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ABSTRACT

A high resolution prbton magnetic resonance investigation of
the hindered rotation of the dichioromethyl groups as a function of
temperaturé in a,a,a',a',3,4,6-heptachloro-ortho-xylene (HCOX) has been
conducted using dynamic nuclear magnetic resonance (DNMR) Tine shqpe
analysis, supplemented with a homonuclear double resonance saturation
transfer technique. The rate process in HCOX invd]Ves‘g coupled
rotation of two substituted methy1 groups and the nonmutual exchange of
Athe three pairs of protons between two approximately equally populated
conformations. The activation parameters are calculated using the
Arrhenius and transition state theories from the rate constants of the
hindered rotation, obtained over a temperature range of 268°K to 369°K.
The values obtained for a five mole per cent solution of HCOX in
methylicyclohexane are: activation energy, Ea, equals 15.3 + 0.3 kcal
mo]e_l, enthalpy of activation, AH#, equals 14.6 * 0.3 kcal mo]e'l,
activation entropy, AS#, equals -8.8 = 0.8 e.u., and the free energy
of activation at 298°K;lAGf, equals 17.2 + 0.3 kcal mole™l. The
results are compared with previously reported values for HCOX and with

other compounds having similar barriers to hindered .rotation.
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I. INTRODUCTION




The use of nuclear magnetic resonance (N.M.R.) in the detérmination
of structures of molecules and in conformational studies has increased
greatly 1q recent years (1) as both continuous-wave and pulsed N.M.R.
spectrometers are becoming more generally available.

This thesis will consider only the application of continuous-wave
N.M.R. spectroscopy to the rate process governing the conformational |
changes in a molecule. The term conformation or conformer refers to any
relative spatial arrangement of atoms, or groups of atoms, occurring
with a rotation about a bond (2), whereas configuration refers to the
relative spatial arrangement of the atoms bonded to each other (3);
bonds must be broken and re-formed to interchange configurations. At
room temperature, configurations are normally stable and assignment of
a lifetime is meaningless; for conformers, there is a large range of
Tifetimes which reflect the different rotational energies required.
Hence, some conformers with Tong 1ifetimes, such as the ortho-substituted
biphenyls, may be resolved at room temperature (4) while others, such as
ethane, remain inseparable even at very low temperatures.

N.M.R. line shapes are sensitive to lifetimes from 10 usec to
10 seconds (5), or rate processes occurring with a frequency of
0.1 - 105 sec']. To a first approximation the line shape changes
occurring below +100°C can be attributed to conformational changes with
short Tifetimes at room temperature, while those occurring over +150°¢
will normally have such long lifetimes at room temperature that

separation of the conformers should be possible (4).

The experimental spectra obtained as a function of temperature




can be'compared with computer-generatéd spectra to obtain the exchange
rate constant, k (6,7). Under conditions of fast exchange, k >> Av,
where Av is the frequency separating the peak positions of the conformers,
the spectrum shows peaks at the average position for the two conformers;
at the slow exchange limit, k << Av, the spectra displays a distinct

set of peaks for each conformer. In the intermediate region ﬁhe spectra
are sensitive to temperature changes; as k increases from the lower to
the upper 1imit the peaks for each proton broaden, then coalesce, and
finally yield a sing]e‘line with a gradually decreasing line width. At
lower temperatures the exchange rate and the change in the appearance

of a spectrum with and without exchange becomes increasingly difficult
to detect. A similar observation can be made for the temperature region
approaching the upper limit for k. The large errors in using the visual
matching technique in the s]ow exchange region are substantially reduced
by employing the decay and recovery curves of the saturation transfer
technique (8,9) to obtain the exchange rate constants; thus effectively
| extending the Tower 1imit of the temperature'range amenable to study
using N.M.R. spectroscopy.

This thesis deé]s specifica]]y'with the application of dynamic
nuclear magnetic resonance (DNMR) to the investigation of the rate
process involved in the hindered rotation of a,a,a',0',3,4,6-heptachlioro-
ortho-xylene (HCOX). The absorption peaks were assigned to two
conformers under conditions of siow exchange. Under conditions of
intermediate exchange the rate constants were obtained by f{tting the

experimental spectra to the computer-generated spectra generated by the




program DNMR2 (10,11). At sTower exchange rates the k values were

determined from the lifetimes t and the spin-lattice relaxation times

T] using the method described by Anet and Bourn (9). The activation

parameters and thermodynamic values were calculated using both the

Arrhenius and the absolute reaction rate theories (12).




II. THEORETICAL DISCUSSION




A. Introduction

Early approaches to the theoretical description of N.M.R. spectra
were those of‘Bloch (i3—17) and of Hamilton (18). The Bloch equations
are useful for calculating line shapes for uncoupled spin systems (19).
The spin Hamiltonian is used to determine the positions and the inten-
sities of the spectral lines from chemical shifts and coupling constants;
however, it may not be used to calculate line shapes when an exchange
process is involved.

Another treatment which incorporates elements of these two earlier
ones was suggested by Kaplan (20) and developed by Alexander (21). This
method is based on the equation of motion of a so-called nuclear spin
density matrix for a dynamic system which need not be completely speci-
fied. It is less complex than the Bloch equations for simple systems
and can also be used to obtain useful information from complicated
systems by making successively more drastic assumptions in the calcu-
lation. This densfty matrix method, including the effects of spin-spin
coupling between nuclei is briefly discussed in section B following the
procedure of Whitesides (22).

Section C contains the theory necessary to extract rate constants
from the double resonance saturation transfér technique and this chapter

concludes with a discussion of activation parameter calculations.




B. The Density Matrix Treatment

Consider a system at some instant in time described by a wave
function, ¥, where ¥ is expanded into a complete set of orthonormal

time-independent basis functions, ¢;

y = 2: ciés 2.1
1

If ¥ varies as a function of time the coefficients, C;» of the ortho-
normal functions must be time-dependent. The expectation value of an
operator such as the magnetization in the x-direction, MX,_can be

written as
*
<Mx>_z:m’n “nn (q’m IMxl ¢n) ‘ 2.2

where c; is the complex conjugate of Co® Since the basis functions are
the same for all v, the last term, (¢m IMXI ¢n), will remain constant
for any operator. Thus<(Mx) will depend on the product of the coeffi-
cients which correspond to the observable properties of a system. The
cr:cn terms can be placed in matrix form to calculate the expectation

value of an operator. The expectation value for an ensemble of molecules,

(MX), will be given by c;cn. Thus an expectation value can be obtained
without having the maximum information available from the state of the
system. The matrix formed by the quantities, c;cn, is defined as a

density matrix of an operator, p, given by

2.3

_ *
(¢n_|pl om) = .S

or, in matrix form for a two-spin system,




P11 P12 P13 g
P21 P22 P23 P4
P31 P32 P33z Py

P41 Pa2 P43 Paq

Since p is an Hermitian operator the expectation value for the
magnetization in the x-direction will be determined by the diagonal

elements

<MX>=Tr‘p M = Tr M o 2.5
The time dependent Hamiltonian, H, of the system is

HY ' 2.6

aj2
]
]
jvl_:.

where the time dependent part of the state function v is found in the

cnc; terms of the operator p. Therefore it is possible to substitute

for ¥ and obtain

o il 4]
e - [o, H] 2.7
One common situation is that of a Hamiltonian consisting of a large

time-independent interaction, Hys and a small time dependent term, Hy.

The equation of motion of the matrix then becomes

do _ i_[ ]
dt TR LP By YAy 2.8
in the absence of effects such as exchange and relaxation. These effects

can be explicitly included in the expression by writing




o

p _ 1 [ 3p
TF = les Hy + H J + <——>
d h t ot exchange

Sp)
+ [ 22 2.9
<3t relaxation

The following sections deal with each of these terms separately

using a two-spin system as an example.

1. The_%—[p, Hy + Ht] term

a) Commutator of o with H,,

Consider a two-spin system with basis functions aa, a8, Ba, BB,
as eigenfunctions of the spin operator, I,. Since I, is Hermitian, only
diagonal terms need be considered, with

YHO(Z -0y - 02)

Ho'l'lz 2 A ‘w+lf;k]
YH,
Hogp = = (o9 = 0p) - W
, 2.10
YHO 1
Hygz = —E—:(c] - 02) - 12
YH (2 - 0, - o,)
_ 0 1 27 o+ 4

fogq = 2

in a rotating framework™ with frequency, w, relative to a fixed position,
where v is the magnetogyric ratio, Ho the static magnetic field, o the

shielding constant, and J the spin-spin coupling constant between the

* See appendix for transformation of spin operators to a rotating
framework.




two spins.

