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SUMMARY :

A general corre]atfon function is firstly reviewed in line
with Kubo's formulation (Chap. 1, (a)), and dielectric relaxa-
tion processes togéther with some fundamental properties are
considered with the help of the function (Chap. 1, (b)). The
introduction of Hoffmann's site model enables us to calculate a
dié]ectric correlation function. Thié technique is applied to
the dielectric relaxation of some molecules,.(Chap. 1 (c)).

Discussion with respect to the calculation of the mole-
cular dipole moment for a molecule whicﬁ contains two equivalent
rotational groups is made (Chap. 2, (a)).‘ The results are applied
to two convenient models, i.e., a free rotation model and a model
called "free oSci]]ation" which is proposed in this thesis. The
latter model is employed for the cases of o-haloanisole and
o-ha1othibani501e;,(Chap. 2, (b) and (c)).

Experimental dielectric constant and loss data were analyzed
by the Cole-Cole equation as well as Budé's equation (Chap. 3).

Rotation of the methoxy group in'dimethoxy compounds was
examined by relaxation time and dipole moment. The mean relaxa-
tion time»fpr o-dimethoxybenzene is found to be short. (Chap. 4).

The variétion of the relaxation time of the methoxy group
of anisole is considered theoretically (Chap. 4, (c)).

Mesomeric and double internal rotétion mechanisms concern-
ing the anomalously short relaxation time of diphenyl ether are

discussed. Correlation function treatments are made based on



the former mechanism,( Chap. 5).

_Rotation:ar6Und S;S,bonds is concluded to bé‘restrictivé.
(Chap. 6).. Relaxation time and dipole moment values of di fury]
mercury are explained in terms of fhe non-]inearity of C-Hg-C

bond. (Chap. 7).
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CHAPTER 1 Correlation Function and Dielectric Relaxation

(a) CORRELATION FUNCTION

Dielectric relaxation can be treated as a problem of time-
dependent stétistité1 mechanics. A traditional approach to treat
this problem is the_Boltzmannfs transport equatioh or Kinetic
equation1, i.e.: |

of V‘vr +Fvy, = Gﬂ% - (1-1)

at - m

ot
coll

where f is the distfibdtioh funciion, v the veiocity vector, v,
the position gradient, Vv'the've1ocity gradient, F an external
force, m the mass, and Ggg is the so-called "collision
coll

term". The other is a rather elegant correlation function
treatment, which was initiated by R. Kubo2. In this section we
shall review the'théory briefly on thé basis of purely statis-
tical standpoint.

Let us consider an isolated system, the Hamiltonian of
which is represented by H. If an external field F(t) is

applied to the system,'the pertu?bation energy H' ds
H'(t) = -AF(t) (1-2)

wheke A is a gehera]iied dipole moment opérator. Introducing
the Poisonfbracket, we can express the Lijouville equation for

"the natural motion" as’



of (poq) = (Bf oH - of oH (1-3)
ot 53g 3p  3p 3q
= (H9f)f

where f is the distribution function in the phase space, and

(H,f) is the Poison bracket which is in general
) ~(0X 3y _ 89X 3y
(X,Y) =§5<éq ap  9p 9q (1-4)
We assume that the distribution function is given by fp
at t = -«», that is, at the infinite past and it is in equilibrium,
i#e., (#/, £7) = 0. Since we have confined ourselves to the 1li-

near perturbation, the distribution function at time t may be

expressed as

f=f° + Af
therefore
woanf _ (M, af) - F(e) (A,f°) (1-5)
at

A

Now we must solve the differential equation above to get »f{t}.

i
“

Let usﬂdefine a linear self—adjqint operator L. as

Cilg = (i1,g) = 3t
Here it should be remembered that exp'(itL) represents the un-
pérturbed or naturaT‘motion of the system, and it induces the

natural motion of a phase point P to Py over the time t, i.e.,

e-itlp o Py



corresppnding]y the natural motion of any dynamical’quantity
(p»q) = Q(p) is given by
Q(t) = Q(Py) = e”1tlq(P,-1)

which is the solution of the equation of motion

% - (Q,H) (1-6)

Using the conditions F (-=) = 0 and Af(-w) = 0,

we have the solution of Eq. (1-5):
t o
f(t) = —I el (t-t')L (A,fe)dt'F(t") (1-7)

where t' is a time parameter; -~ <t' <t.

Once we know Af(t), we can obtain ensemble average of an
arbitrary quantity B(t) from

je(t) AF(t)dr

<AB(t)>

=~ 00

-{t dt' dreef(t-t")L(a,fo)F (t')

Jtdt'F (t?) (A,f°)B(t-t')dr (1-8)

-0

It should be noted that B(p,q) satisfies Eq (1-6). Now we define

a new functibn.cal1ed "response function"'¢BA(t) as

J(f°,A) B(t)dr
j °(A,B(t)) dr
< (A(0), B(t))> (1-9)

"

ogalt)
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therefore

, t »
<AB(t)> = J ¢BA(t-t') PF(t')dt’ (1-10)

when f° 1is canonical, i.e.,

fo= Ce-gH, g =L

‘ KT

then . *

(f°,A) = Af°
so that

‘¢BA(t) = g<A(0) B(t)> = -g<A(0) B( t)> (1-11)
Now let us define the general correlation function dpp S

® = < A(0) B(t)> (1-12)
BA  ZA(0) B(0)>

therefore ;BA <A(0)B(0)> = éBA
a

Eq. (1-9) can be interpreted as follows -(A, f°) is the change
of the’distribution function produced by a pulse. The effect

of this on the average value of B at a later time is given by
the first equation of (1-9). Instead of talking about the
change of distribution function, we may also think of the effect
of the pulse on the motion of B. In the second equation of

(1-9), (A,B(t)) represehts such an effect.



(b) DIELECTRIC CORRELATION FUNCTION

General correlation functiqn_in'the previous section is
directly related to the dielectric correlation function formally
by replacing B and A by < M(t) . e >(the average number of the
macroscopic dipole moments M along a direction of an applied
electric field E(t), whose unit vector is denoted by g)and the
microscopic dipole moment B respectively. At first, Tét us

define the dielectric correlation function ¢ as

o(t) = <K@ . M(t)> (1-13)

<g(0) . M(0)>

This corfesponds to the definition of Eq. (1-12). From Eds.
(1-10), (1-11), (1-12), and (1-13), adding the contribution
from the polarizability term to the total polarization

<M(t) .8 >, we have

M(t).g> = NaF(t) - Vo) - MEo)> { Gee enyp(enyat  (1-19)
3kT

—a0
where the factor 1/3 in the second term on the right hand have
been introduced taking into account the above problem three-
dimentionally.
The second term in Eq. (1-14) may be regarded as the

effect of reorientation of dipoles on the total polarization.



From the definition of polarization,<M-e> has a relation;

ST RV (1-15)
4n . Fo exp(iwt)
*
where e s the complex dielectric constant, V the volume of

the system, w the f?equency of the applied field, Fo the amp-
litude of the field F(t), and i =/ -T. Neglecting the inter-

nal field factor, we have;

* N.<w(o)«-.M(d)> t ” - '1'(011;
e -1 _ ALY b o§(t-t~)dt-
Gr V= Nem gy j_, deenae e
~ N<y(o)-M(o)> .
= No+ ——p= - L(-8(t)) (1-16)

where L represents the Laplace transform, whose definition is

S” flt)e Wbt = L(f(t))
%

Now it is assumed that the first term on the right hand in Eq(1-16)
remains unaffeéted even if the frequency w goes to infinity, there-

fore

o=l y o (1-17)

On. the other hand, when w goes to zero, it is assumed that

-1 N < ylo)+H(0)> (-
TTI-_'—V—NOL-!-’ §‘k:' > (1 18)




‘Hence from Eqs. (1-16), (1-17) and (1-18), it follows that

*

LS L(-3(t)) = - Sw i (t)e10tqt (1-19)

It should be noted Eq. {1-19) is the same as Cd]e's resu1tu.
Cole took account of Hami1tonian explicitly by approxihating
the assembly of dipoles as that of harmonic oscillators.
However, the present derivation does not depend on such an
approximation. The assumptions employed here are (i) neglect
of internal field, (ii) all molecules have isotropic polariza-
bility (otherwise we must consider tensor expression for
polarizability), and (iii) a microscopic dipoTar molecule is
surrounded by macroscopic dipolar molecules, which eventually
act as "background" for the microscopic molecule.

We shall examine some important consequences from Eq. (1-19).

Mathematically Eq. (1-19) can be rewritten as

e*(w) ~ew . g sit)e Totye

EO_Ew (o]

- (%(t)e;iwtl: + inZ@(t)e-iwt;E)

1 - in ¢(t)e'1wtdt
(o]

1 - dwbL(e(t)) (1-20)



since o(o0) =1

therefore

1 e*(w)-eo -

=\ - Sy o L(a(t)) (1-21)
or

o(t) = L1 L Q f;(-“i)—-gﬁ} (1-22)

where L-1 stands for the inverse Laplace transform.

The representations of Eas. (1-21), and (1-22) would be
more straight forward than that of Eq. (1-19) because the for-

o a the
mer equations do not contain,time derivative ofscorrelation
function, i.e., & (t), whereas the latter equation does.
. . . G .
Let us consider a simple example to obta1nAporre1at1on
the |

function fromADebye,equation using Eq. (1-22). According to

Debye, an expression for dielectric dispersion was given by

E*(w) ~ € 'l

€, - Eeo T+ Tur

where t is the dielectric relaxation time.

1 -] _ e¥(w)-eY_ T
5 £,~ € T + fwer

Thus




From Eq. (1-22)

)

-t
T

a(t)
= e

This is a well-known correlation function for,Debye equation.
It will be seen that Eq. (1-22) can be used to obtainﬁcorrela-
tion function from an empirical equation or an equation derived
without reference to the correlation function treatment to
examine its physical meaning.
Separating both sides of Eq. (1-20) into the real and imaginary
parts, we have other representations below;

e (0) - ew

=1 - wg o(t)sinut dt
o]

€ = Eoo

(1-23)

€ €

€ 10 = wS ¢(t)cosut dt
(o]

where ¢'{(w) and €"(w) are dielectric constant and loss, res-
pectively.
Let us now turn back to Eq. (1-19) and define

o(t)=- o(t)

10



It will be seen that ¢(t) corresponds toA”decay function"
h 5 ‘ '
defined by Frqgich .
From Eq. (1-19),

o) - ew = L(s(t)) = Sm'¢(t)e‘i“tdt

€ ™ Eo
o}

Separation into the real and imaginary parts leads to

g.li‘jiz_:f_f =S°° ¢ (t)coswt dt (1-24)
(0] o '

g"_“’sm = s ¢ (t)sinut dt (1-25)
0 (e}

It should be pointed out that Egs. (1-24) and (71-25) can be
regarded_as Fourier transforms for the odd and even functions
of w respectively. Therefore, ¢'(w) and ¢"{w) require eveness
and oddness, respective]y,vwith respect to w, which is a quite
general requiremént fbr the generalized susceptib11ity6. In
addition, Eqs. (1-24), and (1-25) are identical with those
derived by Frﬁjichs.

From Egs. (1-24) and (1-25),

o(t) = g‘Swéliﬂl—:—Eﬂ-cosntdn (1-26)

m™ OEO - Eo

2 () inntdn (1-27)
m™ € - €
00 et

where n is an integral parameter.

11



Substitutions of Eqs. (1-26) and (1-27), respectively, in
Eqs. (1-24) and (1-25) give the widely known Kramers-Kronig

equations;

e' (W) - e = 2 J’m.e“(n)” ;]T:QEZ‘ dn (1-28)
e"w) =%. Jo{;l(n) - ec} Z)T@-"Ezd” (1-29)

Therefore it is seen that in order to satisfy Egs. (1-28),
and (1-29), ¢'(w) ahd e"(w) should be even and odd functions
of w, respectively, becausé?ﬁramers—Kronfg equations require
the conditidns.

Setting w=0 in Eq. (1-28), we have

p OO

e"(n)gL

3N

J O

Foo

e'(n)d(Togn) (1-30)

A Mo

‘0

From this expression, (e, - e~) can be calculated by measuring
only ¢'(w) with the whole frequency range.
From the above'discussion, it is seen that e'(w) and «"(w)

are not ihdependent from each other.

12



(c) APPLICATION OF DIELECTRIC CORRELATION FUNCTION

(i) Hindered Internal Rotation Characterized by Two Equi-

potential Wells.

The molecular model employed here consists of' ipole
Qa
moment ofﬁrotational group ug and that offho]ecu1e ym as shown

o
in Figures 1 and 2. With the help of Hoffman's site model

the rate equations for populations PA and PA' of the two sites

can be expressed in,tekms ofhtrahsition probabi1ity k:

(1-30)
dP
A'_
EE——. kPA- kPAI

These equations must satisfy therfo1]owing secular determinant:

D+ k -k =0

where D is a differential operator, which is d/dt. The solu-

tions of the secu\ar equation are:

D =0 and -2k.

13
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B VY

T S ———

Figure 1-2: Dipole moment coordinates for a single rotator.
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Figuré 1-3: Poteﬁtial energy curve versus rotational angle
for a single groun rotator ‘

15




Therefore the occupational probabilities for states 1 and 2

are given by

PA = a;; ta, eXp('Zkt)
(1-31)

Ppi= @z + app exp(-2kt)

where a; isﬁtonstant obtained by the initial condition and
a3 represents the equilibrium occupational probability for
site 1i. Sinceﬁ%bta1 probability must be 1, PA + PA is always

1, which gives us

ayp +az =1

at t = ». And substitution of Eq. (1-31) in one of Egs. (1-30)

gives

aj; = agy = 1/2

djp T A2 =M

Moreover it is assumed that the rotational group lies on each
site completely at t = 0
Therefore,

For PA(O) =1 and PA.(O)

0, m=1/2
(1-32)
0, m=-1/2

For PA?(O)=11 and PA(O)

16



As seen from Figurev1-2, introducing unit vectors along
the x- and y- axes, i.e., X and X respectively, the dipole

moment of'deecu1e as a whole g(t) at a given time t is

p(t) = sy(Py + Ppu) + uPpx(t)-uPp.x(t)
= sy(t) +u(Py = Ppi)x(t) (1-33)
where s = um + pgecos@ and u =upg-sine . This is because
the

the dipole momént‘of}y axis component does not depend on the
group- rotation, whereés that ofﬁ§ axis component changes its
éfgn, i.e., *+ for state A or - for state A'. At the same tfme,
the molecular re-orieﬁtation will be considered in terms ;f
the motion of the coordinates. From Eq. (1-32), Eq. (1-33)
becomes ;

g(t) = sx(t) + 2muexp(-2kt). (1-34)

Therefore from Egs. (]-32),~and (1-34), it follows that
kp(t) = sy(t) + uexp(-2k)x(t)

R (t)= S%(t) - uexp(-Zkt)é(t) (1-35)

Then the scalar product of y, (o) andpq. (t)
(i = A and A') is |

17



ka@)p(£) = 5" (y(0)y (£) )0’ exp(-2kt) ((0) x(1))

+suexp(-2kt)(y(o)-x(t))+su(x(0)-y(t))

pa (0) e (£) = s (y(0)y (t))+u”exp(-2kt) (x{0) x(t))

-suexp(—2kt)(%(o)'§(t))-su(§(o)-%(t))
(1-36)

So far we haveﬁcgkcerned with:bne body problem but we are now

in a position to so]vequuation of motion foezgssemb1y of

molecules.  We shall Se]ectﬁcorre1ation‘function treatment

as ﬂm appropriate mechanics to ' : answerr . the problem.
The correlation function ¢ may be given by

2°P1 < i (0) i (£)>
1

o = 5
°Pi < pi(o)epi(o)>
;
where °P1 represents the equilibrium occupational probability
at site i. Taking ensemble average for Eqs. (1-36), we have o(t)=
2 Y 2 : '
s <y(o)ey(t)» + u exp(-2kt) < x(0)-x(t)>
N N _

T (1-37)

Now let us assume <:%(o)-x(t)>= < x(0)-x(t)> = exp Q»%ﬁ

where ™m can be regarded as the molecular relaxation time, be-
cause the coordinate system was taken so as to move with the

molecule. In this respect, tg = 1/2 k would be connected with

18



the group relaxation time. Therefore the correlation func-

tion becomes;

2 2 |
o(t) = 3 —L+ u -L+1—t 1-
(t) gz:;z-eXD( =) Z,0T P (o * =gt (1-38)

This should give us an equation for dielectric dispersion

below; (see Eq. (1-19))

e¥(w) - e _ C1 C2
€, Ew © Ttiwry Y Ttiet,

and1__1 1 .. _ _ 19
o - W + g " T2 ]+<?9’ (1-39)
™m

Hénce the observed relaxation time of group rotation for the
présent mode]‘shou1d be 1ess than tg. This model was also
applied to inversion of aniline molecule by w111iamse. If
there is no y-component dipo]e; s=0, Eq. (1-39) yields a
single relaxation process, the observed relaxation time {* of
which is

* = ;_JﬁL__

1+(32)

This is the case of inversion model of the type NRj.

