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ABSTRACT 

Barriers to rotation were determined from variable-temper ature 

nuclear magnetic resonance spectra. The computer prograr:i used to cal ­

culute the rot.::i.tional rates \·w.s validated by obtainin~ r csult.s in good 

agreement with the literature values fro~ .studies curried out on neat 

N,N- dimethylcarbrunic chloride . The barrier to rotation for N,N,N' ,N'­

tetrrunethylthiodicarbonic diamide was measured in a variety of solvents 

and large variations in activation cncrr;y were observed (more than 

40 kJ mol- 1). The free energies could be correlated with the dielectric 

constant, the dipole moment , the Hildebrand solubility parameter and t he 

empirical polarity parameters £.rand z. =I A linear plot of ~H298 versus 

t .0.s298 for different solvents was obtained. 

Attempts to obtain other systems suitable for NHR study are 

reported. 
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SECTION 1 

INTRODUCTION 

1.1 DESCRI PT ION OF NUC LEAR MAGNETIC RESONANCE 

The first attempts to observe nuclear magnetic resonance (NMR ) 

were made in 19421 but it was not until 1946 that resonance signals 

were actually seen2 ' 3• Once the equipment used had become more sophis­

ticated the theory behind the observed phenomena could be elabor-

t d4,5,6,7,8 a e • 

1.1.1 Ang;ular Momentum 

Amongst the properties of some isotopes is that of spin which is 

associated with angular momentum, f• Angular momentum is a vector 
1 

quantity with magnitude, (h/2~)J(I + 1ffe, and with a component in the 

z direction given by the expression 

1-1 

where I is the spin quantum number which may have values O, i, 1, i, 
2 ••• and m

1 
can have values I, I-1, ••• O, ••• -(I - 1), - I. Ea.ch 

1 isotope has a fixed value of I; for the proton, I= 2• 

1.1.2 The Resonance Frequency 

Nuclei are charged and a spinning charge has an associated mag-

netic moment, ..1:., related to the angular momentum by the equation 

where tf is called the magn~togyric ratio. In a constant uniform magne­

tic field, B , aligned along the + z direction, the possible orientations 
-0 

of _a (and hence off) become non-degenerate (Fig. 1-1) with energies 

given by 

U=-1:.•l!o=-µ B 
Z 0 

1-2 

where µz is the component of 1:, along the z axis and B0 is the magnitude 
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\ 

Figure 1-1: 

Bo 
u 

For I = v2, there are two possible 

orientations of µ with an energy 

difference 

. LJ U = 2 µ~Bo=tnBo 



\ 

2 

of~· 

Since, for an isotope with even atomic and mass numbers, I= O, 

this nucleus does not have spin and is unaffected by the applied 

magnetic field, it cannot be detected in the nuclear magnetic resonance 

experiment. Such 1 .. 1 d 12c 160 28s. d 32s nuc ei inc u e , , l. an • 

The enerr;y difference, .i1 U, between the nth and mth orientations 

in the magnetic field is 

4 U = Un - Um= - (µzn - µzm) Bo 

but µz = 0 hmI 

so U = j 't h B
O 

Ll mI 1 
m 

m 

Only transitions between mn and either mn_1 or mn+1 are allowed so 

and if~ is the frequency of the radiation for such a transition then 

or 

1.1.3 

AU = h >.J = j ¥ h B
0 
I 

lJ = I o/27\ Bo 

Chemical Shifts 

1-3 

1-4 

If the magnetic environment of a nucleus is not exactly B, the 
0 

applied field, then the frequency which induces resonance will not be 

D = j ..LI B but lJ = }..J + /1 Such a variation in the local field 
0 2'u O O - • 

of a nucleus occurs when neighbouring electrons shield the nucleus from 

the applied field B. Since the electronic environment differs for 
0 

each group of similar nuclei it is found that for example the resonance 

signal of a methyl group (cH
3
-) is at a different position from that of 

a methylene group (-CH2-). This variation is usually expressed as 

l.)j = I d' /211' I BO ( 1 - 0 j ) 

where dj is the shielding constant for the jth group of nuclei. 

Since the separation of resonance signals varies with the strength 

of B
0

, the absorption peaks are usually expressed in parts per million 
)J . 

(ppm) as d j . = J / ~ 
0 

where :U0 is the operating frequency of the 



spectrometer. Unfortunately )J cannot usually be measured accurately 
0 

because of difficulty in measuring B so often a standard sample is 
0 

selected and ))j is measured in ppm from the standard signal. The 

usual standard in proton NMR is tetramethyl silane (TMS) which contains 

a sinele environment for all its protons and resonates at high field 

from most other proton signals. The values in ppm referenced to TMS 

are said to be on the 6 scale and are defined as 

6 cf = 1 O ( l) j' - ).) TMS ) / )J TMS 

or 
' 6 

0 :::i. 10 ( d TMS - d j ) 

1.1.4 Internuclear Coupling 

at constant B 
0 

1-5 

3 

The electronic environment, and hence the shielding of the proton, 

is affected not only by the nature of the group of which it is a part 

but by neighbouring groups. If the neighbouring group has n protons 

and as each proton has two possible orientations in the applied magnetic 

field, the number of possible combinations of spins is n + 1. In the 

simplest case (referred to as a first order spectrum) the proton may 

experience a magnetic field due to any one of these combinations and so, 

for the whole sample, the total absorption peak is split into n + 1 

lines with equal separation. The relative intensities of the lines are 

given by the binomial coefficients (as found in Pascal's triangle). 

This interaction is known as spin-spin coupling. Its magnitude 

is determined by a spin-spin coupling constant (simply referred to as a 

coupling constant) wri.tten as J nm for interaction between spins n and m. 

This type of spectral analysis can only be used if AD » J · 
run run' 

in any other case a full quantum mechanical analysis is required to 

determine chemical shifts and coupling constants. 

Exchange-induced Variations in Spectra 

Once multiple peaks for a group had been observed718 , it was found 

that the expected splitting ln absorption signals was not always apparent. 9 



The lack of coupling was explained by postulating that fast exchanee 

was occurring between several non-equivalent sites so the exchanging 

nuclei were decoupled from their neighbours whose resonance signals 

were therefore unsplit. 

In most cases the rate of exchange was so fast that only a 

time-averaged peak was seen at a position )..) which can be related to 
obs 

the peak positions ~A and )JB of the separate sites A and B thus: 

1-6 

where pA is the mole fraction of nuclei at site A. 

In some cases at room temperature the peaks at positions ).)A and l>B 

are apparent but for intermediate rates of exchange between the two 

sites the spectrum chanGeS in a regular manner from the slow exchange 

spectrum with peaks at l-\ and ).) B ( for lower temperatures) to the 

10 
time-averaged peak at )J b for higher temperatures • 

0 S 

1.2 QUANTITATIVE APPROACH TO NMR 

The first step in quantitatively describing the observed tempera­

ture dependence of the NMR spectrum was to develop a set of equations 

which would fit the line-shape for a temperature-independent spectrum. 

These equations were developed, for a simple system, from classical 

physics but are consistent with quantum mechanical descriptions. 

1.2.1 Classical Derivation of the Bloch Equations 

4 

If a spinning particle has a magnetic moment l:. then, in a uniform 

external magnetic field~, a torque 7: is exerted on the particle, 

tending to align l:. with~· 

't'=u B - .;. " 
Such a torque, combined with the spin, results in the precession of l:. 

about~ (Fig. 1-2) which can be analysed in terms of angular momentum f: 



· Figure 1-2 : 

y 

Figure 1-3: 

~ 

Bo 

Bo 

M ( OOMo) 

A single dipole 

precessing about 

Bo 

A random 

collection of 

nuclei precessing 

about an external 

magnetic field 80 

along the +~ axis 



But 

So 

Since 

or 

Since 

d 
dt f = ! = l:. " B 

1:.=Kf 
d d 
dt l:, = ;r dt f = i (1:, /\ ~) = - 1 (~ II !:,) 

w
0

, the aneular velocity of precession, is given by 

d 
cttf=fc.Jo 

l:, W
0 

= - 0 (~ /\ µ) 

w
0 

= laBI 
= 2 i( ).J 0 this becomes 

I l/2 7l') B 

This equation was developed from a quantum mechanical basis earlier 

(see equation 1-4). 

In a random collection of nuclei precessing at the same angle, 

each nucleus has a different phase so that the total magnetic moment 

5 

(or magnetisation) of the collection, .!:2,, has only a component in the z 

direction when the collection is in a constant magnetic field B aligned 
-0 

along the z direction (Fig. 1-3). If the external field varies then M 

will also have components in the xy plane. In the usual continuous 

wave NMR experiment an oscillating field, 2B, cos t, is applied along 

the x-axis. Such a field can be regarded as being the sum of two fields, 

(B1 cos u.>t, -B1 sin wt, 0) and B1 cos wt, B1 sin wt, 0), counter­

rotating about the z axis in the xy plane (Fig. 1-4). Only one of these 

fields is rotating in the same direction as the precessing moments so 

only this field (B1 cos <.Jt, -B1 sin wt, 0) can affect the magnetisat~on 

M. The frequency of the applied field, W , must be that of the pre­

cessing moments or the torsional effects at w
0 

-w will cancel out 

those effects at 180 + w 
O 

- w (Fig. 1-5). 

The general equations for!:!, are 

!:!, = Mx 2:. + My .J. + Mz ~ 

Tt° !:!, = (-h, Mx) i + (~ My) .J. + (:t Mz) k 

1-7a 

1-7b 



y 

Figure 1-4: 

The oscillating magnetic field 

separated into rotational components 

Figure 1-5: 

M 

The torque exerted on 

a dipole by a magnetic 

1 
field B, along the +x axis 



If the oscillating field 2B1 cos wt is suddenly switched off then the 

components (M , M , M ) of M, which are non-zero in the field B 
X y Z -

(B1 cos .wt, -B1 sin wt, B
0

) will revert to the equilibrium values 

found in the field B (O,O,B) which were earlier given as M(O, O, M ). 
0 - 0 

The time constants which govern the exponential decay of M , M and M 
X y Z 

to their equilibrium values are known as relaxation times. The time 

constants for the decay of M and M are assumed to be the same and 
X y 

are called the transverse relaxation time or the spin-spin relaxation 

time (since the interactions between nuclear spins can relax M and M 
X y 

6 

without transferring energy to the lattice) and are given the symbol T2• 

The time constant for M is called the longitudinal relaxation time z 

(since M is parallel to the constant field B ) or the spin-lattice 
Z 0 

relaxation time (since the energy flow associated with relaxation of 

M is from the nuclear spin system to the lattice)and given the symbol 
z 

The equation'.s governing relaxation are: 

d 
M/1'2 1-8a dt MX - -

d 
M/1'2 1-8b dt My - -

d 
(Mz - Mo)/1'1 1-8c dt Mz = -

Since Mis the resultant of the collection of magnetic moments it must 

obey the same type of equation for variation with time as l:.• Hence 

d dt t!. = - 'lf' (~ I\ !;1) 

B M i 
X X -

- - t (B M - B M ) i - j' (-B M - B M ) _j_ - 't (B M - B M ) k yz zy- xz zx xy yx-

When both the oscillating field in the xy plane and the constant field 

in the z direction are applied 



7 

so if the decay terms are also included , the equations controlling the 

variation of the x, y and z components of the magnetisation with r espect 

to time are given by: 

1-9a 

1-9b 

~t Mz = - 0 (B1 cos wt My + B1 sin lJt Mx ) - (Mz - M
0

)/1'1 

1-9c 

1 1 
These equations can be simplified by transferring to axes x , y , z 

which rotate at an angular frequency-(.) in t he xy plane . u, the com­

ponent of~ along x1 and v, the component of~ along y1 , can be related 

to the components of the magnetisation along the stationary axes thus: 

u = M cos(-wt) + M sin(-(...)t) = M coswt - M sinwt 
X y X y 

v =-M sin(-wt) + M cos(-wt) = M sinwt + M coswt 
X y X y 

Equation ~-9 then becomes, in the new coordinate system (if O B0 
= W 

0
) 

d ctt V = (CJ-w)u+ 
0 

d 
dt Mz = - 0 B1 v - (Mz - Mo)/1'1 

. 11 12 These are the Bloch equations ' • 

1-10a 

1-10b 

1-10c 

The NMR spectrometer can be set up to observe either the in-phase 

component of the magnetisation, u (this is called the dispersion mode), 

or the out-of-phase component of the magnetisation, v (this is called 

the absorption mode). 

1.2.2 Line Shapes and Saturation 

For the usual continuous wave NMR experiment it can be assumed 

that to a close approximation 

d - u::: 0 
dt 

d dt V = 0 



With these condit i ons the Bloch equations can be solved to give the 

following expressions for u and v: 

8 

1-11a 

1-11 b 

The NMR experiment depends on the unequal populations of the two spin 

states available, the low energy state being more populated. For a 

thermally equilibrated Boltzmann distribution of nuclei in the two 

energy states: 

where N1 and N2 are the populations of the low and high energy levels 

respectively 

~ is the Boltzmann constant 

Tis the absolute temperature 

and b. U is the energy level separation given by 

60 

,1 U = 2µB 
0 

and since 2µB
0
/~T is small 

The excess population in the lower state is 

so when T = 291 Kand B = 1 T then 
0 

(N1 - N2 )/N1 = 7 x 10-6 

1-12 

For every million nuclei in jthe lower energy level there are seven less 

nuclei in the upper energy level. 

This excess population in the lower energy level absorbs energy 

from the radiofrequency field whiqh excites some nuclei sufficiently to 

transfer them to the higher level. A strong radiofrequency field can 



rapidly equalise the populations of the two levels thus reducing the 

height of the observed peak to zero. The reduction of the excess popu­

lation by intense applied magnetic fields is called saturation and is 

one of the main operational problems in obtaining spectra suitable for 

lineshape analysis. 

From the equation 1-12, the larger the magnetic field the greater 

is the excess population and the more widely spaced are the energy 

levels so, if the field is increased, saturation becomes less of a 

problem. The problem arises because the relaxation rate of nuclei is 

governed by the longitudinal relaxation time T1 which may be of the 

order of 10-3 sec to 10 sec for liquids so, if the field B
1 

is of 

sufficient intensity, the excess population of the lower level quickly 

reaches zero and the absorption signal is diminished or absent. In 

terms of the absorption line shape (equation 1-11) B
1 

is sufficiently 

large that the term 0zB1
2 T2T1 is no longer much less than one so the 

height of the absorption peak decreases while the width of the peak 

. 10 increases 

1.2.3 Exchange Between Two Sites and the Absorption Lineshape 

The equations for u and v (or for M and M ) may be combined to 
X y 

give G, the complex magnetisation, which is defined as 

9 

G = u + iv 

Hence d ,
0 

d . d 
dt =d'tuti7itv 

1-13a 

1-13b 

Substituting from equation 1-10 

d cit G == - i( (.J
0 

- w )(u + iv) - (u + iv)/T2 - i G.)
1
Mz 

==-a.G+i 1 " M ....,1 z 

where 

and 

Under steady state conditions d 
'dt G = 0 



so 

therefore 

G = i w M /a. but since M c::! M
0 z z 

G = i (.J M /a. 
0 

wher e j m(G) is the imaginary part of G. 

In a series of papers , Gutowsky and co-workers9 11 3 , 14 and other 

groups 15 ' 1-6 developed compl ete lineshape equations for the exchange of 

nuclei between t wo non-equivalent sites (with and without coupling ) 

from the Bloch equations . The following treatment, however , is that of 

McConnell 17• 

The jump of a nucleus from site A to site Band back a gain if 

't'n (n = A, B) is the lifetime in site n and kn the rate constant for 

exchange f rom site n , is equal to 1/7: has the following e ffects on M, 
n 

the magnetisation: 

it decreases M at site A by kAGA 

it increases M at site B by kAGA 

it decreases M at site B by ~GB 

it increases M at site A by ~GB 

The magnetisation at sites A and B will therefore change according to 

equation 1-13B which , with the appropriate additional terms included 

gives the following equationsi 

1-14a 

1-14b 

Under steady state conditions 

M ~ M = p M zn on no and for n = A, B 

If equations 1-14a and 1-14b are ·solved with the appropriate substitu­

tions for Mzn then the total complex magnetisation GT (defined as 

GA+ BB) is given by the expression 

10 



where 

i4)1 Mo {cA +"CB+ 'tAYB(pAo.B +pBo.A.)] 

{(a.A ?:A+ 1 ) (o.B'tB + 1 ) - 1 } 

1 
a.=+- +i(l,..J -w) 

n T2n o 

11 

1-15 

Since this exchange is between two sites the population at each site is 

related to the lifetime of the nuclei at that site of equilibrium: 

i.e. 1-16 

Hence the absorption signal can be calculated from the imaginary parts 

of G according to the equation 

v = j (G) = 3 m m 

if the quantities 7:, 

i lJ 1 Mo {CA + 't B + 't, A l B ( p A o.B + p Bo. A ) J 
[(a.A 't A - 1) (o.B 1'. B - 1) - 1 } 

PA' P B' T2A' T2B ,vA,lJB are given. 

1-17 

It is also 

possible to specify set values for all parameters but 7: and to vary ?; 

by increments to obtain the closest possible match to an experimental 

spectrum. The quantities T2A, T2B, ).)A and lJB are usually determined 

in the slow exchange limit when ~ = cfJ • 

This equation for the absorption lineshape has been derived by 

assuming that the signals in the low temperature limit are from a first 

order spectrum. If the spectrum is not first order then a density 

matrix approach should be used if a rigorous treatment is required 18• 

1.2.4 Use of the Rate Constant 

Once?:: at each temperature is known then the Arrhenius equation 

can be used to find the activation energy E since 
a 

11 Ea/ 17: = k = A exp(- kJr) 1-18 

where R _is the gas constant 

Tis the absolute temperature 

or the equation derived from transition state theory can be used. 

where~ is the Boltzmann constant 

Tis the absolute temperature 

1-19 



and 

his Planck's constant 

C:.G:/ is the free energy difference of the transition slato from lhP 

ground state 

R ie the eus conotant 

Since the full lineshape equation was very tedious to Apply , thn 

equation hao at times been simplified to use such paramPters AG the 

intensity ratio of a maximum to the central minimum19 , the width of the 

20 21 22 peaks at half height both above and below ' the temperalurc at 

which the peaks coalesce, and the peak separation14 to find a value for 

k at a specific temperature . The results obtained depended on the 

careful use of the simplified equations in the regions where the 

approximations made in their derivations are valid. If the equation:1 

were used outside this region the results were unreliable and led to 

discrepancies between the values quoted by different research eroups . 

12 

By the time such disagreements in the magnitude of thermodynamic 

parameters had been well documented high speed computers were widely 

available so the full lineshape treatment could be used on systems such 

as the amides and selectively deuterated analoeuee which fulfilled the 

requirements of the Bloch lineshape equation that the spectrum in the 

slow exchange limit be first-order. As the number of total lineshape 

studies increased the agreement between the data from different research 

groups improved to the s~age lwherc external limitations on the accuracy 

of temperature, T2 and position measurements were of greater importance 

in the determination of errors than the approximations used. Some 

approximations were made in cases euch as formamide and acetamide23 

where coupling between the carbon-methyl group or proton and the nitro­

gen methyl groups could affect the relative intensity of the peaks, but 

24 in other cases such coupling ie incorporated into the computer program • 
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The limitations of the absorption lineshape for two site exchanee 

led t o the generalization for first order exchange spectra of the Kubo 

Sack matrix approach25 but for more complex spectra the most accurate 

possible description is civen by the density matrix method26 , 27 • At 

present lincshapcs are analysed by the simplest possible method which 

will accurately describe the system so all three lineshape descriptions 

may be considered depending on the complexity of the spin system being 

studied. 

1.2.5 Thermodynamic Parameters for Amide Systems 

Many amides have been extensively studied by lineshape analysis 

in various solvents. In Table 1-1, data for N,N-dimethyl acetamide 

( ll'!A ) has been collected from several papers which used complete line­

shape analysis so the reported thermodynamic parameters should be 

accurate. The solvents used in these studies vary widely in polarity 

and reactivity (in the sense of associatin& with the solute) but unfor­

tunately the parameters other than b.Gf (the free energy of activation) 

vary, even for the same solvent, if analysed by different research 

groups. 

When D.Gf is considered the solvent has a marked effect on the 

magnitude of the free energy change. Changes in solvent alter the 

micro-environment of the solute so variations in~ af wit~ solvent can 

be expected. In the only study where the concentration of the IMA was 

varied purposefully on a large scale, /1Gf does appear to change for 

the initial two dilutions but then seems to approach a limit. In this 

table, both deuterated and undeuterated Dl~A have been presented as 

though the thermodynamic parameters for rotation in these two compounds 

are the same. The data for I:MA in formamide and neat I:MA would seem to 

confirm this assumption; the discrepancies in thermodynamic parameters 

for I:MA in D20 and CCl4 could be due to the differing concentrations of 

IMA used in these analyses and this would confirm ~he results for I:MA 



14 

Table 1-1 

N,N- Dimethylacetamide in Various Solvents 

R 
/H3 

~c N 

/ 
~H3 0 

Ea :/ :/ 
R a G298 29~1 Solvent Cone. 