10

If the chemical shift between the two spins, §, is defined by

YHO(Gf - 09)
8= 2

2.1

and the chemical shift midway between the resonant frequencies,

A'by

i YHo(2 - o7 - o))

A ? w 5

then the matrix representation is

‘ [,. ,o] -

L ear(-2)

-
-A+%J
, 0
Hny = .
0 0
0
and the commutator is

0 912“"'{6"!0)’9‘3(‘13)

Dn(‘d-‘l‘*‘l")'oal(‘l;’) 0

033 (-894593) -0 (43) *p3,(8)404300)-0, ()

042(~a¥55-1) 40,3 (1)

py2(W) 4o 3(a-4s-1W) ‘D“(ZA) W
0g3(-6)925080)-033 () pg(A-ksad)-ngy (1)

0 0gq (18 )40, (a43541)

942(‘5‘1)’943('5‘“‘5‘” 0

2.12

2.13

2.14

:Note that the trace is zero as the constant interaction of Hy reéu]ts

in a steady state as intuitively suspected.




b) Commutator of p with #,(t) '

Consider the time-dependent interaction to be expressed as

B (t) = 2yH, (1.(3) cos wt + I (j) sin wt 2.15
1 3 1\ x y

the interaction between the nuclear magnetic moments and a magnetic

field with amplitude H] rotating in the x-y plane at a frequency, w,

relative to a fixed laboratory position.

A transformation to the rotating framework™ used in the previous

section yields

B (8) = 3w (4)
i ,

| with the matrix representation

.
It ==

e

0
1
1
0

0
0
1

1
0
0

1

1

9

As previously indicated, H] << Ho’ and therefore it is possible

2.16

to obtain an approximate but explicit operator for o, to evaluate

[o #y(t) - Hy(t) o]. It is known that the diagonal terms of p are much

greater than the off-diagonal terms at all times and that at equilibrium,

the off-diagonal elements vanish. In addition, all terms will be

YH]

multiplied by _E_.which will reduce the significance of the off-diagonal

* See appendix for transformation of operators to a rotating framework.
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elements. Hence only the diagdna] terms need be considered for

evaluating [p, H](t)].. These correspond to the equilibrium populations

of the various states and are given by the Boltzmann factors of the

corresponding energy levels.

The expression for p then is

exp (-H/kT)

“ﬁ:exp ('E(n)

/KT)

2.18

where H = Ho. Since H0 >> H], and assuming the shielding constants

contribute a negligible effect, then

0)

2.19

* Substituting 2.19 into the expression for p and expanding to first

~ order yields

p =

=Z|—

kT

(1 _ YhHoF7 )

2.20

where F, = Iz] + I22 and N = %: exp (-E(n)/kT). Using this expression

the matrix representation is

©
L1}
=)~

and the commutator can then be

0 0. 0
1 0 0
0 1 0
YhH
(o]
0 0 1+_°

calculated as

2.21
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[0 -1 -1 0]

| y2hHHy [T 0 0 -1
p H1(t) - H1(t) p]=———— 2.22
[ 1 1 KT |41 o0 0 -1

! 0 +41 +1 0

2. The <";—§> term
exchange

When two of the spins exchange sites the effect is the same as
if they exchanged indices, or labelled positions, of the spin. Such an
effect is assigned to a permutation operator, P. The effect of P on
the basis functions for a syétem exchanging between two sites can be

represented by a matrix

1 0 0 0
o 0o 1 o0

p = 2.23
o 1 0 0
o o 0 1|

A second exchange of sites would restore the system to its initial
state. Thus P-P = I, which implies that P = P']. Therefore, after the
éxchange one could write a matrix, p' = P-]pP. If the Tifetime of the
proton at each site is given by t, the rate change of p due to exchange

is

(@Q) . Pafter ~ Pbefore _ p' - o 2 24
9% Jexchange ' t

for a constant rate of exchange at constant temperature. Evaluation

of 2.24 requires that p' be obtained in matrix form




1 P13
: o o
o' = Pop = 31 33
P21 P23
P4 43
Then
(@e) -0'-0_1
ot exchange t t
3p
3. The 3 term
relaxation

14

P12
32
22
P42,

P317P21
P217P31

P14
P34
P24

P44 |

°137°12
33722
P237P33
P437°42

2.25

°127°13
32723
P227°33
P427°43

2.26

P347P 24
P247P34

~ The process of maintaining or restoring thermal equilibrium in

the spin system through an exchange of energy between the nuclei under

investigation and the surrounding molecules is the spin-lattice

relaxation. Thermal motion produces randomly fluctuating magnetic

fields which can interact with the magnetic moments of the molecules

with which it experiences thermal contact.

If any component of this

fluctuating field is at the Larmor frequency, then transitions among

the energy levels are possible and the Boltzmann distribution is

restored.

After a perturbation that disturbed the populations of the

energy levels, the restoration to equilibrium conditions are charact-

erized by a time constant, Ty, defined as the spin-lattice relaxation

time.
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in the problem under consideration, the spin-lattice relaxation

time affects the diagonal terms of o by the expression

Po = P
(OT ) 2.27
1 /diagonal

where pg is the equilibrium value of p.

Relaxation is also affected by the presence of local internal
fields originating from neighbouring'magnetic moments in the sample.
Unless these moments move abbut rapidly, the small, Tocal contributions
will change the effective field strength of the precessing nuclei, and
these different field strengths produce different precessional
frequencies. Thus they quickly lose phase and thermal equilibrium is
established. Since the energy changes are confined entirely to the
spin system, this is called spin-spin relakation, characterized by a
time constant, T2. In the problem under consideration the spin-spin
relaxation time affects only the off-diagonal terms of o by the

expression

= 2.28
2 Joff-diagonal '

which decays to zero as thermal equilibrium is restored. There are no
common terms between the spin-lattice and spin-spin relaxation times

and they can be combined in matrix form to obtain
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- ~—

] . ,
TT(po'p)1] 'p]z/Tz 'Q]B/Tz '914/T2

1
'02]/T2 TT(QO'Q)ZZ ‘923/T2 '024/T2

eg> -
at : 1
( relaxation -031/Tp  =p3o/Ty 77490-0)33 ~034/T5

1
"04]/T2 '042/T2 ‘943/T2 Ti(po'p)44

2.29

4. Calculation of Tine shape

a) Introduction

In the N.M.R. experiment the sample is irradiated with a

radiofrequen
constant mag
induced in t

both the tra

cy (rf) field, H](t), rotating in the x-y plane with the
netic field, Ho’ in the z-direction. The magnetization
he sample is measured by receiver coils perpendicular to

nsmitter coils and to the static field. The absorption of

energy due to the net upward transitions correspdnds to a raising

operator given by

and since th
terms, it is

is important

I = Ix + 1Iy 2.30

e mean value of an observable is given by the diagonal

the trace of this operator with the density matrix that

Tr(eI™) = Tr(1%p) 2.31
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b) Matrix representation for 17

Using the same orthonormal fuﬁctions as before and the conven-

tional function of the operator, the matrix representation is

0 1 1 0
0 0 0 1
it = 2.32
0 0 0 1
0 0 0 0
with the product I+p given by
0 1 1 O H P11 P2 P13 Ppg
6o 0o 0 1 Pp1 P2 P23 Pog
+
P7lo 0 0 P31 P32 P33 Py
0 0 0 v 0 94] 042 943 944
Po17P31 PoptP3n Po3tP3y Pogtegy
) P41 P42 P43 Pag 2 33
'y a2 Pg3. Paq
0 0 -0 0
and
: + _ +
TY‘(I p) = pz] + 93] + 942 + 043 = <I > 2.34
' dp dp do dp
. dp 21 31 42 43
To determine HE'O"]y the four terms > gt at and It need to

‘to be evaluated.
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c) CaTcu]ation of spectral pdints
if it is assumed that the spectrum is swept slowly enough so as

to cause a negligible change in the signal amplitude with time, then

dop1 _ dp3y  dogp  dog3
dt =~ dt = dt = dt

(=5

a . 5. ;
T 0; that is,

=0

2.35
Evaluating each of these from the previously-determined matrices for

p- one obtains the four equations

dog1 _ P31-P21 _ °21

at = - T2 + 1'(—A-’/26+1/2J)92] = 1(1/2J)p3-| +iC =0
dogy _pp1-P31 P33 - :
2L T - Ty i (Pest)ogy - 1(a)epy +iC = 0
dogyr  Pg3=Pyo o4
di = 43T 4z _ #2 + i(-at56-30)0,, + 1(M0)pg5 + 1C = 0
dogy _pgopg3  Py3 - ;
e 1(-8-%6-%)0g5 + 1(ad)og, + 1C = 0
2.36
, Y2HH Hy
where C = ONKT