19



(ii) Hindered Internal Rotation of 1,4-Disubstituted Benzene

. ‘ 9
This problem was firstly worked out by Williams . We
shall consider the same problem with'somewhat different aPFrvch,
Our starting model is shown in Figures 13 &14.  The occupa-

tional probabilities for each state i are:

dP1/dt = -2kPy (t) + k' (P,(t) + Py(t))

dpy/dt = —2k'P?(t) + k(P (t) + P3(t)) (1-20)
dPs/dt = -2kP5(t) + k' (P, (t) + P,(t)) :
dPy/dt = -2k'P,(t) + k(P (t) + ps(t))

The secular determinant

D+ 2k =k' o -k''| =o0
-k D+2k' -k 0

o k' D+2k "

“k 0 k' D+2k"

yields 6 =0, -2{k + k'), -2k, and -2k'. We can, therefore,
write |
PL(t) = ayp + ayovp(t)+ 313¢3(t)
Po(t) = az; - alzwé(t)+ asyiy (t)
P3(t) = ag; + apva(t)- asvs(t)
Pu(t) = ayy - a1ovp(t)- anuvu(t) -

(1-41)

+

20



State 1 State 2

5 ‘———--———)‘ i
—
Y
—— ﬁh B ——
o) — X
s
State 4 State 3

Fiqure 1-4 (a): Schmatic representation of molecular configurations of
1,4-disubstituted benzene and its coordinates with
reference to dinole moments. In all states, benzene
rings are assumed to be perpendicular to this paper.

21
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where ali = azy = x/2(1+x), ay; = ayy= 1/2(1+x), x = k'/k =
exp(fpotehtial energy différence)&Bo1tzmann constant)x(absolute
temperature), Vo (t) = exp(-2(k+k;)t), p3(t) = exp(-2kt),,and
py(t) = exp(-2k't) and ai]‘(1v= 1,2,3, and 4) represents»the
equi1ibriuﬁ*occupationa1 probability for site i. From Figure 3,
it is seen that states 2 and 4 do not contribute to the mo]e;'
cular dipole moment. Suppose the x component of the dipole
moment of group rotation is denoted by %x(t) the total dipole

‘moment of all states of the molecule is given by:

g(t)

2uxPy (t)-2yxP3(t)
= 23x(P1 (t)-P5(t)) (1-42)

From Eq. (1-41) - |
'g(t)A= bayapx(t)vs(t)

Therefore

p(0)(t) = Bay(ux(0) ()3 (¢) (1-43)
For.t =0

1(0)-4(0) = 8ars(yx(0)px(0)) (1-44)
Hence

2 2 -
8a13u X< cosg >y3(t)
¢ = T2 = <cosg>y3(t) (1-45)
831311 X

23



where g is an angle between px(o) and ux(t). - Assuming the
molecular correlation functioh is exp(-fﬁﬂ and setting the

group'relaxation time tm = 1/2k, we have

olt) = exp‘[—(-l—_h- + JT——é-)tJ (1-46)

this gives us (see Eq. (1-19))

e*(w) "€ _ 1
€ =~ € T+iwt*
where
- T*; 19 (];47)
19
1+(=2)

Thus we have seen that 1;4-disubstituted benzene should give

us a single re]éxation time, if the assumptions employed here

are satisfactory. This model can be easily extended to NR,CgH,NR,
since NR, inversion or»%nternal rotation could be characterized

by four equipotentia1 we1lss. In this case, k must.be equal to
k'. In addition, the present model can be app]icab1e to 1,2-

9
disubstituted ethane .

24



(iii1) Two Equivalent Rotational Groups

We sha]] extend treatment in (ii) to general internal
rotation of two equivalent groups. The starting model is
shown in Figures 1f58x16. It is assumed here that the poten-
tial curve is essehtié11y similar to that used in (if). There-
fore Egs.(1-41) are to be used again. As before, we'emp1oy
unit vectors to consider re-okientations of molecular and
group dipoles. -Therefore we need a scalar quantity a for the
unit vector é(t) and;a sca1ar b for the unit vecor X(t) to
describe motions of;dipbies fnvo1ved in a molecule. It is
beyond doubt that we can always specify a and b completely,
iffmoleCQ1ar structure.and suitable group dipole moments of
the molecule are known. As an examp1e,,cOnSidervm—dimethOxy—
benzene. ‘Denotingfgngles betweeqﬂ§—aXis and the directions

of ycq and HOCH, asciand B, respectively, we have

a =,2“0CH351nB’  for‘states 1 and 2
=0 for states 2 and 4

b = 2(pc0+u0CH3cosB)cosd,for all states

The Secu]ar determinant

D+2k - -k o -k" = 0
-k Cpe2k' -k o
o k' D2k "
-k 0 k' D2k’
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e

Figure 1-5: Coordinates for m—dimethoxybenzene as an examnle of
‘two equivalent rotators.

26



State- 1. State 2

> <

-—
—_—
k
Stéte;3 -State

Figure 1-6: Configuratfons of two eauivalent rotators
: corresnonding to Fiqure 1-5.
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where ay; ='a31 = x/2(1+x), a1 = ay; = 1/2(14x), x = k'/k

= exp(-potential energy differehce)/((BoTthann constant) X

(absolute temperéture)), v,y (t) = exp(-2(k+k')t), ¢§(t) = exp

(-2kt), and vy (t) =’e><p(~.2k't)';-;uuﬁlaiT (i=1,2,3, and 4) rep-

resents the equilibrium occupétiona1'Drobabi1ity-for site 1.

From Figure 1-3,it is seen that states 2 and 4 do not con-

tribute to the molecular dipole moment. Suppose the x com-

ponent of the dipole moment of group rotation is denoted by

Rx(t)‘the total dipole moment of all states of the molecule

isvgiveh‘by:
B(€) = 2Py (£) - 2xPs(t)
= 2x(Py(E) - Py(t))

1

From Eq.‘(1—41),

n(t) = 4arapx(t)ys(t)

Therefore

3(0)-3(t) = Bar3(px(0)u(Bhvs(t)
For t = o

u(0)+p(0) = 8ars(gx(0)-px(0))

Hence 2 2
8ay3 n x< cosg>y3(t)
$ = —g—p—————— =< €05g>Y3(t)
8aj3u X '
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where g is an angle between Hx(o) and gx(t).' Assuming the
molecular correlation function is exp(- gﬁ) and setting
the group relaxation time tm = 1/2k, we have

o(t) = exp [-( 5 + gt] (1-46)

This gives us (see Eq. (1-19))

e*(w)-eew _ 1
eb - £ |+iwT*

where

_ T
T* = ?:§§§3' (1-47)
m*

Now the molecular dipole moment at each state is

ax(t) + bx(t) for state 1
by (t) for state 2
n
-aé(t) + bx(t) for state 3
by (t) for state 4
"

Hence the total moment at a given time t, i.e., H(t) is

R(t) (ax + by)P; + (by)P, + (bxfa%)Pg + (b%)Pu

ax(P1-P3) + by
2aa;sx(t)ys(t) + by(t) (1-48)

At t=Q, it is as;hmed‘that the rotators occupies site i com-

pletely (i=1,2,3, and 4).
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Then

Py(o) = 1 and Py(0) = P3(0) = P,(0) = 0 give aj3= 1/2

P,(0o) =1 and Py (0) = Pg(o)'= P,(o) = 0 give aj3= 0

P3(o) =1 and Pl(o)v= Pé(d) = P,(0) =0 give ajz= -1/2
sand Py(0) =1 and Py(0) = Py(0) = P3(0) = 0 give a;3= 0

Therefore it follows that

.Rl(t) = ax(t)vs(t) + by(t)
K2 (t) = by(t)
ua(t) = -ax(tus(t) + by(t)

pu(t) = by(t)
- t ‘
where Ri(t) denotes dipole moment at state i at t=t.

The correlation function may be expressed as

4 .

zo

S"Pe< . (0)eu, (t)>

o(t) = g——T—"— (1-49)

17P5 < uy(0)7uy (0)>

o (o] (o] '|

o] .
where Py = Pj5 = §TT§§7, and Py = Py = ES]

Making scalar products of u;(0)+u; (t) and y.(0)+p; (o) and

using Eq.(1§49),'we finally obtain

ot} - <ylo)y(t)> + ez avslt)<xlo)x(t)> (1 g0
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Therefore assuming that the molecular re-orientation decays
exponentially, we have an equation for dielectric dispersion

~of Budo's type;

c c
s*(w)_— €eo - 1 + .2
€, = €= T+iwT, T+Hiwt,
where x 2
. a
b2 T+x &
C1 =2 25 C2% 77 > (1-51)

b Hrax by

. L
) g

%ﬁ- s and tm=ty

Hence it is shown that the mo1ecu1e which has two equivalent
rotatioha1fgkoups should givevus two relaxation times, and

the dispersion equation is formally same as that for the
mo]eéu]é’whfch has just one rotational group (see (i)). When
b=0, Eq. (1-57) becomes Eq. (1-47), which is necessary, be-
cause the present treatment 1nc1udes all features in (ii).

In this sense, the present treatment would be regarded as a
generalization of fhat in (ii). Furthermore it has also shewn

that c; and c, depend on temperature and ‘the potential energy

difference V through x = exp(-V/kT).
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'CHAPTER 2 Evaluation of Molecular DipoTe Moments for a

Molecule which Contains Two Rotational Groups.

(a) GENERAL ASPECTS

Since dipole moments are considered to be vectors,
their fundaménta1'properties can be used for dipole moment
analysis.

Let us oonsidenrpure1y'geometric problem of two vectors
Pand Q in which-the‘iatter vector Q rotates around the for-
mer one P with an ang]e¢”

As shown'io Figuro 1;‘we sha11 introduce two coordinate
systems e.g., (X',.y',‘é') ano (x, 'y, z) coordinates, where
the two vectors R and Q‘arerassumed to be on both x'-y'-and
x-y-planes (the paper'plane) af ¢=0‘(this is always oossible
as far as we are concerned with the two vectors), and the
former coordinates are taken by assuming that y' axis lies
along P vector, x'-axis makes a right angle with the y' axis,
ahd 2'_aod z axes are perpendicular to the papef p1éne. Then the

dipole moments along the x', y' and z'-axes are given by

px' = - QsinB cosé

W' = Qeos+ B

gz; = OsinB sih¢

Therefore dipole moments along the x-, y- and z-axes

: .10
have the relation shown on the next page ;
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Figure 2-1:

<

Coordinate svstems for a s
angles between R and the y
respectively.
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%* " coéA sinA” 0 Ry
Ry [ -sinA cosA 0 Ry

H}Z 0 0 1/ Rz
where A is an angle between the z-axis and P. This gives us

Kx =‘(E + Q cosB) sinA - gsinB cosA cos¢
%y = (B + § cosB) cosA + gsinB sinA cos
R, = Q sinB sing (2-1)

As an example, in the case of'anisole, Setting A=0,
P = %c-0 (bond moment of C-0 bond), and P = ROCH, (group moment

of 0-CH; group), we have

. = - ‘ . B
kx = KocH, STnB cose
Ry = (Reo * Roch, c0sB)
R, = ROCHg sinB sin¢

Then the square of total dipole moment of anisole is

‘2 '2 42 '2
R »=1¢>2<, TRy TR

2
=% co * ZHcokocH, €SB * K och,
Therefore it is seen that the total dipole momeht of anisole
does not depend on the rotational angle ¢.
Next let us consider two equivalent rotational groups,
using Eq. (Z;T)Q’IThe coordinates to be used here are shown

in Figure 2.
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Figure 2-2:

Coordinates for two eauivalent rotational groups
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Assuming that P vectors of rotators 1 and 2 make an angle
A with the y-axis, we have the following moments along the
X-, y- and z-axes for the rotator 1.

(P + gcosB)isinA - Q sinB cosA cos¢;

I\J.'Xl =
Ny, (P + QcosB) cosA +  sinB sinA cos¢;
Bz, = Q SinB singy (2-2)

where ¢, is rotational ahg1e for the rotator 1. Similarly

setting A = -A in Eq. (2-1), we have

Kx, = -(P + QcosB) sinA - Q sinB cosA cos¢,
Ry, = (P + QeosB) cosA - Q‘ginB sinA cos¢,
Rzz = QsinB sing,

where ¢, is rotational angle for the rotator 2. Therefore
the overall moments along the x-, y- and z-axes are

Bx = Rxy tRx, T -QsinBcosA (cos¢; + cosy)

RNV
Ry Ryl k!'.Yz
2(p +"QcosB) cosA + QsinBsinA (cos¢; - cos¢,)

]‘}:Z = }.‘{’ZIV + RZz = QS'IHB (S1'n4>1 + s1'n¢2) (2-3)

Dependencies of these moments on ¢; and ¢, are collected
in Table 1.
Table 2-1: Dependencies of the component moments Ry >

Ky and L, along the x, y, and z axes, in'Figure 2 ,respectively.
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90°

b1 0% 0°” 0° [90°_J90° _ ]90°
9 |0° ]90°  {180°  j270° j0°  |90° |180° |270°
Ky 2ax1 :a*‘ | ‘0 ay | a, 0 -2y, 0
Hy axo aY0+ay ayo+2a' axo+a aybfay ayo“ ayo+a ayo
Ky .0 | a, ] 0 -a, 123, 2aZ azl 0
67 | 180° 180°  ]180° 180° 270° 1270° ]270° 270°
4 |0° 90°  |180° |270° |0° 90° |180° |270°
Ry 0 ey -2ax -ax ax- {0 -a, 0
Ky v?xo’zay %yo™?y {%0 | %yo~%y ayof§x> %o 2oty %xo0
1%z |9 3,  |v {7 7% L ~23,
: s _Z _ -
where ax = -QsinBcosA , ayo =;2(E + g;qu) cosA
ay'=-gsinB;jnA,_and a, = QsinB

(b) bpIPOLE MOME’M" FOR FREE ROTATION MODEL
If the potential energy curves for the rotators 1 and 2
“do not depend on'the‘rotationalvanQTes dand ¢,, i.e., the
- potential energy V is cénstant for 0 ¢ ¢1 =2r and 0 <¢p <2m,

then the average value for w2 (u is the total dipole moment) can
11 ' :

2

be expressed a

3

JZ“uZexp (-V/KT) do1doo
0 : .

(a] ) )
2 JZ“.exp(-V/kT) dé1dé>

o N o
=

.
|

T J2ﬂ'd¢1d¢2

|

o IV




Figure 2-3:

Coordinates for a rigid group and two equivalent rotational
groups. X is the dipole moment of the rigid group, and C
is its angle from the y-axis, '
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From Eqs. (2-3)

Therefore for two equivalent rotators, <u?> becomes
<u?> = 4(P + QcosB)2cos2A + 202sin2B (2-5) -
Q : .
Foq&mo1ecu1e which contains a rigid group in addition to

th )
-the two equivalent rotational groups,ﬂgipo]e moment coordinates

may be taken as in Figure 3.