-1 -1 JK-1 kJ mol kJ mol mol 

CD 28 
3 

82.0 .! 1. 3 76.1 + 11.3 neat 

CH 24 
3 

79.5.: o. 4 75-7 + 0. 4 + 2. 9 + 4.1 neat 

CH 24 
3 

82 . 8 + o. 4 80. 8 + o.4 + 3-3_:4.1 D20 10 mol% 

CD 23 
3 

87.9 .! 3. 8 80. 8 .! 3.8 + 11 . 3 D20 1.04N 

CD 29 
3 

84. 9 _: 1. 3 77. 4 + 17. 2 .: 3.3 11-:so- d6 9. 5 mol% 

CH 24 
3 

82 . 0 .! 1.3 75.3 + 13.0 _: 8.4 (CD
3

)2co 10 mol% 

CH 30 
3 

70. 5 .! 1.7 72. 5 - 15.0 .! 5.1 CC14 14. 9 mol% 

CD 31 76.6.: o. 8 72.8 + 4.6 CC14 1.7 mol% 
3 

CD .31 75 . 3 .! 1. 3 72.4 + 2.1 Isooctane 2.6 mol% 
3 

CH 32 
3 

77 _4b o-dichlorobenzene 20g 1-1 

CD 33 
3 

89 .1 .! 2.5 81 . 2 Formamide 90. 2 mol% 

CH 33 
3 

87.4 .! 1.7 80. 8 Formamide 90. 1 mol% 

82. 0 + 2.1 79.5 80.5 mol% 

81.6 .! 2. 5 78. 7 70.9 mol% 

81 . 6 .! 1.3 78.2 47.7 mol% 

a 1 -1 H 8 = E - 2.5 kJ mol 29 a 

b c/ at 318K 



15 

in formamide. 

Another way to chance the environment of the solute is to us e only 

one solvent but chanee its properties by addine salts of various kinds 

(Table 1-2). Very little work on this type of effect has been done so 

a coalescence temperature study by Eean34 has been included. The two 

salt-free solutes at the head of the table are listed as controls on the 

reported parameters. 

Temussi23 attributes the large entropy change, /Js1, for the 

D~A/Ag+/D
2

0 solution to inaccurate T2 values used to compensate for 

carbon-methyl coupling to the N-methyl groups. Such coupling was not 

explicitly included in . the lineshape program but was treated as an extra 

broadening effect of the N-methyl peaks. To test whether /J s1 was 

affected by T2 , analyses of N,N-dimethyltrideuteroacetamide in n2o with 

+ and without the silver ion Ag were done at various temperatures. As 

the Table shows, attributing large values of !Js1 to inaccurate T
2 

values is probably correct for this molecule. 

Unfortunately there are no systematic studies of salt effects on 

rotational barriers. The data in Table 1-2 show a marked change in 

AG1
298 in the presence of monovalent salts but more studies of ions in 

similar solvents are needed before theories about the interactions 

involved can be formulated. 



Table 1-2 · 

Salt Effecta on Hotational Barriers in N,N-Dimethylucetamide 

Hef E 

24 

21~ 

23 

23 

23 

34 

34 

a 

b 

a 

kJ mol-1 

82 .0 ~ 1.3 

82 . 8 ~ 1.3 

105 . 4 ~ 2.1 

79. 5 ~ 2. 9 

87. 9 ~ 3. 8 

Gt at 333K 

a/ at 374K 

t 
G298 

-1 kJ mol 

75.3 ~ o. 4 

80. 6 + o.4 

74.1 + 2. 1 

74 . 9 ~ 2. 9 

80. 8 ~ 3.8 

74.1 a 

83.7b 

t 
298 

Jl<.-1 mol - 1 

+ 13.0 ~ 8.o 

+ 3. 3 ~ 4.2 

+ 85 . 4 

+ 5.9 

+ 11.3 

Solvent 

10 mol% (cD
3

\CO 

10 mol~'6 D20 

n2o + 4J,iJ\r; 
+ 1M 

1M 111A- ct
3 

in D20 + 4MJ\[S 

1i'-i U~A-d 
3 

in D20 

1M dioxan 

1M dioxan + 1M Li+ 
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SECTION 2 

INSTRUMENTAL AND EXPERIMENTAL PROCEDURES 

In this section the instruments and procedures in dealing with 

the samples prepared for variable temperature NMR s pectroscopy are 

eiven in some detail so that particular problems may be mentioned in 

lesser detail as they arise. 
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For all experiments described the spectrometer, a JEOL JNM-C-60HL 

high resolution NMR spectrometer, was used in combination with a 

JES-VT-3 variable temperature controller and a Marconi TF-2414 counter 

timer. 

2. 1 THE NMR HIGH RESOLUTION SPECTROMETER 

2.1.1 Internal Lock and the Spectrometer35 

The magnet for providine the main magnetic field is an electro­

magnet producing a field of 1.4092 Tesla at 6Q>1Hz. The mainct is excited 

by a stabilized AC power supply which is stable to 1 part in 107• Since 

this field is affected by temperature variation; magnetic fields 

associated with power switches, transformers and motors; and magnetic 

fields due to magnetic materials in and around the magnet, a super­

stabiliser is incorporated in the instrument to reduce fluctuations in 

the magnetic field to 1 part in 108 but this cannot compensate for overall 

drift of the magnetic field caused by changes in the resistivity 

characteristics of components. 

To deal with this drift a reference sample positioned near the 

detector coil or one of the peaks in the spectrum is used as a lock 

i.e. the drift is controlled using this sample or peak as a standardised 

value. In internal lock, which was the mode generally used in obtaining 

spectra reported in this thesis, the signal of tetramethylsilane (TMS), 



which had been added to the sample tube , was used as an internal 

reference for drift control. 

Tetramethylsilane has twelve protons in identical environments 

so the sin5le sienal is much stronGer than for most other compounds 
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used in NMR and a correspondincly small amount (usually 1%) can be added 

to an NMR tube. Since the TriS signal is at hieher field (lower frequency) 

than most compounds used in NMR , only a low field sweep is usually 

needed. 

Two modulation frequencies are used and the TMS signal is detected 

as a dispersion curve, so that variations from the null point provide 

feedback to r everse any drift , while the rest of the spectrum is 

recorded as a set of absorption peaks. If the main field varies by D B 

Figure 2-1: 

Voltage 

TM S dispersion pattern 

AB 
null point 

.LlE 

from the field at the null position B, the disperions signal instead of 

being zero will correspond to - E. By feeding this voltage to the 

s~per stabiliser a voltage + Eis produced which will return the 



applied field to the field value at the null position. 

This lock system improves the stability to 1 part in 109 but 

restricts the possible sweep methods to those which vary the frequency 

or the field/frequency ratio. From the resonance equation 1-4 

D/B == I t/2 7r) 

so both field and frequency can be altered at the same time to sweep 

the spectrum. 

The use of two closely related modulation frequencies for lock 
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and spectral observation results in interaction between these two 

channels. As the resolvine power increases so does the sienal stability 

causinG absorption peaks to become sharper. The major advantaee of 

internal lock methods is the small volume over which field homoe;eneity 

must be maintained. Since both reference and measured samples arc in 

the same tube the total sample volume is at a minimum when compared to 

external lock in which a separate reference is provided, simplifying 

the circuitry but enlare;ing the volume over which the field must be 

stable. 

The stability in the internal lock mode given in the specifications 

is +0.4 Hz for five successive five minute sweeps. The claimed resolu­

tion is 5 x 10-9 or0.3 Hz. 

2.1.2 The Frequency Counter 

A Marconi TF-2414 counter timer was linked to the NMR spectro-

meter. At the centre of the beat pattern resulting when the reference 

and observation signals have nearly the same frequency the counter, 

·when applied to t~e lock sipnal, read 40oo.2 Hz. All spectral positions 

were calculated from this reference signal. The rec·orded frequency 

readings were the average of three or more successive determinations 

for a given peak position. The claimed accuracy of the countertimer 

is .:!:_0.1 Hz. 

Frequency measurements for spectra were made by putting two or 



\ 

more vertical markers of known frequency (as read from the . frequency 

counter) on a spectrum and interpolatine between them to any given 

position. 

2.2 VARIABLE TEMPERATURE MEJ\SURE·lENTS 

2.2.1 Control of Probe Temperature36 

The variable-temperature controller alters the probe temperature 

from ambient temperature (usually 300.0K) by surroundine the sample 

tube in the probe with a stream of gas which will warm or cool the 

s ample to the requi~ed temperature. For low temperature control, the 

bas evaporating off liquid air in a 10 litre dewar is piped into the 

probe. The evaporation rate in the dewar is automatically controlled 

by a heating coil immersed in the liquid air to give the required 

sample temperature. 

To reach temperatures above ambient temperature, compressed air 

is fed into the temperature controller which heats the air to the level 

needed, before the air is sent into the probe. 

The stability claimed for the temperature controller in the 

specifications is ,::o.5°c. 

2.2.2 Temperature Gradients 

20 

In an effort to find a more accurate means of measuring the 

temperature' than was possible witq a thermometer, a pair of thermocouples 

were set up in the NMR machine. One thermocouple was placed in the probe 

as near as possible to the receiver coil while the other thermocouple 

was suspended in a spinning tube in an attempt to simulate the usual 

operating conditions. Unfortunately the electromagnet had to be turned 

off during these measurements so the actual operating conditions were 

not reproduced. 

The other ends of the copper-constantan thermocouples were 

immersed in a deionised ice/deionised water mixture during measurements. 



i 

I 

At room temperature under t~ese conditions both thermocouples cave a 
I 

voltage difference of 774µV as measured by a pot entiometer bridge 

(W.G. Pye and Co.). From standard tables37 this corresponds to a 

0 
temperature of 20 C. 
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The thermocouple in the probe is l abelled B (with the correspondin;;; 

potential difference~) while the thermocouple in the spinning tube 

was labelled A (with potential difference EA). Thermocouple A was 

marked on its stem to indicate when the tip was at the base of the tube 

(0cm) and at 1.0, 1.5, 2.0, 3.0 and 4.0cm above the base. The receiver 

coil is 1.5cm above the base of the probe. 

The variables in the following experiments were the air pressure 

to the spinner, the temperature in the probe and the heicht of the 

thermocouple above the base of the NMR tube. When the air pressure was 

altered from 40 to 30 G cm-3 there was no significant chance in the 

potential difference between the two thermocouples, ,6E (defined as 

EA - ~), but when the temperature and the heie;ht above the base of the 

probe were varied the potential difference altered dramatically 

(Table 2-1). Thoue;h the relationship between changes in 6E and height 

above the base of the probe appear linear at lower temperatures 

(Fig. 2-2), as the temperature rises the linearity disappears. The 

relationship between~ (a measure of the probe temperature) and E 

is curvilinear at all positions in the NMR tube (Fig. 2-3). Since the 

field homogeneity should be greatest at and near the receiver coil, the 

optimum conditions for future work were the thermocouple at 1.5cm from 

the base of the probe with a spinning air pressure of 30 8 cm-3~ 

AlthouGh the difference in potential between the two thermocouples 

at room temperature was necessarily zero, as the temperature each day 

varied so did the room temperature potential difference~ for which 

~ E = 0. The curves of /1 E versus ~ obtained on two da~s when the 

initial room temperatures were 25~5°C and 20.5°c are shown in Fig. 2-4. 
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Table 2-1 

Temperature Gradients in the NMR Probe 

T A in µV B ,6 E L':l(L\ E) 

K Hcicht above base of tube in cm in ( EA- Eg) 

0 1 2 3 4 1.1V µV µV 

303 1454 1 L~16 38 -
1449 1409 40 2 

1485 1431 54 16 

1495 1435 60 22 
1465 1400 65 27 

313 1945 1878 67 -
1951 1876 75 8 

1951 1865 86 19 
1965 1871 9L~ 27 

1971 1866 105 38 

323 2402 2296 106 -
2410 2295 115 . 9 

2442 2317 125 19 
2426 2285 141 35 

2441 2288 153 47 

333 2806 2660 146 -
2814 2653 161 15 

2825 2647 178 32 
2872 2672 200 54 

2889 2665 224 78 

343 3228 3041 187 -. 
3253 3048 205 18 

3279 3051 228 41 

I 3302 3047 255 68 
I 3354 3064 290 103 I 
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Because of the different initial temperatures (and hence values of E ) 
B 

at which l\E is zero the curves are not super-imposable. 

Since these measurements of EA and EB could not be muclo when tho 

probe was thermostatted by the operatinc macnet and its water coolinc, 

a unique calibration curve which would allow measurements of t he emf 

of thermocouple B t o be used to determine the temperature in the NMR 

tube can not be determined. 

23 

At this sta5e the papers by Van Geet38 ,39 on the temperature 

dependence of the peak separation in methanol and ethylene i;lycol were 

discovered. To check the method both the peak separations of these two 

samples and the correspondinc value of EB were determined. The plot of 

/1JJ versus EB was linear but rather than calibrate EB from LJ:U 

which had, in turn , been calibrated from a thermistor, .1u only was used. 

2.2.3 Methods of Temperature Measurement 

Early attempts to measure the temperature in the probe were made 

usin5 a thermometer inserted into the probe under t he same air flow 

conditions as for recordine a spectrum but this was thought to be too 

inaccurate since the error was+ 1°c. 

Later measurements made with methanol or ethylene glycol samples 

and, using the temperature-dependent separation, LhJ, of the hydroxyl 

and methyl or methylene peaks in combination with the equations 

developed by Van Geet (Table 2-2), were accurate to between 0.3 and 0.8 

degrees. The temperature-m~asurine; samples were distilled methanol or 

ethylene glycol- to which had been added .03% concentrated hydrochloric 

acid to sharpen the hydroxyl peak. Since the methyl or methylene peaks 

were sharp enough to act as lock signals, no TMS was added and t)JJ , the 

peak separation, could be read directly from the frequency counter by 

locking on to these peaks and then observing the hydroxyl peak. In a 

few cases the temperature determined from the equations was checked by 
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Table 2-2 

Van Geet 1s Equations38 ,39 

Methanol 220-270 K T = 493.4 2.083 + .7 K 

260-320 K T = 464.0 1.775 + .4 K 

Ethylene Glycol 310-410 K T = 466.o 1.694 + .3 K 

measurine the temperature directly using a thermometer. 

PREPARATIVE PROCEDURES 

The Glove Box 

The glove box was fitted with new gloves of the required small 

hand size. All ports were checked to ensure that they were air-tight. 

Initially the glove box was flushed with dry nitrocen directly from the 

cylinder. To keep the glove box dry and clean after the initial flushing, 

the nitroeen from the cylinder was passed through two traps, the first 

containing concent rated sulphuric acid to r emove any traces of water and 

the second containing sodium hydroxide pellets to trap any acid entrained 

in the gas. Before use, the glove box was always flushed overnight with 

nitrogen. Thereafter the slave box was kept at slightly positive pressure 

with respect to the laboratory so any gas flows were out of the glove 

box. 

Equipment was usually left overnight in the dry box before use. 

Before being placed in the b1x, bottles were uncapped and flushed with 

dry nitrogen to remove any moist air that might remain after oven drying. 

The Cleansing of Glassware 

NMR tubes were first soaked in chromic acid for at least an hour 

(more usually for twenty-four hours) before being rinsed three or four 

times with tap water and four times with distilled water. Glassware 

was washed with detergent or soaked in chromic acid, rinsed with tap 

water and again with distilled water. 



All classware (including the NMR tubes) was dried in the oven 

and cooled either in the dry box itself or in a desiccator. 

Sample Preparation 
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The samples were usually made up in a glove box under nitrocen. 

Precalibrated 2cm' flasks were prepared as above (Section 2.3.1 

and 2.3.2) . These flasks were stoppered in the glove box, removed 

(usinc tissues for handling the clean glassware) and weighed on a four­

fiQ1re Mettler balance . They were returned to the e;love box where 

solids were added then the flasks were rcweiGhed, returned and the 

amount of solid was adj usted until the approximately correct weieht of 

solid was present . The solvent was added via Pasteur pipettes to the 

flask up to the 2cm' mark then 4 drops of TMS were added . The flask 

was stoppered and shaken. About 0. 5 - O. 7cm' of the solution was put 

in an NViR tube with a quick fit joint sealed to the top and capped. 

The NMR tube was then deeassed on the vacuum line by the freeze-thaw 

technique (see Section 2.3.4) then sealed under vacuum. 

2.3.4 The Freeze Thaw Technique for Sealing NMR Tubes 

The NMR tubes had quick fit joints sealed to their tops which 

matched the joints on the vacuum line . The NMR tubes were put on the 

vacuum line, the tube and its contents were frozen in a dewar of liquid 

air and while the solut~on was frozen the tap to the vacuum line was 

opened to remove air above the frozen solution. The vacuum line tap 

was shut, the dewar was removed and the solution thawed releasing 

dissolved gases into the vacuum above the solution. This freeze-thaw 

cycle was repeated at least twice more or until gases were no longer · 

expelled from the solution. I 

Sample Spectra 

Once the NMR tubes containing the samples had been sealed a room 

temperature spectrum was runto verify the preliminary spectra and to 
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ensure the solution contained enough TMS to give a good lock/reference 

signal. The next step was to run a few high and low temperature spec l r a 

to examine qualitatively how the spectrum changed with t emper a ture nnd 

whether the slow exchange region was accessible in the particular solvent 

being used. 

All spectra at temperatures other than ambient temperature had t he 

I 
temperature determined before and after the running of the spectrum 

either with a thermometer or with a methanol or glycol sample tube _in 

the probe, under the same conditions of power and air flow as the sample 

tube. The spectra were usually run on an expanded scale since the 

standard scale for a spectrum is 9 ppm (540 HZ) wide. 

2.3.6 Di gitizing a Spectrum 

Once a spectrum had been run with good phasing at a known tempera­

ture the spectrum was digitized. With an expandine ruler, which was 

adjusted to the vertical markers, intervals of0.1,0.2,D.4 or0.8 H were z 

marked off depending on the rate of change of intensity. Once the 

intervals had been marked they were extended at right angles to the base­

line until they met the absorption line shape. The intensity at each 

frequency was then measured in cm from the baseline and the frequency 

and intensity were recorded. 

The interpolation between the vertical markers was rarely more 

thanO~ Hz in disagreement with the next section. The scale used to 

measure the intensities is arbitrary since the theoretical spectrum 

will be adjusted to match the experimental spectrum. 

2.4 THE CQ"iPUTER PROORAM 

2.4.1 The Equation on which the Program is Based 

The equation used in the program was developed from equation 1-15 

for two-site exchange without coupling 
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where a = + - 1
- + i ( w - w ) 

n T2n o 

The absorption siGnal is ~iven by v = j ( G) 
m 

V = 

w1M0 [ fi + -r(~ + ~ J P + QR ] 
p2 + R2 

where 

= lu A - l0B 

1 -1 
= 2 ( uJ A + l,.)B ) -r..J r ad s 

P = Tr 1 - L1 CJ z + 1 CLJ 4.J i1 
LT2AT2B 4 AB J 

Q = 7: LL1w - i ~ 0 AB C p A - pp,)] 

R = t:.w ~ + T(-1 + _1 )\l + 2L10 "C (-1 - _1 ) + L' T 2A T 2B I J 2 AB T 2B T 2A 

Since all frequency meci.surements are in Hz the original equation must 

be substituted with quantities havine these units. 

If CJ= 2 "i7'.U 

then 

p 12 + R 12 
2-5 

where p 1 = 't1 [T ~ T 11 - L) U 2 + 1 L\ )J 2] 
2A 2B 4 AB 

1 _ 1r 1 " )J Q - "( L Ll l.J - 2 .u lJ AB (pp. - p B = Q 

R1 = /j)J[1 + l'1[ 1 + 1 ~)+ 1LJl) ""T-1~- 1) 
~ ~j j . ~ AB(. \T2B T2A1 

+; fj).)AB( PA - pB) 

1 =- R 
27/ 
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Hence for a e;i ven value of 'T 1 the line shape of the absorption peak can 

readily be calculated, if ll/1
0 

is used as a scaling factor since all 

other quantities are measurable. 

2.4.2 The Best Fit Parameters 

The experimental spectrum a e;iven temperature (TDIP) is die;itised 

to give a list of frequencies (W(I), I= 1, 2 ••• ) and the correspondinc 

intensities (WINT (I)) . The rest of the input provides the necessary 

information from which to calculate v = j m(G); WA, WB are the slow 

exchange peaJc positions; T2A, T2~ are the transverse relaxation times; 

PA, PB are the populations at sites A and Band TOR is the value 

selected for Y 1• 

A flow dia~ram for the initial computations in the proe;ram urn is 

shown in Fii:;ure 2- 5 and the important operations can be summarised as 

follows: 

The first step is to calculate v = j (G) at each frequency W(I). 
m 

To e;et the theoretical lineshape to the correct heieht, the subprogram 

NMAX finds the frequency correspond:i.ng to the laq;est value for WINT( I) 

and multiplies all theoretical intensities by CONS= WINT(NMAX)/V(NMAX) 

ensuring that WINT(I) and W(I) are on the same scale. The differing 

intensities of the theoretical and experimental lineshapes (at the same 

frequency) are compared, DIFF(I) = V(I) - WINT(I) and the difference is 

squared and summed to give DIF. This quantity is divided by the sum of 

WINT(I) squared to give SIGM (the normalised sum of squares), the square 

root of which is SIGMA and is printed as RESIDUALS . The larger the 

value of RESIDUALS, the worse the fit between the theoretical and the 

experimental spectrum. 

