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ABSTRACT

Spin-lattice relaxation times of 'H,2D,'%C,''®Sn and
1294z have been measured over a wide temperature range in .
liguid CHaBr, Hg(CHa)?;Sn(CH3)4 and their isotopic modifi-
cations, Tﬁese measufements have allowed the separation of
, . . ;
the relaxation mechanisms. It was found that the spin-rotation
inte;action mechanism contributes to 'H and '°C relaxation;

and for both nuclei this mechanism is dominated by motion

about the molecular figure axis. Estimates are given for the

‘E,1%C,119%8n and !'®°Hg spin-rotation coﬁstants. It is con-
cluded that molecular reorientation about the symmetry axis

is not;well—described by molecular diffusion. Reorientation

of the methyl gfoup about thé'symmetry axis is much faster than
.reorientation of the symmetry axis for alllmolecules‘studied.
It also shows that spin-rotation is ﬁhe.dominant mechanism for
;1198n.and 1994y relaxdtion and that the interéctioﬁfbecomes
more important fdr‘the higher Z nuclei, The scalér relaxation

mechanisms of 'H and,'®C in methyl bromide allowed the estima-

+tion of several previously unreported scalar coupling constants. .

joN
-

e foun

‘JlH“'/’sBI‘ = 13 i LI‘ HZ, JIH—B]'BI‘ = 1LI- i LI. HZ 3

. s 7TQE = 30 iu' Hz and Jigc_alBr 232 iA Hz.

.4
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I

The members of the series Sn(CHs)4-p(CDs), were prepared

to study the effect of- -changes -in -the moments of inertia upon -

-1v=-
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L N : .
the . spin-rotation dominated T, of the !''®sSn nucleus, The

’ results demonsfrated that the spin—roﬁational relaxation
time varies {Erectly as I% and thus in the rotationa;@ii;y////(
\
ffusion 1im;%)molecular_reorientafion‘times vary as 1. The :
pneparatioé/of these compounds allowed us’to study the suc-

ceESive deuterium isotope effects on the 'H, '®C and !'®3n
chemical shlfts and spin-spin coupling constants. The ratio
Ty _x /JX~D (where % = 'y, '3C and 119Sn) is always very close
to the vaiue ¥redicted from the gyromagnetic ratios (YH /YD =
£.5144), oOn the average the values of Jy_y are slightly

higher than 6,5144J showever they are within the range of

X-D
experimentél'error. 411 chemical. shifts (IH; 130 and 1198ﬁ)
‘»were'ﬁpfieldvohrsuccessive deuteration through the series,
Proton isotoﬁe shifts were 0,017-0.030 ppm, carbon-13 isotope
shifts were 0,088—0.352 ppm for secondary and 0.700 ppm
for primary effects, while tin-119 isotopic shﬁfts.were
0.8-2.9 ppm. The size of this isotopic shift reflects
the»chemical shift range for therpafticuler nucleus. This
~chemical shift range is the.paramagnetic contribution to the
total ehielding constant, Since the ?aramagnetic term |
increases roughly as the 4/3 pewer of Z the tin—llé nucleus
w7ill have the 1argest chemical shift range ( EOOO ppm) and
is thus more sensitvve to changes brought on by deuteratlon

have been surveyed, The results show the very large chemical

The Ty's and ehemlcal shlfts of-a variety of tin compounds, ‘
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shift range for tin-119 and the rather short T, values.

There is a trend from our data which shows'a‘correlétién

of TlsR(ilgsn) with the paramagnetic term of the shielding

tensor for the tin-119 nucleus. A series of '!'°gSn reso-

-

nances has also been observed when anhydrous SnCl, is

dissolved in water, Tentative -assignments have been made

for the possible Sn(Cl)e_p(OH)p species present in

solution,

We have observed differential Ty's for the inner and
outer components of the !'2¢ quartet in Hg(CHs),. We attri-
bute this to probable symmetry effects in the dipole-dipole

dominated Ty of the carbon-13 spin.

