.0

11113“) (kcal/mol) -4.3 1 2.6 -4.2 1 2.6

ASE“) (e.u.) -39.7 1 8.4 -39.5 1 8.4

AG? (9) (kcal/mol) 7.5 1 3.6 6.6 1 3.5

kf(f) (M‘Lsec’h (1.82 1 0.92) x 107 (3.2 1 1.6) x107

 

 

(a) Obtained with NaSCN 0.010 L1. The errors represent one standard devia-

1

tion; (b) i 0.1°C; (c) AHf' is the activation enthalpy of formation obtained

1

from AHf = AHF + A Hf]; (d) AS? is the activation entropy of formation

1 1
obtained from ASf = [381: +153; (e) AG}E = [3111' - 125?; (f) kf =prkd.
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formation of the DA18C6 complex is far below the diffusion—controlled

limit (0. 1010 _IYI_‘1.sec'1), probably because the complexation involves a

dipole-dipole attraction rather than the typical charge-dipole attraction

usually pictured for complexation reactions involving crown ethers.

5.3 Conclusion

The exchange kinetics of the sodium thiocyanate with some 18 member

ring crown ethers in THF solutions have been studied. The results obtained

with the two major isomers of D01806 compared with those obtained with

the 1806141 did not give very large variations of the activations parameters

and of the exchange rates showing that disubstitution with cyclohexyl rings

does not significantly influence the kinetics. The bimolecular exchange

mechanism obtained with these three crowns is probably governed by the

ion pairing as already reported141. On the other hand, substitution of donor

atoms, such as with DA1806, drastically changes the exchange kinetics.

The complexation of NaSCN by this ligand proceeds via the

associative-dissociative mechanism down to -20°C. This is the first time

that this mechanism is observed for the complexation of the tight NaSCN

ion pair with an 18 member ring crown ether in THF. This mechanism has

been observed with NaBPh4/18C6 in THF probably because of the solvent

separated ion pair of this salt141. In our case, observation of the

associative-dissociative mechanism may be due to several reasons such as:

the soft donor nitrogen atoms, compared with the 1806, compete less

effectively than SCN‘ for Na+ resulting in less ligand-anion repulsion; the

two hydrogen atoms born by the nitrogen atoms become positively polarized

upon complexation and, in a "boat" conformation of the ligand, these hydrogens

could interact with the SCN' anion therefore stabilizing the complex. At
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-35°C and below, the bimolecular mechanism, which presents a lower energy

pathway to the system, becomes predominant. The polarization of the two

N-H bonds of the ligand is a good model for explaining the observed activation

enthalpies AH* and entropies A81: of formation and decomplexation for

both mechanisms. It shows again the very significant part played by the

solvent in the exchange kinetics in condensed phases. However, more work

has to be done to explain the quite interesting phenomenon observed with

the NaSCN/DA1806 system in THF.

5.4 Future Work

We have seen that no large differences exist between the exchange

kinetics of NaSCN with the two isomers of DC18€6 and those of NaSCN

with 18C6 in THF. Ion pairing probably governs the exchange and the

anion-crown repulsion upsets the stability of the complex and increases

the dissociation rates resulting in a fast exchange on the 23Na NMR time

scale with the three crowns. It is therefore reasonable to believe that D01806

would give the same results than 1806 with NaBPh4 in THF, 15., an

associative-dissociative mechanism with slow decomplexation ratesl41.

On the other hand, we have seen that DA18C6 behaves quite differently

compared to 18C6 and the most logical continuation of this work is to study

the NaBPh4/DA18C6 system in THF in order to find out the main kinetic

differences between this crown and 1806 toward NaBPh4 in THF. A

preliminary variable temperature study has been done with this system and

the spectra are shown in Figure 33. We see that below -20.0°C the signal

corresponding to the complex broadens out into the baseline and if the

frequency difference (v A - VB) is not too large, this system could be studied

with the approximate method of Schori and co-workers“.
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Figure 33 Sodium—23 NMR spectra for a THF solution containing

NaBPh4 (0.050 fl) and DA1806 (0.025 M) at various

temperatures
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Another interesting study would be the investigation of the change

in the kinetics and the mechanisms when the two N-H groups of DA18C6

are replaced by two N-CH3 groups, the other parameters such as anion,

cation and solvent being kept constant. In order to find out if the polarization

of these N-H bonds upon complexation and consequently their interactions

with solvent molecules influence the kinetic results, this study should be

performed in a good donor solvent such as pyridine (DN = 33.1) and in a poor

donor solvent such as nitromethane (DN = 2.7). The length of the substituents

on the nitrogen atoms could also be varied without, however, introducing

donor atoms in them, since the two sites exchange model would not hold

anymore in such a case.
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APPENDIX 1