Varying 7:1so the Value of i-1converges to a Limit 

To improve the fit between the calculated spectrum V(I) and that 

actually observed WINT(I) the value of ?: 1 must be altered so that 
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Read 

Fi~ure 2-5 

FLOW DIAGRAI'-\ 1 

WA WB T2A T2B 

TOR TING TLIM 

PA PB 

W(I) WINT (I) I = 1 , 2 I 3 • • • n 

Calculate V(I) t he theoretical lineGhapc 
usi nG TOR 

~ 

Scale V(I) to WINT ( I ) usinc Nl'•iAX 

Lease squares fit 

DIFF(I) = V(I) - WINT ( I ) 

DIF = DIF + (V(I) - WINT(I )) •.•. 2 

SUM = SUH + (WINT (I)) •• 2 

SIGi1 = DIF/SUl-1 

SIGi1.A = SQRT (S IGM ) 

~T 

Check if the line shape is to be plotted and if 
iteration is to occur 

V 

Chanc;e TOR 

Calculate V(I) using new TOR 
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v = j (G) can be recalculated . The lo6ical steps involved are summar-
m I 

iscd in Fig. 2-6 and are part of Fi8 . 2-7 The method used i n this 

procram is to add TINC to TOR so that now 1 c::; =TOR + TINC and recal-

culate v = J m(G) and RESIDUALS . The RESIDUALS for 't1 
and 1:'2

1 are 

compared . If t he RESIDUALS have increased then the next value of '1:'
1 

is '(. 1 = TOR - _1 TINC but if the RESIDUALS has decreased then 
3 2 

't
3 

1 = TOR + TINC. 

Error limits in TOR can be estimated, for best fit values of TOR 

less than 3.0, by initially setting TOR to 0.003 units below the best 

fit (lowest RESIDUALS) value of TOR and settinc TillC (the increment) 

and TLTI'i at 0 . 002 units . Then , with NCON set at zero , the procram will 

print out each iteration but will only iterate until the value of 

RESIDUALS'beincs to increase and will then stop. To find the RESIDUALS 

at any value of TOR set TLIM C TINC then only one iteration will occur. 

The settincs, when the best - fit value of TOR is 8reater than 3.0, are 

an initial value for TOR which is 0. 999 of the best fit value of TOR 

and TINC and TLIH given as O. 0007 of the best fit value of TOR. The 

program will then proceed as above . 

To avoid any possibility of an infinite loop this variation of 

30 

1:1 is limited by incrementing a counter NIT by 1 each time up to a limit 

of NIT= 21. This counter will shut the procram down after 21 iterations 

and a new value for TOR must then be read in. The reduction in the 

masnitude of TINC cannot continue indefinitely unless TLlli was zero; 

usually TLlli was set at .001 or higher so it was hoped that a good fit 

for T1 was found such that jTINCI - TLlli < 0 before NIT = 21. 
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Figure 2-7: FLOW DIAGRAM 2 
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SECTION 3 

Ni-lR STUDY OF THE SOLVEnT DEPENDEi'!CE OF THE RARRTF.'R 

TO ROTAT ION IN N ,N ,H' ,N'-TETRAi'.EI'HYLTHIODICARBONIC DIAlHDE 

3.1 INTRODUCTIO 1 

Amides have been extensively studied and are relatively s oluble -in 

a wide ranee of solvents . In Table 3-1 a variety of substituents on 

N,N- dimethylacet.:unide and N,N- dimethylacetothioamide are listed with 

their thermodynamic parameters f or chloro- substituted solvents which 

are c ommonly thouGht t o be iner t . Since sulphur i s commonly rec;arded as 

less reactive than oxyccn in most situations , we felt that a thioamide 

should i:;ivc more r eproducible results (particular l y if the same solvent 

was not available ) and i t was dec ided t o study the effect of solvent on 

the barrier t o rotation in N,N,N',N'-tetramethylthiodica r bonic diamide 

(TTD ). 

3 .2 THE CHOICE OF SOLVENTS 

The solubility of N,N,N' ,N'-tet r amethylthiodicarbonic diamide i n a 

ranc;e of possible solvents was tested and the r esults a re s ummari s ed i n 

Tabl e 3-2. 

Chlorof orm, pyri dine and acetone were chosen as the fi r s t s et of 

solvents because of t he high solubilit y of TTD in t hem. In addition 

s i nce the pr evi ous NMR lineshape s t udy of TTD had been carried out in 

chlorof orm, furthe r work i n this solvent should prove a useful check on 

the consistency of t he NMR data. 

After the aceto~e sample had been sealed for about a day, a colour 

change from yellow to orange was noticed. Over the next few days t he 

colour darkened to brown despite the sample being kept in a refrigerator. 

No noticeable change in the NMR spectrum was observed. Another sample 

in which the concentration of TTD was reduced was prepared and this 
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Table 3-1 

Substituent Effects on the Rotational Barrier in N,N-Dimethylamides 

R /H3 ~ /c N~ 

X CH
3 

Ref R X Ea :/ I Solvent 
a L\G298 LlS 298 

kJ mol -1 kJ mol -1 JK-1 mol-1 

30 CH
3 

, 0 70.5 .:!: 1.7 72.5 - 15.0 CC14 

32 CII
3 

0 77.4b o-dichlorobenzene 

40 CH
3

S 0 69 . 5 + 4.2 60 . 7 _:!: 2.1 + 21.3 _:!: 16.7 CDC1
3 

41 CH
3
s 0 67 .4 70.7 - 19.6 

32 cu
3 

s 91 . 2c 

42 CH
3
s s 54.4 .:!: 2.5 61 . 5 - 31 . 0 n-hexane 

43 CJLS S L~3.1 _:!: 1.3 61 .5 - 69 .0 n-hexane :; 

41 CH
3
s s 58 . 2 62 . 8 - 23.4 

43 CHfH2S S 50.6 + o.8 61 .1 n-hexane 

44 (CH
3

NC(S) )2 s 69 .0,: 1.7 66.9 - 1.7,: 8. 4 CDC1
3 

44 (CHlC(S)S)2 65.3.: 1.7 64.o - 3.8,: 8.4 CDC1
3 

a 
t:..H{98 = Ea - 2.5 kJ mol -1 

b i::,_Gf at 318 K 

C l::,.G'/ at 409 K 
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Table 3- 2 

Solubility of N ,N ,N' ,N' - Tetramethylthiodicarbonic Diamide 

Solvent Solubility Temperature Range Dielectric Constant 

w/v;~ oc 

Acetic acid ver y soluble + 16. 7 - 11 8. 0 6. 17 

Acetone 7 . 8 - 94. 0 - 56 . 5 20 . 7 

Acetonitrile 3 . 0 - 45 . 7 - 81 . 6 36 . 2 

C~rbon Tetrachloride insoluble - 23 . 0 - 76 . 8 2. 22 

Chloroform very soluble - 63 . 5 - 61 . 5 4.64 

Dimethyl sulphoxide 5 . 0 + 18 . 5 - 189 46 . 6 

IHSO- H20 (80 : 20 v/ v ) 3 . 4 65 . 5 

1, 4-Dioxan 1.7 + 11.8 - 101 2 . 21 

Ethanol- H20 (95 :5 v/v ) . 5 

n- Hexane insoluble - 95 68 1. 88 

nethanol 1 . 5 - 97 . 8 - 64. 7 32 . 6 

Pyridine very soluble - 41 . 8 - 115 . 6 12. 3 

Toluene 1.1 - 95 - 110. 6 2 . 4 

I' 
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also darkened to an orange colour althoueh it was kept in a refri8erator 

except when spectra were being run. 

It was hoped that dimethylsulphoxide (D~SO) could be used as a 

solvent since it would provide an interesting comparison with acetone 

but Di·ISO freezes at 18°c which is in the medium- exchange re5ion for a 

solution of DMSO and TTD. Mixtures of Dl'-1S0-water have freezing points 

below o0 c (a 1 : 1 mixture of these solvents freezes at -1 90°C). A 

mixture of DMSO-water with a ratio of Lt : 1 was used since this combined 

a low freczinc point with reasonable solubility for TTD (which is insolu­

ble in water alone) . In the Dr·!S0-water samples the salt which was beine 

used as reference was not satisfactory so the tubes containing 11'1S0-

water were opened , and, in the slove box, the contents were transferred 

to two other tubes to each of which was added a sealed capillary half­

filled with TViS before the tubes were sealed without being ae;ain decassed. 

Acetic acid was proposed as one of the solvents but in this solvent 

there was only one peak at 27°c so since the solvent freezes at 18°c even 

to reach the medium exchance recion was impossible . 

Althoush the ranee of solvents was now varied we had neither a 

benzenoid nor a nonpolar solvent so we combined these qualities and chose 

toluene as another solvent. A solution in toluene as solvent was pre­

pared (1.17 w/v°/4) but it was some weeks before the variable temperature 

spectra could be run and in this time several anomalous peaks appeared 

so a new sample was made up land spectra were run immediately, i.e. 

within 48 hours . Except when spectra were being run this sample was 

kept in a refrigerator. 

To round off the solvent study the last solvent selected was 

acetonitrile which can be contrasted with chloroform, a protic polar 

solvent, while acetonitrile is an aprotic polar solvent. 
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3 . 2 . 1 Possible Salt Effects 

3:i.nce \·1e were a lso interested in studyinc; the e[fect o[ added r.:17 ts 

on a rotat ional barrier we tried disoolvin~ various ionG in ncel on e . 

0O1:1e ions were soluhle but v,hen TTD 1·10.s acldetl precipitates sep-'lrated 

out. For i.l while a cobalt ( II ) so.lt CoC1
2 

scen:ecl to ci.ve a :::;L:,ble hlue 

::,ol ution but unfortunately t his salt ,ms h· drated nncl when D.nhyclrous 

CoCJ.
2 

was added to TTD in a cetone o. blue creen precipitate appeure<l 

which was only sl i:::;ht ly s oluble i n CIICl,. and 1·ms insoluble in 1, 1!-- dioxan , 
:.; 

rnethnnol cyclohexnne and carbon tetrachloride . Since one of the s olvents 

for TTD wo.s Dimethylsulphoxide- wat er which needed a .sodium salt as 

reference , sufficient sodium perchloro.t e v,o.s added to a s olution of TTD 

+ 
in this s olvent f or the ::;olution to be . 2li;-l in Na ( disrecard:i.nG the 

contribution of t he reference sampl e ) . 

3 . 2 . 2 Sample Preparation 

Ac etone- ct6 ( BrnI), toluene- ct8 (Stohler I s otope Chemicals ), 

acetonitr:i. l c- d
3 

(Uvasol ), chlorofor1?1- d1 ( I3Dir) , pyridine - d
5 

(I3DII ) and 

TI1S (I3DH ) were obtained from commercial s ources and were used without 

fur t he r purification . The N , I{ ,N' , fP - tetrar.,ethylthiodicarboni c diamide 

(BDH ) was dissolved in hot ethanol, fi lt ered to remove impurities and 

a llowed to cool slowly , enablin3 the crystals to attain maxi mum size . 

The crystals were filtered off and washed with distilled water . 

The sample solutions were made up in a glove box by weic;hinG the 

TTD into 2cm' flasks which were then made up to the mark . Once the 

tubes had been sealed the room temperature spectrum was run for each 

sample to ensure sufficient TMS was present and that residual proton 

peaks in the ·solvents , particularly t oluene , would not overlap or other­

wise interfere with the N- methyl peaks . The sample concentrations are 

given below (neglecting in each case the f our drops of Ti1s ): 



Acetone 

Acetone 

Solvent 

Chlorofori;1 

Pyridine 

D:l.S0- woter ( 8G v / vr;~ D:-~so ) 

D:'..S0- 1·1.:tter (86 v/ v7b mso) 

Acctonitrile 

Toluene 

mso 

T.:tble 3-3 

Concentration of TTD ( w/v7~ ) 

7. 0 

3. 6 

7.5 

5. 0 

2.5 

2 . 5 + . 211-M N.:tCl04 

2. 3 

1 . 1 

4. 8 
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The rinlt sodium 3-(trimethylsilyl )-propaneculfonatc (Uvasol ) wao 

Gt first used as reference in the nr:so- water solution::, but when thio 

was faun l to be unsatisfac tory , TI-:S capillaricc were added to the Nrm 

tubes (Section 3 . 2 ). 

3. 3 

3. 3.1 General Problems and Procedures 

All spectra at any temperature other than amb ient temperature hatl 

the te,nperaturc determined , both before o.nd after Gpectro. \·Jere run, vii th 

either the me thanol or the clycol sample in conjunction with the Vern Gcct 

equation:::; , Table 2- 2 . In a. very few cases the va.luc of L'.\u varied by 

more thnn •. 2 iiz but Guch spectra ho.d to be repea ted since the ter:ipernture 

chance would alter the phacinc of the methyl peaks . 

The ucual cxpanGion of sweep width was from the stnndard widtl1 of 

9 ppm (5110 Hz ) to . Lf5 ppm ( 28 Hz) for the full width of the recortier 

pape r (37 . 5cm) . At such an expansion (.75 Hz/cm) a difference of . 1 Hz 

\·1as nbout 1mm so hi,:h machine otnbility was required which was onl y 

achieved if the Nl-1H spectrometer had been turned on for at least three 

day:::; . Any chnnce in temperature would shift the N- methyl peaks by n few 

tenths of a hertz in either direction s o spectra could only be recorded 

after the sampl e tube hnd been in the probe for at least 7 minutes 

dependinc on the difference in temperature between the probe and its 

surroundincs . This restriction on the speed of recordine spectra also 

applied to the met hanol and e;lycol samples so each spectrum would take 

between 30 and 60 minutes to complete . 

The phasinr; of the lineshape was extremely sensitive, at this 

expansion, to s mall temperature chances , so the phasinc altered signifi­

cantly if the temperature controller was unable to maintain the tempera­

ture at the claimed stability. 

The spectra were recotded at 3.6 or 2.8 Hz per min . Under such slow 
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po.G.sace conditions saturo.tior in o. w:i.jor problem (ns discuscccl in 

section 1. 2 . 2 ) ao t!1e lowest pocsiblc power lcvcJ~ were uGcd ror both 

J ock and obccrvntion channels . To determine if cat11ra tion w.::i.c a f [ectinc 

the l.ino.sha})C, the ro\·1er levels on the obs erv;.1tion cho.nnel \·1erc increaced . 

If the s.ic;nal wo.s so.tu.rated i.ncreo.:::;ed po\·1er levels d ;_d not increas e 

:.,i:::;no.l hcic:1t nnd ci ther showed no effect or decreiJ.acd the si.cna l 

intensity . Be co.use the power level::; were low the recorded spectra show 

a lowered si:::;nal/ noise ro.tio . 

The muin opero.tioniJ.l probl em beside r.inchine staoili ty o.nd l)ha.se 

uensi ti. vi ty , \,Jets the difficulty in holdinc the lock .si.cno.l at the low 

power levels required for o.voidinc saturation . Unfortunately tl1is 

particular in::;trument ho.d , before the::;c experi~nents ::;tarted , developed 

interference whicl1 rnarl:cdly decreased the s i :.:;nal/noi:::;e ratio on the 

cli:rnncl which usuo.lly carried the lock sic;nal in the internal lock field -

frequency mode . Att cmptc to re cord cpcctra with the channels reversed 

i. e . in frequency internal- loc k mode produced spectro. with ir:ipossil>ly l ow 

sicrn1l/noic;c ro.tioc . Unfortunately once the lock vms lo::;t on intern,1.1 -

lock rr.odc the r11c.1.chinc had to be sc t up ac;ain fr or:1 the bcc;inninc; so the 

l o.c :~ of relio.bility in the lock r.1co.nt that r.-.uch more time tho.n should 

have been required wo.::; spent on runnins spe ctra . 

An extcrno.l limitation on the lcnc;th of continuous low-temperature 

runs was the trap used to remove water vapour fr om the compressed air 

supply for the spinner . Dependinc on t he humidity and the probe tempera-

ture the trap would be full of ice . and become blocked 1 1 
after~ to 4i 

hours . I f t he trap was de f roste d for an hour another 1 
2-22 hours runnine 

time would be available before the trap was again full. 

Slow Exchanc;e Spectra 

For a peak separation of 2 H~, to reach the upper limit of the slow 

0 exchanee reeion the probe temperature should be 20-25 below the 

coalescence temperature (which could usually be determined with the trial 
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cnmple ). For rletermininG if the peak ceparation is temperature deronclunt 

four or more spectra spread over a temperature ran~c o nt leact 15 
0 

1·11t:-.t be recorded . For lo.r..;c pc.:i.k sc .aro.tions the 101,est slov, exclwn:_y 

.s11cctrllr'1 r1ny 11.:we to tie 60° below the conle.sccnce tor;peraturc . 

Liquid:=; \·1hich have relatively hi:_:h rne ltinc 11oints will therefore 

be unsu i. table o..G ::;ol ·-1ents f or most ro to..r.·,e ric cor:ir,onndG . Vi8c ons so lvcn to 

niny alee rirovc unsnito.ble [or ::;uch studies cince in these Golvenls the 

peak width r:1ny vary si:_:nificn.ntly with ternr,erature ( due to solvent 

effects ) and affect the vo..lue of T
2 

and hence the calculated best flt 

vo.lue of "t 1 • 

To clctcr:nine T
2 

1 the width of cCtch pcc:tl: at half- hei0ht , lJ 
1

, j::; 

"2: 
111c;1.curcd ci thcr in Hz. ucin.::; Ctn od j ustable sco.le or in cm then converted 

into Hz . The follo'.vinr; cquo.tion is then used to find T
2

1 
in scconcls . 

T 
1 

= 2/ 3-1 
2 .l) 1 

2 

Narrow peaks mco.n that the percentacc error in D 
1 

and hence T
2

1 
is 

hich . 
1 2 

To minir;1ise the errors in T 
2 

and LLU all measurements were treated 

sto..tistically with the followin~ equations 

wheres is the sto..ndard deviation and is civen by 

s
2 

= ["E ( £::,. lJ )2 - ( [; Llli )2 Ii} l(n - 1) 

a nd n is the number of measurements . The width at half heieht 

l.) 
1 

(X) (X = J\ ,B) is calculated for e.:i.ch peak separately 

2 
l.J (X) = rE lJ (x)7 I n + s 1 '- · 1 ..!./, -

2 

where s
2 

= ["E ( .lJ /X) )
2 

2 

2 

( E l.J /X) )2 Iii /(n - 1.) 

2 

3-2 

3-3 

ProvidinG that u
1

(A) and 

2 
.U/B) 

2 
were the same within one standard 

deviation (which happened in all cases) they were then treated as 2n 

measurements of D
1 

for the system, and ).)
1 

and s were recalculai;ed. 

2 2 
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In the cases v1here AD appeurcd to be temperature cler,endent , recrc.sGion 

line o.n.:ilysi.s 1·1as used t o extrapolate to the values for tiu in the 

mcrl..i.w11 e;~ch:1.11..:;e ro.te recion . The frequency mcc::.suremcnt:::; for the 1;c.:tl~ 

GC'p.:iro.ti on , Liu .:ind for v
1 

1,·cre int erpolo.ted fron a r.1ini1num of three 

. 1 2 vcrt1. c o. frequenc;,, r.10. rlcer:::; per svec trw:i . 

lledium E:(cho.nce no.te Spectra 

0:1ce the low te:-:iperature 1x1.r,:u::eters \-Jere known the .spectr.:\ at anri 

.:ibont the coalesce nce tempero.ture were recorded . Tl1e te;:iperature r nnr;e 

for these spec tr.:i wo..s experimen tally dete r :1 inecl by runnin;_; u. spectrum at 

the lov1e.st' temperature .:it 1·1hich peo.k broadeninc could be seen , then 

runnin[_'; more spe c tra at 3-5° intervals on the ter.1pero.ture controller' :::; 

c c.:ilc , Lhrout;hout the coa le.sce nt ran[:e until the sin0lc r er.-.aininc; peak 

hnd ceased to nnrr0\·1 . The acces.sible ter.1pero.ture ranee 1-,as determined 

by the penk sepo.ro.tion . 