There are no cross terms between the pairs'(pZ],_p31) and (p42, p43)

and one obtains
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21

c(-A+g5+J+ +——)
Ty
Poy = — : :
21 2 2 i 21 i
~ATHYETHAT (240 )+ T2(2A J—7;-TE
C(-a- /5+J+21+——)
- 2
P31~ — 2., 2 i i 21 3
-A +%6‘+AJ+?(2A)+TE(2A-J-77—TE)
2.37
C(-A-%S—J+21+——)
- Ty
o) = - -
42 —A2+%62-AJ+1(2A) (2A+J.21 J—)
T T T
2 2
C(—A+%_6-J+2’+——)
- 2
o] = 3
43 ~0fys®-nort(2n)ed-(2a40- BT
T2 2
Adding terms with common denominators yields
20(-A+J+31+T—)
2
(s PR ¢ = - —
1 2 2 2
2173 -AT+YS +AJ+%(2A)+T;(2A-J—7}—%;)
2.38
and
ZC(-A J+2—1+T—)
2
PaotPga =
427743 -A2+>52+AJ+ (2A)+——(2A+J——————)
Ty
2.39

where the sum Pp1 ¥ P31 + Pgp t P43 is the expression for the magnitude
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of theAinduced magnetization fn the x-y plane. The real part of each
expression corresponds to a dispersion signal and the imaginary part
corresponds to the absorption signal commonly recorded. Adding the
imaginary parts of equations 2.38 and 2.39, the expression for the line
shape of the absorption signal in the x-y plane is obtained. The
resulting calculation, although tedious by hand, can readily be perfbrmed
by a computer (5) and the resultant data p]otted_to obtain a spectrum to
be matched with an experimental one. The purpose is to find activation
rate parameters (t or k) by matching theoretical spectra to experimental
ones and using these to calculate the thermodynamic properties of the

system under study (12).
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C. Double Resonance Saturation Transfer Method

1. Introduction

The determination of accurate rate constants by matching
experimental and computer-simulated spectra when the rate process is
slow is difficult. An alternative procedure for the slow exchange
region, the method of saturation transfer, was proposed by Forsen and
Hof fman (8,23,24) and developed by Anet and Bourn (9). This section
presents a brief theory of the method for the slow exchange of a single
spin between site A and site B (following the method outlined in
refereﬁce 9).

It is possible to change the relative populations of the two spin
states of a proton by irradiation with a strong rf field at its
resonance frequency. If the protons at site A aré saturated the
absorption signal will disappear, and the transfer or exchange of these
protons with those at site B will affect the relative populations of
the spin states at site B. The net absorption at the second site, B,
does not reduce to zero because the relative population differences
tend to be restored to thermal equi]ibrium by the spin-lattice
relaxation. The change in absorption at site B can be followed by
measuring the intensity of the signal using a weak rf field. Instan-

taneous saturation of the protons at A will decrease the intensity of '
the absorption signal of the protons at B to a low, non-zero value as

Tong as the exchange rate between the two sites approximates to the
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spin—lattice relaxation time.' The useful range of this method is
therefore limited to rate processes too slow for access by the line

shape method.

2. Determination of rate constants

In presenting the equations used to determihe rate constants it
will be convenient to use the magnetization in the conventional z-
direction Mg(t) for protons at site A at a specified time, t, in the
static magnetic field, Hg. The magnetization, Mé(t), depends on the
relative spin populations and is zero when the protons are saturated.

The line intensity of the protons at a given site is proportional to

the magnetization of the protons at that site. In the absence of any

saturating rf field the thermal equilibrium magnetization at site A will

A

be denoted by Mz'

Consider the case where the thermal equilibrium populations at

site A and site B are equal. The lifetime of a proton at site A, Tps

will be equal to the Tifetime at site B, t Since the rate constant,

B®
k, is the inverse of the lifetime, it will be the same for both sites.

2.40

3. Decay of magnetization at site B with saturation of site A
The magnetization at site B, Mg(t), after the instantaneous

application of a saturating rf field at site A when t = 0 is givén

by (9)




23

T T
MB(L) =B 1E Je p -t Tl@ 2.41
i 1B 1B
where
J___le_Jr_l 2.42
1B 1B "B

and T1B is the spin-lattice relaxation time, g the average lifetime
at site B.

As t » » an equilibrium value is obtained

B B|"18
Mo() = M] | =— 2.43
Z z T]B
from which the initial magnetization at site B can be found
B :
M (=) T
w218 2.44
1B
Substituting from 2.44 into 2.41 yields
B B, [ 18 \| "8 -t\, 18
MI(t) = Mz(m) — ||l &\t T 2.45
z Rl B "1B 18
Mu]tip1ying through and combining terms
(1) - MB(=) = MB(a) JALR P 2.46
z z z g P 1B G

Substitutfng for Mg(w) on the right from equation 2.43 and canﬁelljng;
e

terms
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B B B[ 1B -t
MO(t) - M(«) = M_| — Jexp| — 2.47
z 'z z\ 1 1B
Taking logarithms
B B Mo -t
in (M (t) - M (m)) = 1n + | — 2.48
z z g 1B

A plot of the logarithm on the left against time should yield a straight

line with slope (}-;l—> . Using this value of the slope and rearranging
: 1B

equation 2.44 to

B
AT 2.49
MS TiB

permits the calculation of the spin-iattice relaxation time. When
B and T]B are used in equation 2.42, the rate constant, k, for the

exchange between site A and site B is obtained.

4, Récovery of magnetization at site B after removal of saturation at
site A
Instantaneous removal of the saturating field at site A is
followed by the increase in magnetization at site B to its equilibrium
value. The magnetization at site B when t = 0, ME(O), will be the

value previously designated by Mg(w) for saturation. Therefore, at
the instant when site A experiences the total removal of the double

resonance, one can write




B
M_(0)
Md0) = 0 and -2 =_1B 2.50
Z ' MB T]B
Z

where both Mﬁ(t) and Mg(t) will increase with time. The expressions

for the magnetizations at any time are given by (8)

B

B -
Mz(t) = Mz + ¢y oexp (—x]t) t ¢, exp (-Azt) 2.51
A _ vA 1
MZ(t) = MZ + C-ITA 'T—]E - )\] exp (-)\-It)
+ C,T 1 . X, exp (-, t) 2.52
2°A 1B 2 2 :

where the values <y and c, are determined by the initial saturated

condition (t = Q)

N Ap(Tyg = Tqp) ) 53
Tz Ty - 1)
A (Tep = T95)
B [*(Tig = ™18
c =M 2.54
2 7z Tglp - ) |

The values for A] and A2 aré obtained by solving the determinant

=0 , 2.55

Since the éverage lifetimes of the spin at the two sites have been
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specified to be equivalent, that is, ) T Tgs all subscripts can, for
convenience, refer to site B. The solution under conditions of slow

exchange is

A = a1 2.56
"B "B
1 11
yo= L _ 1.1 - 2.57
2 g T3 Mg

If it is assumed, as stated earlier, that g Y T]B then Ay 3A2.

This would be the Tongest average 1ifetime considered. For all g less
than T]B’ Az would be small and its contribution in equations 2.5%1 and
2.52 could be neglected. Furthermore, equations 2.53 and 2.54 predict

a smaller ¢ value for a larger A value, and hence the exponentia] with
the Targer A value will decay to zero quickly, leaving the magnetization

as a function of the remaining exponential. For the case where

A]/xz = - c2/c] > 3, equation 2.51 reduces to
B B _ -t
Mz(t) - MZ = C, exp (T]B ) 2.58

Using an average value of T]B = 13 seconds places an upper limit

of 13 seconds for Tg Or a Tower 1imit on the rate constant of

1

k = .08 sec” . All rates investigated by this method were above this

value. The plot of In (Mg(t) - Mg)versus time will quickly approximate

a straight line where the slope yields the value of T]B'

At increasingly longer average lifetimes (lower temperatures),

B
z

the exchange becomes sufficiently slow that the ratio, ME(@)/M
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approaches unity. Thus the cﬁrves become increasingly shallow and the
slopes difficult to measure. The recovery term, being a function of
fwo exponential terms, is more difficult to obtain. However, if some
value of T]B is assumed, it is possible to calculate g (and k) by using
equation 2.49. This method is not desirable where the spin-lattice

relaxation time cannot be estimated with a fair degree of accuracy. -
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D. Determination of Activatidn Parameters

1. Arrhenius Activation Energy

The Arrhenius equation (25)

_-faf1
nk =% (T)_+ A 2.59

can be used to obtain the activation energy, Ea, and the frequency
factor, A, from the slope and intercept of the plot of the natural
Togarithm of the rate constant, k, against the reciprocal of the
absolute temperature. The usefulness of this method is limited to
cases where the activation energy and the frequency factor are inde-

pendent of temperature.

2. Activation parameters from Absolute Rate Theory

Eyring's equation (26)

kk #
(e 06"
k = ( h )1’exp ( RT ) 2.60

~ can be used to determine the activation parameters where the rate
constant, k, at temperature, TOK, is related to the free energy of
activation, AG#. k is the transmission coefficient which usually is
set equal to one (14), but may be set equal to one-half if the potential
energy diagram is symmetrical about the transition state (15,16). The
Boltzmann constant has the symbol, kB’ h is Planck's constant and R is
the ideal gas constant.

When the coalescence temperature is accurately known with its

‘related rate constant, k, the Eyring equation can be employed directly
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to calculate the free energy 6f activation. The error will be due to
the error in determining the single-valued T and k.