USE OF THE NTCDTL SUBROUTINE OF THE NICOLET NTCFTB-1180

PROGRAM FOR TRANSFERING NMR SPECTRA FROM

THE BRUKER WEI-180 NMR SPECTROMETER ONTO A FLOPPY DISK

After collection of an FID, Fourier transformation and phasing, the

NMR spectrum is expanded in the region of interest with the zoom command

Z0 and CONTROL E until a satisfactory result is obtained. The frequency

scale of the expanded region, _i_.£., the number of Hertz between two data

points, is then calculated by dividing its full width by (N-l), N being the

total number of data points describing the expanded region. The full width

is obtained in the ZO/CONTROL E mode with the right end and the left

end of the region displayed on the scope as F1 and F2 respectively. The

total number of data points is obtained by exiting the Z0 mode with RETURN

and using the full scale FS routine which gives the number of points displayed

in the ZO/CONTROL E mode. Finally, by using the NTCDTL subroutine,‘

the expanded region is transferred to a floppy disk located in a PDP-ll

computer conditioned to accept a file. The use of this subroutine is shown

below. >RUN NTCDTL

DATA-TRANSFER PROGRAM

VERSION # 10903

COMMAND:

BI,BO,CP,AP,AR,KB,LP,LR,MO,PR,TL,TT?

BO

WHAT FORMAT (A=ASCII. B=BINARY)? A

WHAT PARITY (E,O,M,N)? N

MAXIMUM RECORD LENGTH = 64

PROMPT = 12

ENTER TERMINAL MODE (Y,N)? N

COMMAND:

BI,BO,CP,AP,AR,KB,LP,LR,MO,PR,TL,TT?

MO

153
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After answering N to the ENTER TERMINAL MODE question, the LINE

FEED key of the PDP-ll computer must be pressed in order to achieve the

transfer. The final answer MO is used to exit NTCDTL and to go back to

the main NTCFTB program.

NOTE: The frequency scale as well as the total number of points must

be known for the next steps of the transfer which are described in section

2.4.3.  

 

 



APPENDIX II

TRANSFER OF NMR SPECTRA FROM A MAGNETIC TAPE

INTO PERMANENT MEMORY ON A CIBER CDC-6500 COMPUTER

A typical program for this transfer is shown below.

PNC CARD

POPOV.TP.JC2500.

REQUEST,TAPE.VRN=TMP272,AS.Z,HD.

F1LE.TAPE,RT=F,BT=E,CM=YES,FL=80,RB=10,MBL=800.

SKIPF,TAPE.I6,17.

HAL CRMCOPY,1=TAPE,O=FILEI,NPAR=1.

CATALOG,FILEI,CAC01,RP=999.

HAL CRMCOPY,1=‘TAPE,O=FILEZ,NPAR=1.

CATALOG,F1LE2.CACO2,RP=999.

HAL CRMCOPY,1=TAPE,O=FILE3,NPAR=1.

CATALOG,FILE3.CAC03.RP=999.

HAL CRMCOPY.I=TAPE.O=F1LE4,NPAR=1.

CATALOG,FILE4,CAC04.RP=999.

HAL CRMCOPY,I=TAPE,O=FILE5,NPAR=1.

CATALOG.FILE5.CACO5.RP=999.

HAL CRMCOPY,I=TAPE.O=F1LE6,NPAR=1.

CATALOG,FILF.6.CSC01.RP=999.

HAL CRMCOPY,I=TAPE,O=FILE7,NPAR=1.

CATALOG,FILE7.CSC02.RP=999.

HAL CRMCOPY,1=TAPE.O=F1LE8,NPAR=1.

CATALOG.FILE8,CSC08,RP=999.

HAL CRMCOPY,I=TAPE.O=FILE9,NPAR=1.

CATALOG.FILE9,CSCO4,RP=999.

HAL CRMCOPY,1=TAPE,O=F1LE10.NPAR=1.

CATALOG.FILE10.CSC05.RP=999.

HAL CRMCOPY,1=TAPE.O=FILEI1,NPAR=1.

CATALOG,FILE11,K1087.RP=999.