Low Temperature TTD Spectra in Acetone 

The e:<.pu.nsion used for these Gpec tro. 1-;;.1.c the m:i.ximurn possiule of 

. 75 Hz/c r,1 o.lthouch , clue to the ::;mall sepnro.tion between the penlrn in 

the slow excho.nce recion , even on Lhic expansion problems urose because 

o f the machine errors in individual meo.sur ements a s well o.s the fact 

t hnt data could be colle c ted only over a narrow temperat ure ranee • 

. The width at half heicht f or the 7. 8 w/v5~ solution in acetone was 

(from Table 3- 4) D /1) = . 9 !, .1cm; ..u
1 

(2) = . 9 !, .1cm; U
1 

= . 9 + .1cm 

while the width at ialf- heicht f or the ~-6 w/v<}~ solution was 2 

)J 1 (1) = . 99 .!, . 08cm ; J.J
1 

(2) = . 91 .!, . 09cm; 

Sinie the values f 0r the 3?6 w/ v% solution were 
I 

D
1 

= • 95 .!, . 09cm. 

2 from fewer points , the 

two values of D 1 were combined to cive D 
1 

= . 9 !. .1cm so convertinc 

to the .frequency ~cale U 1 = . 68 !, .07 Hz an~ T
2

1 = 2. 9 !. . 3 s. 

Th a.l t . 2 
e pe c separa 1.on appears to be constant over the temperature 

ran~c ( see Table 3- 4 ) for the 7.8 w/ v<}~ solution LhJ = 1.38 .!, . 08 Hz so 

combined with the 3 . 6 w/v<;6 solution where .6U = 1. 4 + .1 Hz , the 
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Table 3-4 

Data used to Determine the Low Temperature Parameters in Acetone 

A. 3. 6 w/v';~ TTD in Acetone 

T 1-.)1 u 1(1) u2 U 1 (2) ,6 1.) 

K Hz 
2 

Hz 
2 

Hz cm cm 

207. 4 1.00 208. 8 0.90 1. 4 

246 .1 207 . 3 1.10 208. 6 1.00 1. 3 

207. 0 0. 90 208 . 4 0. 80 1. 4 

207 . 0 0. 95 208 . 5 0. 95 1.5 

207. 2 208 . 8 1.6 

206 . 9 208 . 3 1. 4 

B. 7. 8 w/v% TTD in Acetone 

T )j 1 2J 1(1) lJ 2 )j1(2) LlLl 

K Hz 
2 

Hz 
2 

Hz cm cm 

240.1 207.2 0.95 208 . 5 1.00 1.3 

246. 1 . 207 . 4 0. 80 208 . 7 0. 80 1.3 

255 . 3 207 . 2 1.10 208 .5 0.90 1.3 

260.9 207 .0 0. 95 208 . 5 0.85 1.5 

207. 1 1.10 208.4 1.10 1.3 

262.2 207.1 0. 85 208.6 0.80 1.5 

207.1 0.80 208.5 0. 80 1.4 

279.9 207.1 208.5 1.4 

283.5 207.0 208.4 1.4 

287.9 207.0 2o8.4 1.4 
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resultin0 value for LlD is 1 . 40 _: . 09 Hz . 

Low Te niperature TTD Spect.ro. in AcetoniLr i le 

?or ctll spe c tro. o.:: o.cetoni trile solut i o;lG , lhe c:q,o.nc.i.on uucd w.:.1r_; 

• 7.'] l[;·,/c1:i and the data o'.Jto.ined arc ::;llown in Tnble 3-5. \.'11 1: n t he 11r: ·, ' : 

Gc:.,o.ra tion -.:i.t G l)lot ted o.c;aincL ter:i.rerature , althon,)1 there 1·1.:i.c l1. .::;ood 

dco.l of c c .:.1\ ler in the d.:i.ta , there sec1:1ecl to be a Gi0t1if ican t .i. ncreu:.:;c 

in LLlJ o.c tlie t0 :,11Jcr.:i.ture increased (Fi0 • 3 - 1). To allow f or th.i.::; 

vn.rfo.tion the re:..;r cccion l i.ne for the: do.ta \·1aG c o.lculated t o be 

t'.JD --' • 721, + • 011 (_: • 002 ) T 

!\t Uw . 2;S confiuen c c level the tc::;t value is t _001 , 
17 

=-= 3. 61,G whi l e the 

te::;t .sLo.t iGtic for o.cetonitrile is t 0 -= 5. 5G9 s o in the o.cc t oait r i l e 

s olution /1D has a probo.bilitJ crea.ter t ho.n 99 . Sij of bein::; temperature ­

dependent ([ron the ci ve n dat a ) . 

The value o f .L'.}u 3.bove the co:i.l e.s cenc e t emperature wa::; c .:i.lculatcd 

fr or.i this equation . The re l ,:1.xation time T 
2 

1 wo.::; 3 . 4 _: 2 s fr om .l.) 
1 

of 

• .']3 _: • O:; iiz . 
2 

Lo1·1 Te rn cratt.;.rc TTD Spectra in Chloroform 

The spectra for chloroforn as solvent were recorded at the expan­

cion of . 75 Hz/cm. The low temperature spectra were ano.lysed to find 

the width at h:i.lf heicht of each peak and the separation of the ·peaks . 

The 1:ican values of D
1 

( 1) and 

be . 9 _: .1 cm and . 91 ! . 09cm. 

)J
1 

(2) were determined fro m Table 3 - 6 to 

2 
When these values were combined the value 

f or lJ 1 . 92 _:!: . 09cm which , when converted to Hz by usinc the scale 

converii on provided by the frequency markers on the chart paper , corres-

1 1 
p onds to . 69 .: . 07 Hz . So T2 = 2/l) 1. = 2.9 _:!: . 3 s. 

\-/hen determining the peak separition , the values of l) 
1 

and .U 
2 

from lineshape analysis o f exchan5e spectra below the coalescence tempera­

ture were included. The value f or the peak separation was 5.1 + .1 Hz 

over a 63° temperature ranee (240 - 303K). 
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Table 3-5 

Data Used to Determine 

Low Temperature Parameters in Acetonitrile 

T 2)1 ).__)1 (1) D 2 1)1(2) /JD 

Hz Hz 
2 

Hz 
2 

Hz cm cm 

252.0 202. 8 .7 206 . 4 . 7 3. 6 

203. 0 . 8 206 . 3 . 8 3. 3 

259 . 2 202 . 9 . 8 206 . 3 -75 3. 4 

266 . 8 202 .8 -7 206 . 4 . 8 3. 6 

271.9 202 . 8 .75 206 . 5 . 8 3.7 

202 . 7 . 8 206 . 2 .8 3. 5 

278 . 5 202 . 6 206. 4 3. 8 

202 . 8 206 . 5 3-7 

283. 8 202 . 9 206 . 7 3. 8 

284.o 202 . 6 206 . 3 3.7 

202.7 206 . 4 3. 7 

289 . 2 202 . 9 206.7 3. 8 

293. 6 202. 8 206 . 6 3.8 

296.1 202.9 206. 8 3.9 

300.3 202. 9 206.7 3.8 

202.8 206.6 3.8 

I, 302.1 202.9 206.9 4.o 

1' 303.5 202.8 207.1 4.3 

203.0 206.9 3.9 · 
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Figure -3~1: Temperature dependence of ..()V for 

TTb in Acetonitrile 
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Table 3-6 

Data used to Determine the 

Low Temperature Parameters in Chlorof or:n 

T ~ . 7 ).J 1 )j1(1) ~ 0.5 )j2 D/2) ~ . 05 L) l) 

K Hz 
2 2 

Hz cm cm 

240.1 208 . 5 1.0 213. 6 1.1 5. 1 

208. 6 0.9 213 .5 0. 9 · 4. 9 

246 .1 208. 4 o.8 213. 4 0. 85 5. 0 

255 . 3 208 .1 0. 9 213 .1 0. 85 5. 0 

262. 2 207 . 7 0.85 212 . 8 0. 85 5.1 

279 . 9 206 . 7 1.10 212 . 0 0. 95 5. 3 

206 . 9 0.95 212 .1 0.90 5. 2 

287. 6 206 . 7 211 . 8 5.1 

206 . 8 211 . 8 5.0 

293. 8 206. 6 211 . 6 5. 0 

206.5 211 .5 5.0 

288 .1 206 .7 211 . 9 5. 2 

294.1 2o6.5 211.7 5.2 

206.6 211.7 5.1 

300.0 2o6.1 211.1 5.0 

206.3 211.3 5.0 

303.7 206.4 211.3 4.9 

' I• 

I' 

\ 
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.. 
Low Tempera ture TTD Spcctrn. in DL111ctl1yl Sul1•lto1: irl " -l·: il ."1· 

The Golutions with rJ-l111c thyl ou1phoxiclc - wal:r.r fl :~ nol_111>1il 1;1101-1 

vi:;coGily broadcnini:; in the met hyl pc::ib, below 2Gn1< r.o Lh" ,1-t l ·, r, ·n·" lr11'"'' 

l•],·1rr:1--1h1ren i o uocrl only Lo dn. l:cn1ine !;110 pn:1k r, n1,·11·: 1l· in11 . 1-/1,,, ,, 11 , .. 

oliwirvecl so the vnlueG 01J t:1Jned nt the di. ffPrent h°'111pc1·, tl 111·,•: . •-:r · 1·" 

:,vcrc~t.:;c d . Tl1 e peak separationo detC'rmi nC'd rron1 .1 inc1;l1 : •1 1" :1 11 :11 :;:; i ,; (lr 

1J1•ec l.ra below the couleGce11c;:e temper.::1.Lurc nrc not 1ncl11d,~rl i 11 t It" 

:n1Gl ynic; of -LhJ but would not ul'fecl the n.vcruc00 or C'rrorn . Th " v:, l 11n :: 

fnr lJ
1 

nrc GOtncwhat cmullcr than for the oth er coJ.v,, nt. :~ lJ,,c :,1 1;:,_, l 11, ·: ,. 

J 

u:1 r111J.c ~i wnrc not dcec1.Goed be [ore 1J c.i. nr; ncalc,l , and prc ,;1u11,1bly conL, i 111, ,J 

r:;ome cti ooolvccl oxyc;en . The data. f or detcr111in_i.ni:; the IH~nk /Jcl"-1.rn l .Lon ,,11d 

T 1 vc:tlues are c.;i v;cn in To.bleo 3-7 and 3-3 whi.lc the expcri11cnlnl v<1l11cr, 
2 

for .dD Hnrl T
2

1 nre r;ivcn .i.n Table 3-9 . 

Low Temperature TTD S1vJctrn j_n Pyrirline 

,Uthonch the peak separation for pyridine ao r:;o ] vent i.s r1111clt 

crcnter than for acetone ancl chloro form the expc1m,ion tt 11C'tl w:111 GI. i.71 

. 75 lt7/cm , t houch nny further incrent3e in penk Gepurntion would lir1vc 

required a Gmaller expvnsion . The relaxation t: imc T
2

1 
wc1c clPtcrr1i.wi rl n ::; 

usual fr om v1(1)=1.0 ! .1cm, ::: 1.0 + .1cm, and 1J 1 ::: 1. () + .1 cm 

2 1 
s o .2J 1 == • 75 ! . 08 Hz and T 2 2.7 .3 s . 

2 
1 - + -

~ 
4

.F'rom Table 3-10 it is apparent I11a t Liu decrenoeo with tem11erature 

al .03 Hz/I< . In Fie; . 3-2 the peak separation is plotted acainst tempera­

ture and the · data are fitted by a s traight line . To find the most 

accurate equation to fit t his line , reeression analysis of the data was 

done and yielded the followinc equation 

At> ::: 20. 242 - .0345 (+ .0009) T -
The values for AU at temperatures above coalescence were calculated 

uaine this equation . 
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Table 3-7 

Data used t o Determine t he 

Low Temperature Parameters in DMS0 - D20 

T ).j 1 D/1) ).J 2 U/2) /j).J 

K Hz 
2 

Hz 
2 

Hz cm cm 

261 .7 230. 2 1. 7 232 . 9 1. 6 2. 7 

263. 4 229 . 8 1.6 232 . 4 1. 6 2. 6 

264. 0 229 . 8 1. 9 232 . 2 1. 9 2. 4 

267 . 3 230. 0 1.9 232 . 5 1.9 2. 5 

230. 0 1.7 232 .5 1. 8 2. 5 

273.5 229 . 8 1.5 232 . 3 1.6 2.5 

229 . 8 1. 6 232 . 4 1.5 2. 6 

280. 8 229 .9 1. 4 232. 5 1. 45 2. 6 

283.3 230.1 1. 3 232 .7 1.1 2. 6 

230. 0 1.4 232 . 7 1.5 2.7 

290. 4 230.1 1. 8 233.0 1. 7 2. 9 

230. 2 1. 8 232 . 9 1.6 2.7 

255 . 6 229 . 6 231.9 2. 3 

256. 7 229. 8 232.1 2.3 

258.3 229.7 232.1 2. 4 

229.7 232.0 2.3 

261.3 229.4 231.8 2.4 

I' 
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Table 3-8 

Data used t o Determine the 

Low Temperature Parameters in DMSO-D20 with Nac104 
I 

T D 1 D,(1) Dz D/2) 6D 

K Hz 
2 

Hz 
2 

Hz cm cm 

261 . 7 228. 5 1. 7 230. 9 1. 8 2. 4 

228.5 1.8 230. 9 1. 8 2. 4 

263. 4 228 . 6 1.6 231 . 0 1.6 2. 4 

264.1 228 . 8 1. 7 231 . 3 1. 7 2. 5 

228. 6 1. 7 231.1 1. 7 2.5 

267 .1 228 .7 1. 6 231 .0 1. 7 2. 3 

228 .5 1. 6 231 .1 1.6 2. 6 

273.4 229 .1 1.4 231 . 6 1.5 2. 5 

229 .1 1.3 231 . 6 1. 4 2. 5 

280. 5 229 . 3 1.3 231 . 8 1.3 2. 5 

280. 8 229 . 0 1. 4 231 . 6 1.4 2. 4 

283.1 229. 4 1.6 231.8 1.5 2.4 

283. 3 230.2 1.2 233.0 1.2 2.8 

255.8 228.4 230.8 2.4 

228.4 230.8 2.4 

228.5 230.8 2.3 

258.3 228.5 231.0 2.5 

I 261.5 228.5 231.1 2.6 

228.3 230.8 2.5 
\ 
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Table 3-9 

The Low Temperature Parameters for D:•1 SO- D20 Solutions 

.mso- D o 2 Di·!SO-D20 + NaC104 

D/1) cm 1.6 + . 2 1.6 + . 2 

2 

)J 1(2) cm 1 . 6 + . 2 1.5 .! . 2 

2 

D1 cm 1 . 6 + . 2 1.5 .! . 2 

2 

Hz 1.2 + . 2 1.1 + .1 

s 1.7 .! . 2 1. 8 + .2 

Hz 2.5 ! .2 2 . 5 _! .1 



If 
I, 

\ 

\ 

T 

K 

2L~0.1 

2L~6 .1 

255 .3 

265.4 

278.9 

288.1 

300. 0 

303.7 

310.1 

315.1 
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Table 3- 10 

Data used to Determine the 

Low Temperature Parameters in Pyridine 

1.)1 .U/1) D 2 ).) 1(2) LJ )J 

Hz 
2 2 cm Hz cm Hz 

194.3 1.0 206. 4 1.0 12.1 

194.4 0.95 206 . 4 1.15 12.0 

194.3 0. 95 206 .1 0.95 11.8 

194.4 1.20 205 . 8 1.15 11.4 

194.4 0.90 205 . 4 0.90 11.0 

19L~.4 0.90 205.4 1.00 11.0 

194. 4 1.05 205 .0 1.00 10.6 

194.5 205 . 0 10.5 

194.8 205 . 0 10.2 

1.94. 7 204. 6 9. 9 

194. 8 204.7 9. 9 

194.8 204.7 9. 9 

194.9 204.5 9. 6 

195.1 204.5 9.4 
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Lo11 Tcr.,pcraturc S_:icctro. for TTD in Toluene 

::i.i nee the peo.:~ ::;e.._)Or.J.tion \ias too creat to allo1~ ;,.1.:d.1 .. tt1.1 e:~11nn :ion 

.:i.nrl c,l t icfo.c tol'.; _::ih:.l::;in::; , the e:;::;:1n::;ion used for .:i.l.l Lolllcnc coJ.u tion;; 

w.1.::; 1 . 50 Hz/cc . ,\t very low te::;peratures t he 1-,idtJ1 at hnJ.f hei._;ht 11.:-i.:-:; 

CO'lGis teHL l y . lien for both peak::; (To.ble 3- 11) co thi::; 1-1.:1::; tnbrn u.s Llir.;, 

The recultin._; rcla:mtion ti.;; c 1 ~-:ac T 
2 

• 6. 67 G . 

The pe.:i.J;: cep.:1.ratio:1 dccrc2..scd v,ith incre.:1.::;.i.n~ tc,::.i.1ero.ture ::;o o.G 

dcccr.i.bed for the cpectrn obt.:i.incd from pyridine and acetonitrilc 

::;elution::; rei..;re::;sio:1 .::..nalyci.3 1~0.s uced to predict L)D .:.,hove the coa.1-

e::;c1•ncc tcrr.peratu:-c . The recre::;::; i.on line :::;o ob t.:i.ined wnc 

!,:r.'\LYSIS 0:-' .SPSC'.'.'RA 

Introduction 

\-/lien .:::. Gl)Cctrum 1-m::, dicitiz.cd , the mid1)oint of the two _peak::; 11.:1..:, 

noted nnd u::;ed to find the pea!~ :riocition::; , \-JI\. and \·IB 1·:hich arc uccd ac 

input fo~.- the co,:11Jutcr . This 1:iethod of findinc 1.-:J\ and \·IB .:i.llows for 

:::;li.:;ht variations in r.10.chinc stability 1,hich is :::;tatcd to be . 4 Hz. 

50 

At f ir::.;L this \·!CtG tiiOn:.:;ht to be ::;uf ~ .i.cient to cct o. re,:i.sonable value for 

't 1 
and the relaxation rate 1': == 7r / 1: 1 rad .s- 1 • 

Thus with dcuterochloroform as solvent , at a temperature of 294. 1K 

when PA == PB == 0.5 and T2A = T2B = 3 . 0 s . Usin~ values of \-IA :: 206 . 6 I-iz , 

\-IB = 21 1. 6 Hz (derived from the spectral mid point , 209 .1 Hz , by addinc 

and .subtractinc 2 . 5 Hz) the pro~ram cave as output a best fit value of 

?: 1 
= 1.291 s ( i . e . k = 2 . L~339 s -

1
) and with residuals of . 118335 . This 

outpu~ was soon recarded as inadequate since the limits within whic h the 

r esiduals were unchanc;ed wer e unknown. 

The next step \'las t o iterate about the 11best- fit 11 1;1 (as described 

in Section 2 . 5 . 3 ) so the output became f or the same spec trum : 
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Table 3- 11 

Data used to Determine the 

Low Temperature Parameters in Toluene 

T )J1 .lJ/1) 1)2 1)1(2) /j ).) 

K Hz 
2 

Hz 
2 Hz cm cm 

239-3 150. 0 . 4 171. 5 .4 21 .5 

243. 5 151. 1 . 4 172. 0 . 4 20. 9 

249. 4 152. 3 . 4 172. 8 . 4 20. 5 

152. 5 . 4 172. 9 . 4 20. 4 

256. 1 153. 3 • L~5 173. 8 . 47 20. 0 

153. 9 . 43 1'/.5-7 .5 19 .8 

268 . 8 156. 1 . 5 174. 8 . 6 18. 7 

156. 1 175 . 0 18. 9 

273. 5 157. 1 175 . 5 18 . 4 

288 . 8 160. 0 177. 2 17. 2 



I 

I 
I 

I 
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1;'1c G) 
- 1 

k ( s ) Rc~.;idu.:\ls 

· 1. 285 2 . 1,.1f53 . 11 83:58 

1. 207 2 . 1,li20 . 11 8.)fG 

1. 2"39 2 . 11-332 • 11 .S 33,j 

1. 291 2 . 1+31f1f . 11 8335 

1. 293 2 . 11-300 . 11 G33G 

and nov; the vcri;.i.cd bcst - f .i.t v.:i.lucc 'occo.1:ic 1; 1 - 1. 291 + . 002 c , 

Unfo1·tm~o.tcl;/ the ·r.:2 G_:)c c tro::ieLcr ho.c n s:i_,c c ific cl rccoluL.i.on o f 

. 3 II ,:. s o the pocGibJ.c error in .ll )..) , t he pco.l( cc1mr.:i.tion , could be 

+ . G Hz . \faen thic err-or i::; cornhi!1cd with crrorc in the i'li <l:roint 

r.icnsurc::icnt ( . 2 Hz :11.i.n.i.r.m1a error ) tltc errors in \·/A .:i.nd \·T.G could uc h.i.,)1J.y 

si~n.i..fic.:i.nt . ~o count cro.ct thc:.-;c ncc ur:,nlo.ted crrorG 1-,c dccidctl to VLU'J 

';I/\ 1 ',fJ a.ad henc e \·.'T3 - ';lf, until the reGiduo.ls from the theoretico.l cpcc trur.1 

v:crc at c1. ~:ini:7w~ •• 

·,fo.rbt i. on o; 6}.) 