%;ﬁ,’d/
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CHAPTER 1
4
s ,i‘

MECHANISM OF SPIN-LATTICE RELAXATION

\‘

¥ . ) : .
When an ensemble of nuclear spins is placed in a’

strong magnetic field Hp, it will show a resultihg'egullibfiuﬁ

macroscopic magnetization given by,

7 ; NyZREI(I+1) =

(1-1) Ho
’ 3KT

AT thermél equilibrium there is only a magnetlzatlon component
oarallel to the external magnetic field Ho, but no perpendlcular
components. ; However 1f we then apply a perturbation such as
an rf fleldgﬁ ( ) to this equlllbr;um state and later remove
.blu.ﬁe can cyeate anﬂihsﬁantaneods méénetization R(t) which'
has both parallel and perpendiculaf componentsrwith respectlto
: . lné/évolutlons of t xese components. may often be charac-
terized bj the tlme constants T; and Tz.

&s descrilibed above the instanteaneous magnetlzatlon ﬁ( )
nes two components. The longitudinal component's (1.e. parallel

to Hy) usual eronentlal recovery towards 1ts equillbrlum value

o

(D
=

escrloed by a. cnaracterlstlc value T, called the spin-lattice

exation time whlcn 1nvolves tne transfeﬁiof energy be%ween

re

spin and its surroundings (lattice). Oﬁythe other hand the

N

.

e rfknxkhw?ﬂ»;,-ﬁf:&i?éﬂﬂ:’é:ng@_;}ﬁ;;f” '



perpendiCuiar or ﬁranSverée component hés a decay described -

- by a time conétant éalledrthe spin;spih relaxatioﬁvtime'(Tg)
becaﬁse it involves the trahsféf of energy from one spin to
another witﬁin.thé spinysystem.’ These relaxation‘processes
have been described by Bloch (1946) in terms of first order

differential eguations, which serve as phenomenological .

definitions of T, and Tg.ﬂ'

(1~-2) | : di Z' i M, T Mo
' at Ty
1- d M
(1-3) ER A X,y
dt Tz

A, Spectral density and auto-correlation functions

When some random function. f(t) with average value zero

fluctuates in some time interval, then the time dependence

of the statistical average. is described by the autocorrelation
function G(7), which serves as & "memory function" of the
fluctuation, averaged over the ensemble.

]_“\
]
=

(2

—
-
i

P )T (E)

e P ( [N
"~0  then G(r) ”lfkt)\gand conversely when r becomes very large

3{;) approaches zero. Freguently G(r) may be approximéted as



an exponential decay withra correlation time Tos then the
auto-correlation function is assumed'to have the form -
(Carrington and Mc Lachlan 1967)

T

(1-5) C Gle) = FTEEYEET 1T Te
The auto-correlation function G(rv) is related to the spectral
density function J(w) by a Fourier transformation (Carrington

and Mc Lachlan 1967),
’ | +o0 .
(1-6) J(w) = J; G(r)e™®Tdr
V)

Exponential correlation functions give only a crude
description of most relaxation experiments in liquids. Nuclear

magnetie relaxation experiments in the extreme narrowing
o0

limit mch << 1 yield onleG(T) dr and are thus unable to ‘dele-

[

et

niate possible finite "structure in the autocorfelation functions;
this effect may lead to incorrect conclusions when based on
assumed eXpOnentiaQ}ty for G(T); ﬁowever faster time séale
mnethods sucﬁ as IR and Raman bhand contour analysis may be able
toﬁgive detailed informatien‘abogtbthe shaée‘of the'auto—'
correlation function {Rothschild 19%0). | |

,,m,iIfnweIassumeianmexponentialwdecawaQrWG(T)”WQfhaVQH,w”Wﬁ

21c

(1-7) © Ty = TE(T)F(E

. z 2
+
I+ w Ta



The spectrum for this function is shown in Figure 1-1 (Poole

and Faracah 1971).