In this case, xsinC and xcosC are added to, and]Jy in
Eq. (2-3) respectively. Hence using Eq. (2-4) we have
<p2> = [2(P+QcosB)cosA + xcosC]?
+ 2Q2sin2B + x2sin2C (2-6)
In the case when the rotational group of 2 exhibits free
rotation while that of 1 is fixed at an angle ¢, then <u2>
may have the-rg1ation

2n n2d¢,

.Jo d¢2

= Mx2 + M2 + 2Q2sin2B + 2QsinB(MsinA - chosA)cos¢1

(2-7)

where-Mx =XsinC, M = 2(P+QcosB)cosA + XcosC
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Figure 2-4:

—=X.

Coordinate system for a rotator and a rigid dinole.
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For a molecule which has a rotational'group and a rigid
the
group, setting A = 0 in Eq (2- 1) and tak1nqﬁcoord1nate system

as in Figure (2- 4), < pu?> is given by
<u2> = (P + QcosB + xcosC)2 + x2sin2C + Q2sin2B

In the case when two equivalent rotational groups have
identical equilibrium potential minima at ¢; = 0° and 180°
(i =1 and 2), then the total dipole moment would have the

relation below;

2 =1 2 l; 2 1 2 1 2
T We=0° T T Mg=00 T T Wy =180 T T Mg =180°
$2=0° $2=180° $2=0° $2=180°
(2-8)
2 b B +he . Qv
where u $1= 0° or 180° stands for the square of dipole
$,= 0° or 180°
moment at thé corresponding angles.
From Table 2
2 ; . . A .
H o 2 2
i;:8° (2ax+Mx) + (ay0+My)
2 = 2 + A + 2
w24 =00 (Mx 4+ (ay0 My, Zay)
¢2=180°
12 | - 22 )2
w2y 800" Mx® F (2 t My - 2a)
¢2-0
2 = - 23 )2 ' 2
M $1=180° (MX' Zax) + (ayo + My)
$,=180° ¥4 (2-9)

Where My = xsinC
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Substitutions of Egs. (2-9) in Eq. (2-8) give éxact]y the

same equation as the right hand side of Eq. (2-6), i.e.,

w2 = (a

2 2 2 2 o
yo M2+ 2002 +a2) + M (2-10)

Similarly in the case when the rotational groups have
identical eduilibrium potential minima at ¢i=90°'and 270°, the

total dipole moment has the relation;

1 : : :
2 = 42 1 1 1 12
M u =00° + 4 2 o + = 2 o + LR = o
2 : ¢2f270 $,=90 2 .
(2-11)
where notations will be seen from Eq. (2-8).
From table 1
2 = 42 =M 2 2 2
M51=90° T MWgq=2700 =M Y (ayo_+ My) *4a,s
$,=90°  $5=270°
2 - 2 T M2
ey =000 T Wog =2700 = Mt (3, v M)
$2=270° ¢,=90°
(2-12)

Substitutions of Eq. (2-12) in Eq. (2-11) lead to Eq. (2-10).
Therefore it is seen that Eq. (2-6) which results from the
assumption of "free rotation" can be simu]tanéous]y,derived
fr?m the abdve twd cases so that iqﬁdiscussion of dipole moment
4such a fact should be taken into account. It is readily shown

that this result is also applicable to the dipole moment analysis

of a molecule which has a rotational group and a rigid group.
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(c) DIPOLE MOMENT FOR "FREE OSCILLATION"

In the previous section, we have introduced a horizontal
potential energy Tine against rotational ang1e‘to obtain the
average of dipo]e momeﬁt assuming I.'1-'\r~et=,- rotation";‘ But here
we shall introduce a square puisé‘potentia1 whose height W is
very large in comparison with the agitation energy kT.

In order to introduce an idea of "free oscillation” and
:to understand it, let us consider internal rotation oﬁAmethoxy-
grdup of o-chjorq éniso1e as an example. Ffom‘Eq. (2—1), the
square of dipole homent'for the molecule is given by

= v i 2 i -
p2 = Mx2 + Q2sin?B +1Ly + 2M, QsinBcos¢ (2-13)

= : emo o o Y = - :
where Mx '_MC-CJS1n60 . My'— uC_C]gqsso , Q= ”OCHg, P He0s

B = 180°- <COC, and n, = P + QcosB + M,

In this mo]ecu]e,‘the’steric repulsion near ¢ = 0° would
be expected so that a square pulse'potént1a1 as in Figure 1
may.be approximately taken into account for rotation of the
méthoxy grouprwith neg]ectrof possible mesomeric effect.

The average square dipole moment in this case is, therefore,

givenbys . W @na V2 W
IZ n2e ET' J’Z’ u?e kT + j A u2e kT d¢
.2 o de 3T dp ~ 5T+
<u?> = T, : 3 %5 ; > 3
2 <e'W + {2 e kTt e kT do-
o - KT d¢ T oA d¢ %Tr‘*'A
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0°

90 180 )
270 360°

Figure 1: A square pulse potential.

46



= X

Figure 2: Coordinate system of o-chloroanisole corresponding to @ = 0
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Figure 3:

Definition of A
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Now if it is assumed that W >> kT, then
_.§E.+A oV [3r 8
2 w2e” kT 2 p2de
T - do ‘
25 =12 4 — = J%‘"A
DR S T
2 - : (2= +°
1, e ETd¢v 2 do
2 Jjr-A
2
= 2 2 2¢4n2 - 1 .__C.Q_S.A____
Mg * my® + Q%sin®B - 4M,QsinB-—=555 (2-14)
It is clear that A=90° gives < u2> for free rotation. Hence

it will be seen from Eq. (2-14) that the observedyaipo1e moment

of this molecule would be greater than the moment for free

rotation, if the above assumptions are satisfactory. (Q <0

“and CdSAkg 0 for -90° <4 <90°). This is satisfied for o-

‘haloanisoles and o-halothioanisoles as seen from Tables I and II.
Using observed moments and Eq. (2-14), it is'possib]e to evaluate
A values, which are also collected in Tables I and II. It is
interesting to note that (90°-a) ihcfeaSes with the atomic radius

e <
of, o-substituent, which is expected from the steric repulsion.

Eq. (2-14) is also applied to similar evaluations for m-halo-

thioanisoles

Table I: Observed Dipole Moments Yobs * Dipole Moments for

Free Rotation Js:u2>‘, and A's of o-haloanisoles, X CgHsOCH,.

X F Cl Br
| 12 ’ N
Meox (D) - 1.46 1.58 1.54
13 .
Hobs (D) 2.31 2.50 2.47
,/< u2> (D) .2.09 2.19 2.16

A

37.

18

16
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pc_o = 0.95 (D), H0-CH, = 1.11 (D), and  COC = 110° are used.

Table IT: Observed Dipole Moments u,, .,

Free Rotation v< n2>, and A's of o-halothioanisole X CgHsSCH5.

Dipole Moments for

X S i | Br

o)1 | I ;
bops (D) 2.56 2.53
V<% (D) 2.23 2.20
p° 27 26

(Dipoje‘moment of 1.38 (D) for thioanisole and~group moment
angle of 75°:for‘-SH3£are usedls)and m-halothiophenols with
small changes of caTchation pfOcedurég. These are collected
in Tables III and V. It should be pointed out that for all
these compounds, A becomes almost 90°. Therefore it can be
ééid that the stéfic‘;epulsions fof these compounds are neg-
ligible so that the rotational groups (-SCH3 and -S-H) may mainly
exhibit free rotation. This may also be supported by agreement
between the observed moment of p-CH3S-CGH5-SCH31“(1.85'D) and
V< 2> = 1.89 (D) for free rotation,

Table III: .ObserVed Dipole Moments v . and Dipole Moments

for Free Rotation J<’u??‘of méha)othioanisolés, M - X CgHsSCH3.

X C1 a | Br

14 ' ,
. (D) 1.89 1.85

,# u2> (D) 1.96 1.93
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Table IV: Observed Dipole Moments Mops and Dipole Moments

for Free Rotation of‘thaTOthibphenols, M —AX C5H5$H.

X | - a | B
e i — _
obs (P) 1.56. 1.51

V< u2> (D) 1.61 1.59

‘ . 15
Dipole moment of 1.19 (D) and group moment angle of

46° for -SH are used.
Table Vf Observed Dipole Moments “obs and Dibo1e Momehts for

Free Rotation of o;halothiopheno1s,>0 - X CgHgSH.

X | | 1 Br
—— | |

bops (D) 1.98 1.96

J<32> (D) 2.28 2.25

Simi]ar‘éaTcu1afions are made for o-halothiophenols and
the results are listed in Table V. It will be seen from Table V
that v < v57;§; , which suggests that the assumptions used
to.derive Eq. (2-14) are no longer valid for o-halothiophenols.
This may be due to intramolecular hydrogen bondihﬂ.

Now let us apply the above considerations to a molecule
which has two equivalent rotational groups and one rigid sub-

stituent. (for example 6—ch1or0—1,4-dimethoxybenzene (Chap. 4

(b)).
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It is assumed that one of the two rotational groups
’ ‘ un_deraoer
exhibits free rotation and the other (2) -  -“free oscilla-
tion. From Eq. (2-3)

X sinC - Q sinB cosA (cos¢1 + co$¢2)_

u =
X

By 2(P + Q cosB) cosA + XcosC + Q sinB sinA (cos¢; - cosdy)
u, = Q sinB (sine; + sing,) (2-15)

In this case, < u2> corresponding to the left hand side
of Eq. (2-/4 may be defined by

. ¢ 31
2m 5—tA 2
Jo 902 f-av a0
2
2y = , -
R (2-16)
dép |2 déy
jo J%-A
w2 =2+ “y2 + u,2 can be calculated from Eq. (2-15), and

substitution of w2in Eq. (2-16) gives

<p?> - sz + M2 + 202sin2B

. . COSA i
i4Qs1nB (chosA - MsinA) T (2-17)

where M, = X sinC, M = 2(P + 0 cosB)cosA+ My , and + for

C<A and - for C3A.
For.6—ch1oro-1,4-dimethoxybenzene, X=1.6 (D), B=70°,
P'=0.95 (D), C = 30°, Q= -1.11 (D), A = 90°, and Mops = 2-47 (D) =

V< p?> gives A =22°, which is in good agreement with A= 18°

of o-chloroanisole (see Table I).
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o the
The above models are on]yﬂfew applications ofA"free

+reatment .

oscillation", It can be also used {or other systems without

meeting mathematical difficulties.
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CHAPTER 3 Experimenta]

(a) APPARATUS

The dielectric constant and loss were measured at 145,
70, 35.11, 23.98, 16.2, 9.313 (GH;) and 2 (MH;) as well as
1~ 3 (CHz) range with the apparatus16~25 avaf]ab]e_in this
laboratory. The experimental techniques required for the
measurements are exce11ent1y described by some of the workers

in this laboratory. The results are collected in "Appendices".

(b) PURIFICATION OF MATERIAL

P-Xylene (solvent) was distilled with sodium wire, and
kept in amber bott]es with sodium wire. 'Liquids (solute)
were dried by.suitable}drying agents and diéfi11ed under
Vacuum. 2-2"'- and 3-3;-difury1 mercuries were synthetized
By Mr. Bordan Drupay;:Departhent of.Chemistry, Lakehead
University, Canada. Other chemicals were obtained commer-

cia11y.
(c) DIELECTRIC PARAMETERS

The experimentally obtained die]ectric constant €' and
loss ¢'' were corrected with usual procedure and fitted to

26
-Cole-Cole equation firstly.
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e'(w):;_ew' = 1 # (urg ) (e )s1n‘ﬁ2?]'

o T 1+ (wT )2(~| ) + 2(0010)(.I u)s1n(na)
e"(w) . (wra)( 0L)COS[ J
€, = Ca 1+ (wr0)2(17) w2 (e )( 0‘)sm( Ta)

(3-1)

From these equations, Tys O and e, were determined. Using

, - 27
this e., the same data were also fitted to Budd's equation

e’(w),—;e@ - C1 1t C2
€ ~ € T+ w2ty2 1 + w?1,2
| (3-2)
o wTy WwTo
) o
€E = € 1 + w2742 T + w?21,2
[e) co

where C; + C2'= 1.

For a system of azo, the above calculation procedures

necessarily requires the following approximation;

1. 2 Cl, | C2 ,
LIS, L N N
1+ iwro 1 +‘1w11 1+ dwr,
Cp +Cp =1 (3-3)
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The right and left hand sides in Eq. (3-3) are Debye's

and Budéd's équations, respectively. Eq. (3-3) leads to

(To - Cy1q - Czré).iw + [Tsz - TO(CiTZ + Cle)] w2z 0 (5"¥3

In order to satisfy Eq. (3-4), irresbective of frequency
O<w < », it is necessaryvthat the first and second terms
in brackets should be zero simultaneously.

Therefore,

%O 2 Cytq + C2T2 (3-5)

T1T2
-3
) Citp + Coty

T

(3-6)

These two equétions can be used to the above Cole-
Cole and_Budb's analyses to_avbid improbable results. Setting
"= ' ip the places of " =" in Egs. (3-3), (3;4), (3-5) and |
(3-6), we have exact answers, e.g., T, = T2 and C; =1 or
T, = 12 and C; =1, which do not tell anything useful.

In calculati the above dielectric. parameters, the
usual procedures16~28 in this Taboratory were used.

Dipole moment p was evaluated with the help of the equa-

. 16~25
tion .
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3T(e, - )My

(e1 4,2)2 Wod,y

where M, is the molecular weight of solute, W, the weight
fraction of solute, and d; and e; are the density and

dielectric constant of solvent, respective1y.»
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CHAPTER 4 Methoxy Group Relaxation in Dimeth0xy‘Compounds.

(a) INTRODUCTION

The methoxy group attached to benzene usually exh1b1ts
hindered rotat1on2°’2;. An1so1e shou?d be firstly considered
here. One of most important features for the molecule isﬁtwo
values for Budo's C, exist‘in the literature, i.e., Farmer
and Walker29 Forest and Smythao,land'K1ages and Krauss31
repcrt C; = 0.33 or 0 15, (in p= xy1ene) C, = 0 20 (in benzene)
and C; = 0.17 (1n mes1ty1ene benzene and carbon d1su1ph1de)
respectively, whereas Vaughan and Smyth \ rVaughan, Roeder and
Provder3 ,‘Garg and Smyth, Kranbueh], K]ug and'Vaughanssireport
Cy = 0;80,~0.77,r0.78‘(pure'1iquid anisole) and 0.8 (in.benzene),
respective1y.} The Tast authors measured the'dielectric para-
meters cf anisoieebenzene mixtures, changing concentration,
temperature and frequency to exam1n%K1nterna1 field effect on
C1 and conc]uded that the contr1but1on from the effect is very
small. As seen from Tab]e 4-1, the T2 value for anisole is
about 7 m8 psec at room temperature - Farmer oreported that
the re]axat1on t1mes of diethyl ether and diethyl ketone are
2.7 and 2.9 psec. respect1ve1y, in cyc]ohexane at 15°C. In
add1t1on, he a]so reported the 12 values of benzy]ch]or1de are
2.6, 4.7, and 3 6 psec at 15, 25 and 50°C, respect1ve1y, in

p-xy]ene. In view of the molecular shape and size, the T,
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of anisole accounted for the relaxation time of methoxy group,
therefore, aﬁpears to be too long. P—dimethoxybénzeneuis
‘expected to have a single relaxation tihe (Chap.‘1 (c)‘(ii))

which is mainly connected with the re-orientation of the -
methoxy group. Literatu?e values of relaxation times for the
compound are given in Ta51e 4-2. It is seen that the relaxa--
tion time of the compound is about 6 &,7 psec. in normal sol-

venf ( benZene, p—xy1ene, cyc]oheXané ahd carbontetrach]oride
etc;)'at>room temperature. This value is very close to the

To of'aniso1e‘so'that it i$ assfghedvto the relaxqfidn time
oﬁﬁmethoxy group. This conclusion is drawn from the varia-

tion of the mean re]axation,time of p-dimethoxybenzene upon

the viscous so1véhts Tike nujol and.decalin. :If thé‘re1axa—

tion is due to the dipo1e.orientation of the over a11_m01ecu1e

by an introduction of e]ecfric field, the relaxation time would

be dependent on viscosity of a solvent directly, while if the
relaxation resu}fs from thé orientation of intrémo1e¢d1ar dipole,
the reTaxation tiﬁe would not depend on the viscosity so strong

as the former case. | |

~Klages and Knobloch report t, = 1.7 for 1—methdxy—naphthaiene

(€,=0.93) and 7, = 1.1 for 2-methoxynéphfha1ene (C;=0.8) in
benzene at 20°C, whi]e Vahghan, Roeder and Proyder repdrt T = 2.3
'(Cl=0.87) at 20°C and 1, = 1.0 (C;=0.8) at 80°C for ]?methoxy-
naphthalene and 2-methoxynaphthalene, respective]y; a8 pure

Tiquid (see‘Tab1e 1). The lTiterature values for the relaxation
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times of o- and m-dimethoxybenzenes are collected, in Table4-3.