Often the coalescence temperature cannot be determined with a fair
degree of accuracy. Substituting from the thermodynamic expression

#, to the enthalpy, AH#, and

relating the free energy of activation, AG
entropy, AS*, of activation

£ #

AG" = AH" - TAS 2.61

for AG# in equation 2.60, rearranging and taking logarithms of both

sides yields

k\._ kkp AW AS*
i (£)= 0 |22 |+ () 28

A plot of In (k/T) against (1/T) should yield the enthalpy, AH*, from

the slope and the entropy of activation, AS*, from the intercept. Then
AG# could be calculated for the temperature in question using equation
2.61. It assumes, as does the Arrhenius theory,'that the forward and
reverse reaction rates proceed along the same path, which is a reason-
able assumption for restricted rotation studies.

If this is not the case, the ratio of the rate constants can be

calculated from the populations of the two sites by the equation

kngPy = KpaPg | 2.63

where kAB is the rate constant for the transition from A to B, PA is
the population of site A, kBA is the exchange rate constant in going

from B to A, and PB is the population of site B. Knowing the relative
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populations of the two sites permits calculation of the activation

parameters in both directions.




III.. EXPERIMENTAL
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A. Sample Preparation

The sample of a,a,a',a',3,4,6-heptachloro-ortho-xylene (HCOX) was
‘used as received from Dr. V. Marks of Hooker Chemical Corporation. A
- 5 mole % solution in methylcyclohexane included hexamethyldisilane
(HMDS) as an internal lock and methylene chloride as an 1nterna1
standard. The sample was degassed by the freeze-pump-thaw technique
before being sealed. The sample tube was heated in a paraffin bath to
100°C to check whether it could withstand the vapor pressure without

bursting.
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B. The High Resolution Spectra

A1l of the spectra were obtained from a Varian HA-100D nuclear
magnetic resonance spectrometer operating in the frequency sweep mode.
The internal Tock used was hexamethyldisilane (HMDS). Frequency cali-
brations were obtained using thé period averaging technique and peak
pqsitions were assigned assuming that the change in freguency was
linearly proportional to distance betwéen calibration points for up to
20 Hz separation. Each spectrum was normally recorded three times with
some, at temperatures near cpalescence, recorded up to eight times.

The temperature of the sample was regulated by using the
V-4341/V-6057 variable tehperature accessory and was determined with‘
an iron-constantan thermocouple p]éced in a toluene sample in the probe.
Sufficient timele]apsed so that the millivolt output did not drift for
at least five minutes. These temperatures were taken both before and
after the-spectra were obtained. Sufficient time (approximately 30
minutes) was allowed for equilibration of the sample after insertion
into the probe and the spectrometer resolution was optimized before
each spectrum was run. Effective T2 values were obtained from half-
height 1inewidth of methylene chloride at each temperature. Spectra

were recorded at about 5°C intervals, Timited at the lower temperature

by the slow exchange rate and at the higher temperature by the boiling
point of the solvent. The spectra were recorded at a frequency sweep

rate of .05 Hz/sec.
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C. Double Resonance Saturation Transfer

A Hew]ett-Packafd audio oscillator, model 4204A, was used in the
double resonance saturation transfer experiment. The HA-100 was

connected to a flat-bed recorder with the controls set in such a way
that it indicated the peak height while "sitting" on it. Great care

was taken not to saturate the signal with the rf field at the observing
frequency. In addition, the observing and saturating frequencies were
adjusted by trial and error to compensate for the shift in peak positions

that occurred with the large saturating field. Both decay and recovery

times were recorded and at least six trials were made at each temperature.




IV.

RESULTS AND DISCUSSION
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A. General Appearance of the Spectra at Various Temperatures

Earlier studies (27,28,29) have reported the stable conformers

of a,a-dihalotoluene derivatives to be those in which the side chain
protons 1lie in the plane of the aromatic ring. Similar findings have
been reported for the analogous derivatives of meta- (30) and para- (31)
xylenes and mesitylene (32) compounds. This study deals specifically
with o,a,u',a',3,4,6-heptachloro-ortho-xylene (HCOX). Due to the
proximity of the twd substituted methyl groups to each other, steric
considerations are of greater consequence than in the previous investi-

gations. Such steric considerations (33) indicate that the rotation
of the two methyl groups is synchronized and in opposite directions,

suggesting only two conformers with roughly equal populations.

(2Z . (:Z
Cl“‘c WY, A =Cimey H

Y 4 \°

C c
C N grl C/
Hy | Cl
H, C/ H, C/
C/ | C/
I j1

Figure 1

The two stable conformers of asasa’,a',3,4,6-heptachloro-ortho-xylene

(HCOX).
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These conformations are.re1ated by a concerted 180° rotation,
but in opposite directions, of the two side chain groups about their
respective C-C bonds. Such a rotation effectively changes the magnetic
environment of all three protons. At lower temperatures, where the
lTifetime of each conformer is relatively long, the spectrum consists of
the superpositioning of the peaks corresponding to the two conformers
as shown in Figure 2a. Increasing the temperature shortens the lifetime
and the conformers interconvert more rapidly causing the observed peaks
to broaden until they merge together to form an average signal. A
further increase in the rate of exchange decreases the width of this
averaged peak to its limiting value due mainly to the magnetic field in-
homogeneity (approximately 0.2 Hz). The peaks assigned to the aromatic
protons coalesced at lowest temperature, but it was not possible to
determine which of the methine proton peaks coalesced first or whether
all four peaks coé]esced at the same temperature.

Due to.]imitatioqs of the methylcyclohexane used as solvent,
with a boiling point of‘100.9°C (34), the maximum temperature of
measurement was restricted to 98°C, insufficiently high to yield the

resolved three-peak fast exchange spectra.

The representative spectra of a 5 mole % solution of HCOX‘in
methylcyclohexane at various temperatures are shown with the corres-

ponding simulated spectra in section D.




38

B. Cohformationa] Assignment.

At ambient temperature, 305°K, the spectrum contained six
relatively well-resolved peaks (Figure 2) as expected for the slow
exchange region. However, the rate of exchange between the two
conformers was still sufficiently rapid so that a saturation transfer
technique (23) could be employed in the assignment of the peaks of
Figure 2, numbered from Tow field to high field.

Saturation 6f peak 1 caused the disappearance of peak 3; peaks
4, 5 and 6 remain unaffected. The transfer of saturatfon permitted the
assignment of peaks 1 and 3 to the same proton in the two conformers.
Saturation of peak 2 caused peaks 3 and 6 to be noticeably reduced in
intensity; peaks 4 and 5 were relatively unaffected. The reduction in
the intensity of peak 3 is rationalized as due to the partial saturation
of peak 1. Peaks 2 and 6 were assigned to the second proton in the two
conformers. By deduction, the third proton in the two conformers should
have been assigned to peaks 4 and 5. This assignment was confirmed by
saturating peaks 3 and 4; peaks 2 and 6 remained relatively unchanged
and peaks 1 and 5 were significantly reduced in intensity.
| By inspection of Figure 1, HA and Hx of conformer I should display
spin-spin coupling according to the "zig-zag" rule (35). Peaks 2 and 4
wére both split, and hence were assigned to I. In keeping with earlier
assignments of'ana1ogous compounds (27,36) the downfield peak, 2, was
assigned to the methine proton, HA(I)’ and the upfield peak was assigned
to the ring proton of conformer I, Hx(I)' This entailed that peak 6

arose from the resonance of HA(II) and peak 5 from Hx(II)'
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4 34 5 6
A. NORMAL SPECTRUM
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Peak 1 was assigned to éonformer IT as the environment Of.HB(II)

A(1)"
The complete assignment is shown in Figure 3A.

is most like that of.H Peak 3 must then arise from the resonance

of HB(I)‘
Since this assignment does not agree with previous reports (37)
(see Figure 3B), a second method involving steric crowding, as reported
by Peeling, et al. (32) was also applied. The results Fgreed with the
above assignment for the methine protons. To assign thé aromatic ring
protons required consideration of neighbouring atoms "twice removed"
(32). When-this was done the relative positions of a11 pairs of peaks
agreed with the above; the HA(II) and HB(I) péaks are farthest down-
field, the Hx(I) and HA(I) peaks are farthest upfield, while the HB(II)
and HX(II) peaks occur at intermediate fields. Long range coupling
permits unambiguous assignment, as before, for HB(I)’ Hx(I)’ HB(II)

and HA(I) but there appears to be no intuitive way to differentiate

between Hx(II) and HA(II) when using this method.
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C. Relative Populations of the Two Conformers

The peaks assigned to the two conformers were sufficiently
dispersed for a determination of the relative populations by measuring
the areas under the peaks. The spectra were photocopied and the average
weight of the peaks assigned to each conformer was used in the determi-
nation. The data in Table 1 indicates that the populations qf the two
conformers were the same to within the experimental error at the five
temperatures investigated. |

The temperatures reported were assumed representative of the
tempefature range used in the study and that therefore the population
difference of the two conformers could be ignored over the entire range

used in line shape analysis.
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Table 1

Relative intensities of the three peaks of I and II in the low

temperature region.