_j/Tc =2/ ~1/7, o IVEr 2/7. 3/7

Figure 1-1  The Qpectral dengmty functlon J w) of a random

one .,



classical eggression for the interaction

energybof two /magnetic dipoles is written in operator form,

- N ' -
-8) T = 20 T(1)-D..(t)-7
(1-8) 7 Hgu(t) i% T(1)-By ,(4)-T(3)

-where I(i) and I(j) are the spin vector operators of the

two nuclei. ﬁij(t) is the dipolar interaction tensor

between nuclei®i and j, with components which dapéndVan§ ,

and the external field, The tensor components are time™ ",

dependent in a coordinate éystem fixed by the external

bl

field, because bf two reésons:Ai) if the two nuclei belong

‘to the same molecule the distance T is fixed but 6 varies

sccording to the rotation of the molecule, ii) if the
nuclei belong to different molecules the relative trans-

lational motion makes ,r also time dependent,

1. Intramolecular dipole~dipole

qu‘rotational motion, which is.all that is necessary

‘for intramolecular dipole~dipole interactions, for like spins

fhe longitudinal relaxation rate of magnetization of I spins
is given by (Abragam 1961), '

el ,ﬁ,,,,,,;'[',,c,, [ ,,L,'T

DT
y - 2y*h? T(1+1) + _
1/rot T 5r° 1+mgT§ 1+m»§T§

e [ e e S .-

o1

N o S



- e ST N S

where vy is. the gyromagnetic.ratio of nuclei with spin. I,

Wo 1is the angular pfecession frequency of nuclei I and Te

t

is the mglecular correlation time. In mobile liquids

where the relation WoT << 1 holds,

. %'2 :
_ 2v*h I(T+1) T,

L (1-10)
. r (S

Ripot

%

This situation is called the extreme narrowing condition.
For selective experiments on the I spins with dipole inter-
action between unlike spins (I and 8) in the extreme narrow-

ing limit, it is given as

=

(1-11) | (PII) = %- hflélﬁ— S(s+1) To
. T p

Thus, the dipolar interaction 'is related to molecular
Lgeométry via the rapid r dependehce; However the correlation
time is difficult to determine and will be discussed in

more detail in a later section.

2. Intermolecular dipole-dipole'

The intermclecular cbntributipn depends on the same
motions as those for intramclecular dipole-dipole as well
as on the relative translational motions. Since these
‘motions have @ifferent correlation times they lead to some-
what different cxpressions for the éontribution of dipolar

relaxation to =Z..

kY

R,

i , '



Bloomﬁergen, Purcell and Pound (1948) shbwed that :
the'spin—lattice.relazation of a single nuclear spin.(Izl/Z)afa
in a,liquidvis induced by the fluctuating local magnetic B
field of itsineighboﬁiing spins (assuming all nuclei are
idenfical)' / |

ﬂ-Y‘}hZN . ‘.

Rigpans = o N

(1-12)
' hap
S

where a is the molecular radius and DS is thé 1iquid‘s
4self—diffﬁsion constant, Their results have now been
generalized to systems with many huclei by Gutowéky and -

Woessner. (1956),

26 2 : ’ 2
mh2y 2w 6v2 3 1, 165 T(T.41) fsrl

(i—lB) Ry = T
trans 52 3 rij 3 F T t

where vy 1is fhe gyromagnetic ratio of the nucleus, r is the
internuéleaf distance, N is the number of molecules per uniﬁ
volume and a is an average spherical molecular radius. The
summation ¥ is over nuclei of the same type as 1 and ¥ over
a1l others. The translational relaxation time in Eq. (1-13)
is éiven by |

(1-1%)

These self-diffusion constants may be known or can be estimated



= L

uging Gierer and Wirtz's (1955)'formula fdrvthe transla-
tional diffusion constant of a spherical molecu;e with

# L. _ N . - -.-' T .
radius rg in a sgspherical~solvent of radiyé ry and viscosity

e

- Dt rans f/kT /Bt

(1-15)

Bt'is the ;ranslational friction constant.