It is of interest to note that the 1, value oﬁggiCOmpound is

about 3 (psec.) while that ofﬁ?ﬁcompound is about 2 (psec.).

The t, values for Both'compounds are rough1y 1/2 of that oy

anisole or shorter. /
Roberti and Smyth37 (D. M. Roberti and C. P. Smyth,‘J.

Am. Chem.‘Soc.,rgg} 2106 (1960)) obtained two discrete Cole-

Cole arcs for pure o-dimethoxybenzene at 25°C and assigned

3.7 psec. and 69'pSec. to the high and low frequency relaxations.
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TABLE 4-1: Dielectric Parametors of Anisole

o o o o

Mole fraction Solvent t(°C) t.(psec) ;7 1, Cg Ref.
p-xylene 15  10.8 79 9.6 0.15
p-xylene 25 9.0 40 8.0 0.15
p-Xylene .40 7.7 14 6.8 0.15
p-xylene 50 6.7 11 5.8 0.15
p-xylene 60 5.8 12 4.9 0.15
p-xylene 15~  10.8  13.3 9.1 0.33
p-xylene 25 9.0  14.6 7.0 0.33
p-xylene 40 7.7 11.4 5.9 0.33
p-xylene 50 6.7 9.6 5.1 0.33
p-xylene 60 5.8 9.2 4.3 0.33
1.000 B, 20 12.2 1.17 0.81 |
.856 B, 20 11.5 0.80 0.79
721 B, 20 12.4 2.28 0.75
.549 B, 20 13.5 4.09 0.62
.329 B, 20 11.1 2.18 0.70
;> 35
1.000 B, 40 10.3 1.43 0.76
0.846 B, 40 9.0 0.85 0.78
0.721 B, 40 0.0 2.34 0.69
0.549 B, 40 9.1 1.49 0.72
0.329 B 40 10.2 2.34 0.57
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TABLE 4-2: Literature Value of ReTaxatfon.of_grDimethoxybenzene

Solvent t°  to(psec) tj(psec) tp(psec) Cj Ref.
B, 20 6.2 39
BZ' 40 5.2 39
B, 60 4.6 39
B, 20 9.7 37
B, .40 6.4 37
B, 20 8.5 - 0.75 0.73 40
B, 25 6;9-_  o a1
B, 20 8.35 37
Xylene 15 6.3

Decalin 20 17.5 31.6 13.8 0.19 42
Decalin 40 13.3 27.5 11.0 0.17 42
Decalin 60 9.8 21.9 9.6 0.16 42
Nujo1 20 20.0 112 14.0 0.22 42
NujoT 40 14.8 07 10.5 0.18 42
Nujo1 60 11.6 40 7.2 0.15 42
Pure 60 8.5 0.7 0.87 33
Liquid 80 6.2 0.9 0.88 33
Cyclohexane 15 8.3 20
Cyclohexane 25 6.9 20
Cyclohexane 40 5.7 20
Cyclohexane 50 4.9 20
Mesitylene 70 5.1 31
Mesitylene 20 10.9 31
Mesitylene 0 16.7 31
Mesitylene -30 36.2 31
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TABLE 4-3: Dielectric Parameters for o- and m-dimethyoxybenzenes

in the Literature

o-dimethoxybenzene

t(°C) ti(psec)  tp(psec)  Cy Ref.
25 53.1 3.7 0.25 32
20" 12.8 1.3 0.76 36
25 48.5 3.5 0.30 33
40 39.4 3.4 0.24 33
60 25.2 2.3 0.22 33
m-dimethoxybenzene T, (psec) T, (psec) Cy Ref.
60 | 15.9 2.3 0.80 32
20" 14.7 0.6 0.16 36
20 32,8 2.1 0.89 33
40 24.6 2.4 0.81 33
60 16.3 2.7 0.79 33

* .
were measured in benzene solution.
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TABLE 4-4: Dielectric Parameters of Dimethoxy Compounds in

p-xylene
B I T R A .

Dimethoxymethane 25 3.5 0 0.58
1,2-Dimethoxyethane 25 3.0 O 1.55
4-4 Dimethoxybipheny1 25 5.2 0 1.86
o-Dimethoxybenzene 40 3.8 0.12 6.26 1.43 0.63 1.30
m}Dimethoxybgnzene | : 40’10.1;: 0.07 13.7. 3.6 0.71 1.54 '
é-chforo—1,4-dfhéfhbxy— 7 g o o T W
benzene , 40 14 0.16 17.2 4.2 0.78 2.47
2,6-Dimethoxypridine 25 9.0 0.05 12.7 4.8 0.67 0.94
4 ,4-Dimethoxythio- -

benzophenone 25 46.6 O 62.1 10. 0.87 3.83
5,6~ D1methoxyv1 indanone 25 50 2.94 0.90 3.30
' 45  5.7% |

2,5~ D1methoxy -2 5—d1hydro- ; :
furan ,»' 5.q . 25 11.0 0 1.63

2,5~ D1methoxytatra- _ . g
hydrofuran - -~ 40 9.7 O 10.4 2.2 0.73 1.12
(b) RESULTS AND DISCUSSION
_The'results of the present work for dimethoxy compounds
are co]]ectéd in Tab1é 4-4.
Dimethoxymethane has rd = 3.5 (psec), a ~ 0 and u = 0.58 (D)
at 25°C in pfxy1ehe WHile‘1;2-dimethoxyethané has T, = 3.0 (psec)
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_& ~v 0 and u = 1.55 (D) at the same conditions. In view of
mo]ecu]ar volume, the 1atter compourd 1is expected to have a
longer reTaxatton time than-the former, Dimethoxymethane has
two'degrees[of'fneedom for its interna1 rotation which in-
f]uences the value of the observed dipoie moment_as seen from
Figure_4-1,'Whereas, 1;2~dimethoxyethahe has three degrees of
freedom' In 1'2-dimethoxyethane the steric effect and electro-

static repu1s1on make the internal rota11on around -CH, - 0/

CH o
h1gh1y 1mprobab1e S0 that two CH2 O/ groups may be fixed

at most. probabTe pos1t1ons Therefore we shou]d take into
account the 1nterna1 rotation around C-C bond In;this‘case,
the dipo]e moment a1ong the d1rect1on of ‘the C-C bond should
be cancel]ed out so that a s1ng1e re1axat1on time connected
w1th group rotat1on ( CHQOCH3) wou]d be predom1nant ‘But for‘
d1methoxymethane, such a cance11at1on wou]d not occur so ‘that
the contrlbut1on from the mo]ecu1ar re- or1entat1on as. we11 as
the group rotation shou]d be a]so taken into account The
mo]ecuTar re- or1entat1on 1eads to 1onger re]axatlon time than
-CHZOCH3 qroup re1axat1on time. 'a n 0 for 1 2 d1methoxyethane
supports the above cons1derat1ons of the 1nterna1 rotation,
on the other hand, o ~ O for d1methoxymethane suggests that
the internal rotat1on may be very hindered so that this com-

pound could be essentia]]y_regarded as the rigid molecule.
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This arises from the steric effect and electrostatic repul-
sion. The dipole moment for free rotation is calculated for

this molecule from Eq. (2-5)'to give us 1.62 (D), (#C-O = 0.95 (D),

MOCH, - 1.11 (D), £COC = 110° and £0CO = 110° are used) and
1.70 (D) (form the group moment of HCH;0CH; = 1.25 (D}, P=0,
Q =1.25 (D) and 0CO = 110°). Therefore it is seen that
the calculated dipole moment for free rotation is about three
times of the observed one, which again suggests that the in-
ternal rotation‘of dimethoxymethane may be very hindered.
Making use of Table 2-1 and Eqs.,(2-3), 61 = 90° (2709 and
6o = 270° (90°)‘give us the ca]cu]éted dipole moment of 0.65 (D),
which is in good agreemenf with the bbserved’one_of 0;58 (D).
The molecular configuration corresponds to these angles 1s}
schematica]]&IShown in Figure‘2. It is of interest to note
ﬁhat this:molecu1ar.configuration has not dipole moménts along
the x and z axes but has a y component dipole which does not
cﬁange wifh fhe‘rotation around C-0 bonds. (see Table 2-1 and
Egs. (2-3)). 1In other words, the molecular re-orientation would
mainly contribdte to the dielectric relaxation, which necessari]y
1mpiies a v 0.

With respect to calculation of the dipole moment for free
rotation in 1,2-dimethoxyethane, MCH30CH; = 1.25 (D);,ggcoc =
110° and LO0CC =‘110° give us 1.58 (D), which is well compared

to the observed one of 1.55‘(D). In ecalculation, thé rotation
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around C - OCH; bond is neglected in accordance with the abpve
assumption. From the observed dipole moment alone, it is |
difficu]t'to_détermine whether the moment is originated from
internal rotation or freezing of the rotétion (see Chap. 2 (b)).
There are three possibf]ities about this(ca1cu]ated value. (i)
The free rotations of two rotational groups, (ii) equal proba-
bilities for the cis and trans forms, and (iii)v¢1 + ¢, = 90°.
In view of the electrostatic repulsion of two oxygen atoms,
the fi}st'twq possibilities may be eXc]udedi_

It is well-known that 1,2-dichloroethane has two forms
of.rotatiOnal isomers, i;e., the trans and 'the_gauche:isomers38

The observed‘dipoTe'mdmeht Yob ~of this mo1ecu]e was

3
given by 38

onbs = Xgh’q +,Xtﬁt?

Xg * ¥ =1 (4-1)
where Xg and X are the mole fraétjons of the gauéhe and the

trans forms, respective]y; and iy and Vi are the corresponding
d1p61e moments. In addition, the energy difference AE between

the trans and gauche isomers would be characterized by

I@x

- e (D) (4-2)

Ny

Xt

where R is the gas constant and T is the absolute temperature.
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In this particular case, ny = 0 so that Eq. (4-1) would become

Yobs ~ XgMg (4-3)
In a similar manner, Eq. (443) may bé app1iCab1e to 1,2-dime-
thoxyethane. . In this caﬁe, using.xg =v2.03,(D), we/have
Mg = 0.59 and AE = 0.20 Kcal/mole. Because of AE <RT " 0.6
Kcal/mole at room température, the barrier would not be sig-
nificant. The relaxation time of diethyl ether, at 19°C in
cyc]ohekanevis reported'to-be 2.9 (psec)zo.._A1thqugh we need
some correctfohs'to compare this va1ﬁé to the’ﬁréseht fesUTté,-
T, value of ],Z-dimethoxyethane is very close to this value.
4-4'—Dimethoxybipheny] is measured at 25°C in p-xylene to
have t_ = 5.2 (psec), o ~ 0 and = 1.86 (D). These para-
meters are in good agreement with those'of>p4d1methoxybenzene
T, - 6.9 (p$éc),'u = 0.04 and u = 1.68 (D) at 2.5°C in cyclo-
hexanezo. Thefefofe, since the molecular }e1axatibn timés of
thesé molecules would differ éppreciab]y,,the dielectric
reléxation of this moTecu]e:iS likely to be the re-orienta-
‘tion of methoxy group (see Chap. I (c) (if)).. It is 1nteré$t—
ing to note thétfﬁo value of 4-4‘4dimethoxybipheny1 is slightly
shprter'thanvthat of p-dimethoxybenzene and the dqu]e moment
of the former compound is greater than that of the latter.
Without considering the mesomeric effect between the lone

pair\electrpns‘of’the oxygen atom and the phenyl ring, the
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dipo]e moment for free rotationris calculated to becomé 1.46 (D)
for both 4~4f-dimethoxybipheny1 and p-dimethoXybenzene;_ -
o-Dimethoxybénzene'is found to have very short reloXa—
tion time (ro = 3.8 (psec)); o 7'0.12 and u = 1.30 (D) at
40°C in.p—xy1ene;-‘The dipole moment based on a free rota-
tion model is obtained to be 1.78 (D), which is not in good
agreement with the observed one. Apparent}y.the steric hinder-
ance of this molecuTe wou]d‘reaoh maximum at ¢; = 0 and'
¢ 180° (see F1gure 2 2 where rotat1ona1 ang]es ¢1 ‘and
¢2 are def1ned) | | " | | | '

These ang]es 1ead to the calcu]ated d1po]e moment of
0. 06 (D) and Budo S Cl of 1, whjch do not'agree with the ex-
per1menta1 resu]ts However, ¢y = 0° ¢ and ¢2 90° nd‘270°
vor ¢1 = 90° and 270°, and 92 = 180° give the ca]cu]ated d1p01e )
moment of 1. 46 (D) which is very c]ose to the exper1menta1
one.n But the mo]ecu1ar conf1gurat1on corresponds to these
angles is un]lkely to exist, because of steric h1nderance
betWeén one of the methy1 oroop and_thé OXygen atom of another.
On the Othér nand,-the_methyT grooos are also possible to 
- touch the nearest hydrogen'atom atfached to the.benzene.ring;
Therefore the configurations givén in Figure 4454may be most
probable, 1i.e., ¢1v% 90° (270°) and ¢, = 270° (90°): trans
form, and ¢; = 90°‘(270°) and ¢, ='90°‘(270°): cis form.
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In this case, Eq. (4-1) can be re-written as
Hobs® = xomZ, + %o m s 2 |
Xt 7 XeisFeis (4-4)

Making use of u_. . = 2.31 (D) and u, = 0.99 (D), we have

= 0.84 for'o-dimethOXybenzene.' The same calculations were

= 1.52 (D), u, = 0.57 (D)

Xt
made for m-dimethoxybenzene (nobs

and u = 2.16 (D)), and p-dimethoxybenzene (Mops = 1-685

cis

=0 (D) and Meis = 2.09 (D)) and X¢ = 0.54 and x¢ = 0. 35
were 0bta1ned for the former and the latter compounds, res-
pect1ve]y. At the same time, the d1po1e moments for free ro-
tatien were also evaluated, and 1.78-(D) 1.57 (D) and 1.46 (D)
were obta1ned for o-, m- and p—d1methoxybenzenes, respectively.

It is noted that espec1a11y 1eﬁm compound, the calculated

value for free rotat1on is in good agreement W1th the observed
one. In order to estimate the energy difference between the
cis and the trans forms, we can_uSezsimi1ar eeuation to_Eq.

(4-2), i.e.,

Xcis
Xt

= exp (- %%) (4-5)

substitution of x, = 0.84 and x ; = 0.16 in Eq. (4-5) gives
= 0.96 Kcal/mole for o-compound. Therefore it becomes clear
that the rotation of the methoxy group of the compound is very

hindered and it appears to exist mostly in the trans form.
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We could see°another,evidence to suport the above conclusion
from temperature dependence of the observed dipq1e;momEnt;

. . h3 : : :
of o-dimethoxybenzene . According to the theory treated in

Chap 1 (c) (iii), C; may be given by

Cl = b2 \ .
v : % az- + b2 | (4_5)
(see Eq. (1-51)
and
X - XCiS (4-7)v
_ Xt -
since
AE =V

Eqs. (4-6) and (4—7) give C; = 0.54 for o-compound. (the
observed C; = 0.63).

This good agreement of the calculated C with the observed
one suggest§5£he va]fdity,df the stérting model based on two
sites of the cis and the trans configurations. The relaxa-
tion times (t; = 6.3 (psec) and t, = 1.4 (psec)vat 40°C in
p-xylene) of o-dimethoxybenzene can be used to estimate the

relaxation time of the methoxy group'rQPFrom the site model

g T2 M |
Thjs'gives T% = 1.9 (psec) at 40°C in p-xylene.