HAL CRMCOPY,1=TAPE.O=FILE12,NPAR=1.

CATALOG.FILE12.K1088.RP=999.

HAL CRMCOPY.I=TAPE.O=F1LE13,NPAR=1.

CATALOG,FILE13.KIO89.RP=999.

HAL CRMCOPY.1=TAPE.O=F1LEI4,NPAR=1.

CATALOG.FILEI4.K1090.RP=999.

HAL CRMCOPY.I=TAPE,O=FILE15,NPAR=1.

CATALOGJSILEI5.K1091,RP=999.

HAL CRMCOPY.I=TAPE.O=FILE16,NPAR=1.

CATALOG.FILE16.K1092.RP=999.

HAL CRMCOPY,1=TAPE,O=F1LE17,NPAR=1.

CATALOG.FILE17.K1093.RP=999.

HAL CRMCOPY,1=TAPE.O=F1LE18.NPAR=1.

CATALOG.F1LE18.K1094.RP=999.

HAL CRMCOPY.I=TAPE.O=FILEI9.NPAR=1.

CATALOG,FILEI9.K1095.RP=999.

HAL CRMCOPY.I=TAPE.O=FILE20,NPAR=l.

CATALOG,FILE20.K1096.RP=999.

PFLIST.

6

7

8

9

155



156

In this program, the first four cards and the final 6789 card must always

be included.

In the third REQUEST card, TMP272 represents the MSU-assigned.

magnetic tape visual reel name. The code number 272 may vary.

The program shown above will skip the first 16 files on the tape. This

is done with the fifth SKIPF card where 16 represents the number of files

to be skipped. If this card is not included, the program will transfer the

files starting at the first one.

The next forty cards are used to transfer 20 files starting at the

seventeenth one. FILEl-FILEZO are the temporary names used for this

transfer. For the transfer of one file, two cards which are HAL, CRMCOPY

and CATALOG must be used. .For a given set of these two cards, the

temporary name must be the same although its designation may be changed

by the user.

CACOl-CACOS, CSCOl-CSCOS and K1087-K1096 are the permanent

names assigned by the user to the files transferred into permanent memory.

These names can contain 1-40 characters and may be changed. The PFLIST

card is used to get an output listing all the permanent files stored in memory

on the user's account number. This card may not be included.

 



APPENDIX [[1

KINFIT SUBROUTINE EQUATION FOR AN NMR LORENTZIAN LINESHAPE

CORRECTED FOR DELAY TIME, LINE BROADENING AND ZERO-ORDER

DEPHASING IN THE ABSENCE OF CHEMICAL EXCHANGE
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APPENDIX IV

KINFIT SUBROUTINE EQUATION FOR AN NMR LINESHAPE OF AN

UNCOUPLED SPIN SYSTEM UNDERGOING CHEMICAL EXCHANGE

BETWEEN TWO NONEQUIVALENT SITES CORRECTED FOR

DELAY TIME, LINE BROADENING AND ZERO-ORDER DEPHASING
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APPENDIX V

APPLICATION OF THE COMPUTER PROGRAM KINFIT TO THE

CALCULATION OF COMPLEX FORMATION CONSTANTS FROM THE NMR DATA

The KINFIT computer program was used to fit the sodium—23 chemical

shift l§° mole ratio data to the equation (5.6) of Chapter V which was used

as the SUBROUTINE EQN.

6obs = [(KFCMT - KFCLT - 1) + ((KFCLT - KFCMT +1)2 +

 

6 '— 5

Equation (5.6) has two unknown quantities, 5ML and K12. designated as U(1)

and 0(2) respectively in the FORTRAN code. The two input variables are

the analytical concentration of the ligand (CLT, fl) and the observed chemical

shift ( 50b3, ppm) which are denoted as XX(1) and XX(2) respectively in

the FORTRAN code. Starting with a reasonable estimate for the value

of K1: and GML’ the program fits the calculated chemical shifts (the right

hand side of the equation (5.6)) to the observed ones by iteration method.