~ ~

(1-16) B, = bmnref,

o

I /
where ft is the translational microviscosity factor,

_ v 2 _ 2 O. 71 -1
(1-17) g, = 2<rs/r’> e ) )

o Although these formulas were derived for spheres they are
¢ - -
! commonly used and work well for non-spherical molecules,

- '

“C. GQuadrupolar relaxation

Nuclei with spin I greater than 1/2 posses electric
guadrupole moments eQ. Thekinteraction of the quadrupole
moment with the molecule-fixed electfic field gradients
prov;des a very efficient relaxation path. In this case

~ ;
the"iﬁterﬁc":i@'ﬂf /@il‘tonian"is 'given”by,' T

4
T

(1-18) K, (1) = T-E(t)-T



. e -

—_
=
A

the tensor
tion of the molecule, The translational motion is not
lmUOftant becauss the field gradients arise from charge

dicstribu tions within the molecule to whlch the nucleus

,

belongs.>‘For the case of molecular reorlentatlon and in
’ * {
the 1limit that LTy << 1, it can be shown that (Abragam

19£1),
(1-19) 2y, = SME(2T4) (1 + 3-2) (eZgg/h)2 7
“ 10 I2(27-1) 3 <
- {
wheré T is the spin.for the nucleus, n is the field gradient
anwmetry [r=(a._ - a_)/a__ 1, (e2qq/h) is the quadrupole

pd vyl Tzz
zounling constaut in Hz and tv_ 1s the molecular correlation

D, Chenmical chift anisotropy

field,
:2;
-
/",_f‘f\ = - ﬁ 1__‘
1-29) ‘loezl Ho(l- o)
e
hers ¢ iz r£2l1led the shielding tensor The interaction

of rank 2 is time dependent because of the rota-
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The amount of shielding depends on the orilentation of the
molecule but in isotropic liquids and gases the average

value ¢ 1s detected as a field or frequency shift

, 1 -
100 - =
(1-22) g =3 <OXX + o+ OZZ)

The nucleus on the average sees a chemicalrshift given by

5, however on a shorter time scale it sees fluctuations

XX’V yy
not equal (i.e. enisoctropic), this'provides a relaxation

n the local megnetic field, Therefore if o__ ,0 50, 8re

mechanism, The magnitude of this mechanism is,

1
_Y Ho Glx-OL ° 2TC

(1-23) F1ggs =l
1+ ngi

5
in the limit wor << 1
(1-2k = () 2

(1-2k) Ry = (jﬁ;) HE ( ]‘?L

csa

Spin-rotation relaxation

=

This is the interaction of a nuclear magnetic moment
with the magnetic field produced at the position of the

nucleus bthherrotation of . the molecule containing the

_nuclsug,. . The intersction Hamiltonian can be written as, {0

(1225) ‘ K = T0(8) T
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Pas

where 1 is the nuclear spin operator, J is the molecular
angular momentum operator ahd C is the'spin-rotatién tensor
consisting of ranks 0,1 and 2, For liquids undergoing
isotropic molecular reorientation by rapid rotational

diffusion, the relaxation rate is given by (Hubbard 1963)

. ~ SR 8m21kT l
1-26 R, = e (2 T
(1-26) i e eff Tw
where CZ.. = %{2qf+cf) and r, is the angular momentum corre-
/ ! .

. &

letion time which is a measure of the time a molecule spends

in any given angular momentum state,

T, Relaxation by scalar coupling

Scalar coupling 1g the intramolecular nuclear mag-

netic coupling found in multiplet splitting of high reso-

IE=]

ution MNMR, This coupling is a source of relaxation for
spin I 1f either the coupling constant A or gpin S are

time dependent, The hyperfine coupling Hamiltonlan 1is

Zor this zecond cazze the splitting of £ on I is not

cozerved, The relezration rate due to scalar coupling of



ppl e e

- gpin I modulated by relaxation of S is given by Abragam (1961)

_ Tagq
(1-28)  =°C - % A23(8+1)
1+ (wy - wS)ETSS
o o ‘ Tg T
(1-29) 22" = %-Ags(s+1) Tig + =