Temperature (°C) _ Ratio™ I/1I
-60 | 0.99 + .06**

-20 1.00 =+ .04

17.3 1.02 + .04

20 0.98 + .02

25.7 0.98 + .02

* The ratios given here were determined by weighing.

** The errors quoted here are standard deviations.
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D. Determination of Rate Conétants

1. From Tine shape analysis

Rate constants for the region of intermediate 1ifetimes were
obtained by comparison of the line shapes of experimental spectra with
those generated by the computer pfogram DNMR2 (Dynamic Nuclear Magnetic
Resonance - Second Edition) (10). This program is essentially the same
as DNMR, for which the program (38) and the theory (11) have been
~ described elsewhere. DNMRé is designed to compute comp]ex exchange
- broadened Spectra which can be graphically displayed on a Calcomp
plotter. The algorithm is based on a quantum mechanical theory of
exchange effects on the 1ine shapes of high resolution nuclear magnetic
resonance spectra. The data generated and plotted requires chemical
shifts, coupling constants, relaxation times, relative populations, and
certain scaling parameters as input.

Relative populations have been discussed in section C. Scaling
parameters were determined from the experimental spectra. Effective
spin-spin relaxation times were estimated from the line shape of the
methylene chloride proton resonance peak at each temperature; T2 values
varied between 1.4 aﬁd 1.6 seconds. The coupling constant between the
methine proton, HA(I)’ and the ring proton, Hx(I)’ was measured directly
at Tower temperatures; JH(x)H(A) = 0.45 Hz with all other coupling

constants set equal to zero.

The observed peak centres, as obtained for all temperatures

investigated, are recorded in Table 2. The observed chemical shifts
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in Hz were plotted against temperature (°C) in Figure 4 and against~
the reciprocal of the absolute temperature (K'1) in Figure 5. The
initial chemical shifts used in the calculations were obtained from
the former graph. Although the agreement between the simulated and
observed spectra was excellent, it was found necessary to change the
estimated value of the chemical shift by a few tenths of a hertz by
reference to Figure 5 in order to obtain the best fit between the
. calculated and the experimental spectrum. A series of rate constants
was entered to obtain a set of computer-simulated spectra. A visual
match between a calculated épectrum and an observed bne was the only
requirement for accepting a rate constant as valid. The estimated
error is included with the rate constants in Table 4.

Experimental spectra, together with the matched calculated

spectra, are presented in Figures 6 to 21.



Table 2

Observed peak centres in Hz downfield from HMDS for HCOX in methylcyclohexane at various temperatures.

Temp. (°C) Observed Chemical Shift (Hz)
1 2 3 4 5 6

-60.0 792.8 788.2 755.8 755.8 745.4 742.5
-20.0 795.0 789.7 755.1 754.8 745.6 742.8

0.0 794.22 789.72 755.16 754.9 745.15 742.80

5.0 794.37 789.82 755.26 754.96 745.0 742.7 >

17.3 794.61 790.11 755.43 754.75 745.18 742.98

20.0 794.64 790.16 755.38 754.70 745,07 742.95
25.7 794.75 790.28 755.44 754.57 745.00 742.96
27.7 794.83 790.31 755.47 754.58 745,04 743.03
32.8 794.70 790.27 755.33 754.44 744.79 742.94
36.5 794.96 790.43 755.35 754.34 744.77 743.00 . H
41.1 795.00 790.54 755.42 754.25 744.79 743.06 é

45.1 795.07 790.59 755.34 754.25 743.92
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795.07
795.19

795.19
795.19

791.94
792.00
789.46

778
773

790.63

790.58

790.75

790.51

Table 2 continued

754.64
754.48

754 .34

753.65
757.18

749.05
748.82
748.68
748.60
748.40
748.40
747 .87

743.91
744 .07
744,18
744.48
748.19

Ly




Figure 4
Observed peak centres for a 5 mole % solution of HCOX
in methylcyclohexane plotted against temperature (OC).

Data from Table 2.
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Figure 5
Observed peak centres for a 5 mole % solution of HCOX
in methylcyclohexane plotted against the reciprocal of

the absolute temperature. Data from Table 2.
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Figure 6
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methy}cyc]ohexane at

300.9°K. k = 1.1 sec™!.
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Figure 7
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

305.8%K. k = 2.60 sec™!.
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Figure 8
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

309.5%°K. k = 3.50 sec”).
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Figure 9
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

314.19C. Kk = 4.2 sec™ ).
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Figure 10
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

318.1%C. k = 6.6 sec™!.
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Figure 11
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

320.0°K. k = 8.0 sec™).
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Figure 12
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

323.8%. k = 11.0 sec™'.
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Figure 13
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

327.1°K. k = 12.5 sec™!.




797 787 757 747 737




Figure 14
Experimental and calculated N.M.R. spectra of a

5 mole % solution of HCOX in methylcyclohexane at

331.9°K. k = 20.5 sec™!.
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Figure 15
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

336.4%. k = 26.0 sec™!.
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Figure 16
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

342.19K. k = 36.0 sec™\.
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Figure 17
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

347.5%. k = 49.0 sec™'.
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Figure 18
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

352.5°K. k = 72.0 sec™!.
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Figure 19
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

356.2%°K. k = 104 sec™!.
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Figure 20
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

363.0%K. k = 160 sec™'.







Figure 21
Experimental and calculated N.M.R. spectra of a
5 mole % solution of HCOX in methylcyclohexane at

369.0°K. k = 198 sec™'.
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2. Using the double resonance saturation transfer technique

At the desired'temperature the chemical shifts of one of the
protons was measured for each of the two conformers. The proton
~ resonance was saturated at one of the positions while the resonance
intensity at the other position was monitored as a function of time.
Representative spectra and the plots used to obtain T and T] are shown
.in Figures 22 to 29. Some trials had to be discarded because of the
difficulty in recording intensity changes when the irradiated peak was
less than 20 Hz away. At temperatures below -5°C the rate of satur-
ation transfer was too slow to use this method.

The rate constants for each trial were obtained by using

equations 2.42 and 2.40.




Figure 22
Double resonance saturation transfer between protons
B(1I) and B(I) in HCOX at 278.1%K as a function of time.
The saturating field is applied to B(I) at t = 0 and |

is removed at t' = 0.
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~ Figure 23
A plot of 1In {Mz(t) - Mz(w)} versus time and of
Tn {Mz(t) - M;(O)} versus time for the decay and
recovery of proton B(II) at 278.1°K. Data obtained

from Figure 22. k = 0.284 sec™.
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Figure 24
Double resonénce saturation transfer between protons
A(I) and A(II) in HCOX at 278.1%K as a function of time.
The saturating field is applied to A(I) at t =0 and

is removed at t' = 0.
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_ Figure 25
A plot of In {Mz(t) - Mz(w)} versus time and of
In {Mz(t) - MZ(O)} versus time for the decay and
recovery of proton A(II) at 278.1°K. Data obtained

from Figure 24. k = 0.264 sec” ).
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Figure 26
Double resonance saturation transfer between protons
A(II) and A(I) in HCOX at 278.1%K as a function of time.
The saturating field is applied to A(II) at t = 0 and

is removed at t' = 0.
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Figure 27
A plot of In {Mz(t) - Mz(w)} versus time and of
1n {Mz(t) - MZ(O)} versus time for the decay and

recovery of proton A(I) at 278.1%K. Data obtained

from Figure 26. k = 0.283 sec™!.
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Figure 28
Double resonance saturation transfer between protors
A(I) and A(II) in HCOX at 268.1%K as a function of time.
The saturating field is applied to A(I) at t = 0 and

is removed at t' = 0.
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Figure 29
A plot of 1n {Mz(t) - Mz(m)} versus time and of
In {Mz(t) - MZ(O)} versus time for the decay and
recovery of proton A(II) at 268.1°K. Data obtained

from Figure 28. k = 0.089 sec™).
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- Table 3

Data from double resonance saturation trans%er experiment on HCOX in methylcyclohexane.

Temperature Proton Proton . Decay ' Recovery
(OK) Saturated* Observed* Mz(w)/MZ(t) 71 (sec.) T (sec.)** k (sec'])
268 A(I1) A(II) .348 5.20 9.84 .089
268 A(I) iA(II) .378 4.52 7.73 .093
ave. k = .091 + .02 sec”)
~
o1
278 A(I) A(II) .203 3.01 14.6 .264
278 A(I) A(II) .196 2.86 e 13.4 .273
278 A(II) A(I) .102 2.77 - 12.6 .283
278 B(I) B(II) .200 2.81 14.2 .284
ave. k = .276 + .02 sec”!

* Labelled as in Figure 3.

** Estimated error + 1.0 sec., resulting in a contribution of approximately 10% to k.
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E. Calculation of Activation Parameters

The data necessary for both the Arrhenius plot and the Eyring
plot are found in Table 4. The plot of 1n k versus 1/T in Figure 30
is used to determine the energy of activation, Ea, and the frequency
factor, A. The plot of In (k/T) versus (1/T) in Figure 31 yields the
enthalpy of activation, AH#, and the entropy of activation, AS#. The
calculations assume that the transmission coefficient, «, is unity (39).