I n .i.tially the polic/ of varyi:1c; LID v10.G ( in tllc l it;ht of later 

c::pcrience ) cci.rried out rci.thcr ha:;::i110.zo.rdly by vo.ryin:::; \-I/\ or HB hy 0 . 1 Hz 

~t t c1. time . The final procedure 1·10.s t o vo.ry \-//\. and WB c:,,-stcmatically 

e . c . if the vo.lues detcrr.iined fr or:i the experimento.l spectrum 1vcrc 

\-IA =-= 206 . 8 Hz and WB = 211. 9 Hz t hen the followine values of WA and HB 

will be tried: 

WA = 206. 7 Hz \·!B = 211 . 8 , 211 . 9 , 212 . 0 Hz 

\-l/\. = 206 . 8 Hz \·IB = 211. 8 I 211 e 9 I 212 . 0 Hz 

WA = 206 . 9 Hz \-IB = 211. 8 I 211. 9 , 212 . 0 Hz 

When this system is pursued for each variation in WA and WB which leads 

t o l ower residuals then the following results were obtained. 



Chlor of orr1- d1 T = 2911- . 11< T2A = T2B = 2. 9 s • PA ·- PT3 - 0.5 

1 - 1 RC'.:;:i.ll1t:1l G ':l (H,, ) 1·' ( ·1 ., ) '?; ( G) 1- ( r • ) ··s i " 
·'- ..., 

i'l 

206 . 11- 211 . G 1. 213 2.579 . 1;::;.\li? 

211 . "/ 1. 151 2.730 . 11 11710 

211 . 8 1. 109 .2 . 831 . 12·~.5;,7 

20G . 5 211 . 6 1. 273 2 . -' :Gs1 • 11 11-::; 118 

211 . 7 1. 200 2 . G19 • 03171 '.:i 

211 . 8 1. 162 2 . 7011- . 091')82 

20G . G 211 . G 1. 31 '.) 2 . 381 . 11]8711-

211 . 7 1. 211- 11- 2 . 5211- • 0811792 

211 . 8 1 . 211 2 . 5s):.; . 0<-)110\7 

Once th8 ulocl-: method o.f checl:inc 1:ll\. , \·TB o.nd i-.'T3 - 1iiA lw.d been Get up it 

\ ·10.c u;:;ed for ..:tll v.:.i.riation in LJ D . Such .:.i. method involves n l o.r;;e 

.53 

w:iount o f co::11iutin:.:; but it ic co:.1_;:1rehencive one! encurec the beet pocciblc 

vci.lues f or \·!I\. ond \-!5 and hence , it is pre.::;u~~ed , the beet estimat e of 

the p.:i.ro_;:.cter of int erect , 1: 1 • 

. ' b ..,_. 1 J • Itera t i on a out ~ i or error determination did not alwo.yc cive 

rc s idunl dif[erenc e ;:; fr o~1 whi ch t he error coul d readily be c:::;timated co 

in some caces cra,hica l meth ods were needed . Both me thods are demon­

stra ted for the followinu spectrum ( see Fie . 3-3). 

Chloroform- d1 T == 294. 1 AJC T2A = T2B = 2. 9 s PA - PB= .5 

\-IA = 20G . 5 Hz WI3 = 211.7 Hz 

1( s ) -1 k ( G ) Residuals 

1.196 2 . 628 . 081725 

1.1 98 2 . 623 . 081716 

1. 200 2 . 619 . 081715 

1. 202 2. 615 . 081 721 

Henc e f or spectrum A at 294.1 K usine chlor of orm- d1 as s olvent the rate 

of r otation is k = 2. 619 ! .005 rad s - 1 • 
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The vo.riation o .6D h.:tG h01-1ever a very l.:i.r~e d1-.11-1b.:1c\: v,hcn u:-;,,,t 

o.bove the coci.le::iccnce t e1:1pcraturc . Belov, the coa l escence h'..' 1 1perc\tnrc 

,JG the r.:ini111m1 i 11 Rc::.;.i.duC1.ls i::; purcncd tlle 1,e.:i.l~ cc;K1.r.:1t.i.01t £ID '- ',·1'"l'l - \-//1 

1·.:i.t'clJ v:.:\ric::; hy 1.wrc -Lh.:.i.n tl·:i c c the ct0.tist.i.c.:1l error ~ro•.1 tlic 1::c,'.:tn 

b D -- _:; . 1 + . 1 H7. .:i, d the indi.vidn[\l 1rie;.,::rnre:---:entc ··ro: 11 1-:hic:1 6D \o/[\G 

calculuLed usu.:1lly hJ beh:cen _:; . O - 5. 2 Hz and never out:::; i.de 1, . ') - ) . j T[:·, . 

Un fortun;.1tel y if the mini1:m;n in Res i.dual:~ ic _pqr::;ncd ,:i.bove co~tJ.-

e:::;cence te,'··l)Cr.:1ture t }10 value c.i.vcn ".13 - \-/A w.i.11 not corrcc:)oncl co c l o::;cly 

t o li1e r.ico.n v.:tlue of LlD , o.nd the n.:i..:;n.i.tuclc of ?: 1 
( nnrt I: ) no lon~er .i c 

rel;.1.tcd to the tc:,:pcr:ttltre . In T.-:i.,)le 3-1 2 o.nd Fi :..;nre 3-11- , if k 1-,ci::,; an 

e,:l_)onenf;j_o_l function of ter:111er.:i.turc , the c urve for k ver.suc T woulc1 he 

a G i.111_plc u111-1;.1.rd curve . Onc e cu c i1 re:;ul tc ac o.1·e ..:; i ven in 'l'a.ble 3- 12 

h:1.ci been found for ::;ever.::i.1 col vents i t was reo. .i.~-;ect thc>.t the rlif .rerence , 

HI3 - \-//\ , in l)e.:i.\ poci.t .i.on 1-1,'l.G no l on.::;c r inflnent inl i.n detcn1inin:..; the 

hcst fit of theore ~ i.c.::tl and cx1)(~ri r.:en tc1.l lineshn11es but th.:tt the r.ie,rn of 

(':Ii\ + \IP) \·IA o.n cl \·m , 1/ 
2

, w~tc no\-/ the pcl.ra;11ete1· 1-1}d.ch r.1 ost af fe cte cl Reciduc1.ls . 

1\bove coc1.lescc:1c e the pe.::i.1~ ccpo.ro.tion , 1.-.'J - \-!f, , 1-mc held const.::i.nt or 

h eld t o the tcr:irernture deiJendcnt equa tion but 1,c1.s .:;oved alon0 the 

fr e quency rnnce e . 0 • 20G . 8 , 211. <) ; 206 . <) , 212 . 0 ; 207 . 0 , 212 . 1 . The 

chnntc in the results nbove conlcscence is re rno.rlrn.b l e nnd ve r y c.::i.tisfactory 

(Fie; . ) - 1,). The v.:1.rfotion in /).u wnc now fe lt to l)e cor.iple te u.ncl the 

Game method wc1.s applied to the other solvents i . e . below coalescence 

find the positions \·/A , HB for which the residuals are lowest but above 

coalescence hold WB - \-IA constant and , by v.::i.ryine the midpoint of the 

frequencies HA and WB , find the lowest residuals consistent with a set 

value of WB - W/\. . Usinc; this procedure the difference between the peak 

·positions me.::i.sured from spectra and those from th~ computer analyses 

varied between O Hz and 0. 4 Hz i . e . within the experimental error of the 

measurements . (For toluene ,I the difference was beb,een O Hz and o. 6 Hz; 
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Table 3-12 

A. t·\ini mum Residuals Analyses for Acetoni trile 

T J.) 1) .6 .lJ -y1 k Residuals 
A B 

K IIz Hz Hz rads -1 s 

289 . 2 202 .7 206.3 3.6 3.772 0. 8330 0.105295 

293.6 202.6 206.4 3.8 1.628 1.930 0.054845 

296.1 202.7 206.6 3.9 0.963 3.261 0.071396 

300.3 202.7 206.5 3. 8 0.663 4.735 0.081403 

202. 6 206.4 3. 8 0.721 4.358 0.049617 

302.1 202.7 206.7 I 4.o 0.588 5.338 0.044250 

303.5 202.6 206. 9 4.3 o.466 6.741 0.062423 

202 .8 206.7 3. 9 0.559 5.612 0. 062854 

306. 0 202 .7 207 .7 5. 0 0.278 11.28 0. 041412 

308. 9 202 .7 208 .0 5-3 0. 244 12.33 0.032084 

315.4 201 . 6 208 . 6 7.0 0.126 24.77 0.062307 

322.2 202.6 206 . 9 4.3 0.156 20.11 0.087430 

324.o 203.4 206.3 2.9 0.304 10.30 0.055834 

B. Standardised Values for b.J.J above the Coalescence Temperature 

T JJA 1JB flu 't 1 k Residuals 

K Hz Hz Hz rads -1 s 

306.0 203.2 207.3 4.1 o.4oo 7.857 0.099563 

3o8.9 . 203.3 207.4 4.1 0.394 7.970 0.109750 

315.4 203.1 207.3 4.2 0.318 9.88 0.143353 
' ' 322.2 202.6 206~9 4.3 0.156 20.11 0.087430. 

324.o 202.7 . 207.0 4.3 0.141 22.15 0.064558 
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1101,evcr thiG \·:ns within tlte c;cper i r.ient.::i.l e rror f or the 101-,er frequency 

e:qxrncion used in tl1e::;e .studi es . ) 

7. I I ., 

:J • I • :J Variation in T 
1 

2 

Once the 171 <.?thotlc fo r var;,:::..n:::; .6lJ lw.d been cycter;iat i::;ed the Lr c.:i > 

uc n~ of the othe:.: r.:;olvcnt .:.;:,rcte.n.:::; 1:u ::.; r:iuch r.:0:·c ;;'. ~o.::..cht~o . 11tlrd buL 

Ln01·1in;_; that T")1 1-;Gc an cx_pcri::ientnl:1 ~· dete:· ::-, incd p::trar::cter ,..,ith a lri.r._;c 
L 

perc ento.ce error (1 0,:~ ) it \·/o.G de c ided , f or chlorofo:·i:1 , t o ::;elec t four 

ter::1, er.:i.tures , set T
2

1 to itG value at the error l inits o.s 'dell .::i.s tile 

l 
. 'Y 1 

mcun and oboervc nny c 1.:i.n:.:;eo in ~ • Fr om the duta ~rccented in Tublc 3-1 3 , 

. t ,y1 . · t i T 1 . . , ut o. 0 1vcn lc1 :1pcra ure l- dc c reo.seG 1.n r::o.,:n.L ·uac as 2 ic .tnc reo.:::;eci . 

1 Furtl1e::: analJ ,'.3iG r: .ust be clone to discover · ,.· the c ho.n_;e in T2 alterG 

u11~·thinc olher th.:i.n the in t erc c.;:it in an Arrhenius equation plot . 

3.5 I"~;;ULTS 

Ut;in0 the proc edure described i n Sect i on 3 . 4. 2 and the 0101·1 c:..::c]1an:.:;e 

1 the best - fit v.:i.luec for ?:, and 1-: 1·1Cre c.:llculn-

tcd nncl nre ::;nr1~:o.riscd in Tnb l eG 3- 1J to 3 - 21 . Plotc oi.' l os 10k vcrcuc T 

f or co.ch Golvent .SJ Gte:,, nrc s lio·.-m in F i 0urcs 3-5 t o 3-11. The dntn fo r 

ea ch GJGtc,;i c ould 'uc Iit t ed b:; o. ctro.icl1t l ine nnd a11peo.r to obey the 

e r.1pir i c u. l J\rrhcnius equ.:.i.tion ( Eqn . 1-1 8 ) Hhich , i n lo0o..ri thr.ii c f orm, 

becomes : 

in wh i ch E , the a ct i vation encrGY for the rotation o.bout the C-N bon d , 
a 

does not vary with temperature . Th e Eyrinc equation , derived f rom tran­

sition state theory was c;iven as Equation 1-1 9 and c an also be written as 

loe;
1

a1t = loc; (113T/h ) - Gf/2.303RT 3-5 

where 113 is the Bolt zmann constant 

T is the absolute temperature 

R i s the r;as constant 

h is Planck ' s constant 



T 1 
2 

6 

2. 6 

2.9 

3.2 

T 

K 

29Li- .1 

300. 0 

312. 2 

320. 8 

294.1 

300. 0 

312. 2 

320. 8 

294.1 

300. 0 

312.2 

320. 8 

Table 3-13 

. . f 1 Variation o T2 for TTD in Chloroform 

)JA 

Hz 

206 . 6 

206 .1 

205 . 9 

205 . 4 

206 . 6 

206 . 1 

205 . 9 

205 . 4 

206. 5 

206. 0 

205 . 9 

205 . 4 

)JB 

Hz 

211 . 6 

211 .1 

211 .0 

210.5 

211 . 7 

211 . 1 

211 . 0 

210.5 

211.7 

211 . 0 

211 .0 

210.5 

LJ.U 

Hz 

5.0 

5. 0 

5 .1 

5 .1 

5.1 

5.1 

_____,1 
k (... 

-1 
s s 

1. 328 2. 366 

0. 618 5.079 

0.1 62 19. 34 

0 . 06L1- 48 . 35 

1.184 . 2. 654 

0. 599_ 5. 24 

0.1 66 18. 90 

0.069 44. 9 

1.067 

0.169 18.49 

0. 7L1- 41 . 90 

Residuals 

0.068173 

0. 073393 

0. 066078 

0.057552 

0. 068834 

0. 073417 

0.063447 

0. 057424 

0. 068672 

0. 085992 

0.061206 

0.057446 
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I 
r.. 

Solvent 

Acetone 

Acctonitrile 

Chloroform 

IllS0- water 

Il·"S0- wnter + Nac104 

Pyridine 

Toluene 

Table 3-14 

Slow Exchange Parameters 

DD 

Hz 

1.4 + 0.1 

0.726 + 0. 011 (.::_ 0 . 002)T 

5 . 1 + 0.1 -
2 . 5 ~ 0. 2 

2 . 5 ~ 0.1 

19.712 - 0.033 (~ 0.002)T 

41 . 490 - 0 . 084 (~ 0 . 003)T 

T 1 
2 
-1 

5 

2. 9 ~ 0 . 3 

3 . 4.::, 0 . 2 

2 . 9 ~ 0. 3 

1. 7 ~ 0 . 2 

1. 8 + 0.2 

2.7 ~ 0.3 

6.7 ~ 0.2 



Table 3- 15 

Kinet ic Data for TTD in Acetone 

A. 7. 8 w/v?~ TTD in Acetone 

T k 

-1 
K s 

279 . 9 0. 126 + . 002 

283. 5 0.1 99 _: . 001 

287. 9 0. 871- _: . 003 

291~. 1 2.88 

300. 3 7. 89 

300. 3 10. 61 

300. 3 5.99 

303. 7 7. 15 

Rcgrcs::;ion line 

B. 3. 6 w/VC/4 TTD in Acetone 

T k 

K s -1 

278.5 0. 065 + . 002 

287.9 0. 970 _: . 002 

294.1 2. 912 

300. 3 7. 86 

303. 7 9. 26 

Regression line 

103 T- 1 

K - 1 

3.572 

3. 528 

3. 473 

3. 1~00 

3. 330 

3. 330 

3. 330 

3. 293 

- 0. ~00 _: . 007 

- 0.701 _: . 002 

- 0.060 + . 002 

o. 459 

0. 897 

1. 026 

0.777 

0. 854 

1 
lOG1ok = 24. 4 - 7 . 1 <.: o.6) T 

1<Y T-1 

K -1 

3-591 

3.473 

3. 400 

3.330 

3.293 

-1.19 _: . 02 

-0. 0132 ,:!: .0009 

o. 464 

0. 895 

0.967 

Regression line from A and B 1 log10k = 24.7 - 7.2 (_:!: o. 4) T 

59 



0 ..--
0) 

0 
_J 

1-0 

0-5 

0 

-0.5 

Ac et one O 3 · 6 % 

6. 78 % 

-1-0 ------------
3. 2 ,3.4 

' I 
3-6 

103 y1 ( K1) 

Figure 3-5: Log 10. k versus T-1 for TTD in Acetone 



T 

K 

289 . 2 

293. 6 

296.1 

300. 3 

300. 3 

302. 1 

303. 5 

303.5 

306. 0 

308. 9 

315.4 

322. 2 

324.o 

Table 3-1 6 

Kinetic Data for TTD in hcetonitrile 

k 

-1 
s 

0. 834 _! . 003 

1. 929 _! . 003 

3. 260 _! . 005 

4.738 _! . 006 

3. 358 .:!:. . 005 

5. 334 .:!:, . 006 

6. 740 .:!:, . 005 

5. 613 _! . 005 

7. 86 

7. 97 
: 

9. 88 

20.1 

22.1 

Regression line 

103 T- 1 log10k 

K-1 

3. 4578 -0. 079 .:!:, . 002 

3. 4059 0. 2853 .:!:, . 0007 

3. 3772 0. 5132 .:!:, . 0007 

3. 3330 0. 6756 .:!:, . 0007 

3. 3330 0.5260 .:!:, . 0007 

3. 3101 0. 7270 .:!:, . 0005 

3. 2948 0. 8287 .:!:, . 0004 

3. 2948 0.7492 .:!:, .0004 

3. 2679 0. 895 

3. 2372 0. 902 

3.1705 0.995 

3.1055 1.301 

3.0864 1.345 

1 log1ok = 11.9 - 3.4 (_:!:, 0.4) T' 
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Figure 3-6: Log10 ~ versus T for TT D in Acetonitrile 



61 

Table 3-1 7 

Kinetic Data for TTD in Chlorofori;i 

T k 1o3 T- 1 loG10k 

-1 -1 
K s K 

288 .1 1.042 + . 002 3. 471 0. 0178 ~ . 0009 

29L~. 1 ·2. 619 ~ . 005 3. 400 o. 418 + . 001 

294.1 2. 654 ~ . 006 3. 400 0. 424 + . 001 

300. 0 5. 24 + .02 3. 333 0. 719 ~ . 002 -
300. 0 5. 23 + . 01 3. 333 0. 7185 ~ . 0008 

303. 7 6. 78 + .01 3. 293 0. 8312 ~ . 0007 -
310. 6 15 . 24 3. 220 1.1 83 

310. 6 14. 70 3. 220 1. 167 

312. 2 18. 90 3. 203 1.277 

315 .1 22. 86 3. 174 1.359 

320. 8 44. 9 3.117 1.652 

Regression line log10k = 15.4 - 4.4 (~ 0.1) ; 
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Figure 3-7: Log10 ~ versus T1 for TT D in Chloroform 



T 

K 

300. 5 

302.1 

303. 7 

305 . 1 

308. 0 

310. 1 

31 2. 6 

317. 0 

319. 2 

322.2 

Table 3-18 

Kinetic Data for TTD in 1);-\S0- Water 

k 

-1 s 

0. 699 _:: . 002 

2. 080 + . 006 

1. 202 + . 004 

1. 701 • .:: . OJ4 

2. 805 _:: . 005 

3. 300 _:: . 004 

5. 13 

6. 59 

11. 47 

9. 004 

Rce;ression line 

103 T- 1 log10k 

K-1 

3. 3277 -0. 155 _:: . 002 

3. 3101 0. 318 _:: . 002 

3. 2927 0. 080 + . 002 

3. 2776 0. 231 _:: . 002 

3. 2467 0. 4L,8 + • 001 

3. 2247 0.5185 _:: . 0005 

3. 1989 0. 710 

3.1545 0. 819 

3. 1328 1. 060 

3.1055 0.9544 

1 
1og10k = 16.0 - 4. 8 (~ .5) T 
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Figure 3-8: Log10 ~ versus T1 for TT D 
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Table 3-19 

Kinetic Data for TTD in mso- \·/ater and Nac10,t 

T k 1o3 T- 1 
loe1ok 

K 
-1 K-1 s 

291r. 7 . 1r68 + . 003 3. 3932 - . 330 ,: . 003 

300. 5 1. 212 + . 003 3. 3277 + . 08lt5 ,: . 0002 

301 . 2 . 932 .! . 002 3. 3200 - .008 + . 001 

303. 1+ 1. 16 + . 01 3. 2959 + . 065 ,: . 001r 

301t. 8 1.688 ,: . 003 3. 2308 . 2274 _! . 0008 

308 . 2 3. 361 .! . 007 3. 2446 .5264 ,: . 0009 

310. 3 2. 61+3 .! . 007 3. 2226 . 422 + . 001 

312. 1t 5. 15 3. 2010 . 712 + . 002 

316.9 7. 98 3. 1555 . 901 + . 002 -
317.2 7. 80 3. 1525 .892 ! . 002 

317.2 8. 16 3. 1525 . 912 _! . 002 

319.5 9. 06 3. 1298 . 957 ,: . 002 

322. 0 15. 2 3. 1055 1. 182 + . 003 

Regression line log10k = 17.3 - 5. 2 (_! . 2) ; 

Combined Regression line for both r:t1S0-water solutions 
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T 

K 

288.1 

300. 0 

300. 0 

303. 7 

310.1 

315 .1 

320. 8 

327.6 

333. 9 

Table 3-20 

Kinetic Data for TTD in Pyridine 

k 103 T-1 log10k 

-1 K-1 6 

• 925 ! . 003 3. 471 - . 03L1, !. . 002 

l+ . 580 !. . 008 3. 333 • 6609 !. . 0008 

5. 11-2 + . 02 3. 333 . 734 ! . 002 

6. 808 !. . 005 3. 293 . 8330 ! .0003 

13.11 + . 02 3. 225 1.1176 ! . 0008 

18.82 + . o8 3.1 73 1.275 !, .003 

31 . 4 3.117 1.497 

57.1 3.053 1.757 

107.4 2. 995 2.031 

1 Regression line lo~10k = 14.3 - 4.1 (!_ 0.1) T 
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Figure 3-10: Log10R versus T-1 for TT D in Pyridine 



T 

K 

294. 8 

297. 9 

300. 2 

300. 2 

308 . 0 

313. 8 

322. 5 

325. 9 

330.0 

Table 3- 21 

Kinet i c Data f or TTD i n Toluene 

k 103 T- 1 l oc10k 

- 1 -1 
6 K 

13.19 .!. . 03 3. 392 1 . 120 + . 001 

17 .Bo .!. . 02 3-3'.J7 1. 250 .!. . 005 

24.9 + . 2 3. 331 1. 396 .!. . 003 

24.9 + . 1 3.3201 1. 367 .!. • 002 

45 . 7 3. 247 1. 660 

78. 6 3.187 1.895 

103. 9 3. 101 2. 017 

110.8 3.068 2. 043 

165 . 4 3.030 2. 219 

1 Regr ession line log10k = 11 . 0 - 2. 9 (_!, . 2) T 
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Figure 3-11: Log10 ~ versus T1 for TTD in Toluene 



Since E 
a 

::: I H + RT 3-6 

nnd G1 ::: 1rf - T I 3-7 

all t ho thcrmodynarnic parameter::; can be found fror.i a plot of loc10k 

vcrsuo 1/r. The best fit for the data can be obtained by ca rryinc out 

re:.;resGion o.nalys.is on tho plot of loc;10 i.:: versus 1/r. 