S

v

. - o owm Yaema ot
T+ (wy-w ) TZq

vhere A = 21J, ng and TZS are the longitudinal and trans-

verse relaxation times of nucleus S, wy & wS are the
Lzrmor frequencies of nucleus I and S. From this equation

we can see that unless T.. 1s of the same order as (wI~wS)

S
: c
~and 2nJ is large the 318“ contribution will be negligibly

amall,
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CHAPTER 2

/

AWISOTROPIC MOLECULAR REORIENTATION IN LIQUID
VETHYI, BROMIDE

4.  Introduction

Aicpnsiderable amount of work, both experimental and
theoretical, has been devoted over the past decade to the
problems of molecular reorientation and molecular collision

dynamics in liquides -and dense gases (Gordon 1968). An

increasing number of experimental techniques are being

brought to bear on thege problems, and now include IR and

~_
raman band shape contours{Cordon 1966, Rothschild 1969,;1970

1972, and foldberg and Pershan 1973),'neutron scattering

(Egelstaff et al. 1971), dielectric reiaxation*TPoole and

Farach 1970), and magnetic relaxation (Poole and Farach 1970).

Ln important dynamic parameter'which is obtained from these

methods 1s the molecular orientation correlation time To

Y

wnich 1s a measure of the orientation memory time of an

.

individual molecule against space-fixed axes, Here 4 denotes

A

B LRI

the order of the zpherical harmonic of the relevant interactipn;

2 = 1 for recrientation of a vector such as the electric dipole

morment zpprovriate to the IR lineshape and dielectric relax-
z2pTlying tc Taman lineshepes or magnetic relaxation dominated

Ty dipole-dipole or zuadrupole interactions.



& sscohd paraméter of interest which relates to the

;"11{"’, e R ,,, S

.

microscopic dynamics is the correlation time 1, of the

molecular angular momentum or angular velocity. This has

been considepably more difficult to monitor, but may in .

suitable cases be obtained from magnetic relaxation due to

spin-rotation interaction. Classically this interaction

arises from the coupling of a nuclear magnetic dipole with

the magnetic field produced by the rotation of a molecular

electric quadrupole. If independent information (from,

for example, molecular beam studies) is available on the

magnitude of the coupling cénstant; then meésurement of the

nuclear spin-lattice relaxation time leads fairly directly

to a velue for r . Such studies are exemplifiled by the

2legant

work on liguid 010 F by Maryott et al, (1971).
s et al :

The importance of simultaneous measurement of_'re 3 and
- . N 3 -

T, is that the relationship between these microscopilc para-

meters is model-dependent, and thus together they give

inzight

I\

ssumed

co-call

velocity changes rapidly (

to the state of molecular motion. Early workers
an isotrdpic hydrodynamic model (Debye 1929), the
d rogftional diffusion model, in which the angular

<< 7 ) and the orientation

T
W 65{,

by 2z succession of smell Brownian steps, In this

[

) _ z
7/——179 ;1 w‘i—mJTer}wgfﬂf R R R

sutoccrrelation function for angular'position decays

()



R R T

exponentially. Hubbard (1963). later showed that in the same

limit 74 , and T, are inversely related

- o -
(2-2) "9,t Tw T TTZAFIVIET

The limiting case of isotropic rotational diffusion has been
extended into the gas-like region (Bloom 1967) - WheTe”Tw's‘fé*= .

o 4 but where the intermolecular
Jv

torgues represented by 7.. act impulsively. This extended
-6 : , , : '
diffusion model was applied by Gordon (1966) to linear molecules,

may become comuvarable to T

and further to spherical molecules by McClung (19697 and

Fixman and Rider (1969), A feature of these theories is that

a distinction can be made between J—diffﬁsion, whereigﬁyoth

‘the maznitude and direction of the angular momentum is rgndom—
ized upon collision, and M-diffusion, where only the orientation

of the molecular angular momentum is randomized. In those

=

Few czses where a critical experimental test has been made

to date, weakly or non—pdlar linear or quasi-spherical mole-
cules in fhe liguid phase- outside the rotational diffusion
limit appear to obey J-diffusion dynamics[ClOéF (Maryott et al.