Rdberti,ahd Smyth attributed the short relaxation time
of the 6—compound (w5 = 3.7 (psec) and T1= 69.(psec) at 25°C

pure liquid) to a cooperative motion of the methoxy group
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rotation which becomes similar to én oscillation about an
equilibrium, because of steric hinderance to rdtation,‘eaéh
methoxy group influences the rotation of the other37. In
view of molecu1ak sfze and shape, the t; value of the com-
pound -can be‘compared with that of o-xylene at 50°C in cyclo-
héxane (t; = 6.4 (pséc), 1, = 4.0 (psec), Cy = 0.8 and T, = 6.1
(psec))k&, Also note that o-xylene has T, = 8.3.(psec),"
ry = 11.0 (psec), t, = 4.3 (psec), and Cy = 0.70 at 25°C in
cycloheXane,Awhi1e o-dichlorobenzene has T = 9.4 (psec) ét
25°C in cyt]ohexane&u~ »
m—Dimethoxybenzene was measured at 40°C in p-xylene
to have T, = 10,1‘(psec), a = 0.07, 1, = 13.7 (psec), 1o = 3.6
(psec) and}CI = 0,71 (for compariSon with the'Titérature values,
see Table 4-3).  Eqs; (4-6) and (4-7) give €, = 0.13, which
doeé not agree wifh‘the observed one. However, the confor-
mational analysis indicates that ¢; = 90° (180° and 270°) and
0° (90° and 0°) give the calculated u. = 1.88 (D) and

¢2
¢y

‘0.61. The molecular Configuratfons corresponqgggithese
angles may beroriginated from_repu1sioh of the methoxy group
at ¢; = 0° and ¢, = 180°. From ca]cuTations of the dipole
moments for this‘compound, there would exist two points»of
view about the fnterna1'rqtat1on (i) free rotation, and (ii)

four stable sites (see Chap.2 (b)(ii)) and the energies of them
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are almost identical (aE :‘O). It is of 1nterest to note that
the t, value of this compound is close to T, value of 1,2-
dimethoxyethane. Therefore the 1, value may be regarded as
the re]axatiqn time of the methoxy group.
6-chloro-1,4-dimethoxybenzene was measured at 40°C in
p-xylene to have T, ® 14 (psec), o = 0.16; 11 = 17.2 (psec),
t, = 4.2 (psec), C; = 0.78 and u = 2.47 (D). The dipole moment
for free rotation is calculated to have 2.18 (D) (. ;= 1-600)
is used, see ref. (12)),wh1ch is not in good agreement with
the observed one. The calculated d1po1e moments for the c1s‘
and the trans forms (see Fig. 4-6)_are»2f63v(D) and 1.60 (D),

respectively, which give x, = 0.19 and = 0.81. However

Xcis
these x values are‘not l1ikely, when we take into account the
env1ronment of the. d1methoxy group at 4 pos1t1on upon 1nterna1
rotatlon In other words, we may predict Xt X Ts 1/2 in this
case.

Now setting the coordinates of this compound as in Figure
4-6 and fixing ¢1 180°, we have the calculated d1po1e moments
ng = 3. 56 (D) and M8 = = 1.60 (D) for ¢, = 0° and ¢, = 180°,
0

respect1ve1y._ And def1n1ng.the mole fractions at ¢,
and ¢, = 180° by X, and X]SO’ respectively, we may have the

équation similar to Eq. (4-1);

2 = 2 L a2
Mobs~ = XoMo© TX180"°180

This equation gives x, = 0.65 and x;gq = 0.35, which is more

probable than the previous calculation.
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Figure 4-6:

)

—=X

Coordinates of 6-chloro-1,4- d1methovaenzene for calculation
of 1ts d1pole moment :
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Let us intrdduceo"free oscillation model" (chap. 2 - (c))
(1) the methoxyvgroup atzgfposition is assumed to rotate
freely, whi]e the.methOXy‘grOUp atAflposition remains at
¢7 = 180°, and (fi) the methoxy groups- at 1 and 4_p6$itions
are assumed to rotate ffeely with the regions 90° - A <1 2
270°+ 4 and 0 < ¢ <360° where 90° <a <0°. These assu'mp-_
tions are made taking into‘aCCOUnt the steric hindrance near
¢ = 0°.

From Egqs. (2-3), A = 90° gives

PX =7X5'i'nC_
u, = XcosC + Q sinB (coséy - cosé,)
w, = QsinB (singy + sings)
where X = un_q and C = 30° in accordance with Figure 5.

Therefore the}tota1‘dipo1e moment . u becomes
u2 = X2 + 2Q?sin2B - 2QZsih25'cos (61 + ¢5)
+ 20QXsinBcosC (cos¢; - €OSdy)
For the assumption (i), the average of the square of the

total dipole moment < u2> is given by;
(2
n? d¢z

. 2 2 .2
< u?> = : =X + 2Q sin B

dés + 2QXsinBcosCcose; (4-8)
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It should be noted that ¢, = 90° or 270° gives.the same
calculated dihoTé moment as the Casé;df‘the double free rota-
“tion (seequsf (2—6);5(2—]0) and(?-]Z)). ¢1 = 180° gives
JC::;: = 2.76\(0), whfchris thefsame value as ¢; = 90°, 180°
and 270° and ¢, ='O5;v270° and 0°, respectively, while «C:;El
£ uobs‘gives ¢i = 118° or 242°. On thé other}hahd, for the

assumption (ii),

(2 %‘n A
deo u?dé,
: o -%ﬂr+hA
< uc> = - -
2w %Tr - A
o | -3-‘1r‘ + A ' ‘\‘
J J? \

~ 40X sin B cos C cos A
cm o+ 2A :

X2 + 202sin2B
A = 90° corresponds to the double free rotation. A = 0° gives
/<u2> = 2.56 (D), while setting < u2> = uzobs; we have A = 22°,
i.e. 68° <& ¥ 290°, (This is very close to the one obtained from
o-chloroanisole (18°)'sée Chap. 2-(c)). Such a rotation may lead
to o § 0. Both assumptions seem to be 1ikely, however, we cannot
decide which one i§ more probable from,the;observed dipole moment
alone. |

’Maierus'reported that ré of 2,6-dichloroanisolé in benzene

at 20°C is 19.9 (psec), which may be compared with t; of 6-chloro-

1,4-dimethoxybenzene, (v; = 17.2 (psec)). At the same time this
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. : & 21
may be also compared with 7, values of o-diiodobenzene (ro =

14.6 (pséc) in p-xylene at 60°C), o-bromoiodobenzehezit(rd =
12.0 (psec) in p-xylene at 60°C) and o-chloroiodobénzene
(ro = 11.0 (psec) at 60°C),'because anisole is considered to
be.infermediaté in size between that of bromo and 1'odoben'z'er‘1eq6
'Mountain, measuringrrelaXation-times of o-haloanisoles,
conc]ﬁded that relaxation processes of these compounds except
fluoroanisole were mainly due to the molecular re—,or"ientation21
If this i$ the case, it would be expecfed that the t,value of
6—ch1oro-1;4¥&fﬁétﬁbxybenzene'wou1dibe§ome similar to thét of
am’so1ev(7o = 7.7 (psec), 1, = 11.4 (psac), 1, = 5.9 (psec)
and C; = 0.33 at 40°C in p-xyfene)zg. And if it is not, the
1, of the former compound would be close to ¢ of p-dimethoxy-
benzene (r$'=35.7 (psec) at 40°C ih cyc1ohéxane)29. Because i
the methoxy'kelaxationvtimes'in “the bdth'éases are almost simi-
lar, it is difficult to attribute_the observed T, vé1ue of 6-
chloro-1,4-dimethbxybehzéne to oneAOf,tHe above two cases.

The die1ectric_parameters of 2,6-dimethoxypyridine are

T
(o)

Cq

19.03 (psec), a = 0.05, t; = 12.7 (psec), 7, = 4.8 (psec),

0.67 and u 2 0.94 (D) at 25°C invp-xy1ene. The dipole
moment for free rofation is calculated tovbecome 3.12 (D),
which suggests that the internal rotation should be hindered.
While the cbhformationaT analysis indicates that ¢; = 0

and ¢, = 180° give us_the calculated moment.of 0.99 (D),

= 2.23 (D) fs used. Ref. (41)), which is in good

(Mpridine = °
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Figure 4-7: Molecular configuration of 2 ,6-dimethoxynyridine pronosed
" from dipole moment measurement. ‘
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agreement with the observed one;z The configuration corres-
ponde to these‘angles is shown in Figure 4-7. It suggests
that the repulsions at ¢1 180° and ¢, = 180° of the methyl
groups with the hydrogen atOms at 3 and 5 positions may lead
the two methoxy groups to the configuration in Figure 6, since
~the nitrogen atom‘atﬁf’position has no_hydrogqusgnthat there
would be no appreciable steric effect in this configuration.
At the same time, the configuration would be favoured by the
mesomer1c effect ‘ Therefore it w111 be seen that internal
motion of the methoxy groups in the compound is very d1fferent
from that in m-d1methoxybenzene

The Ty value may be compared with 1 of m-xylene (vt =
12 0 (psec), 12 = 4. 0 (osec) C, = 0 67 and T 0 = 9.3 (psec)
at 25 C in cyclohexane) ‘as we]] as ro of m-d1ch10robehzene
(10 0 (psec) at 25 Cin cyclohexane) T, of pure.pyridine
was reported to be 7.3 (psec) at 20°C  5. “

4-4'-Dimethoxythiobenzophenone was measuredvat 25°C in
p xy1ene to have Tof= 46;6 (psec), a ='0; T = 62.1 (psec),

= 10.2 (psec) C; = 0.87 and p = 3.83 (D). The mean re-

]aXation time of.benzophenone is reported to have T, T 19.0
(psec) at 25°C in cyclohexane solution. It is interesting to
note that the t, value of 4-4'—dimethoxythiobenzophenone is
in the order oﬁfﬁa]ue of anisole (ro = 9.0 (psec) at 25°C in

\ 29
p-xylene)
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Figure 4-8: Coordinates of 4-4‘dimethoxythiobenzoohEnone.
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The dipole moment for free rotation of this compound is
found to be 2.51 (b), whichvis'too small to account for the
observed value, (“C=iS‘ = 2.60 (D) is used. Ref. (12))
while ¢7 = 0° and ¢, =180° give the calculated dipole moment
of 3.84 (D), which is in good agreement with the observed
one. Inpé;1cu1ation; the mesqmeric effect is tota11y.1§nored
so that the configuration of the benzene ring cannot be de-
termined by the ﬁresent'ana]ysis,vhowever' the molecular
conf1qurat1on may be s1mp11f1ed and shown as in F1gure 4- 9.
Th1s conflgurat1on a1so g1ve;the calculated Budb s Cp = ]
wh1ch m1ght exp1a1n the observed an0 for‘thjs mo]ecuje.

| 5,6-Dimethoxy—1kindanone was observed at 25°C in p-
xylene to show fWo separate lines of &' versus‘we“ plot, which
gives 1= 45 (psec) and 1, = 5.7 (psec) €w Was eva]uaied

from the relat1on;

1 e

!

g = = (=) +
To (.0) Veoo

Here (e s e") po1nts of the second relaxation process
were selected to give e, = 2. 278 from which dipole moment of
the compound was obtained to be 3.30 (D). At the same time,
using the ew, 11 = 51 (psec), 1o = 7.0 (psec) and C; = 0.90
were obtained by computer analysis.

This compound is expected to indicate internal rotation

of methoxy group éimiIar to o-dimethoxybenzene. The dipole
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Figure 4-9: Simplified molecular configuration of 4-4'-dimethoxythioben-
' zophenone.



moment for free rotation is evaluated to be 3.34 (D), which
is very close to the observed one. _(ﬁC=0v= 2.83 (D) is used
in calculation, see Ref.v(47)). At the same time,<making
use of the calculated dipole moments 3.65 (D) and 3.00 (D)
of the cis and the trans configurations, respectively,. and
Xeje = 0-16 and x, = 0.84 of ofdimethoxybenzehe,_We obtain
the calculated dipole moment of 3.11 (D), which is also
close to the observed one within the errors involved in
thesertreatments.r On the other hand;_using the observed moment
of 3.30 (D) and_Eq. (4-1); we have Xp = d.56 and Xeig = 0.44.
Hefe it shOd]d be pofnted.out that this calculation is
very sensitiVe to the observed dipole moment as well as the
group moment of ¥e=Q- {In this molecuie, Hejg he = 0.65 (D)
and ﬁobs = 3.30 (D), while in O—dimethoxybenzene, MejsTHt
1.32 (D) and u . = 1.30 (D)). The Cy calculation from the
site modejrwpu1d be'pdssib1e, using. |

b2 § 2
: H o
¢ = =0

.zbz +u2c=0) + 1+§ a2

Eq (4-7) and x; = 0.56 give C; = 0.95, which suggests
that the observed relaxation time may be mainly due to the .
molecular relaxation process. Therefore, the internal rotation

of methoxy group in 5,6-dimethoxy-1-indanone is very similar |
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to that in o-dimethoxybenzene. Sincelfhe_rl and 1, of the
former compound ake very different, the coupling of the mole-
cular relaxation fime 11 with the g}oup relaxation time g
would be very small so that = % t1. Therefore Tq of o-

dimethoxyhenzene, 1.85 (bsec)gat 40°C may be compared with
that of 5,6-dimethoxy-1-indanone, 2.94 {psec) at 25°C.

‘2,S—Dimethoxy-Z,5-dihydrofuran was measured at_25°C in
p-xylene to have}r'O = 11.0 (psec) , o = 0 and u = 1.63‘(0),
while 2,5-dimethoxytetrahydrofuran was also measured at 40°C
in p-xylene to have”r0 ;'9.7 (psec), a}ﬁ 0, Ty = 10.4 (psec),
v, = 2.2 (psec), C; = 0.73, and u = 1.12(D).

It is nbted that T, values of the both compounds are
very_;imi]ar. The T, value of the Tatter compound may be
regarded as thé methoxy group ré]axation time. There are
fhree poséib]e md1ecu1ar‘confi§urations in cyclopentane, i.e.,

. - 48
the planar, the envelope, and the half-chair forms

" (c) VARIATION OF RELAXATION TIME OF METHOXY GROUP

It has begn‘pointéd‘Out that the relaxation time of
methoxy group changes with its Circumstances. Now Tet us con-
sider anisoTe.as an example to see'the reason of this change.

| Let us consider the relaxation process in terms of four
potential sites with the same method. The starting molecular

model can be constructed by 'to;kihcj . account of both steric
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Figure 4-10: Molecular model of anisole for internal rotation
of the methoxy groun
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and mesomeri¢ effects as shown in Figure 4-10.
The occupational prbbabi1ity of each site has already

worked out in Chap. 1 (c) (ii). The results are

Py (t) = ajq + ajppa(t) + asvs (t)

Ps (t)_= azy - alez(t)’+Lagu¢u(t) (4-9)
Ps (t) = a13 + aga¥a(t) - ayavslt)
Py (t) = apy - a1a¥s(t) = aguby(t)

where ay; = X/2(14X), agy = 1/2(14X), x = (k'/k) = exp(-V/k'P),
v (t) = exp(-Z(k +k')t), walt) = exp(-2kt), and yu(t) =
exp(;2k‘t).: | |

When each site is assuméd to be occupied completely, the

dipole moment P (i= 1,2,3 and 4) at the site is given by

11 (0) =:qu(0) f u, X (0)
12(0) = uyy(0) + u,z(0) (3-10)

13(0) = uy(0) - u,x(0)
IR () uyx(O) - 1,2(0)

where By = (dipole moment of -OCH; group) x sine,py = (dipole
moment of‘—OCHg group) x cose + (dipole moment of 0-C), and x(0),
x(O),’and %(O) are the unit vectors along the x,y, and z axes,

respectively.
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The total dipole moment j(t) at an arbitray time can be
expressed iﬁ terms of occupational probabilities as follows:
y
}%(t) = Pi (t)]ﬁ (0)
i v
From Egs. (4-9) and'(4?10), this is given by E(t) =}uyx(t) +
ny (2a13)us (E)x(t) + ny (2ap0 )0y (t)z(t) !