In addition, Table 4 includes the calculated values of the free

eﬁergy of activation using the equation
$_ kgT
AG" = RT]n [—h? 4.1
at each temperature, T. The plot of AG* versus T in Figure 32 is used

? and as? from equation 2.61 (40).

to obtain AH
A summary of the activation parameters for HCOX and some related

compounds studied by the same method is found in Table 5.




Table 4

. Data employed for the determination of activation parameters Ea, log A, AH# and AS# for a

5 mole % solution of HCOX in methylcyclohexane.

Temperature® Vi K** k/T In k In k/T pGFH*
(°K) (x 10%) (sec™!) (x 10%) (kcal/mole)
268.0 3.73 .001 + .02 3.39 -2.397 -7.987 16.90 + .08
278.0 3.60  .276 + .02 .993 -1.287 ~6.908 16.95 + .09 .
300.7 3.33 1.1 £ .2 3.66 0.095 -5.611 17.55 + .18 N
305.8 3.27 2.6.+ .2 8.50 0.956 -4.767 17.33 + .11
309.5 3.23 3.5+ .2 11.31 1.253 -4.482 17.37 = .10
314.1 3.18 4.2 + .3 13.4 1.435 -4.315 17.52 + .12
318.1 3.14 6.6 + .3 20.7 1.887 -3.875 17.47 + .10
320.0 3.12 8.0 + .3 25.0 2.079 -3.689 17.45 + .09
323.8 3.09 11.0 * 0.4 34.0 2.398 -3.382 17.46 + .09 -
327.1 3.06 12.5 + .5 38.2 2.526 -3.264 17.56 + .10
331.9 3.01 20.5 + .5 61.8 3.020 ~2.784 17.50 + .09




Table 4 continued

336.4 2.97 26.0 £ 1 77.3 3.258 -2.560 17.59 + .08
342.1 2.92 36.0 £ 1 105.2 3.584 -2.252 17.68 + .08
347.5 2.88 49.0 £ 2 141.0 3.892 -1.959 17.76 + .09
352.5 2.84 72 + 2 204.3 4.277 -1.588 17.75 +..08
356.2 2.81 104 + 4 292.0 4.644 -1.231 17.68 = .11
363.0 2.75 160 £ 5 440.8 5.075 -0.819 17.73 = 0.10 |
369.0 2.71 198 + 6 536.6 5.288 -0.622 17.87 = 0.11

8L

* Al temperature with an error of 10, except at 369%K where the error is + 2%,
** Rate constants calculated using the shift data in Table 2 with To from CH2C12 peak at each
temperature; JA(I)X(I) = 0.45 Hz; all other J = 0.

*** Calculated from rate constant and temperature by equation 4.17.




Figure 30
Arrhenius plot of 1n k versus 1/T. The data plotted are
found in Table 4. 1n k = (-7653  9) T + (26.01 £ .03).

Correlation coefficient: .9969
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Figure 31
Eyring plot of natural log k/T versus 1/T.
data plotted are found in Table 4.
Tn k/T = (-7338 + 10) T+ (19.25 & .025).

Correlation coefficient: 0.9967

The
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Figure 32

#

Plot of AG' versus T. Data found in Tab]e 4,
AT = 14.597 + 4.023 + (8.92 + 2.46) T

Correlation coefficient: 0.956
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Table 5

Summary of activation parameters for HCOX*, OCMX (32), OCPX (41), 2,3,6-PCT (42) and 2,4,6-PCT (43).

, o Arrhenius Parameters Transition State Parameters**
Compound - Solvent Temp. (“K) , 4 4 .
Ea (kcal/mole) log A AH AS "AG
HCOX methylcyclohexane 298 15.3+0.3 11.32.2 © 14.6%.3 -8.8+.8 17.2+.3
0CMX toluene d8 293 14.93+,.13 | 12.45£.09 14.3+£.14 -2.0+.5 14.9+.5
OCPX toluene dS 286 13.6%.4 11.3+.3 . 13.1.4 -7.3x1.3  15.4+.1
2,3,6-PCT toluene d8 298 14.00.3 11.3+0.2 13.3¢0.3 -7.0+0.7 15.4+0.1
toluene d8 15.2+.2 12.7+.2 14.6+.2 -1.1+.7 14,9+.1
2,4,6-PCT 300
methylcyclohexane 14.3£0.6 ~ 12.0+0.5 13.7£0.6 -4.4+2.2 15.0+0.2

* The values for the activation parameters of HCOX are obtained from the program ACTPAR (12) using

the data from Table 4.

** kcal/mole for AH*, AG* and cal/deg for AS*

Z8
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F. Coalescence Temperature Calculations

It was not possible to determine the coalescence temperatures
from the observed spectra. However, the rate constants at coalescence,
kes for each of the three pairs of exchanging protons in HCOX were

calculated using the expression (44)

ke = j—‘z’l 4.2

where Av is the nonexchanging chemical shift difference of the proton
resonance in the two conformers. These three rate constants were then
substituted into the first-order equation obtained from the Arrhenius

plot shown in Figure 30

_ 7653
In kC = 26.01 - 'T(-:—- 4.3

to obtain the three coalescence temperatures, Tc. The value of the

free energy of activation, AG¢, at each of these coalescence temperatures

was calculated using (45)

# Te,
AG' = ,004573 TC (9.97 + log Z;J 4.4

and is shown with other data in Table 6.
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Table 6

Summary of coalescence temperatures and AG# values™ for the protons of

HCOX in methylcyclohexane.

Exchanging _ -1 o 4
Av (Hz) ke (sec ') T. (UK)  AG (T¢) (kcal/mole)
Proton .
Hy 47.1 104.6 358.3 17.8
HB 39.2 87.1 . 355.3 17.8
Hy 9.6 21.3 333.5 17.6

* Calculated as described in this section.




85

G. Consideration of Error

1. Introduction

Experimental conditions under which data are obtained from the
N.M.R. §pectrometer must be carefully controlied to obtain usable
information. |

If 1ine shape ana]yéis is used to determine rate constants there
should exist no saturation, excessive filtering or magnetic field
inhomogeneity. The sample should spin smoothly in a well-regulated
thermal environment. Consistent effort was made to ensure that optimum
conditions prevailed for each spectrum. Maximum scanning speed was
0.05 Hz/sec and the filter was set at 145 no evidence of saturation was
found at any time. Any distortions which may have gone undetected are
Teast significant about the coalescence point, increasing as the
temperature changes. Thus the data obtained by this method is most
reliable near coalescence, and the reliability increases for any
system Tike HCOX that has a series of temperatures at which coalescence
occurs.

The error in determining the effective'spin-spin relaxation time,
Té', value has been shown to be critica] for the détermination of AH*
and'AS# values (41). Although a Tinear Arrhenius plot may be obtained,
the values of AH* may be inaccurate and those for AS* may often be
physically unreasonable (46) due partly to the Timited temperature
range involved and partly to the problem of obtaining accurate exchange

rates. The errors introduced by’estimating the values of shift
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differences and 1inewidth5'in'the absence of exchange are larger than
the Arrhenius plot might indicate (47,48). 1In the present case, the
use of data from the double resonance saturation transfer method
significantly reduces such errors.

If the double resonance saturation transfer method is used,
optimization of experimental conditions involves the consideration of
some additional parameters. Incomplete saturation of the irradiated
site and inaccurate adjustment of the frequencies of the audio generator
and/or of the recorder can significantly alter the response from the

irradiated system and must be avoided.
2. Errors in determining the exchange rate constant, k

a) Line shape analysis ’

The rotation of the two dichloromethyl groups in HCOX has been
treated as an uncoupled, equally-populated, two-site system undergoing
synchronized exchénge. For such a system the computer program DNMR2
(38) will generate line shapes if the chemical shifts of the proton at
each site, the relative populations of the two conformers, the linewidth
of an absorption signal in the absence of exchange, the exchange rate
constant and various scaling parameters are input. Since the calculated
Tine shape was used to determine k, the error in the rate constant is
related to the error of the first three parameters above. These will

now be discussed individua]]y.'
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i) Errors in chemical shifts.