The first control card contains the number of data points (columns 1—5

(Format 15)), the maximum number of iteration allowed (columns 11-15 (15)),

the number of constants (columns 36-40 (15)) and the convergence tolerance

(0.0001 works well) in columns 41-50 (Format F10.6). The second control

card contains any title the user desires. The third control card contains

the values of CONST(1) (CMT, M) in columns 1-10 (F10.6) and consm)

( 6M, ppm) in columns 11-20 (F10.6); other constants can be listed in columns

161
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21-30, 31-40, etc... up to column 80. The fourth and final control card

contains the initial estimates of the unknowns U(1) = 5ML and U(2) = KP,

in columns 1-10 and 11—20 (F10.6) respectively. The fifth through the Nth

cards are the data cards which contain xxm = CLT in columns 1-10 (F10.6),

the variance on XX(1) in columns 11-20, XX(2) = the chemical shift at XX(1)

in columns 21-30 (F10.6) and the variance on XX(2) in columns 31-40 (F10.6).

This sequence is repeated in columns 41-80 for the second data point. Each

card must contain two data points except the last one which may contain

only one. The SUBROUTINE EQN is given below:
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APPENDIX V]

CALCULATION AND PROPAGATION OF ERRORS

The equation used to calculate the standard deviation on a result can

be found in many texts. They are usually referred to as

propagation-of-random-error expression in terms of confidence limits and

are145:

(1) ForF=ax1byicz

d2(F) = a2d2(x) + b2d2(y) + c2d2(z) (V1.1)

(2) For F = axyz (or axy/z or ax/yz or a/xyz)

_d_2_(F_) = d2(x) + d2(y) + (12(2)
  

F2 X2 yz 22 (V1.2)

(3) For F = axn

d2(F) __ d2(x)

3.7— - "2x_2'— (V1.3)

where a, b and c are constants and x, y and z are directly measured

experimental quantities are assumed to be mutually independent which is

true in our case. d is a confidence limit for each variable and is estimated

from the experiment. It is assumed to represent a 68% confidence limit,

.i_:_e_., d is equal to one standard deviation of the experimental value assumed
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to be the mean of a population with an ideal Gaussian distribution.

An example of such calculation is given below. It describes the

calculation of the error on the equivalent conductances reported in Chapter

IV. They are obtained from equation (4.3) recalled below.

1000K

A 2 —— (4.3)

d(A) is obtained from the following equation.

om) = d2(K) + (1201501) + d2(c)

— __ (V1.4)
A2 K2 R280] 02

 

d(Rsol) is obtained from equation (V1.5) derived from equation (4.1) as shown

below .

 

 

   

1 1 1

: —— ' — (4.1)

Rsol Rsol + SR RSR

Rearrangement leads to:

R501 : RSR x Rsol + SR

Rsn - Rsol+ SR

dzmsol) = dzmsol) + d2(Rsol+SR) +

stol RZSR RZsol + SR

(Rsn - Rsol + SR)“2 [dzmsnl + dz(Rsol + SR“ (v1.5)

d(C) is obtained from equation (V1.7) derived from equation (V1.6) as shown

below .
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___1000xm

Mxv

(V1.6)

where C is the salt concentration in eq/l, m is the analytical mass of salt

in grams, M is the equivalent weight of the salt in g/eq and v is the volume

of the flask in ml.

(12(0) _ d2(m) + d2(M) + d2(v) (v1.7)

02 m2 M2 v2

 

d(m) and d(v) are obtained from the specifications on the analytical balance

and on the Class A Pyrex volumetric flasks respectively. d(K) and d(M)

were assumed to be 0.03 cm‘1 and 0.01 g/eq respectively.



APPENDIX VII.

DERIVATION OF THE LINESHAPE OF THE ABSORPTION PART OF THE

NMR SPECTRUM CORRECTED FOR DELAY TIME DE,

LINE BROADENING LB AND ZERO-ORDER DEPHASING IN THE

ABSENCE OF CHEMICAL EXCHANGE  
The equation describing a Free Induction Decay (FID) is given by98:

f(t) = K exp[i(wA - wo)t]exp(-t/T2A) (VII.1)

where mo is the angular frequency of the radiofrequency pulse in rad/s, t

is the time in s., wA and T2A are the Larmor angular frequency in rad.s'1

and the transverse (or spin-spin) relaxation time in s.rad‘l of the investigated

nucleus in a given site A, respectively. K is an intensity factor.

The transformation from the time domain to the frequency domain

is given by the Fourier transformation described by the equation shown below.

+m

g(w) =f f(t)exp[-i(w— wo)t]dt (VII.2)

where w is the variable frequency.