(8-17)

At the same time,

'and Pz'_ %—and doy,

'v
u
———l
|
-~
w
It
o
£
]

0 give a3

o
N
it
—t
Nj— O

and Plr

(1]
:°
w
i
=)
=
1]

O give a;j3 = 0 and asy

P3 = ]’and Pl

]
O
N
1t
0
=
]

0 give a;3 = - %-and ary = 0 ,and

0 and agy =

1
o
N .
i
©
w

i

jGNd Pl

&
n
oy
]
~oj—

0 -gi've a3

(4-12)

Therefore u(t) at each site becomes:
R () = () + ups(£)(t)
p2(t) = BXit) + uxwu‘t)g(f)
Ralt) = wpx(t) - wwaltix(t)
Ru(t) = nx(t) - wu(t)z(t) (4-13)

It is obvious that substitutions of t = 0 in Eqs. (4-13) give
Egs. (4-10).
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The correlation function r(t) may be written
4 - ¥

i

r(t) = (4-14)

lI Il

—I-L;-{.—l — 4

1l

: °Pi < 14 (0)-3; (0)>
where °Pi represents the equilibrium occupational probability, .
i.e., in this case, o‘Pl = °P3 = a;; and °P, = °Py, = as;.

It follows from Eqs. (4-9), (4-10), and (4-14) that,

2 2
ru)-—r—7—<xw)xu>>+u£lu X us(6) < x(0)ex(t)>
x Ny :

VEN

1
+ﬁ;§y1+x vy (t) <7(0)-z(t)>

(4 15)
Now it is assumed that'the:mo1ech1ar'corre1ation function
e i
exp Tm),

<%‘(O)o%)(t) > = <Xa (O)l-x(t) >

<z(0) -z(t) >
Then Eq. (4-15) should give the following equatibn for dielec-
tric relaxation;

e*(0) = ew Ay A, Aj

3 + = + z
€, ~ Ew 1 + iwt T+iwts T+H oty

(4-16)
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1 1 1 1
where ol ;;- + (2k), o c ;;- + (2k')
Al = ‘—2——&-——2 s A = o X X , and
Hy + uy uzx + 11zy 1 + X
2

A, = Hx 1

3. 7% T

CowE o+ 1 +X

If the dielectric data are analised by Budé's equation, viz,

8*(0.\) * € _ C]’ o Cz ]
€ - Ee = T + 1wty 1+ fwty (4-17)
, 42
where 1 = L C; = A and C, _ "
" ' ST
then,
1 L X 1, ] 1 (4-18)
1+ iwty 1+ X 1T+dwrg T +X 1+ dury '

This equation is formally similar to Eq. (4-17) S0 that app-
roximately (see Chap. 3 - (c)) |

X
T2 T TFY T3 -+ TT—X'TL"V (4—]9)
Therefore,
T2 1

?': '1._——(——)4- +x

X2
BTFX T TEX

L1
—f
+|+
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This corresponds to

(X - 1) [x+1-('j—§)1=o

This gives
X =1 (4-20)
and
."[2 )
_-.l_-; = X + 1  (4‘—21)

: Eq. (4-20)“corresponds to the case when all the potential
sites are identica1 to each other, whereas Eq. (4-21) éorresF
ponds to the case when the observed relaxation time 1, from
Budé's equation is greater than the group relaxation: time.

In the particular case of X =1, the‘observedlre1axation
time becqmes twice of the group re1éxation time._

"This may expTafh the variatﬁon_of relaxatjon time of
methoxy érdup. According to the present consideratibné,vthe
dielectric data should be ana1ysed in terms of three relaxa-
tion tfmes and weight factors‘sb that the approximétions‘inf
Eqs. (4-19) and (4-21)'can be avoided. However, Budd's equa-
tion is usually used , because of the éxpérimenta] ?imitatidns
and ca]cu]atfon procedures.

The potential enekgy at sites II and IV may depend on.
the sterié reph]sion (o-substituent), while the energy at

sites I and III may be'jndependént of it, becasue the energy
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is mainly based on the mesomeric effect. If the steric re-
pulsion bétweeh methoky'group and o-substituent is great in
comparison tq the,meso$eric effect, ﬁ.é., (k'/k - X @O), the
To/ Ty, May exp1ain.the above conclusion that the steric effect
shortens methoxy relaxation time. On the other hand, if the
potential energy éf the mesomeric effect and the steric re-
pulsion is almost identical'to each other ( Vﬂio), then X @1,
which leads to the result that the observed t, should be twice

the group relaxation time. This might be the case of
anisole. “In other words, anisole may‘be characterized by
almost identical enefgy of the steric repulsion and the meso-
meric effect. |

Théréfore wé'have seéh that the observed rz_for methoxy

groﬁp depends on the re1atfve importance of the steric re-
| pu1sibn fo the mesomeric effect; ‘This conslusion may be
appTicab1e not onIy tb metﬁoxy group relaxation but also to
bther rotatiohal gfoUps which have the poSsibi]ity of meso-

meric effect.
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CHAPTER 5 "Dieleétric'Re1a£ation’of‘other'Ether Compounds

(a) ANoMALOUSLY SHORT RELAXATION TIME OF DIPHENYL ETHER

Fiéher'found that re1éxation‘times of diphenyl ether and
benzophenone in benzene solution at 23°C were 2.8 and 20.4
(psec) respectively*?. If the relaxation times are considered
to be mainly due to Stokesf type-frfction of dipolar md]ecu]e
as proposed by Debye, thé'former fe1axation time would be
anqma1ous1y short compared to the‘]atter'bné by taking account
of Debye's relafion, i.e., relaxation time is'proporffOnal'to
the molecular vo)ume ih;fhe same solvent and at the same tempera-
tﬁre.

The existing data regarding-to diphenyl ether and other
rélated compounds aré 1isted in Table 5-1.

There.are.fwo méinvinterpretations about this phehomenoh
(i) mesomeric effect due to overlap of = electrons of oxygen
atom with those’of benzene rings, proposed by Higasi and
Smyth?ok, and‘(ii) double ihterna1 rotétibn mechanism suggested
by Fongs1. |

Let us review these mechanisms briefly.
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Table 5-1:

short re1axat1on time of d1pheny1 ether"-

(1) - SYMMETRIC MOLECULES

Literature values in connect1on W1th “anomalously

TEMP. (°C)

103

COMPOUND SOLVENT 1o(psec) o

Diphenyl Benzene 20 4 1.12 57
Ether Benzene 2.8 . 49
Dinaphthy1 ether Benzene 20 15.4 1.14 57
Dinaphthyl sulfide.  Benzene 20 9.2 1.55 57
’ Benzene 20 10.0 0.08 - 53

Nujo1l 20 28.8 - 0.44 53

" Nujol 40 13.5 0.36 53

. Nujo1 60 9.1 - .29 53
Diphenyl methane : 30 6.5 - 0.26 52
& ‘ 40 5.4 0.26 52

40 13 0.08 0.22 53

60 3.9 0.26 52

60 7 0.08 0.22 53

3 : . 20 20.1 ' 0.36 57
Dibenzyl ether Benzene 20 18 - b4
Benzene 20 27.6 1.12 52

Benzene 40 15 . 54

Benzene 40 18.7 1.11 52

Benzene 60 13 54

; Benzene 60 13.2 1.11 52
Bibenzyl 60 13.3 0.36 52
« 75 10.5 0.34 52

Dicyclohexyl ether Benzene 20 17 54
. Benzene 40 13 54

: Benzene 60 9 : 54
Benzophenone Cyc]ohexane 25 19.0 0.04 2.93 20
: Cyclohexane 40 15.2 0.03 2.92 20

-~ Benzene - 20 21.2 2.98 57

Benzene: 23 20.4 , 49

Dicyclohexyl ketone cyclohexane 25 14.8 0.08 2.69 20
cyclohexane 40 11.2 0.04 2.69 20

Decafluorobenzophenone —xy]ene 15 30.0 0 1.31 20
- -Xylene 25 27.4 0 1.30 20

p-xylene 40 20.0 0 1.30 20

. i p xylene 60 16.0 0 1.30 20

- Bis(p-bromopheny1) ether’ Nujol 20 8.7 0.39 56



Table 5-1 continued;

COMPOUND " "SOLVENT . "TEMP.(°C) .. ig{psec) o (D)
4-4' -dibromodiphenyl sulfide Benzene 20 8.2 - 57
Bis(p-nitrophenyl) ether Benzene - 20 12.5 0.1 2.22 55
_ ' Benzene 20 13.9 0.10 1)
Bis(o-nitrophenyl) ether Benzene 20 52.0 0.14 56
Benzene 40 37.4 0.14 56
Benzene 60 27.8 0.08 56
Bis(diphenylmethyl) ether Benzene 20 130 - 0.2 1.23 55
Benzene 40 120 0.1 T1.15 55
Bis(p-nitrophenyl) methane Benzene 20 22.8 0.11 56
(2) ASYMMETRIC MOLECULES
COMPOUND SOLVENT TEMP.(°C) to(psec) o  p(D) REF.
2-nitrophenyl phenyl ether Benzene 20 41 54
_ Benzene 40 30 .54
- g “Benzene 60 23 54
4-bromophenyl phenyl ether Benzene 20 72 54
Benzene 40 53 54
: | Benzene 60 a3 54
m-nitrodiphenyl ether Benzene 20 41.0 4.04 57
2-hydroxydiphenyl ether Benzene 20 20 1.60 45
2-methyl diphenyl ether Benzene 20 6.6 1.03 45
4-Biphenylyl phenyl ether Benzene 20 9.4 54
' , Benzene 40 9.8 54
Benzene 60 9.1 54
: 20 10.1 1.07 57
Benzyle phenyl ether Benzene 20 20 - 54
Benzene 40 16 - . 54
Benzene 40 31 1.13 52
Benzene 60 12 54
Benzene 60 17.5 1.14 52
m-Dibenzoyl benzene p-xylene 25 43.6 2.52° 20
' p-Xxylene 60 27.7 2.50 20
4-Benzoyl pyridine p-Xylene 25 38.0 0.07 2.99 20
‘ p-xylene 40 30.4 0.07 3.01 20
o-Pyridyl phenyl ether Benzene 20 17.7 1.96 57
Benzene 20 .2 2.46 57

p-Pyridyl phenyl ether
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Table 5-1 Continued:

SOLVENT

COMPOUND TEMP.(°C) to(psec) o  u(D) REF.
n-Butyl phenyl ether Benzene 20 25 0.1 1.19 55
' Benzene 20 46 0.1 1.11 55
Benzene 40 32 0 1.13 55
-Benzene 60 23 0 1.15 55
m-Diphenoxybenzene Benzene 20 11 54
' Benzene 40 8 54
Benzene 60 6 54
(3) OTHER MOLECULES
COMPOUND SOLVENT _ TEMP.(C°) o(psec) o« u(D) REF.
FTuorenone Benzene 20 19.9 58
Benzene 40 14.9 58
L Benzene 60 11.5 58
Thianthrene Benzene 20 31 54
Benzene 40 24 54
Benzene 60 19 54

(1) Mesomeric Moment MechanismSP©.

There are four possible molecular configurations for

: 50
diphenyl ether as shown in Figure 5-1 .

Configuration A re-

presents that two bénzene'rings are coplanar, whereas Configura—
tidn B éhows that two benzene rings are perpendicular to the
plane of the paper. Configurations C and D show that one of

the benzéne rings lies on the same plane of the paper, while
another ring is perpendicualr to the plane. ‘Obvious1y Configura-

tion A is expected to exhibit the greatest steric repulsion from
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the hydrogens in other positions, while the repulsion of
Configuration B is eXpected to be very weak. However, ne
should also take. 1nto account delocalization energy ar1sln9
fronxgvertap of = electrons of the centra1 oxygen atom W1th
the benzene r1ngs This energy is appeared to increase with
the order: A> C=D> B.  Electron diffraction measurements
favour Configurations C and D. Now focusing our attention
on the mes omer1c effect of Conf1gurat1ons C and D, we see
that the mesomer1c moment changes its direction by internal
rotat1on as shown in F1gure 2. |

Therefore, the change of the moment depends only on in-
terna]_rotation, whioh would mainly contribute to the dielec-
tric relaxation. This necessari]y-means shortening of the
observed re]axat1on time T, in comperision with the molecular
re]axat1on t1me In “the casevof benzophenone, however, such
an internal rotation iS-highly hindered by the strong'over-
lap of = orbitals of benzene rings with sp? orbitals of the
central carbon atom so that 0n1y the molecular re-orientation
wou]d-fnfloenoe'on.the'relexation processes. This is the
difference between the mechanism of dielectric relaxation of

dipheny] ether and that of benzophenone.
(iZ) Double Intermal Rotation®l.

In this mode1, the effect of mesomeric moment is entirely
excluded, inStead,‘the internal rotatiOn around the C-0 bonds

is inspected mechanica]1y and it is concluded that if the
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Figure 5 -4: Poteh_t_ia] energy curve corresponding to 5-3.
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internal rotation takes place with minimal potential energy,
i.e., ¢1= 180°-(90° +1¢é); where ¢1 and ¢» afe the{Eotational
angles of two phenyl rings, the simu]taheous‘variations of é1
and ¢, should occur. |

In addition, fhe successive rotations of two pheny1 rings
Tead to overall molecuTarvrotation'and.approximatekéaﬁe volume
swept out by the rotations as that of benzene. Such a coupTed
rotation would, thérefore,_exp1a1n the anomalous relaxation
‘time of diphenyl ether. -

Recently étructUraT problems of'diphehy1vether and the

v 624,66
re]ated compouhds have been investigated by N.M.R. """ and

. 59,,63
dipole moments .

(b) .CORRELATION FUNcTiON' TREAT_MENT OF DIELECTRIC. RELAXATION
OF DIPHENYL ETHER. |

We shall considér two equivalent potential we11s for in-
ternal rotétion 6f:d{pﬁeny'etherkin éctordance wifh the meso-
me}ic moment mechanism.

The pdtentia] gnergy curve.corkesponding to'Figure 5-3
is shown in Figure 5-4.

The occupational probability Pi at each site (i ='1,2)
is given by

P (t)

+my(t)

N — N~

P (t) = 5 - my(t) (5-1)



where ¢ = exp(-2kt) and m is a constant determined from
the initial conditions. If each site is assumed to be occupied
comp]ete]y;'the dipole morment éi at the site would be;

1 (0) = wx(0) wuy© |

£2(0) = -u,x(0) + u y(0) (5-2)

where 1. = - wsing , u. = u. - 1,COSo s and é(t) and x(t) stand

X m o
for the unit Vectors.aIan the x.and y aXes, respectively.
The total dipole momeht of the system at an arbitrary
time is, therefore, given by:
k() = 32 (O)P1() + 32 (0)P,(t)
by (2m)B (£)5(8) + wy(t) (5-3)

1

'm'cén be obtained by the'assumptions‘in‘Eq. (5-2).

,Pl(Q) = 1. and P; = 0 give m = %

P,(0) =1 and P,(0) = 0 give m = g

2
: (5-4)
Hence Eqs. (5-4) and (5-3) lead to
R () = (t)g(e) + uy(t)
Ra(t) = = wp(t)x(t) +upy(t) - (5-5)

The correlation function o(t) for this'system may be given by

9 v
_.? Pi~<;gi(0)’%i(t) > (5-6)
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where °Pi is the equilibrium occupational probability
(in the present case, éle = 5P2 =-%).
Making the staier—pkoducts in Eq.(5-6) from Eqs.(5¥2)
and (5-5) we finally find: |
o(t) = ——L < y(0)-y(t) > g < x(0)-x(t) >

2
u + u u
X Yy Yy

X

This should give the following equation for dielectric re-

laxation
e*(w) - é@ ;‘.:v01.v.. +t.,,Cg... (5_7)
€ - €o 1 + iwt 1+ dur,
0
where
. . ANZ uzx (5-8)
C1,=T._JL2., C2= 5 ]
. Wox + Wy ‘ Hox + Wy

RO - E) > = <y(0)  y(6) > = expl- )

(t, is the molecular relaxation time)"
and = 1+ (2¢)
To Tm : .