The determination of chemical shifts in the absence of exchange
for all protons in the two conformers is a necessary prerequisite to
obtaining accurate rate constants. The advantage of having coalescence
temperatures above ambient lies in the wider range over which chemical
shifts can be measured. The resulting extrapolation of the chemical
shift from the slow exchange region to the faster exchange at higher
temperafures is more accurate than assuming that the chemical shifts are
invariant with temperature (46). For HCOX the measured maximum change
in chemical shift for any proton was 2.5 Hz in the temperature range,
-20%¢C to 98°C. As shown in Figures 4 and 5, the differences between

the resonances of any one proton in the two conformers changed less than

1.0 Hz in the same temperature range. Any error arising from an inaccu-
rate estimate of chemical shifts would be greatest in the extrapolated

high temperature region. Since methylcyclohexane boils at 100.9°¢C (34),
this temperature region was not investigated, reducing any error contri-

bution due to this effect.

ii) Errors in relative population determination

The difference in calculated spectra when k > 40 sec'] between
assigned relative populations of 0.96:1.00 and those with relative
populations of 1.04:1.00 was not detectable. When the exchange rate
constant was less than 40 sec'] there was a slight dffference in relative
peak height but none in peak position.' The error in the assignment of
equal populations to each of the two conformers for HCOX is not con-

sidered a contriﬁuting factor to the error in the exchange rate constant.
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iii) Erkors in Tinewidth in ébsence of exchange

Some investigators have used a constant-input Tinewidth (49)
determined below the slow exchange 1imit. Others have observed that
the princiba] cause of Tine-broadening is due to magnetic field inhomo-
geneity (50-52) and have used the width of the tetramethylsilane (TMS)
signal as observed at each temperature. Neither observation may be
universally applicable.

In general, the half height Tinewidth, Wy of an absorption peak
in the absence of exchange may be written as a sum of terms (47)

Wy = ;%E-: E%E-inh + ;%E-sc + ;%E-dd + ;%E-LR
4.5

which includes the contributions from the magnetic field inhomogeneity,
scalar coupling, dipole-dipole interactions, and any unresolved long-
range proton-proton couplings, respectively. The last term is considered
negligible for HCOX, and the first two terms should be similar for HCOX
and CH2C]2 Which is used as the reference. Any error in linewidth must
then result from the effect of intramolecular and intermolecular dipole-
dipole interactions. For small molecules such interactions are much
less significant than the magnetic field 1nhomogeneity and for molecules
with molecular weight > 500 amu the effect may be an increase of as much
as 1 Hz to the linewidth at -30°C (47).

The molecular weight of HCOX is 347.3 amu and dipole-dipole

interactions should be considered. The viscosity of the methylcyclo-
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hexane solution wés Tow (ca. 0.735 centfpoise ét 20°C) (34) and: the
contribution to the spin-spin relaxation rate 1/T2dd equals the spin-
lattice relaxation rate, 1/T] (47). Thus the largest contribution for
the temperature range studied by this method would be 0.07 Hz at 20°C.
Any error introduced by omitting this contribution becomes insignificant
when the exchange process dominates the width of the Tine shape. Thus
the use of the experimental 1inewidth of methylene chloride is justified
at temperatures abové 30% where the maximum error would be 2% if other
parameters remained constant. At lower temperatures the increasing
Viscosity and the reduction in the rate of exchange would cause a
significant error. This effect may account for the deviation of values

in the free ehergy of activation plot (Figure 32) below 30°C.

b) Double resonance technique

Using this method, the rate constant is determined by finding the
difference between the twé terms l/r] and 1/T] (equation 2.42). The
error in k will be equal to the larger of the errors of these two terms.
Since T and T1 are calculated from the decay and the recovery of the
signal any factor influencing the signal intensity will affect the rate
constant obtained. Conditions were checked prior to each determination
to eliminate or minimize the errors due to experimental conditions.

Complete saturation was assured by increasing the power of the

irradiating field until the exchange-site-signal did not decay further

upon increasing the power. This value was .then used for all subsequent
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measurements. Data analysis was hampered by noise factors and, since
the decay period was ‘short, this may well be the dominant error source.

The 1/11 term is found from the slope of the In [ﬁz(t) - Mz(m)] versus

time plot and its error may well be from three to five times that
indicated by a least squares fit. The second term, 1/T], can be deter-
mined in two ways, from the slope of the recovery data and from the

magnetization ratios (equation 2.49). When using the plot of

In (Mz(t) - MZ) versus time the contribution of the first terms must
be allowed to decay before the slope can be used to determine the spin-
relaxation time. The complete equation is

n (C(t) - M8) = 1n [c; exp (A1) + c, exp (-ant)

2\t - 1 8P =) F ey exp (-4,
4.6
if T]B v Tg then A] v 3A2.and Cy v 3c] from equation 2.51 to 2.54. Thus
¢ . . . . ~ . .

—77? will originally be smaller and will decrease much more quickly with
e

time than the second term on the right of equation 4.6.

In each case the first six values from an arbitrary zero were
omitted in determining the slope. The value of T]B obtained by this

method was checked against that obtained by using equation 2.49. The

trial was discarded if the difference between the two determinations
exceeded five per cent of the first value. The difference between the
two terms, 1/T]B and ]/T]B’ results in an error of at least five per cent

for the value of k and may be even higher. In absolute terms the result
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is still quite'good as indicated in Table 3.

3. Errors in temperature - measurement and drift

The conversion of millivolt readings from the iron-constantan
thermocouple to a temperature reading is assumed to be free of error.
If equi]ibrium conditions can be assumed for all determinations, the
vé]ues obtained should be quite reliable. However, the temperature
reading taken beforé and that taken after a spectrum was obtained were
usually different. The drift in temperature varied between 0.04 and
0.70%. Repeated trials undér constanf conditions indicated that random
errors were ébout 0.03% on ten trials. Reporting the temperature to

within 1°K should provide a tolerance greater than that required by

consideration of these factors.

4. Errors in the calculation of activation parameters
Two different methods were employed to determine the exchange rate
constants and ‘they appear to be complementary. Systematic error should

therefore.be less suspect than if only a single method were used.

a) Thermodynamic functions

The statistical treatment of data produces the results shown in
Table 7. The results obtained from the different treatments display
excellent agreement within'tﬁe statistical deviation. Since the free
energy of activation, AG¢, is related to AH* and AS¢ by equation 2.61

and will obviously also show consistent values, it has not been
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inc]udéd. Thus the statisticé] treatment to obtain "average" values
does not éause significant changes in the errors of even these most
sensifive parameters.

The standard errors reported in Table 5 for HCOX were obtained
from Binsch's prbgram, ACTPAR (12), which incorporates errors in k and
in T to determine the errors in the activation parameters.

A recalculation using a value of one-half* for the transmission
coefficient, «(39), Towered the value of AS* by 1.4 e.u. and the value

of AG¢ by 0.42 kcal/mole at 298°K; AH#, of course, remains unaffected.

b) Energy of activation

The standard deviation of the activation energy obtained from a
least squares analysis of the Arrhenius plot is much too small because
the errors in the input parameters are ignored in the calculation.

These can be explicitly incorporated by using the equation (53)

%al? 272 [o7]? 1 12 e)?
[Ta] S I B bvararyy B e 4.7

where or is the standard deviation of the temperature, T is the
standard deviation of the exchange rate constant, AT is the temperatufe'
range under study and A(Tn k) is the range of the 1In k values. If T

and k are the temperature and exchange rate at coalescence respectively,

or is assumed to be 1°K, ok is 4 when k is 104 and T is 356.8, AT is

* Not Tikely to be the case as « = % assumes that the probability of
the transition state reverting to the starting point is as great as

the probability that it will proceed to "product".




T if k= 1.00

Table 7

Statistical check on thermodynamic parameters for the hindered rotation of the side chain groups of HCOX

in methylcyclohexane at 298°K.

Thermodynamic ) ' _ _ ‘ ) i
Method of Calculation Source Value Obtained :

Function g
1. AH* = Ea - RT Ea from slope of Arrhenius plot 14.62+.02 kcal/mole i

Figure 30 ?

#

2. AH” = -R x slope of Eyring plot Figure 31 14.58+.02 kcal/mole © ;

3. oK' = intercept of AG* vs. T plot Figure 32 . 14.60+4.0 kcal/mole 5

#_ ' - ag? # i?

1. AS" = — 7 3 AH" via Arrhenius plot  Figure 30 -9.8+0.6 e.u. i

4 ‘ AG# from equation 4.1 ?;
AS e
2. 257 = (intercept - 23.06%) x R from Figure 31 -8.8+0.6 e.u. =

3. as” = -slope from Figure 32  -8.9+2.4 e.u. };

;%
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1010 and A(1n k) is 7.663, thén the standard error in activation energy
is apprdximate]y 0.24 kcal/mole or about tén times the error obtained
from thevArrhenius plot. The computer program, ACTPAR (12), indicates
an error of 0.3 kca]/mo]e,

To obtain‘a range indicative of maximum error for the activation
energy the minimum and maximum values of k and T were obtained from

Table 4 and combined with the value of In A from Figure 30. These were

substituted into (54)

_ Ea
Ink=1nA - RT 4.8

inlorder to obtain a maximum and minimum value of Fa. Using the data
of Table 4 the calculated méximum error in the activation energy is
*0.45 kcal/mole or an error of approximately three per cent.