DISCUSSIOif 
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In the ~fi-1R ::;pectra of N ,N ,H' ,N '-tetrruncthylthiodicarbonic di run ide at 

low ter.1pcratures , there arc only two methyl peak.s v1hich coalesce , aG the 

temperature risea, to a sincle peak so the carbon-nitroGen bonds (and 

both sot s of tt.ethyl croups ) have boon assumed to be equivalent and the 

equations describini; two site excha.nc;e have been used as described in 

Section 3.4 to fit the s pectra. 

3. 6.1 Chances in Spectra and Sol utions 

In acetone and toluene solutions so:ne chances with time occurred 

in tho Ni-.R Grunplcs . Thus in both solutions of acetone the colour of tho 

solution visibly darkened with time but the sample which contained less 

TTD remained paler than the more concentrated saraple . Despite these 

colour c hanGes there was no perceptible chance in the W.·~R s pectra of TTD 

in acetone; the only difference between the spectra for the two concen­

trations of T'I'D in acetone was a lesseninc in methyl peak intensity for 

the more dilute solution althouc;h tho colour difference would have 

suceested major altcratioM in the spectrum. The colouration could be 

explained by decomposition to a product with a high extinction, t he 

equilibrium for which lies well towards the orii;inal compound, or by some 

form of solvent association with TTD. No mention of such changes has been 

previously reportect45• 

Initially the spectra for TTD in toluene showed the familiar pattern 

for the methyl peaks of two separate peaks at low temperatures which 

coalesced to a sinsle peak at higher temperatures but after a month two 
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nm-, small peak..s had developed in the low temperature spectra . Thece 

peaks , which also coalesced and affected the lineshapes obtained in the 

intermediate exchance recion, appeared as satellites on the oricinal 

methyl peaks . To obtain spectra to which the two site exchance model 

could be fitted , a fresh G.:tr.1ple of T'.I.'D in toluene was prepared and the 

spectra were run within two days as described in Section 3. 2. The changes 

in the N. :H spectra, however, 1 were not accor:1panied by a colour chane;e 

similar to those observed in acetone . 

In both acetone and toluene the major methyl peak positions were 

unaltered by such effects and were the same whether measured for a 

freshly prepared sample or one that had be[;Ull to exhibit colour or spectral 

chanees . 

In contrast to tho apparent instability of TTD in acetone and tolu­

ene, the spectra and samples for solutions of TTD in acetonitrile, 

pyridine, chloroform and r:x-;so-water were unchanged after three months . 

ConsiderinG the reactivity of these solvents and the ceneral inertness 

of toluene, this stability is surprisinc. 

3.6.2 Errors in Temperature l·1easurement 

As discussed in Section 2. 2. 2 the temperature t;radients in the mm 
-1 6 -1 probe ranee from 0.2 K cm at 303 K to 0. K cm at 343 K when the 

ambient temperature is 300 K, so similar gradients would be expected at 

correspondincly low temperatures . However, such temperature variations 

in the probe should not greatly affect the temperature measurements since 

these are made under the same conditions for both sample and standard by 

an il1lf.lovable receiver coil which registers the absorption signals from a 

very small volume of sample. It seems therefore that an error limit of 

! 0.7 K (quoted in Section 2.2.3) is reasonable. 

Chanses in L\.u an_d T 2 
1 

In Table 3-14, the slow exchange parameters for solutions of TTD have 

been listed. The lareest changes with temperature in ~u (the methyl 



T 1 
2 

6 

2. 6 

3. 2 

Table 3-22 

Kinetic Data f or TTD in Chloroform when T
2

1 is Varied 

T 

K 

294. 1 

300. 0 

312. 2 

294. 1 

300. 0 

312. 2 

320. 8 

294. 1 

300. 0 

312. 2 

320. 8 

k 

- 1 s 

2. 366 !, 0. 006 

5. 08 + 0. 01 

19. 34 

2. 654 !, 0. 006 

5 . 24 !, 0. 02 

18. 90 

44. 90 

2. 943 !, 0. 006 

5. 40 + 0. 02 

18. 49 

41.90 

103 T- 1 

K - 1 

3. 4oo 

3. 333 

3. 203 

3. 400 

3. 333 

3.1 17 

3. 400 

3. 333 

3. 203 

3.117 

0. 374 !, 0. 001 

0. 706 !, 0. 001 

1. 286 

0. 424 + 0. 001 

0. 719 !, 0. 002 

1. 277 

1. 652 

0. 469 !, 0. 001 

0. 732 !, 0. 001 

1. 267 

1.622 
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Table 3-23 

Thermodynamic Parameters for TTD in Chloroform 

at Various Values for T
2 

1 

T 1 t 
6 H,98 

f E .6 G298 D 5298 2 a 
-1 -1 -1 JK-1 -1 G kJ mol kJ r.iol kJ mol mol 

2. 6 88 .1 + 1.1 69 . 6 85. 6 .:, 1.1 53. 5 .:, 3.8 

2. 9 82 . 9 .:, 0 . 2 69 . 4 80. 4 + 0. 2 36. 9 .:, o. 8 

3. 2 78. 1.:, o. 6 75 . 6.:, o. 6 20. 4 .:, 1. 9 
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peak .separation) occurred in the solvents pyridine and toluene, and, in 

both co..ses, .6D dccreu0ed c;icnificantly with incrca.sinc temperature . In 

other sol vents, except for acetoni trile where ~ l.J showed a .s::w.11 increase 

a.s temperature incrco.scd , 6u was effectively con.stant . Hilson reported 

a very 01::all i ncreo.oc i n the peak scpo.ration of TTD in chloro!'or:n 

solutions as temperature increased44 althouch these r.icasurcr.icntG were 

r.w.dc uainc a 100 hEz rr.:i~ spcctror:ieter . It is intcrcstinc; that major 

chant:;es in Lw arc a.saociated with the aromatic solvents and succesta that 

specific solvent-solute interactions arc occurrinc; in these solvents . 

23 L~6 1 It has been reported ' that inaccurate values of T
2 

can lead to 

lo.rccr values for t1S1. To test this effect the thermodynamic po.rameters 

1 for TTD in chloroform were calculated for a ranee of values of T
2 

(Tables 3-22 , 3-23) . It can be seen that a decrease . T 1 in 2 resulted in a 

GiQ1ificant increo.se in both I 
~ II293 and t 

Ll S 298 but left I 
.6 G298 virtually 

unaltered. 

3. 6. 4 Comparioon with Previous Hcsults 

The only previous lineshape atudy of N,N,N' , N'-tetrarnethylthiodi-

b . ct· .d Lt4 . t . hl 1 car onic ia.-:ll. e was carried ou in c oroform as so vent and the vo.lues 

determined for the thermodynamic parameters are given below with those 

dcterr:iined in this study. 

44a 

Our 

a 

b 

Table 3-24 

Ref E loc; A D.rl 6Hf 
a 
~ -1 , "'f' ., -1 -1 kJ mo.i. 1Cu F.10.1. kJ wol 

69. 0 ! 1.7 12.9 66. 9 ! o. 4 66.5 + 1.7 

resultsb 84. 2 ! 1.9 15.4 69. 3 81.7 + 1.9 

Ll GI, .6 H:/ and 4 S :/ are calculated at 302 K 

Ll. r/, .1 H:/ and Ll S :/ calculated at 298 K 

/Jsl 
T .,-1 

<J I\. 
- ,-1 
1110.1.. 

- 1. 9 ! 8. 4 

+42.0 + 8. o 

The two sets of values in Table 3-24 differ significantly. The 2. 4 kJ 

mol-1 difference for. fjc;f is particularly surprising since it is outside 
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the expec ted cxpcrir.icntal error. In order to de~onstrate the validi~y 

of the experir,1cntal procedures used and that errors we:-e not produced 

by the input calculations for the theoretical lincshapc an !ri .H ana.ly::;is 

was carried out on the well- studied syster.1 , N, N- dir.iethylcarba.mic chloride 

Lt? , lto ,Lt9 ; a.s de::;cribcd in Section 4-3 , excellent a:;rce.:1ent \·ms obtained 

43 49 with the beat l iterature values ' , a result that provides confidence 

in the r:,ethods used in the studies on TTD. 

Wilson reporta a value of o . 351ts for T2 ( i . e . T2
1/2 ) which is 

slic;htly leGs t han our value of 0 . 4G1s while the separation of the methyl 

pea.ks is civen a.s 0 . 031 ppr:, compared t o the separation of O. OS5 ppr:, 

which we menzured. As discusaed earlier a lower val ue of T2 (and hence 

T
2

1 ) coul d Give rise t o siGnifica.ntly l arcer values of .6 HI and ~st. 

However the direction of the effect is the reverse of that r equired t o 

explain the difference between the results of the present study and those 

obtained by Wilson. 

Althouch there is a cood deal of error involved in such a procedure , 

when the dnta f r or:1 the loc 10k versuc 1/T plot in the paper by \·/ilson is 

replotted and the slope ca l culated la.rGer valueo of E (74. 6 kJ mol - 1 ) 
a 

and .6 Irf (72. 1 kJ rnol - 1 ) a.re obta ined. Insufficient data ar e provided 

in the paper by \-/ilson t o a l low the best f i t values of ?:: to be r ecal­

culated f rom f irst principles and the r eason for the differ ence between 

t he two set s of r esult s f or chloroform as solvent remains unknown. 

3-6 -5 Solvent Effect Studies 

In pr evious s tudies on solvent effects (Table 3-25 ) , only s mall 

changes in the maGllitudc of the ther modynamic parameters have been 

observed. Furness50 used t oluene, chloroform and acetone in a study on 

N,N~dialkyl- 4-nitrosoanilines and found a variation of 4 . 0 kJ mol- 1 in 

Ll <{98 and Ea while Ll s~98 was almos t constant . In t he amide- solvent 

systems examined by Drakenberg24 N,N- dimothylacetamide showed a variation 

of 2. 3 kJ mol - 1 in Ea , 5 . 0 kJ mol - 1 in .0. ~ 98 (with peak separations in 



Compound 

N,N-dimethyl-4-
·t ·1· 50 ni rosoani 1.ne 

N,N-diethyl-4-
·t ·1· 50 ni rosoani 1.ne 

N-benzyl-N-methoxy­

N-methylamine 

1,2,2-Trimethylaziridine53 

Solvent 

(cn
3

)2co 

crx::1
3 

(cn
3

)2co 

crx::1
3 

c6n
5
cn

3 
n-hexane51 

cs 51 
2 

COCl 51 
3 

CH2Cl251 

(CD3 )2ca52 

Table 3-25 

Solvent Effect Studies 

E 
a -1 

kJ r.iol 

61. 8 + 1.6 

63.6 _! 1. 6 

63.0 _! 1. 6 

64.4 + 1. 6 

66. o + 1. 6 

54.o 

51.9 

49.0 

39. 0 

34-7 

neat ( 60 i-lHz ) 100.7 ~ 1.9 
neat (1 00 t!Hz) 98. 4 _! 2.4 

C6D6 97. 8 ~ 3.1 
crx::1

3 136. O .!. 5. 8 

(CD
3

)2co 101 .0 + 2.2 

~ G298 
-1 kJ r.:ol 

52. 5 ~ 0.2 

53. 6 .!. 0.2 

5L1- . 5 ~ 0.2 

55. 8 ~ 0.2 

52 .1 + 0.2 

41.4 

74.9 

74.1 

76.1 

79.1 

76. 6 

Ll H298 
-1 kJ r:iol 

59 . L, _! 1.6 

61.1 + 1.6 

60. 5 _! 1.6 

61.9 ~ 1. 6 

63. 5 ~ 1.6 

L'.1 5293 
-1 -1 

J'rC r:iol 

23 _! 6 

25 _! 6 

20 + 6 

20 + 6 

38 ~ 6 

- 8.1 

-1 0. 0 

- 27-3 

-61.7 
_L1-3 

72 ~ 18 
66 + 16 

59 ~ 13 

160 _! 30 

65 _! 14 

--.J 
N 



Table 3-25 (continued ) 

Solvent Effect Studies 

E Compound Solvent a 
k J r:!Ol 

- 1 

N,N- dimethylformamide24 neat 89 . 1 ~ o. 4 

c2c14 90. 4 ~ 1. 3 

decalin 85. 4 ~ 1. 3 

N,N- dimethylacetanide24 neat 79.5 ~ 0. 4 
(CD

3
)2co 82 . 0 ~ 1. 3 

n2o 82. 8 + o. 4 

N,N- dimethyl-1-methoxy- neat 42 60. 7 ~ 1. 7 

t hiofor ma.r:1ide neat51 56 . 9 ~ 2.5 

COCl 51 58. 2 ~ 1.3 342 
C6H12 59. 4 ~ 1. 7 
C H c141 54. 4 6 5 

I 
.6 G298 6 H; 98 

k J :::ol - 1 
k J mol - 1 

85 . 7 ~ 0 . Lr 87. 4 ~ o. 4 
86 .6 + 0. 4 87. 0 ~ 1.3 

84. 9 ~ o. 4 82. 0 ~ 1. 3 

75. 7 ~ 0. 4 76 . 6 ~ o. 4 

75. 3 ~ 0. 4 79.5 ~ 1. 3 
eo.8 + o. 4 79. 9 ~ o. 4 

72 . 8 58. 2 

75 . 3 

74. 1 

71.5 56. 9 
59. 0 

~ s 
293 

- 1 - 1 
.Tl. .:101 

- 6 + 4 -
2 + 8 -

- 10 + 8 

3~ 4 

13 ~ 8 

- 3 ~ 4 

49 

63 ~ 2 

5Lr ~ 8 

49 

- 23 

--..J 
\>l 
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the ranee 9 . 3 - 10 . 7 Hz) while for N ,N- dimethylformrunide the clw.nc;e in 

I\1. wac 5 kJ r.iol- 1 and ..6G~
93 

v.1ried by 1. 6 kJ r.101-
1 

( /);,u varied beh1een 

4. 3 Hz nnd 9. 1~ i!z) . The r.ie thoxythioforrr.arr.ide shO\·JCd si:nilarly s r:1.:111 

ranees in Ea and 6G~90 as did 1 , 2 , 2- tri::iethyl aziridine ( except for t he 

chlorofori':l solution in which the atypical behaviour has been accounte d 

for by poatulatinG that the chloroform ~olccules arc hydrocen- bonded to 

the aziridinyl nitrocen) . 

For N- benzyl- N- methoxy- N- mcthylo..11ine in Table 3-25 the value for the 

activation eneri;y , E , decreased by 20 kJ mol- 1 when the solvent was 
a 

chanced fror:i n- hexnne to acetone . For solvents of :iicher dielectric 

constant than acetone ( E, = 20. 7D) the rate of ni t r occn i nversion occurs 

t oo fast for rn,R observation ; this succests sicnificant solvent- solute 

interaction. 

3.6 . 6 Studies of T~D in Selected Solvents 

Before discussinc the solvent dependence of the rotational barrier 

in TTD it should be noted that the variation in concentration of the TTD 

in acetone does not affect the thermodynrunic parameters in any sicnifi­

cant way (Table 3- 26) . Those variations which have occurred are well 

within the experimental error so henceforth the data from both concen­

trations will be considered toGether . Also , because the data obtained 

usins dii:lethylsulphoxide- water as solvent with sodium 3- (trimethylsilyl-) 

propanesulphonate as r efer ence and f or this same solution with . 2~4 

sodiur.i perchlorate added are compat i ble within the error limits (Table 

3- 26) , they will be treated toGether as data for the dimethylsulphoxide­

water (mso-water) system. 

The thermodynamic parameters derived from the r e&rcssion lines and 

equations 3-4, 3-5 and 3-6, are given in Table 3-27. When the peak 

separation .6lJ is compared with the activation energy , E , it is found 
a 

that the larger values of 4>.J are associated with the s maller values of 

Ea but this inverse relationship is very approximate. The range of values 
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Table 3- 26 

E i 
Ll H~9§1 

I 6 G298 ,{js 298 
Solvent .l. - 1 -1 - 1 - 1 kJ r.iol kJ r.;ol kJ mol J K mol 

Acetone 7. 8 w/v-X, 136 ,: 11 69. 7 133 ,: 11 210 ,: 30 

3 . 6 w/v<;; 140 ,: 13 69. 8 137 ,: 13 230 ,: 50 
combined 138 ,: 8 69. 8 135 ,: 8 220 ,: 30 

DlSO- watcr 92 ,: 10 73. 0 89 ,: 10 50 ,: 30 
D·,S0- wa t cr- N.:i.Cl04 100 + 4 71. 7 97 ,: 4 Bo+ 10 

D1iSO- water combined 96 ,: 4 72. 3 93 ,: 4 69 + 10 



Table 3- 27 

Tner~odynamic Parame t ers for the Rotational Barrier of 

N,N,N' ,N'-Tetrrunethylthiodicarbonic Diamide in Selected Solvents 

E =/ -{I 
LJS~98 

Solvent a - 1 G29Q1 
1 298 

kJ - 1 J K- 1 mol - 1 
kJ mol kJ r.iol r:iol 

Acetone 137. 9 .:: 7. 7 69. 8 135. 4.:: 7. 7 220 ::_ 30 

U·,SO- water 95 . 7::, 3 . 8 72. 8 93 . 2 .:: 3. 8 60 + 10 

Chloroform 84. 2.:: 1. 9 69 . 3 31. 7 ,: 1. 9 42 + 8 

Pyridine 78. 5 ::, 1. 9 69 .3 76. 0,: 1. 9 19 .::_ 6 

Acotonitrile 65. 1.:: 7. 7 70. 7 62 . 6 ,: 7. 7 -25 .::_ 25 

Toluene 55 .5 .::. 3 . 8 65. 8 53. 0 .::. 3.8 - 40 + 10 

76 
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for E is so larce that t he experimental errors cover only a s mall propor­
n 

tion of t he variation in E between solvents which is therefore both real 
a 

nnd sicni f icant . 

Thouc;h the larcest values of 6 H{98 and bs{
98 

arc for acetone as 

solvent, which , f or t he reasons discuased in Section 3. 3 . 4 , have t he 

larc;eat errors, the ranee of values for the activation parameters in other 

-1 ~ :/ -1 aolvcnta still s how a variation of 40 kJ rr.ol r or I.':, II298 and 100 J K 

-1 1 mol f or !JS 
298

• These variations arc at least h,ice as lare;e as those 

previously reported (Section 3.5.5 and Table 3-25). 

In Fic;urc 3-12 a plot of fl H,98 vcrc;us .eis{98 is shown . The data 

can be fitted by a line with a least - squares slope of 308. 9 and an error 

in the slope of.!_ 20. The pitfalls in the use of such correlations are 

\'/cll-known55: in this cas e the variations in 6 H{93 and Ll s{
9
3 are 

much creator t han the experimental errors so the correlation is sicnifi­

cant. The ranee of values of d H~98 and LJs{98 is much greater than that 

of .Cl G{98 and such correlations of 6H~98 with ~s~98 leadinc to 

larcely compcnsatinc contributions to LJG'f arc often found associated 

with _solvation cffccts55 • For this study, in which the only variable is 

the solvent, it is not surprisinc that such a correlation is observed. 