As the group relaxation time_wg may Se defined by Tq = (2k)’1,
then

_1 (c o
- +L (5-9)

L
T2 m g



C, can be rewritten as

= A | (5-10)

BRIV M PPy .

B +V(%§J' T (2u550 _ 1) cot’e
m “

o
#
t

where ue.p s thé;bond dipole moment at C-0 bond.

If Hy > My in Eq.,(5-7), the second term on the right
hand would be dominant so that Eq. (5-9) may govern the relaxa-
tion process, which_is essentially the same as Fong's - conclu-
sion. 2

Therefore we have seen that Fong's result can be derived

with the help of Higasi's point of view.

(c) DISCUSSION AND RESULTS

The anomously short relaxation time can»beiexplained'by the
present»treatment as_fo]iows:

Substitutions of us_q = 0.95 =y _and 6= 60° in Eq. (5-10)

lead to C, = 0.75, (This is only a tentative estimate, which

<

just states that if w_ > wucy = 0.95 (D), then C, < 0.7) and

from Eq. (5-9) t_ = 19 (psec) (relaxation time of benzo-

m
. ) 101
phenone) and Ty = 7.3 (psec)(pure pyridine at 20°C) give

T = 5.3 (psec); which can be compared with the experimental

‘obs
results (see Table 5-1).
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'Accdrding to Eq;_(5410), if ﬁco has the same direction
as the meéomeric.moment Mo s and'iﬁcol ;‘1 (D), C, becomes
a1most.unity for,ﬁm A I(D). (Note that for (p - X CgHs)o»
uc_g in Eq. (5-10) can be readily obtained by [(dipole moment
of C-0) - (dipole moment of C-X)]. Therefore molecules which
‘contaih X=F, Cl, Br, and 1;2 are expected to have C'2 % 1,
and‘apparent]y short re1axation time, because they haye Heox
of 1 (D) ~ 2 (D), and the same directions of uc_y as u_.
Molecules of X = CH,F , CF5 , CH,C1, CHCl,, CH.Br, OCH3,

SCH3, OH, CHZOH;'SH; COOH, COOCHs, and NCCHs),, may also
satisfy‘the‘above ’conditfons, a]though they are so called
“flexible". |

Forrbis-(p?nitrOphenyl)_ether, the‘present model fai]s‘
to explain thé'short relaxation time of 1= 12.5 (psec) with-
out assumption of‘um é 3 (D).‘ But at the same time it should
be aisorpointed out that‘bis-(penitropheny1)methéne has T, =
22.8 (psec), which may be explained not by‘Fong'é model but
by the present treatment.
| The short relaxation time of diphenyl methane may be
expiainedrin terms of the hyperconjUgationvof the'cehtraT,-CHz—
group with the two phenyl rings50

In the case of benszhenone, Eq. (5-10) can be written as

1
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7,68

where < (C-C-C 1is taken asATZO?G . 'Insertions of Uy = 1 (D)
and ue_y = 2.83 in the above equation giveiCz - 0.12, which -
;indipates that cqntribution from the molecular relaxation to
" the mean relaxation time is very large in this molecule. 'Fong's
model requires freezing of internal rotdtion around the C—g—C bond
to account for thé observed relaxation time of benzophénoﬁe in
connection with that of flurorenone (obviously internal rotation
around the __ @-—-C bond in this molecule is not probable).
However as seen from the above éstimates, the present'mOdel
implies that the re]éxatidn'timevof benzophenone‘shou1d be
similar to that of fluroenone even if the internal rotation
in the former compound is possible. Non-p]énar configufatidn
of " the two aromatic fings in benzophenone 1s,recent1y.suggested
from N.M.R. measukementé by Montaudo, Finpcchiard.and Maréviguag
This configﬁration is also favoured,by severa] wquerse7m69;

We éannot strict1y apply the.presentimodel to the asym-
metrical molecules. However it is of interest to note that
6-methy1pheny1lpheny1.ether'(u=1;03 D) and biphenyl phenyl
ethek.(u=1;07.b) have re]axatidn times of‘6.6.(pSéc) and 10.1
(psec), reépéttive1y,vand dipole moments of fhe.both coﬁpounds
are very c]dse to that of diphenyl ether (p=1.12 D);V(Seé
Table 5-1).»

If molecular configurations given‘in.FiQUre 5-5 are pos;
sible, and dipo]e,momenté of thé phenyl group indicated by
"CegHs" and the methy1vgroup are negligibly smaTI; the same

treatment as that employed for dipheny1 ether would be possible.
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If'rm=18 (psec) and Tg=9(psec) are assumed for o-methylphehyl
phenyl ether, Eq. (5-9) gives Tobs = 60 (psec). Similarly
if T, = 3X9 = 27 (psec)'and fg=3X9/2 = 13.5 (psec) are assumed
for biphenyl phenyl ether, Eg. (5-9) gives rob$=9.(psec).'
On the other hand, in the cases of o-hydroxypheny1'phéhy1
ether and‘o—nitropﬁenyljpheny1 ether, the group moments of
-0H (1.6D) and -NO, (4(D)) cannot be neglected so that shortening
of relaxation times may not occur12

| -Bis-(a]ky}) ether is_hot expectedrto‘show the shortening
of re]axationvfimé, becaQSe there 1s‘no mesdmerié moment, and
internal rotation around C-0 bonds would be different from
those of diphehy11e£hér.

Allyl ether was Measured in.pfxylene’at 25°C to havé T, =

5.65 (psec),o = 0 and u= 1.22 (D). The 16 ya1qe is well compared
wifh those of di~n—buty1.etheri70(ro 6.5 (psec):in benzene at
255C) and di-n-propy]l ketone71(roﬁ=-5.4 (psec) in benzene at
25°C);'which'suggests thét the shortening of re1axation time
does not occur in the compound. AFurthérmore,the observed
dipole moment is in excellent ééreement with that of diethyl
ether (TO‘# 2.4‘(psec)’and14='i.22 (D))20, which implies that
‘the = electrons involved in this compound do not shift toward
C-O bonds»éo tﬁat the coup]ihg of‘mo1ecujar re]axatidn time‘with

group one may not be expected.
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“Anderson and SmythSH‘attempted to calculate dipole moments
for substituted.pheny1?ethers based'on "free rotatiqn model"
without considering mesomeric moments,and obtained "not bad"
agreement betweéhvca1cu1ated and experimehtal va1ues'for most
of compounds treatéd'by them. But here dipole moment calcula-
tions are made for simpie compounds to obtain~the mesomeric
moments from the experimental values. For 4-4‘-dihé]odipheny1
ether, melecular models are essentfa11y'bésed on Figure 5-1,
and the_resu]ts are Tisted in Tab]e 5-2’together with those of
Anderson‘and Smyth. On the other ﬁand,'for l-ha1opﬁéﬁy1 pheny1
ethers, the molecular models ére‘given in FigUre 5-6, and the
results are collected in Table 5-3. It will be seen that for
4-4'-diha]odipheny1 éthers,'éa]cu]ated mesomeric mOments_in
‘cases A, C. and D are véry small, deever,-for 4-halophenyl
pheny]\ethér, they are'in‘the order of 1 (D); which was as$umed

in estimates of C, previously.
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‘Table 5-2: Calculated mesomeric moments ﬁm for 4-4'-dihalo-
| diphenyl ethers (p-XCgHs),0, and diphenyl ether.,
(see Figure 5-1)

Model F Br H
bops (D) 0.512) g0 1.16 D)
| : b) b)

uXCsHS (D) ].46 : 1 .54 -— |
wo (D) A 0.09 0.10 2.20

‘c&D  0.15 0.17 1.25
Mealc B 0.42 0.50 - 1.04
Meate ¥ 0.442) 0.502) -

ueo = 1.04 (D) was used after ref. (50). a) and b) were ob-
Uealc basedfcn,Mode1vB is

tained from refs. (54) and (12).
< COC was regarded as

expected:to be the same as u

ca1c‘
1200 P), |
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Table 5-3: Calculated mesomeric moments Mo for 4~h510pheny1f
pheny1 ethers p-XCgH50 CgHs. .
(see Figure 5-6)

Model 7 F Cl Br
uops (D) 1373 152 157 2)
b) b) b)
MC HeX (D) 1.46 1.58 1754
A 0.84 0.98 1.10
; e 1.1 1.21 1.26
D' 0.51 0.74 0.77
u_ (av ! D' K. . .
- (av) C'& D 0.81 0.98 1.02
Meale B 1.30 1.39 1.36
1303 1383 1.329)

*
Yecale

um(av) was obtained by 1/2”(um(C') + um(D')),'where nm(C')
and u_(D') are u . for models C' and D', respectively, and

other symbols are the same as those in Table 5-3.
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CHAPTER 6 Some Su1fur,COmpounds

(a) DI-B-NAPHTHYL, AND DIMETHYL DISULFIDES

Dialkyl and diaryl disulfides are thought to have skew
configurations7?~7§, Bergsoh77~78 has shown from molecular
orbital considerations that a dihedral angle of 90° is ener-
getieal1y favoured in a sulfide, as this leads to minima1 re-
pulsions between the Tone-pair electrons of the two sulfur
atoms. Furthermore, the stabi]ity_of this form could be en-
hanced—by m-bonding arising.from overlap of the p eTeétron
pair of one sulfur atom with 3d orbitals of the other. These
considerations are compatible with:the observed S-S bond
s_hmr‘tem’ﬂngw+

The d1e1ectr1c measurements of d1a1ky1 and diaryl di-
su1f1des were made by. Aroney, Chio, Le Fevre, and Radford 9,
whose resu]ts are col]ected in Tab]e I. |

Di-g- naphthy1 d1su1f1de is measured in p- xylene at 25°C
to have T2 = 16 1 (psec) a =0, and p = 1, 94 (D), and dimethyl
su1f1de is also measured at the same cond1t1ons to have T, = 4.1
(psec), a=0,andp=1. 97 (D) These va]ues are we]] compared

with those of Table 6-1 except the relaxat1on time of di-g-

naphfhy] su1fide.
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Table 6-1: Dipole moments u and re1éxation times t of some

dialkyl and diaryl disulfides. Reported in Ref. (79).

T(Eseé)

u(D)
(t-CyHg),0, ~ 0.83 1.9
(CH3)5S, 1.87 4.3
(t-C4Hg)2S2 1.84 8.5
(p-C1CgH, )5S 0.45 20
(CeHs)2S2 1.79 15
(B-C10H7)S2 1.97 33
Ref. 55

Temp. X = E
(CeHs)2S2 20°C 13 0.3 1.90

40°C 10 0.3 1.9

It should be added that Aroney et al determined relaxation

times in Table I from the dielectric loss measurements at two

frequencies, usfng the Debye equation

In the disulfide compounds, there is no dipole component

along the S-S bond. Therefore if the rotation around the

S-S bond,iS-p¢ssib1e, while the rotations around the S-C bonds
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are not possible, the shortening of relaxation time similar to

that for p- d1methoxybenzene would be expected (see Chap 1 (c)

(11)) so that the observed relaxation time Tobs cou]d be ex-
pressed in the form as
1.1 .1 (6-1)

Tobs_ T3 T2
where T;is the molecular re1axation‘time and T, the group‘
relaxation fime‘associated,with the rotation of the S-S bond.
On the other hand, 1n the case when the rotations around
the two C-S bonds are poss1b1e while the rotat1on of the S S
is not poss1b1e, the dielectric behaviour somewhat similar to
that for dipheny1 ether‘wou1d be expected (see Chap. 5), and

the observed relaxation time may be characterized by the

“equation
1 = J__ + J... (6-2)
Tobs 1 Td

where 4 is‘the‘relaxatiqn time eonnected with the rotations
about the two{C-S bonds.

As the third case, if it is assumed that the rotations of
-the'thﬁee rotationa1 axes in Figure‘BFT simultaneously occur,

‘the following equation would be satisfied

1.1, (6-3)
Tobs T2 1y

Substitutions of 7,= 40, 1, = 30 and e 20 in Egs. (6-1),

(6-2) and (6- 3) give = 17.1, 13.3, and 9.2, respectively.

obs
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(TO of 2- bromonaphtha1ene in cyc]ohexane at 25°C is 25.5
(psec)) >: It is 1nterest1ng to note that d1naphthy1 ether,
which may be résponsib]e for possibility (2), has T, = 15.4
(psec) in benzene at 25?£57} The observed relaxation time of
di-g-naphthyledisulfide of 16.1 (psec) would, therefore,
exclude the poSsibi]fty'of the third case. But because of
unsertajnty sf the above substitutiohs; we canhot say
that possibility (1) is more possible than possibility (2).

From the'Gva]ue of dimethyl disulfide, it can be sa1d
that the rotation around the S-S bond is un11ke1y to occur
(For examp]e compare it W1thATo va;ue of dimethoxymethane
(3. 52 (psec)), wh1ch is regarded asﬂr1gld molecule). (Chap 4),
This suggests that the poss1b111ty (1) may not be valid.
Therefore, the possibility (2) is most 11ke1y for the disul-
fide compounds.A'qu dimethyl disulfide, as there is no ap-
preciabTé.mesoméfic moment cohtributiobto'thé shortening of.
the observed re]éxation timé the rotationsrarOUnd.the C—S
bonds -do not apparent]y contr1bute to the observed reTaxat1on
t1me v

The poSsibi]ity (2) is also supported by the‘measure?
ments of Kekr constantao_, and dipole moment79~81 . Frpm
the standpoiht, the diheral angles of dialkyl and diary1_disu1-

fides are,eva]uated.,
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(b) THIOPHENOL AND 4-CHLORO-M~BENZENEDITHIOL

0-¢h1oropheho1 1$,known to make ihtramo1écu1ar hydrogen
bond, which is sUpported by measurements ofvfnfra4red spectra38’85
and dibo]e moméﬁt513’82~8u._ Similar hydrogen bénds have been
reported for oéhalothiopheno1s by Josien, Castina] and Saumagnese,-
and Lumbroso and_PasseriniIu

Thiophenol is measured in p-xylene at 25°C to have T,

10.9 (psec), o = 0 , 7; = 12.8 (psec), 1, = 3.2 (psec), C, =
0.84 and u =:1.03 (D), _Ldmbroso and«Dumas15 determined a group

| moment éng]e of 46° éﬁd a dipole moment of 1.19 (D) for the
compound. - Using,these_va1ues;AWe obtain C; = 0.48, which is
very small 1n'¢omparfson with,the'observed'va1ue. It is interes-
ting to note that fhelabove.obServed‘va1ues are we]1:compared
with those of anisole. (Farmer a‘nd.‘wa1kier29 T, = 9.0 (bsec),

0.03, t; = 13.3 (psec), t, = 7.0 (psec), C; = 0.33, and

[¢]

u

1.19 (D) in pfxylene'at 25°C, and Kranbuehl, Klug, and
Vaughanas s 11 = 12.4 (psec),t5 = 2.28 (psec), and C, = 0.75
in beniene at'20°Csfor instancé,‘ho1e fraction = 0.721).
Therefore, the oBserVéd.Tivand fz of thiophenol may be attri-
buted to molecular and gkoup relaxation times, respectively.

4fCh1oroém-behzenedithio] has 16? ]2;6-(psec)., a = 0.12

17 = 15.5 (psec), Ty = 2;5 (psec),C; = 0.84, and p = 1.45 (D)

in p-xylene at 25°C.
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Figure 6-2: Coordinate system for 4-chloro-m-benzenedithiol
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The dipole moment for free rotation is calculated as
1.83 (D), which is too large to account for the observed
va1ue. Conformational analysis g1ves 1.49 (D) for (¢1.05) =
(0°,90°) = - (0°, 270°), 1.45 (D) for (¢1,¢2) (90?, 0°) =
(270°, 0°), and 1.37 (D) for (o1.6,) = (90°, 270°) = (270°, 90°).
If thie'ho]ecu1e make%igntra-moieculer'hydfogen'bond'between'+he
ch]prine atom and the ~SH group atAZ position, then ¢1= 180°
mayrbe expeeted. However, this angle ines 1,99(D), 2.11 (b),
2.23 (D) and 2.1 (D) for $p= 0°, .90°, 180° and 270°, respec-
tively, a]l of wh1ch-dq.notvagree with the_observed moment.