In-the preceding discussion both AH# and Ea have been assumed to
be invariant with temperature7 Otherwise the values for the rate
constants would be affected and the plots of Figures 30 and 31 would
yield smooth curves. However, these two are related by the equation
(52)

WP = Ea - RT 4.9

which shows that only one can be constant. The error introduced for a
100% temperature range is 0.2 kcal which is an uncertainty less than

that reported for either parameter.
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‘H.  Comparison of Activation Parameters with Related Compounds

.The free energyfof activation may be the most reliable measure of
differences in hindered rotation because it is the least sensitive to
error (46-49). Table 5 uses these values as the basis for comparing
the barrier to hindered rotation in some selected compounds.

Earlier studies rationalized the increase in AG* from «,0,2,4,6-
pentachlorotoluene (2,4,6-PCT), AG* = 14.9 £ 0.1 kcal/mole in toluene dg
(43), to a,a,2,3,6-pentaqh]oroto]uene (2,3,6-PCT), 67 = 15.4 + 0.1
kcal/mole in toluene d8 (29), on the basis.of the buttressing effect of
adjacent chlorine atoms on the ring (42). The barrier for a,a,0',at,
2,3,5,6-0ctach]oro-para—xy1ene (ocpx), AG* = 15.4 £ 0.1 kcal/mole in
toluene dg (41) appeared to confirm this explanation. However, such
rationale does not account for fhe free energy of activation being lower
for a,a,a',u',2,4,5,6-octach1oro-meta—xy]ene (ocMx), AG% = 14,9 + 0.5
kcal/mole in toluene dg (32), and an explanation has been advanced
suggesting that buttressing may increase the ground state energy more
than the transition state energy (41). 1In addition the effects of
electron withdrawing substituents on the aromatic ring may produce
distortions which are presently not predictable. If each of the
dichloromethyl groups of a,a,a',a',a",a",2,4,6—nonach10romesity1ene
(NCM) were treated as an independent rigid rotor flanked by a single
chlorine on each side, the free energy of activation should be comparable

to that for 2,4,6-PCT; wheréas the consideration of an "effective" size

(55) for the dichloromethyl groups suggests that the AG* value be

comparable to OCMX. The experimental value, a6* = 16.1 = 0.06 kcal/mole
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in toiuene d8 (32), indicates that these trends are not reliably
predicted using buttressing effects. Since the author is not aware of
any method of determihing ground state energies, the de facto results
lend themselves to speculation at present.

Two molecules that are very similar to HCOX have been studied
(37), a,a,a',a',3,4,5,6—octach]oro-ortho-xy]ene (0COX) and
a,a,a',a",3,6-hexachloro-ortho-xylene (HXCOX). The free energy of
activation of these two molecules should correspond closely to that
of HCOX as all three should exhibit similar "cog-wheel" effects and
the ring-distortion and/or buttressing due to the chlorine atoms on
the ring would predict that the AG# value for HCOX lies between HXCOX
and 0COX. With AG# for OCOX at coalescence equal to 17.7 kcal/mole and
AG¢ for HXCOX at coalescence eqUa] to 17.4 kcal/mole (37), this would
indicate that the coalescence value for HCOX in tetradecane should fall
in the range 17.4 to 17.7 kcal/mole. A direct comparison is not
possible because HCOX was studied in methylcyclohexane with AG¢ at
coalescence of 17.7 kcal/mole (Figure 33). If an error of 0.3 kcal/mole
can be assumed for each of these three results, then the expected

relationship is not contradicted.



Figure 33

AG* values for HCOX and some related compounds.

A1l values fn kcal/mole with solvent and temperature

in parentheses.

Abbreviations used: Toluene dg Tdg
methylcyclohexane MC
tetradecane TDC .
methylene chloride  MCI

Data from references as listed in text.
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2,4,6-PCT 2,3,6-PCT OCPX
CHCT, CHCT, CHCI,
cl C] cl Cl cl cl
H H H Cl cl Cl
Cl H CHCT,
267= 14.9 (Tdg) 46’= 15.4 (Tdg) 26= 15.4 (Tdg) .
= 15.0 (MC) (298%) (286°K)
(304°K) -
0CMX NCM
CHCT,) CHC1,
Cl Cl C] Cl
Cl CHCT, C1,HC CHCT,
Q1 Cl
2G"= 14.9 (Tdg) 2G7= 16.5 (MC1)
(293°K) = 16.1 (Tdg)
(304.6°)
HXCOX HCOX 0COX
CHC1, | CHC1, CHCT,
cl CHCT,, Cl CHCT, c1 CHCT,,
H Cl H cl Cl cl
H cl C1
A6*= 17.4 (TDC) 267= 17.2 (298%) AGT= 17.7 (TDC)
(350°K) = 17.8 (358%) (356°K)




V. SUMMARY AND CONCLUSIONS
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A study of the hindered rotation of the dichloromethyl groups of
a,u,a',a',3,4,6-hepfach1oro—ortho-xy]ene (HCOX) has been conducted
~using a complete Tine shape analysis supplemented with the double
resonance saturation transfer technique. The study was carried out on
a 5 mole % solution of HCOX in methylcyclohexane over a temperature
range of 268 to 369°K. The spectrum was assigned to the corresponding
protons in each of the two conformers by the double resonance method
and by steric crowding considerations. A study of relative populations
was made at lower temperatures only.

Activation parameters were‘calcu]ated using the Arrhenius equation
and transition state theory and are recorded in Tab1é 4. Comparison of
thé results of the compounds in the table favor the suggestion that
synchronization of the two dichloromethyl groups in the ortho position
increase the energy barrier to rotation. The results compare favourably
with HXCOX and 0COX obtained in a different solvent. The "cog-wheel™
effect producing a very ordered transition state rationalizes the
negative value of the AS* term.

It is concluded that there are two contributions to the barrier
to rotation in HCOX. The steric hindrance between the chlorine atoms
on the ring and the chlorine atoms on the methyl carbon produces an
effect comparabie to that in 2,3,6-PCT, 2,4,6-PCT and OCPX and OCMX.

Added to this is the restriction to rotation due to the proximity of

the two dichloromethyl groups.
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Transformatidn of Spin Operators

Consider the spin angular momentum operators in the Cartesian

. . 2
coordmate system: IX, Iy, IZ and I,

The commutation relationships show that only I‘2 commutes with

each of the other operators as well as with itself. Define an identity

operator, &, which also commutes with each of the above. We can write

2, ][] [22) - -

_I,IXJ I,Iy I,IZ I, |=0
and | _IX,I” = (Iny - Iny) = 1IZ

_Iy’IzJ = 1IX

Iz’IxJ = 1Iy

Define a "raising" operator: I, =1 + in, and a "lowering"
operator: I_ = Ix - 1’I‘y and determine their commutation relationships
e.qg. [IZ,I+:|= (IZI+ - I+Iz) = Iz(Ix}+ 1Iy) - (IX + 1Iy)_Iz
= (IZIx + 1IZIy - IXIZ - 1IyIZ)

(LI - LL) + (1,1 - 11)

[Iz’Ix]+ i [Iz,Iy]= 1Iy + 1(-1'Ix)
[IZ,I+]- Lo*+il =1,

i.e. (LI, - L,1) =1,

LI, =1, +ILI

=IQ:

Since ng= X forl all x, I+ +
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we can write IZI+ =12+ I+Iz = I+(2 + IZ)

If more than one IZ value is possible, the value of a given s level is

Sy s 3 ’ T s s _
LI, =107+ 1.1 - (since 2 = & for all s)
S. _ s

or IZI+ = I+(z + IZ)

Now multiply by the rotation factor for this single s value if the

. o S
coordinates rotate with angular velocity, w. i.e. by i—l§$l-(see note)

(-iwt)S S, _ S g-iwt)s
s! IzI+ - I+(2 + Iz) s!

To obtain the total effect, sum over all values froms = 0 to s = »

o . o) . S
ie. Z (-1wt:{z)s -, Z [—1wt(2 + IZ)]

<=0 s. S=0 s:

From Téy]or‘s Theorem we have (Protter and Morray, p. 643)

o s
X = ea:zz: (x - a)
s=0

s!

If a = 0 and x is the numerator in the above, one obtains

-iwtl _ -iwt(e + I,)
e Z1I,-= I, e z

since e * B = eAeB i and onty if [A,B] = 0 and since 1,1, =0

one can write

-iwtl _ -iwte _-iwtl,
e z I+ = I+ e e

Multiplying from the right by etivtl;
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-iwtl +iwtly _ -iwts
e 4 I+ e =1, e

Recall tx = x for all x, then e'1Wt is a scaler. Hence one obfainé

-iwtl, +iwtl, _ -iwt
e I+ e Z=p -I+

If we define U = e'1WtIZ, then U”! = etWtlz 45 yield

-1 _ -iwt
UI, U =e I,

similarly U1 U7l = etIW g

If the coordinate axes were to rotate in an opposite direction
to the above, one would obtain

_ tHwt
I+ U=¢e I+

e-1wt 1

and U

Note: w is in rad/sec.

“t is 1in sec.

A similar transformation to rotating coordinates is given by
N. M. Atherton in Electron Spin Resonance. John Wiley & Sons
Toronto, 1973, pp. 273 ff.