Since epr-i(w- wo)t] = cos[(w - wo)t] - i sin[(w- wo)t], we can write the

following expression for g( 00):

+00 +¢

g(w) =ff(t)cos[(w- wo)t]dt-i/f(t)sin[(m-wo)t]dt (V11.3)

167



168

The separation of g(w) into a real and on imaginary part is easily done by

developing equation (VII.3), regrouping the real terms as well as the imaginary

terms into one real integral and one imaginary integral respectively and

simplifying each of them by trigonometric transformations. This leads to

the following equations.

g‘(w) = A(w) -iD(w) (VII.4)

with H

A(w) = Kfexp(-t/T2A)cos[(w- wA)t]dt (VII.5)

and 0

+0

D(w) = K/ exp(-t/T2A)sin[(ul- wA)t]dt (VII.6)

where A(w) and D(w) represent the absorption (or real) part and the dispersion

(or imaginary) part of the NMR spectrum respectively.

Applying a Line Broadening (LB) of N Hertz prior to Fourier

transformation is equivalent to multiplying) the FID by an exponentially

decaying function exp(-T'Nt). Combining this expression with equation (VII.1)

 

gives:

f(t) = K exp[i(wA- wo)t]exp(-t/T) mm)

with

T

T = 2A (VIl.8)

l + 'nNTZA

where T is the apparent transverse relaxation time after LB and is related

to the apparent linewidth at half-height W1 /2app after LB according to

the following equation.
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1TWl/Zapp = T'1 (VII.9)

In order to understand the effect of a delay time DE, let us recall some

basic principles of pulsed Fourier Transform NMR spectroscopy, the theory

of which has been described by Ernst and Anderson1~46. Suppose a system

of isolated spins in a magnetic field Ho along the z axis is subjected to a

sequence of rectangular radiofrequency pulses along the x axis with angular

frequency (no, magnetic field amplitude H1, duration To and period To. These

pulses tip the magnetization vectors which have Larmor frequencies wi's

such that Y H1/2 >> “’i - “50, where Yis the gyromagnetic ratio of the nucleus.

The resulting FID is the sum of the time dependences, during the acquisition

times Tao, of the x,y component of the magnetization vectors in a frame

rotating with a frequency mo around the z axis. The pulse length To is short

compared to the relaxation times T1 and T2 of the nucleus so that relaxation

is negligible during the pulse. The usefulness of the delay time DE is to

start recording the FID after complete decay of the trigger pulse in order

to avoid any interference of the latter. Therefore the relationship DE >>

To must be true. Assuming that the pulse occurs at t = 0, applying DE is

equivalent to "miss" the part of the FID between t = 0 and t = DE. Thus,

the logical correction for this lack of information is to integrate from DE

to infinity instead of from 0 to infinity during Fourier transformation. At

this point, the integration up to infinity can be criticized but usually the

acquisition time is chosen such as the FID completely decays down to zero

before the end of acquisition, L9, all the magnetization vectors decay back

to the z axis.

According to the observations described above, an NMR spectrum for

species undergoing no chemical exchange and corrected for LB and DE is
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obtained by calculating the following Fourier transformation.

+0

A(w) = K/exp(-t/T)cos[(w— wA)t]dt (VII.10)

DE

+0

D(w) = Kfexp(-t/T)sin[(w- wA)t]dt (VII.11)

DE

Integrating both equations by part twice and rearranging gives:

cos[(w- wA)DE]
 

 

A0») = ED -T sin[(w- wA)DE] + (w ‘wA) (VII.12)

D(w) = g- Tcos[(w- wA)DE] + “$wame (VII.13)

with

N = KT(w- wA)exp(-DE/T) (VII.14)

and

D = l + T2(w- M)? (VII.15)

The absorption part of the NMR spectrum corrected for zero-order dephasing

is given by“:

8(a)) = A(w)cose - D(w)sin6 (VII.16)

where 9 is the zero—order dephasing in rad., and A(w) and D0») are the

absorption and dispersion part of the spectrum perfectly phased, i._e., 9 =

0, described by equations (VII.12) and (VII.13) respectively.

Equation (VII.16), simplified by trigonometric transformations, is given

below .
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8(a)) = Ev cos[(m- wA)DE +9] -'I‘(w- wA)sin[(ul- wA)DE +9] + B (VII.17)

with

U = KT exp(-DE/T) (VII.18)

and

v = 1 + T2(w- oA)2 (VII.19)

The final expression of S(m) represents the function describing the absorption

part of the NMR spectrum corrected for delay time DE, line broadening

LB and zero-order dephasing in the absence of chemical exchange. The

new factor B is the intensity of the baseline.
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