Now if the SH group atﬁg position is ‘assumed io'exhibit
free rotat1on while that ofﬁz position is assumed to be f1xed

at an ang]e of ¢1, then the average square d1p01e moment is

g1ven by
< p25 ok
=m2 + 2+ 2Q2sin2B + 2Q sinB (usinA - m,CosA) cosé;
where m = xsinc, u = 2(P+Qc058)cosA + XcosC, and notations are

found in X = 1. 58(D), C = 120°, p=(),_Q"= 1.19 (D), B = 46°
and A = 60° give moments of 1.49 (D), 1.83 (D),‘and 2.11 (D)

for ¢, = 0°, 90° and 180°,'respective1y. The above asSumptions
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may be supported by agreements between the obéerved dipole
moments'and the ca]cu]atéd ones'for free rotation of m+dimethoxy-
benzene, and m—ha1othiopheho1s (éee-Tab]es 2-5 & 2-6). However,
$; = 180° gfves a moment of 2.11 (b), which does not agree with
the observed one, whereas ¢; = 0° gives a moment, which is

very close to the observed one. Therefore it will be seen that
the formation ofﬁ?ntramo?ecu]ar hydrogen bond ih-thiScbmpound

is un]ike1y.' This may be a]so indicated by comparison
of r2=72,48-(psec) with 1, = 3.15 (pséc) of thiophenol. Because
such an intradeécu]ar'hydrogen bond is éxpecfed'to 1ehgthen

the SH group relaxation time.
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CHAPTER 7  Difuryl Mercuries

There are two opinions in connection with the valence
angle of mercury when it is bonded to carbon or to carbon

, . 87~92
and halogen, i.e., (i) the valence angle is 180° , and

cay a4 s ,93~97 ' 89,90
(ii) it is not 180 . Measurements of Raman spectra .

electron diffradtidngi, and X-ray diffractidngz.iqAJ%pour state
support (i). In addition, Smyth and Oe:sper88 assumed (i) in
calculation of the dipole moment of benzylmercuric chToride.
The_vé]ehce electrons of'Hg(II) which occupies 6s2 orbitals
might be expected in compound formation to assume sp orbitals,
which 1mbjies_(i).

However Hampsongh reported d1p01e moments Tisted in
;Tab]e I for diphenyl mercury and mercur1 -bis-p- subst1tuted
benzene. AThese nonfzero moments suggested (i1).

Coop and Sufton99 aftempted to explain that the non-
zero appakent orientatfon poiarization of mercuri-bis-chloro-
benzene was due to the atom1c po]ar1zat1on, but the1r calcula-
tions showed too 10vﬁ§tom1c po]ar1zat1on for this compound
to account for ‘the apparent or1entat10n po1ar1zat1on

Sipos, Sawatzky and Wright measured the distortion
po]arizatioﬁ of diphenyT meycury, and reporte%idipo1e moment
of 0.79 (D) for fhe compound. Later it was shown by Sawatzky
and WPight96 that aiiphatic bis-mercurials also had non-zero

dipole moment . (See Table 7-1).
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Table 7-1: Dipole moments of bis-mercurials

COMPOUND TEMP. (°C) SOLVENT uops (D)
(CeHs)2Hg 40 Benzene 1.08
(CgHs)oHg 30 Benzene 0.92
(CeHs Yo Hg 20 Benzene 0.72
(CgHs)2Hg 40 Dioxane 0.80
(CeHs ), Hg: 25 Dioxane 0.85
(CHs ) Hg 20 Dioxane. 0.89
(CeHs )5 Hg. 40 _ Dioxane 0.88
(CeHs)Hg 25 Dioxane 0.85
(C6H5)2Hg 20 Dioxane 0.93
(CH3)2Hg 20 Dioxane 0.71
(cus)zng 20 Benzene 0.69
(CH3),Hg 20 Benzene . 0.74
(CF3),Hg 20 Benzene 0.97
(CF3),Hg 20 cCl, 1 0.29
-(C2H5)Hg 20 Benzene 0.55
(N-C3H;)Hg 20 Benzene 0.54
Mefcuracyc]ohexahe' 20 - Benzene 0.86
Mércuracyc]oheptane‘zb cS, 0.90

13]5



Figure 7-1: Parameters for calculations of dinole moments of
2-2'- and 3-3'-difuryl mercuries!o?©
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Measurements of dielectric re1axation'6f 2-2'- and 3-3'-
difuryl mercuries wou'ld provide some information to this pro-
blem. The former compound has t_ = 14.4.(psec), o = 0, ahd
p =1.16 (D), and the latter one hés T, = 15.8 (psec), « = 0,
and u = 1.08 (D). |

If <‘CHgC is assumed to be 180°, the dipole moments for
free rotation are calculated to become 0.46 (D), and 0.61 (D)
for the 2-2'-, and 3-3'-compounds, respectively. (see Figure
7-1). Under the same assumption, the dipd]e moments of the
cis configurations are 0.65 (D) for the 2-2'-compound, and
0.86 (D) for the 3-3'-compound. It is, fherefore, seen that
the assumption of < CHgC = 180° does not appear'to explain the
observed dipole moments, Moreover, if'this angle is assumed,
the most probable relaxation time T, may be mainly due to re-
orientation of the fury'rfngs.

Thereforekthe shortenihg of the relaxation time in com-
parison with the mo]equ1ar one may be expected as in the case
opr-dimethoxybehzene. Supposing_the relaxation time of furyl
ring is 10 (psec) as a maxium va]ue,‘thén that of the observed
value-should,be 6.6 (psec) which does not agree with the observed
re]axétion times. On the other hand, if C-Hg-C bond is assumed
to be non-linear, there would exist two cases (1) the shortening
of relaxation time as seen in dipheny1 ether, and (2) normal

behaviour of relaxation time as seen in anisole, acetophenone,
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ch1orobenzene;'etc, ’As discussed in Chapter 5, for the case
(1) the observed relaxation time would change, depending OWKCZ
value, i.e., (6.6720 (psec), where T is assumed to be 2 X 10
(psec)), whereas Fong's mode1 ihpTies Tobs = 6.6 (psec). On
the other hand, the case (2) would give '1'.o§robs <20. There-
fore both cases would explain the observed relaxation times
of the difuryl mercuries except Fong;ﬁ model. Of course, it

is very difficu1t~fo attribute the relaxation mechanism_of the
compounds to one of fhe.two cases from the relaxation time
alone.’ HoWever;iit may be concluded from the above‘considera-
tions that< CHgC of 2-2'- and 3-3'—d1fUry1 mercuries appears
not to be 180°.
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APPENDIX

Tables of Dielectric Constants and Losses

The calculated die]ectric constant e'calc
and loss c"calc were obtained from the

Cole-Cole equations, i.e., Eq. (3-1).
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1,2-Dimethoxyethane in p-xylene at 25?C 

w = 0.04617

Freq. (GHy )

9.311
16.202
24.001
35.11
70.354

e'obs

2.414
2.406
2.396

2.379
2.352

Dimethoxymethane in p-xylene at

w = 0.1070

Freq.(GHz)

9.317
16.202
24.001
35.11
70.354

e'obs

2.313

2.312
2.310
2,308

2.282

e'calc é“obs
2.414 0.0280
2.407 0.0541
2.396 0.0569
2.378 (1.0653
2.335 0.0614
e =2.4176
To .
£w = 2.288

25°C
Ié'6a1c f"obs
2.317 0.0190
2.314 0.0205
2.309 0.0275
2.301 0.0235
2.285  0.0179
e =2.3194

o]

€, = 2.270
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g"calc

0.0220
0.0362
0.0487
0.0597
0.0624_

e'"calc

0.0097
0.0156
0.0204
0.0238
0.0224



4-4'Dimethoxybiphenyl in p-xylene at 25°C

w = 0.00735
Freq.(GHZ) &'obs e'calc e"obs
9:312 ‘2.2764  2.275  0.0038
16.202 2.2724  2.273 0.0049
24.007 2.2712  2.271 0.0071
35.11 2.2694  2.269  0.0066
70.354 2.2661 2.265 0.0040

e = 2.2758

(o}
€w = 2.2632

m-Dimethoxybenzene in pnxylene‘at 40°C

w = 0.06752

Freq.(GHgl ;'obs e'cale ;"dbé
0.95 2.364  2.363 0.0110
19.311 2.333 2.331 0.0480
24.001 2.277  2.288 0.0470
35.11 2.274  2.274  0.0410
70.39 2.269 2,259 0.0322
140.8 2,258 2.253 0.0157
c, = 2.365
£ = 2.249

147

e"calc

0.0035
0.0052
0.0061
0.0063
0.0046

e'calc

0.0083

-0.0466

0.0484
0.0411
0.0257
0.0144



6-Chloro-1,4-dimethoxybenzene in p-xylene at 40°C

w = 0.06658
Freq.(GHz) £'obs e'calc e"obs e"calc
1.80 2.442 2.452 0.0417 ' 0.0358
9.311 2.364 2.378 0.0837 0.0844
16.202 2.348 2.337 0.0902 0.0820
24.001 21307 2.311 0.0701 0.0717.
35.11 ~2.303 2.293 0.0567 0.0587
70.39 2.285 2.275 0.0447 0.0374
140.8 2.80 2.267 0.0262 0.0208
e = 2.466
(o]
€w = 2.260

2,5-Dimethpxy-2,5-dihydrofuran»in-p—xyléne‘at 25°C

w = 0.07401
Freq.(GH,) e'obs e'calc ¢"obs e"calc
9.312 2.399 2.391  0.0746 0.0732
16.202 2.344 2.349  0.0821 0.0798
24,001 2.322 2,321 0.0708 0.0709
35.11 2.310 2.301 0.0562 0.0565
70.36 2.306 2.285  0.0287 0.0316

e = 2.4386

o

e = 2.278
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2,5-Dimethoxytetrahydrofuran in p-xylene at 40°C

w = 0.07683
Freq. (GH,)

0.95
1.80
24.001
35.11
70.39
140.8_

e'obs

2.308

2.294
2.262
2.256
2.253
2.249

2,6-Dimethoxypyrid1ne

w = 0.08041
Freq,(GHz)

9.31
16.20
24.00
35.11
70.04

-£'obs

2.319
2;3b5
2.298
2.289
2.281

e'calc

2.309
2.308
2.263
2.253
2.244
2.242

€ -
o}

"o0

2.241
e = 2,309

€ Ilobs

0.008
0.028
0.030
0.026
0.022

0.017

in p-xylene at 25°C

e'calc

2.318
2.306
2.297
2.289
2.281

M
L]

m
i}

149

2.3311
2.277

e"obs

0.0234

0.0235
0.0243

0.0204
0.0138

e'"calc

0.0039
0.0074
0.0317
0.0260
0.0150
0.0078

e"calc

0.0214
0.0252
0.0243
0.0209
0.0130



4-4'Dimethoxythfobenzophenone in p-xylene at 25°C.

w = 0.01336
Freq. (GH,)

0.90
1.20
1.50
1.80
2.48
9.31

16.2

24.0
35.1

70.4

' 5,6-Dimethoxy-1-
w = 0.02508

Freq.(GHz)

0.95
1.20
1.50
1.80
2.36
9.312
16.202

24.001

[ RN RN SO SO Y

ELEEE_ e'calc é"obs
2.362 2.343  0.025]
2.350 2.340 0.0300
2.346 2.336 0.0326
2.334 2.331 0.0364
2.308 2.321 0.0386
2.283  2.278 0.0251
2.2725  2.272 0.0179
2.271 2.270 0.0143
2.270 2.269 0.0105
2.2665  2.268 0.0090

e, = 2.3486

€ = 2.268

indanone in pfxy1éne‘at'25°c

e'obs

.440
437
430
.425
413
.313
.302

2.286

e"obs

0.0479

0.0615
0.0700
0.0758
0.0529
0.0348

0.0293

0.0293

e"calc

0.

0198

.0252
.0297
.0332
.0383
.0260
.0162
.0112
.0078
.0039
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5,6-Dimethoxy-1-idanone in

Freq. (GH,)
35.11
70.355

e'obs

2.282
2.274

A11yl ether in p-xylene at 25°C

w = 0.04416
Freq. (GHy)

9.31_
16.202
24.001
35.11
70.39

e'obs

2.333
2.325
2.311
2.2955
2.284

e"obs
0.0227
0.0175
e = 2.4413
[0]
£ = 2.278 *
}e'ca1¢ e"obs
2.334 0.0215
2.324 0.0288
2.311 0.0380
2.298 0.0354
2.280 0.0248
e = 2.3410
(o]
£ = 2.271
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p-xylene at 25°C ...continued

e"calc

0.0210
0.0305

1 0.0348

0.0344
0.0243



B-Dinaphthyl disulfide in p-xylene at 25°C

w = 0.01390

Freq. (GH;) e'obs
9.311 2.2767
16.202 2.2748
24.001 2.2693
35.11 2.2659
70.354 2.2640

Thiophenol in p-xylene at 25°C

w = 0.09752
Freq;(GHz) e'obs
0.95 2.417
1.80 2.417
9.31 2.416
16.202 2.389
24.0 2.373
35.11 2.356
70.39 - 2.340

152

e'calc é"bbs
2.275 0.0046
2.271 0.0052
2.270  0.0038
2.270 0.0029
2.269 0.0023
e = 2.2935
o] . .
ew = 2.269
e'calc e"obé
2.420 0.0092
2.419 10.0136
2.407 0.0375
2.388 10.0500
2.369 0.0468
2.351 0.0412
2.325 0.0312
e = 2.4206
(o]
e, = 2.321

e"calc

0.0071
0.0055
0.0041
0.0029
0.0015

e"calc

0.0065
0.0121
0.0345
0.0469
0.0499
0.0460

0.0199



Methyl disulfide in p-xylene at 25°C.

w = 0.09162
Freq. (GH; )

0.95
1.8
9.311
16.202
24.001
35;11
70.4

4—Ch1oro«m-benzenedithio],in p-xylene at 25°C

» = 0.08782
Freq. (GHy )

9.311
16.202
24.001
35.11
70.389

e'obs

.660
.657
675
.639

AT CRE U S

.458

e'obs

2.394
2.355
2.346
2.344
2.328

.5865
.543

153

e'cal

o c"obs
2.388 0.0395
2,365 0.0469
2.351 0.0411
2.340 0.0334
2.328 0.0215
e = 2.4307

o‘
€0 — 2.320 :

e'calc e"obs
2.675  0.0131
2.674 0.0191
2.656 0.0859
2.624 0.1426
2,579 0.1637
2.519 0.1845
2.407 0.1434
e, = 2.6752

cw = 2.324

e'calc

0.0085
0.0161
0.0790
0.1241
0.1565
0.1748
0.1496

e"calc

0.0446
0.0451
0.0404
0.0338
0.0213



242'Difury1 mercury in p-xylene at 25°C

w = 0.03194
Freq.(GHz)< efobs e'calc e"obs
9.311 2.274 2.271 0.0033
16.202 2.267 2.268 0.0056
24,001 2.265 2.267 0.0042
35.108 2.264 2.266 0.0020
70.389 2.263 2.265 0.0017
e = 2.2757

M
]

2.265

3-3'Difuryl mercury in p-xylene at 25°C

» = 0.03289

Eréq.(GHz) e'obs e'calc £"obs

8.881 2.273 2.270 0.0038

16.202 2.267 2.267 0.0045

24.001 2.265 2.266 0.0037

35.108 2.264 2.265 0.0012

70.389 2.263 2.265 10.0010
e = 2.2743

]
8
I
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2.265

e"calc

0.0054
0.0051
0.0042
0.0031
0.0017

e'calc

0.0048
0.0043
0.0034
0.0026
0.0014



o-Dimethyoxybenzene invp-Xylene at 40°C

w =.0.06073

Freq’(GHi)T;

9.311
16.202
24.001
35.17
67.518

140.8

e'obs

2.336
2.327
2.318
2.312
2.296
2.284

156

e'cale .:'é"obs
2.335 0.0175
2.328 0.0224
2.320 0.0263
2.311 0.0306
2.295 - 0.0258
2.282 0.0203
€0 = 2.3420

€, = 2.272

e'calc

0.0158
0.0223
0.0265
0.0289
0.0271
0.0190