In an effort to deter:nine which properties of the solvent mic;ht be 

sicnificant in effectinG such variation in .LlH~98 and .Cls{98 , an attempt 

was made to correlate the activation parameters with solvent properties 

such as melting point, dipole moment and refractive index. In Table 3-28, 

the solvents are arranged in order of decreasing i L\G298 and are shown 

with various solvent properties, together with Ea. No correlation was 

obtained for any solvent property with Ea (and hence LlH{
98

, and also 

6 s{9s, do not correlate with these solvent properties). However, 

several properties, namely the dielectric constant, the dipole moment, the 

Hildebrand solubility parameter,&', and the empirical polarity parameters, 

~ and Z, do correlate with ~G,98• This correlation of a~
98 

for TTD 
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Table 3- 28 

Correlations between LJG~98 for TTD in Selected 

Solvents and Solvent Parametersa ,37 

=/ E i-:P i3P 20 .6 H e;?i Solvent DG29S a ~ v_1 - 1 kJ mol- 1 oc oc kJ r.iol kJ rnol 

u.-:so- watcr 72. 8 95. 7 . 36 

Acet;onitrilc 70. 7 65 . 1 -L~6 22 1. 3L~ 31~. 2 2. 25 

Acetone 69. 8 137. 9 - 95 5G 1. 36 32. 0 2.L~8 

Pyridine 69 . 3 78 . 5 - 42 11 6 1.51 40. 4 1. 04 

Chloroform 69. 3 24. 2 - 63 62 1. 44 31 . 4 2. 61 

Toluene 65. 3 55. 5 - 95 111 1. 50 36. 0 1.57 

=/ E &25 ~ z Solvent G298 µ25 
kJ :nol - 1 a - 1 

kJ mol D kJ mol - 1 kJ mol 

1); :S0- water 72 . 0 95. 7 62 

Acetonitrile 70. 7 65. 1 3 . 92 36. 7 11 . 9 192 

Acetone 69 . 8 137. 9 2. 33 20. 7 177 

Pyridine 69 . 3 73 .5 2.19 12. 3 10. 7 168 

Chloroform 69. 3 84. 2 1. 87 4. 7 9. 3 164 

Toluene 65. 8 55 .5 . 36 2. 3 8 .9 142 

a nD20 = Refractive index for ~a D- line at 20°C; L1 Hv = Enthalpy of 
evaporation 

298 

275 

263 

264 

e;t = Fluidity at 25°C in e cm-, cP- 1; µ
25 

= Dipole moment at 25°C 

6
25 

= Dielectric constant at 25°C; 8 = Hil debr and s ol ubility 
paraneter 

I S6 
~ , Z = Solvent polarity parameters' 

- 1 
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with properties related to solvent polarity s ucccsts that the effect of 

the solvent on 1 li.G293 is closely related to the bulk solvent properties . 

A sur,1r.1ary of the literature data on the extensive ranc;e of solvents 

used for N , N- dir.:ethylaceto..-:iide (D:ii\) lineshapc studies arc liGtcd in 

'l'alllc 1- 1 . These have been rcarransed in order of decrcasinc; D. G-/ in 

Table 3-29 and ::;or.:c ::;olvent para::ieters have al::;o been r;iven. For D:·iA, 

1 unlike T1'D , the decrea.se in LlG
298 

closely follO\·/S the order for decreas-

inc E • The only s olvent para:ncter which correlates ,-,i th 6 G1 is the 
a 

dielectric constant (except for 1 ,2-dichlorobcn~cne); the other para-

:-:ietcrs arc cor:ipletely random. Since the c:;,:ception to this relationship 

is the only aro::iatic solvent, the interactions between the aror..atic mole­

cule and D:IA are r ather different to those interactions occurring in the 

r er.:ainder of the solvents . Sir.:ilarly ano:11alous behaviour of w for TTD 

in toluene and pyridine v:as observed ( L) D is very larc;e with a marked 

decrease in .Lh) as the te::-:pcrature increases) . It would seer.; that 

aror.iatic solvents interact with the solute in different ways to the other 

solvents . The 1,1ost likely variation would be the f orr.iation of molecular 

co::iplexes between aror:1atic solvents and their solutes, althoui.;h the 

observed barriers to rotation for '.i.'TD in toluene and pyridine at the 

lower end of the ranee would seem to refute this suGcestion . 

As acetone and dir.:ethylsulphoxide, both dipolar aprotic s olvents 

containinc oxy8en , have the hi3hest values of LJ H{98 and Lls{98 while , 

as mentioned previously , toluene and pyridine have lower values for both 

parw-:ieters perhaps these parametersreflect the strength of solvent-

solute bindinG. Th~ nitroeen-containing dipolar aprotic solvent acetoni­

trile also has low values for L) H{98 and ..6s~98• It is perhaps inter­

estin~ to note that TTD was insoluble in low dielectric non- polar solvents 

such as carbon tetrachloride (see Table 3- 2) . However no simple ration­

alisa~ion , in terms of the chem~cal properties of the solvents , of the 

variation in -6 H{98 and L'.15~98 seems possible. 
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Table 3-29 

Free EnerGy Chn.nces for Rotation in N,N- Dimethylacetamide 

and Solvent Parameters 

LJGI 625 
µ ~ z 

Solvent -1 D - 1 -1 kJ mol kJ mol kJ mol 

Forr.mmidc 73. r; - 81 . 2 112.6 3. 73 237 349 

D20 80. 8 77 . 9 1.86 264 396 

n:so 77.4 46. 6 3 . 96 188 297 

1,2-Dichlorobenzcne 77 . 4 9 . 93 2. 50 

Neat 76 . 1, 75 . 7 37 . 8 3 . 81 280 

Acetone 75 . 3 20. 7 2. 88 177 275 

CC14 72. 5 2. 23 0 136 

Isa octane 72. 4 1.9 0 251 

' \ 
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SECTION 4 

THE Pl/.~LI .. Ti'{A <Y IllV.3STIGATIOiiS D 'rO ROT,\i.ElUC SYSTEi.S 

4 .1 rr;T.!ODUC'l' I Ci~ 

Various compounds which should sho\-1 rotational effects in their rn-m 

spe ctrum were either prepared or boucht , then t heir s pectra were recorded 

for the neat compound or for a solution made with a deuterated solvent . 

In most cases the study of these systems was not carried beyond the 

ini tfa.l variable- teir,perature spectra . Since computer prot;rams for the 

two- site Bloch lineshape and the four-site density matrix analysis were 

available , t he systems which were cons id.~rncl we re usually two- or four-

site interchan~es . 

In this section the preparation of those compounds which wore made 

in this laboratory and any purification of cor,,mercially-availablo com­

pounds arc ciescribed . 

4.2.1 Preparation of 1 H-(4-nitrobenzoyl)-pyrrole 

The method of preparation was that of l·ienr;er and Donohue57 • 

13.2 G (0.100 mole) of 2,5-dimetho:>..--ytetrahydrofuran (Aldrich) and 16.6 g 

(0.100 mole) of 4-nitrobenzamide (BDH) were dissolved in 100cm' glacial 

acetic acid and heated r;ently for 2 hours. The acetic acid was removed 

under reduced pressure leaving a dar,c - anular residue which was extracted 

with 500cm' of diethyl ether in s mall portions. To determine that this 

was the product a small sample was analysed by the mass spectrometer and 

\ this confirmed that the product was 1 H-(4-nitrobenzoyl)-pyrrole. 

4.2.2 Preparation of Dimethyl-4-nitrosophenol 

Both 2,6-dimethyl-4-nitrosophenol and 3,5-dimethyl-4-nitrosophenol 

Were prepared by the same method. 2.95 g (0.025 mole) of dimethylphenol 



(J·~ochlic;ht) was suspended in 150cr.l wo.ter and s ol i d s odium hydroxide was 

added until the dir.1etl1ylphenol di ssolved . The s olution Wc'.lS made up t o 

250cm' (0 . 1li in di1:1cthylpl10nol ) with water , t hen c ooled t o 0°C in a 

salted i ce- bati1 at which stac;e 2 . 55 c (0 .1 5L ) s odiu:11 nitrite was added . 
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For the next hour , 1. 5;.. sulphuric c'.lc i d was added slowly until precipitation 

iiad f i ni shed and t he solut ion was acidic . Ti:10 precipitate was col l ected , 

di ssolved i n a que ous s odi um carbonate , filtered and r epre cipitated with 

di l ut e acid. The 2 , 6- di me t hyl-4-nitro.sophenol repr ecipit a t ed o.luost at 

once ,:md was r ecr ystc'.lllized f rom benzene but t he 3 ,5- dime t hyl-4- ni troso­

phenol t oo!( 40 i1ours to reprecipi t ate completely and was recrystallized 

f ro1a 1 , ' f- dioxnn . 

4 . 2 . 3 Prepc'.lrc'.ltion of N- Benzyl-N- r:i ethoxy- N- raetllyl.'.l.i:i i ne 

In the paper by Griffit h51 t he pr epar ation of N- bcnzyl-N- ::.ethoxy­

N- r.wthylai.1ine (B::i; ) was su::ir.io.rised as t he alkyl ation of N- r.iet i1 0}.')'- Il­

methylamine with benzyl chloride . 

Followi nc t he s t ando.rd ,et hod of pr eparation 1. 5 c (0 . 015 mole) of 

tl- 1nethoxy-I:- r.1ethyl amine and 2 . 25crr,' ( O. 02 mole) of bcnzyl chloride i n 

15cm' of toluene with 2 . 6 c of anhydrous potassium carbonate were refluxed 

f or 24 hours . No product was obtained. 

To ensure a basic envirorunent t he solvent was chani;ed to pyridine . 

2 . 9 G (0.03 r.1ole) of N- methoxy- N- methylami ne \·Jas dissolved in 50cm' of 

'pyridine to which 3 . 4cm' (0.03 mole) of benzyl chloride was added . The 

mixture stood for 10 minutes t hen most of the pyridine was removed on the 

rotary evaporator to leave about 10cm' of yellow oil. The oil was dissolved 

i n 30cm' chloroform and washed three times with 30cm' of distilled water . 

Host of the chloroform was removed on t he rotary evaporator leaving a 

bro,..m liquid, presumably the product . An NMR spectrum was run which showed 

three proton peaks near the THS reference signal in the ratio 2.2 : 3.0 : 3 .1 

(the expected ratio f or the product) and complex aromatic peaks . 

This method was repeated using 6.8 g N- methoxy-N- methylamine and 



ucr.l benzyl chloride in 100c .. ' pyridine , refluxinc this ,ixture for 15 

1.:inuteG t hen dissolvin i_; t he oil re r:1aininr.; after the pyridine hac been 

re1novod in G0cd of chloroform which was wc1shed with cix portionc o [ jOcr.1' 

of wat er . When t he chlorofonn was re r.ioved t here was none of t he expec t ed 

product le f t . 

1.rhe next preparation used o. 9J r.; N- 1.:ethoxy- N- ~10thylar.1ine and 1. 2cr.i' 

benzyl chloride in 1 ?c1.:' pyridine \·1;1ich wns refluxed for 90 minutes on an 

oilbath then washed with 3L1-c rn' of a. Gaturated solution of s odium bic.-:i.r bonate 

( i i Ed',) . The pyridine r.1 ixture diGsolved . \-/hen a little c;odium hydroxide­

pyridine solution waG .-:i.ddcd to 15c~? of t he pyridine- sodium bicarbonate 

mixture , two layers separated out so t his sar.iple was coi:ibined with the 

larcer portion and a thin second layer appeared. A pellet of sodium 

hydroxide was .-:i.dded and the s econd (upper ) l ayer [_;re,, larcer and the colour 

dee pened from yellow to orance . W~en separated t his layer (35cr:l') was 

distilled t o rcr.iOve t he pyridine . The residual oil was dissolved in 

chlorofori:s, , washed \,i t i1 water and the c:1lorof orii1 i-,as rc r.ioved on the 

rotary evaporator but none of the required product \·1as obtained . 

To deter1:i inc if t he ar.iine itself was stroncl y basic in water, 0 . 0007 g 

( ,) - 4 ) o . 2 x 10 mole of N- r:1ethoxy-N- r.iethyla.r.1 ine was dissolved in water and 

half-neutralised with 4 .1 4cm' of 0 .11-i sodium hydroxide . The pH of the 

solution (measured twice) was 4 .73 + 0.02 so, since at half neutralisation 

pH :a- pK then pK == 4.73 + 0.02. 
a a -

Since the pK_ of N- methoxy-N-r.1 ethylar.1ine is near that of pyridine 
d. 

(pK == 5.25), a new solvent was used. 0.98 e of N- methoxy-N- methylamine a 

and 1.2cm1 benzyl chloride was dissolved in 20cm' of 2,6-dimethylpyridine 

(pKa == 6.57) and refluxed on an oilbath for 24 hours. The resulting oil 

was washed with sodium bicarbonate-sodium hydroxide solution then, after 

separation of the dimethyl-pyridine layer, the solvent was partly removed 
I 

by the rotary evaporator. Distillation on a microscale removed the 

remainder of tho dimethyl-pyridine. · A s mall amotu~t of residue was obtained 
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w:1ich was not the expected product . 

4. 2. 4 Purification of N ,H-Di1.1ethylcarbar,: ic Chloride 

The II ,1l - di1.:cthylcnroo.i, ic chloride (Flu,m ) was vac uur.1 distilled usin::.; 

a \·rater pu1:1p at a constant te;;:pcrnturc of 62°C . Only the middle cut v:.:i.s 

kept and .tJtorcd over n 1.1olecular sieve (A j,::i.;, L11, ) in t he do.rl; . /\ neut 

sample of N , l'l -di r.1ethylcarbrunic chloride , with only T;.iS added , waG dec;assed 

on the vacuur:i line before beinr; scaled in .'.111 N;,R tube . 

11- . 3 DL.SC!:IP11 IO:; OF V/G1IAI3Li~ TELPEirnTURE SP~CTIU\ FOH HOTfu,EH IC 

SYST;:; ;s 

The vnriable ter:iperature spectra hereaft er described were recorded 

as described in Sections 2 . 2. 3 and 2 . 3 . 5 . 

34:cthyl-1-( 4-~ethylphenyl) - triazene 

After surveyinG the literature on rotnr:ieric cor:ipounds, the triazenes 

were considered possible subjects f or variable- ter:iperature studies so 

without further purification sruaples of 3- @ethyl-1-( 4- r:iethylphenyl)­

triazenc ( \·/BL ) in deuteroace t one ( 4 w/v";~) and deuterochloroform (3 w/v;; ) 

were l)reparcd. 

The spectrum of 3- me thyl-1-( 4- r:1ethylphenyl) - triazcne (l~~ ) in 

chloroforr:i vras recorded at several te :;peraturcc ; at roor.1 terapcrature , 

the H-1. ethyl peak appears 'as a sinc;let which at -22°C has broadened and 

0 
at - 30 C has separated into two unequal peaks with a shoulder on the 

larger peak. 

0 . 
\'!hen the low fiel d portion of the room (about 27 C) temperature 

spectrum was expanded it became apparent that the aryl peaks were split in 

a complex pattern with an adjacent very flat hump which was tentatively 

identified as the proton attached to the nitrogen. At -52°c the proton 

peak had s·harpened reflectins the lower mobility of this tautomeric 

nucleus which can mi8rate alonG the triazene chain. 
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The aryl peaks s how :::;o .. e variation in intensity but thi:::; alter.:i.tion is 

very s mall for so 

able for va.riable 

lars e a te1::perature chant_;c . 

teLiperaturc
1
analysis because 

'l'h e aryl peaks were unsuit ­

of the lack of variat ion 

while the 1.1et hyl pco.k wo.s unsuit.:i.ble bec.:i.use of t l1e complications int ro-

duced by the mobile proton . 

A solution of ;.;; ;T in acetone was recorded at various ter;1peratures . 

tu1 expansion of the aryl re rsion fro:'.l t h e room (- 27°C) temperature spec­

trum ( F i e . 4- 1) s h o1·1e d a co:,1plex broadened set of peal<:s which were 

virtua.lly unchan__;ed wh en re - exarained at - 44 °C . Th e 1; ethyl portion of 

the spcc tru;:i s howed , at room temperature a pair o f coalescinc unequal 

pea ks with a thir d peak t o the hi0h field side of the coalesc inG pair 

0 
which was a.::;.::;.i.cned t o the uroui.:i.ti c r.:ethyl but at - 44 C , r.1 t houi:.;h the hiGh 

field pea:<: wo.s unc hanc;ed , t h e broade r hich fie l d peak of the pair was 

s t ationa ry .:md s harper while the 10\·I f ield peo.k had 111 oved t o lower field 

and U 5 1:lall S11arp pea;<: !W.d appeared between the r.1. 

A spectrw11 recorded six v1eeks later at roor:1 temperature showed the 

san e peaks with the intensities of the "coalescinc;" pair reversed. Under 

the same conditions u s pec tru::i run after anoth er two weeks s h owed an extra 

set of peaks so a series of s pec tra at various temperatures were run but 

the only chanc;e was t h e inclusion of the new peaks to the low field side 

of the "coalescinc" pair ( in whi r.h the loi.._r field peak was even less 

intense and broader than before). 

A new solution of Mr~T in acetone was prepared but spectra run within 

three hours of s ample preparation showed a second new peak and low temp­

erature (-44°C) spectra were rather complex so this system was abandoned. 

4.3.2 1-Acylpyrroles 

Since a four- site density- r:1atrix program was availa ble , the 1-acyl­

·pyrroles were considered possible subject s for study. Lineshape analyses 



Figure 4-1 3-Methyl-1-(4-methylphenyl)-Triazene in acetone-ds at 30°C. 



86 

of rotation in 1-acetylpyrrole58 , 3.,4-dimethyl-1-acetylpyrrole59 and 

barrier-height estimations for 1-benzoyl-pyrroles59 seemed to indicate that 

1H(4-nitrobenzoyl)pyrrole would be a good candidate for lineshape nnalysis 

with two unrelated 4-spin systems which should show rotational effects. Such 

a study should add to the knowledge of rotation in pyrrole- based compounds. 

I 

1 H( 4-nitrobenzoyl)pyrrole was prepared as described in Section 4.2.1 

and the spectrum of a solution of 1 H(4-nitrobenzoyl)pyrrole in deuterace­

tone was recorded at various temperatures between room temperature and 

- 84°c . At room temperature the uromatic region even at an expansion of 

1.5 Hz/cm showed only two peaks with irregularities which could be incip­

ient peaks. At - 31°C with the same eA-pansion the two largest peaks had 

moved apart and were now surrounded by small peaks while at -40°c, there 

were no new peaks (Fig. 4-2) but all the peaks present had spread over a 

larger frequency range even though the peaks were sharper. As the tempera­

ture dropped the peaks spread coalesced and changed in a fashion not easily 

disentangled since these were overlapping peaks from the two aromatic 

regions. Even at -84°c (Fig. 4-3), changes were still occurring so 

reaching the slow exchange region would not be possible in this solvent 

(which freezes at -95°C). 

4-Acetylpyridine 

By ':'°alogy with the 1-acyl-pyrroles which had recently been analysed 

by lineshape methods58 •59, it was thought that 4-acyl-pyridine might be 



Figure 4-2 
IH-(4-nitrobenzoyl)-pyrrole in acetone-d& at -40°C. 

Figure 4-3 
IH-(4-nitrobenzoyl)-pyrrole In acetone-de at -84°C. 

I 
I 

I 
I 
I 

I 
I 
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a suitable four- cite systcr.1 . Tile spcctrur.1 of 4- acetyl- pyridinc ( nn;:i) was 

run in a concentrated sulpl1uric acid - 1:1cthanol r~ixturc at 27°C , - 13°C , 

,o ( 0 
- .'.;iv C nnd - 79 C. Since the solvent r,iixturc wus unclcutcro:'.:cd there Herc 

1.;uny i ntense pc.::i..!;:s in the s pcctru.-:1 but t;,c a ro;::at ic r c.::;ion ,·ms fortunately 

free of i nter fer ence so o!'l.ly t he low field s1Jcctru were cons idered bclo\J 

roo.-:1 tc:.11)eraturc . The so.1:iplc was insoluble in ::1etha.nol at low tc::ipera­

tures in the ubacncc of acid. 

Ti1c ch c1.; ical s hi ft altered very sli0:1tly over the tcr.ipcraturc r,:m~c 

but t h e uppcarance of the s pcctru;.1 altered dr.:u.iatically as the tc1nperaturc 

d!-oppcd . J\t roo::i tcopcraturc , there arc two sets of co1:1plc:x pca}:s in the 

aro,:;a.tic r e Lion (::Ti [;. lr- 4 ) Hhich slowly coalesce as ti1e tcr.1perature 

( 0 
decreases so that , at -5J C , t he arouatic sic.;nals consist of tl-10 coalcccinc 

0 
doublets a nd , at - 79 C , these huvc beco1:1c a puir of broud s r.1ooth pea!cs . 

The co:.1plcx s pec t r u;:i at roo:;1 tcqicratur c would .JC due t o the r.1c ti1yl 

c.;roup couplinc with the aro::,utic protons so , at the slow- exchanc;e li111 i t , 

the spcctrw:i \'/Ould be even iaorc cor:iplcx. In this solvent t he slm-,-

0 
cxchan(.;c lir.iit v,as not reached at - 79 C but , if a suitaolc solvent could 

be found , this would be a pro::1isinc system. 

4 . 3 . 4 Di~.1ethyl- 4- ni t rosophenols 

Ti10 4- s pin systcr.1 of the anion of lr- nit rosophcnol has been examinedGO 

since , in the anion , the rotation of the ni troso .:;roup is slowed dovm by 

the possibility of the forr.1ation of the quinonc monoxime for m shovm below 

To slow the rotational rate without forming the anion , the most obvious 

method is to physically hinder the nitroso e roup with substituents at the 



Figure 4-4 4-Acetyl pyrid ine at 27°C. 
Figure 4-5 2,6-Dimethyt-4-nitrosophenoi in acetone-de at -15°C. 
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2 , 6 posi tion::; on the benzene rin.; . If t\10 sy::1:.:etrically- placed ,.:ethyl 

;_;rou1Js on the benzene rinc hinder the rotation of the ni troso crou:1 then 

the :::;pectrur.1 of dir:1ethyl- 4- nitroso1)l1enols s hould a i1ow , at low tc1.1pcratur0G, 

t\'10 aryl proton and tv,o :.:ethyl .:.;roup pcet'.~s , both pairs ( 01· e i ther pair) 

coaleccin:..; at hi ,;her tei.ipcrat~re:::; . If thi.s occurred thel1 t :1.e two site 

Bloch pro:..;ra,.: could be u,3ed to analyse the s pectra observed . 

/\ ,3olution of 2 , G- dii:icthyl- 4- nitrosophenol (2 . 6 w/v;; ) in deutero-

1.,ethar1ol (nmr) _:;ave a .spectru1:. in which (at roo1:1 te:npcr.:l.ture) there i.s .:l. 

ali:._;ht disturb.:l.Ilce in the aromatic rcc ion and the r.iethyl peal~s are sincle , 

widely separ.:l.ted and sharp. 

In deuteroace tone ( 9 w/v;;) , 2 , 6-di:ncthyl-4-ni tro:,o::_)llenol Gh mrs a very 

broad sini:;le pe.:i.l ~ in ti1c aro.,1atic re..;ion \·rhich , as the ter:1perature 

decreases , sep.1rates into two bro.:l.d featureless pea;..~s (at 0°C) . 1-n10n the 

te1.1perature reaches -15°C , the s pectru.:1 showc a p.:l.ir of sextets with an 

internal cplittin0 of 1 . 3 Ii:6 (?i0 • 4-5) . 'i'he s plittinc of the two aror.i.:l.tic 

pea.!~s is probably due to couplin.; with ti1e 1:-iethyl croups . 

Tl1e solution of 2 , 6- di::1ethyl- lt- nitrosophenol in D
2

0 , with sodium 

3- (triLlethyl oilyl)- prop.:l.nesulfonate as reference , showed a pair of broad 

peaks in the aror.1.:l.tic rec ion at 9 ppr.1 sweep width. \-!hen the sweep width 

was expanded ( to 1.o ppu ) the sic;nals \·1ere found to be a pair of asyi:-11:ietric 

quartets (with a s eparation of GHz between the quartets) as thouch the 

0 
slow- exchanGe limit v1as at room ter,1perature (27 C) but when the ter.1perature 

was increased to + 74°c the spectrur:i was unchanged . At both temperatures 

there were two separate sharp methyl peaks. 

As a contrast the 3 ,5- dimethyl-4-nitrosophenol in deuteror.1ethanol 

s howed only a very small broad peak for the aromatic protons but since 

this compound has very low solubility in deuteromethanol and in 1,4-dioxan, 

no further spectra from these solutions were recorded. 
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N , ir- Di1:iethylcarbai:1ic Chloride 

A neat S.:tj.1ple of N , !1- di r.1ethylcarba1.1ic chloride ( DCC ) with T: iS adde d 

had opectra recorde d f or tho ro.n.:.:;o - ;i°C t o + 17°C t o dcter: :1ino t he lo\'/ 

te: :1pcrn.ture pD.1' a 1,:eters . 1\t t l1is point the pea.k hci~:;l1ts were unequn.l but 

i 1.iprove ~.1ents in resolution and stability did not cha..'1ce t he di.spari ty in 

heii_;ht . Ti1 e vo.riation i n intensity coul d not be c)~plaincd by different 

populn.tions and under statistical analysis both pealcs hn.d the sa,110 value 
I 

U 1 (1) = 0 . 50 + 0.05 Hz 

2 

U 1 (2) = 0 . 5 0 ~ 0 . 05 IIz 

2 

..U1 = O. ~O ~ 0 . 05 Hz 

2 
Hence T

2
1 = 2/u 

1 
= l1- . 0 + 0 . 4 s 

2 
The peak separo.t ioa a ppeared to be i ndqicndcnt of tcr.iperature so the 

averac;e wo.G taken as t h e opt i r.1u:-.1 va l ue : 

iJlJ = 6. 61 ~ . 09 Hz 

-1 
The s pectra ucrc recorded at an expansion of 0 . 75 Hz cw The 

ter.iperature was detcrr~ ined before and after each s pectrw:i with a therr,10-

r.iCtcr . The s :-,1allest division on t he t herr:10r.1eter v,as 0 . 5 K so t h e error 

in temperature r:iensurcr:ients was taken as 1 K. The recorded s pectra \·1ere 

dicitised by findin g the intensity at intervals of 0.2 Hz to o.8 Hz alone 

the spectrur:1 . The Bloch lineshape prosra:n DiH was used to find the value 

of 1;
1 which maximised the fit between the experimental and theoretical 

s pectra (as described in Section 2.4.2, 2.4.3 and 3.4.2). Sample spectra 

are Given in FiG'1.U'es 4-6 to 4-7. ~he kinetic parameters are plotted in 

Fieure 4- 9; the thermodynamic parameters from the regression analysis 

of the kinetic data are civen in Table 4-3 with the data from previous 

lineshape analyses of neat N, N-dimethylcarbamic chloride . 

The a c reer:ient of the thermodynamic parameters within the quoted error 



Figure 4-6 N,N-Dlmethylcarbamlc chloride at s•c. 
Figure 4-7 N.N-Dimethylcarbamic chloride at 57°C. 
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.55 
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1~8. 0 
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187.7 

137.7 

107.7 
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187. 6 

187. 6 
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187. 6 

187.3 

2 
IIz 

.5 

. 4 

. 45 

.5 

. 45 

.55 

.50 

. 50 

. 50 

. 60 

.55 

.55 

90 

Hz 

6.5 

G.G 

6. G 

6. 7 

6. 7 

6. 7 

6.7 
;- () 

u . u 

G.G 

6. 6 

6.5 

6.7 

6. 6 

6. 6 

6. 6 

6. 6 

6.5 



T 

K 

301 

310 

316 

323 

335 

To.ble 4-2 

Kineti c Parar.1eters for I! , r: - Dir.iethylcurba'l1ic Chloride 

k 

-1 .s 

2. 564 _: 0. 003 

6. 5Lr _: 0. 01 

13. 06 

21 . 13 

55 . 26 

3. 322 0. 4039 _: 0. 0005 

3. 226 0. 8156 _: 0. 0007 

3.1 65 1.11 6 

3. 096 1. 325 

2. 985 1.742 

Recression line : log10k = 13.4 - 3. 9 (_: 0.2) (1/T) 
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T.:i.blc 4-3 

'l'h cri::odyn.:i.u ic Parni::ctcrs for the B.:i.rricr to Rotation 

in ·-; , N- Dir.icthylcnrba 1:1ic Chloride 

E 
n 

- 1 
k J rnol 

74. 7 .::. 3. 8 

70. 7 + 2. 1 -
73. 6 + 2. 1 -
77 . 2 + 4. 2 

I b G20 o 
,1U 

- 1 
k J mol 

71 . 2 + o.6 -
70. 3 

70. 3 + 2. 1 

70. 9 + o. U 

72 . 2 ~ " .::. .) . u 

68. 2 + 2.1 

71 .5 

74. 7 + 4.2 

+ 3. 2 .::_ 11 . 0 

- 6. 2 .::, 7. 7 

+ 3. 3.::, 6. 7 

+1 2.7 + 16. 7 -
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lir.iits (particularly the values for Za o.nd .6S,

9
u) su~~csts t hat the 

line.shape technique ha::; definitely eli:.:inated t:nosc error::; due to a pproxi-

:.1ation .:mc.l il0.c , .. .i.nir..ised t:10 poooibility of syster:1.:itic error. Thia con-

GCllCU.S f lt f d . ff t ' d .r 
1 ·r cl 13c ,, ' o re:::;u a ro:;, 1 eren · re.scarc,1 0roups an 1.ror:1 1 a11 1,l .1, 

\·JOuld ccc1.1 to have fin.::i.11~/ ::;cttled tLe thcr:.1odyr.ar,iic :p.::i.ra::-:etcrn l'or OCC . 

It is intcrcotin~ til.::i.t a lo\/ nu1:.ber ( 5) of 1.1carmrei'.1ents with relati vcly 

inaccurate tc1.111crature !.ieasure1,:cntG (~ 1 ;\) has .._;iven results co::,patiole 

with those iro~.1 the ... o:::;t painstal~in~ wort . Po::;sibly , ,..,hen the ;icak 

l,~ " oeparation of trio tv,o si.:;nulo is not too ::;r.:o..11 (Allan quoted ul) as 

6 . 8 + 0 . 2 H:::. at 60:.rrz over the tcr.,pcraturc r .:mce - 10°C to 65°c while 

l/cu:,:an 47 used .::i. value of G.33 Hz o..t 60;:uz) , the accuracy of the tempera-

ture 1.:casurc:.1cnts i s no lon[_;cr the crucial factor wh ich determines the 

fit of cxpcr~Jcntal to theoretical opcctra. The results arc certainly a 

confir1.1ation of the procedures used for prcparinc the analysis in this 

\·1or:~ . 



APPENDIX A 

The program urn which was used to obtain the kinetic parameters 

from digitised spectra is given in this App~ndix. The input is the 

digitized experimental spectrum prefaced by five cards: 
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Card 1: The nur::iber of cases (NCASE) and the title for these cases (NAME ). 

Card 2: If the program is to iterate, NCON must be 1 or larger; if the 

program is to plot the results, NPLOT must be 1 or larger; 

the temperature at which the spectrum was recorded (TD1P ). 

Card 3: The peak positions WA, WB; the relaxation times for each peak 

T2A, T2.B . 

Card 4: The population nt each site PA, PB . 

Card 5: The estimated lifetime (TOR), the increment for changing the 

lifetime (TINC) and the limit below which TINC is not effective 

(TLil1) . 



( ' ' 

II FOR 

•LIST SOURCE PROGRAM 

.ONE WORD INTOOERS 

•IOCS(CJ\RD , 1132 PRINTER) 

•IOCS( PLCYI'TEH ) 

DINENSION V(100) ,W(100) ,WINT(100) ,DIFF(100) ,NAME(30) 

J=1 

C READ IN INPUT DATA 

READ(2,1000) NCASE ,NAME 

1 READ(2,1100 )NCON,NPLOI",TEMP 

READ(2,1500)WA,WD,T2A,T2B 

READ(2,1500)PA,PB 

READ(2,1500)TOR,TINC,TLlM 

I=O 

2 I=I+1 

REJ\D(2,1500)W(I),WINT(I) 

IF(W( I ))3,3,2 

3 NOBS=I-1 

WRITE(3,2500)NAME,J,PA,PB,TEMP 

WRITE(3,2750)WA,WB,T2A,T2B 

C SET UP INITIAL CONTROL PARAMETERS 

NIT=O 

NTOR=O 

C CALCULATE TIIBORETICAL INTENSITIES AND NORMALISATION CONSTANT 

SW=(WA-WB) 

100 00 200 1=1,NOBS 

BW=((WA+WB)l2.)-W(I) 

P=TOR•((1.l(T2A•T2B))-BW••2+(SWl2.)••2)+PB/T2B+PA/T2A 

Q'=TOR•(BW-(SWl2)•(PA-PB)) 

R=BW•(1.+TOR•(1.,IT2A+1.,IT2B))+TOR•(SW/2)•(1./r2B-1.,IT2A)+(SWl2)•(P 

1A-PB) 

200 V(I)-((1.+TOR•(PB/T2A+PA/T2B))•P+Q•R)/(p••2+R••2) 

C NORMALISATION OF THEORETICAL INTENSITIES TO EXPERlMENTAL INTENSITIES 

NMAX=MAX(WINT,NOBS) 

CONS=WINT(NMAX)/V(NMAX) 

DO 20 I=1,NOBS 

20 V(I)=V(I)-CONS 

C LEAST SQUARES FIT AND CONI'ROL STAT:EMENTS 

DD' =O.O 

SUH=-0.0 
' I 
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DO 30 1=1,NOBS 

DIFF(I)•V(I)-WINT(I) 

DIF =DIF +(V(I)-WINT(I))••2 

30 SUM=SUM+(WINT(I)) .. 2 

SIGM=DIF /SUM 

SIGMA=SQRT(SIGM) 

RTOR=(1./(2.•TOR))•(44./7.) 

IF(NCON)35,35,45 

35 IF(NPLCYI')36,36,37 

37 00 ,38 1=1,NOBS 

,38 W(I)=W(NOBS)-W(I) 

CALL SCALF(0.53,.17,W(1),WINT(1)) 

CALL FPLCYI'(2,W(1),WINT(1)) 

DO 39 1=2,NOBS 

39 CALL FPLCYI'(O,W(I),WINT(I)) 

00 41 I=1,NOI3S 

CALL FPLOT(1,W(I),V(I))1 

CALL FPwr (2, we r), v( r ))/ 
41 CALL POINT ( 0) 

CALL FGRID(0,-6.,0.,1.,27) 

CALL FCHARI'(-6.,42.,0.2,0.2,0.) 

WRITE(7 ,4500)SW 

CALL FCHAR(-6.,28.,0.2,0.2,0.) 

WRITE(7,4700)Rl'OR 

CALL FCHAR(-6.,22.,0.2,0.2,0.) 

WRITE(7 ,4800)TIBP 

36 WRITE(3,3000)TOR,RTOR,SIGMA 

DO 40 1=1 ,NOBS 

40 WRITE(3,3500)W(I),WINT(I),V(I),DIFF(I) 
WRITE(3,,3600)NIT 

45 NIT=NIT+1 

IF(NTOR)50,50,60 
. 50 NTOR=1 

70 TOR=TOR+TINC 

SIG=SIGMA 

GO TO 90 

. 60 IF(SIGMA-SIG)70,70,80 

80 TINC=-0.5•TINC 

00 TO 70 

90 IF(ABS(TINC)-TLlM)900,150,150 

r ' 
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150 IF(20-NIT)900,100,100 

900 IF(NCON)910 ,910,920 

920 TOR=TOR+TINC 

NCON=O 

GO TO 100 

910 IF(NCASE-1 )110, 110,120 

120 WRITE(3,4000)J 

J=J+1 

NCASE=NCASE-1 

GO TO 1 

110 WRITE(3,4000)J 

1000 FORMAT(I2 , 30A2 ) 

1100 FORMAT(2I2,F8 .2) 

1500 FORMAT(4F10.3) 

2500 FORMAT(1H1 , 20X ,30A2 ,10X, 'CASE NUMBER' ,I2,//20X, 'PA= ' ,F8.2,1ox, 'PB= 

1' , F8.2,10X'T.E.Mp,ta •,F8.2 ) 

2750 FORMAT( //20X, 'WA=' ,F8.2,1ox, 'WB=' ,F8.2,1ox, 'T2A= ' ,F8 .2,1ox, 'T2B= 

1 ' , FB. 2 ) 

3000 FORNAT(//10X, 'TOR= ' ,F10.3, ' SEC ' ,1ox, ' RELAXATION RATE=' , F10.4, 'RAD 

1PER SEC ', 10X, 1RESIDUALS= 1 ,F10.6,//12X'FREQUENCY' ,BX, 'EXP INTENSITY 

2 1 , 6X1THEOR INTENSl"l'Y' ,7X 1 INT DIFF') 

3500 FORMAT(10X ,F10.3, 9X,F10.3, 9X,F10.3,9X,F10.3) 

3600 FORMAT(//10X, ' NUMBER OF ITERATIONSc' ,I2) 

400o FORMAT (/ / //40X ' END OF CASE' , I2) 

4500 FORMAT( 1WA-WB= 1 ,F6.2) 

4700 FORMAT( 'RTOR= t ,F8 .2) 

48oo FORMAT( 'TEMP= t ,F8.2) 

CALL EXIT 

END 
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APPENDIX B 

The following spectra are representative of tll those spectra from 

which low temperature and kinetic parameters were derived. These 

ex.:tmplcs were chosen to provide spe~tra for both a narrow and a wide 

peak separation. The first series (FiGure B1 , 2) show the changes in 

the spectrum of N,N ,N' ,N'-tetramethylthiodicarbonic diamide (TTD) in 

ncetonitrile ( the peak separation is temperature- dependent (see Table 

3-14) but is a bout 4. 0 Hz) while the second set (Fieure B3 , 4, 5) show 

the same compound in pyridine (where the temperature- dependent peak 

separation ranges from 12. 1 Hz to 9 .0 Hz) . 



C T = -1°C 
b T= - ·C 

• T = -14'C 

Figure 8-1 TTD in acetonitrile-d, 



b 

a T - 34°c 

Figure 8-2 TTD 1n acetonitrile-d, 

- -----



a T - -33' C 

b T • +27'C 

Flgu,. 8-3 TTO In pyrldln.-ch 



Figure a-. TTD in pyridine-ds 



Figure B-s 
ITD in PYridine-d

5 T ~ 54•c 

I 
I 
I 

I 
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I 
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APPZi!DIX C 

21~ 
':/:icn revortinc results for the H , r:- di:.:ethyl.:u,1idcs , Dr~::enberc 

used a variety of the Zyrin~ equation 

C- 1 

or lo._:1O(k/r ) = - L'.J I//2. 303RT + 451/2. 30]]. + loc 1O(;-~/i1) C- 2 

96 

Dy plottin:..; lo~1O(::j'r) versus 1/'.i' the quantities t. G{
98

, .::'.:11/ .:i.nd ,6.51 

cnn be found independently o[ E ( .:i.nd \·1i thout assur.1in.:; Z is independent 
a a 

of ter.1pern.ture) and loc A. In ~!.'able C-1, the 1-:inetic parar.1eters for TTD 

in clllorof or,.1 (for t iic ne\1 variaoles) have been 0 ivcn , to.;ether with 

the rc:;ression line for loe,;1O(:-::/'.i') versus (1/1') , \·rhilc in Table C- 2 , the 

ther1,1od~·na;:iic parar.1eters for the two ty_pes of plots are COi:ipared . 

'.i'i1e i:':Ost intcrc:::;tinc point in t:1is co:;1parison i s the variation in 

the value for ~sl. Since this is deterr,iincd fro~.1 the intercept when 

T = 0 K, the e:::trapolation has certainly yielded larcc errors in Ll S 1; 

the noteworthy feo.ture ic that the vo.riation , thouch outsi de the error 

limits (v,hich arc the stanct.:u-d deviations since randorn scatter is 

cenerally asswned) , only involves a factor or t\-10 in a very error prone 

parru~eter . The re~aindcr of the results are r emarkably c onstant , thus 

the results reported in Secti on 3 and Sec tion 4 s hould be reliabl e . 



T 

K 

288. 1 

291r.1 

300. 0 

303. 7 

310. 6 

312. 2 

315 .1 

320. 3 

'1\.1.olc c-1 

Kinet ic Parw~ctcrs f or TTD in Chloroforra 

,_ - 1 
"· T 

- 1 .,- 1 
s h 

1. 042 · 3. 1r71 

2. 619 3. 1rOO 

2. 6511- 3. 11-00 

5. 211- I 3. 333 

5. 23 3. 333 

6. 70 3. 293 

15. 211- 3. 220 

1 L1- . 70 3. 220 

10. 90 3. 203 

22 . b6 3-1711-

L1-L1- . 9 3.11 7 

-1 loc; :~T 

- 2. 435 

- 2. 050 

-1. 753 

- 1. 759 

-1. 651 

- 1. 309 

-1. 325 

- 1. 218 

-1.1 39 

- 0. 854 

Recression line : loc10(k/T ) = 12.5 - 4. 27 (_:: 0 . 09 )(1/T) 
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Ta;:ile C- 2 

Thcri~odynai:1ic Paro..::1eters f or TTD in Chlorof oru1 

;;ethod of ,\n.:i.lysis I =/ I 
G29C H298 200 .;U 

- 1 - 1 J .,- 1 -1 :cJ ::iol l~J mol l\. rnol 

loc 1O( k/'r ) va (1 /T ) G9 . 6 01. 8 + 1. 7 + 17. 7 ~ 2 . 5 

lot.51dc vs (1/T) 69 . 3 + . 2 31. 7 + 1. 9 + 1+1 . 5 + 7. 7 - -
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