, €8, ( Spriss et gl, 1971,

~——

[(Gillen et al. 1972

Pines =t al, 1971), CCI_F (Gillen et al. 1972)]. Very

7 the entire treatment of isotropic molécular dynamics
in liguids has been unified (¥ivelson and Keyes 1972) by

=) =

,,_.)
W

xation of tThe impul

n

ive torgue condition to include long
; - ,

'_l
O

i

uration torguss but impulsive changes in the torqués.



This limit coffeééénééwggmeheﬂ;elid-lik cell theory of
liquids,yieiding forsional'oscillations in the moleculer.
orientation, and_is the one appropriate to Ivanov's (i96ﬁ)
’description_of reorientdtioﬁ\in the liqﬁid phase, later
used by 0'Reilly (1968,1971,1972) and Atkins (1969).

The rotatioeal diffusion model of a 1iqeid views the
resrientational motion of e’meieeﬁleiaewpreceedifé”eleﬁiyr7
via a lafge number of'smail engular‘steps, whereas in the
free-gas and selid—like models large incoherent angular
changes mey take place‘during infrequent "collisions".
In this large angle step case, Eq;(?—i) evolves into Te,l ~

Ty ps BQ. (2-2) becomes invalid, and the autocorrelation
2 . .

function of 0 approximates a gaussian decay. Nuclear

magnetic relaxation st&ﬁies of 7 alone have limitations

8,4
in probing such details of the microdyﬁamics; for in the
"extreme narrowing" limit,'one << 1‘(appropriate tq,dense'
zases and liquids) only the area of the angular correlation
function is normally determined, and not its shape. Faster
time-scale methods, such as IR and Raman lineshape studies,‘
afe preferable in this respect, but it now appears (Coldberg
znd Pershan 1973) that zome of thevearlierrwork(Rothschild
19£9,1970,1972) along these lines is suspect because of .
neglect of3vibration—rotatioh interactionlr The pieturer
“that“iS"éméfgiﬁg'ié”tha%ﬁSﬁail’é&ﬁﬁéE;ié”héhibbiéiwﬁéiééﬂiéé “

Ty *

‘n their neat lisuide [CH and CD (Bloom 1967, benzene axial
- 4 4 .

T



rotation (Gillen and Griffiths 1972), cyclohexane (0'Reilly
gg_gl. 1972), UF,_ (Bull and Johas 1970), AsH_ (Burnett and-
Zeltmann 1972)] undergo molecular reorientation that is not’
in the rotatlonal diffusion 1limit, but rather in the so-called
"inertial region" between rotational dlffus1on and the quantized
~free rotator. On the other hand,\thé presence of a moderate
Aélectric'dipole*in a*(necessarily)'asymmet;ic molécule'éendS":°
the reorientation of the dipole axis into the diffusion limit
(Joldberg and Pershan 1973, Gillen and Noggle 1970) even
for a molecule as small as NH (Atklns et al. 1969, xlllenr
and Noggle 1970). Moderately anisotropic molecules of inter-
mediate. size such as ;oluene (Kivelson and Keyes 1972) and
chlorobenzene(0'Reilly 1971, Bull and Jonas 1970) may be in
the solid—like cell-theory }imit, whiéh may also épply to
liguids under high pressure (Bull and Jénas 1970; Van der Hart
1973) . | B |
The aboVe theories of moiecular reorientation are isotropic,
whereas the normal ekperimental situation‘is one of anisotropic
molecular geometriés,'motions and interacﬁi@ns."The aniso-
tropic motional problém\has been soiyed in'the fotational
diffusion limit byaHuﬁtress(l968,l970), and the anisotropic
spin;rotatidn interaction préblgm in the same limit bj Behder
and Zeidler(i971). The anisotropic Symmeﬁric”top theory hés'
been given- VETF’TE”EHu1Y'bY’MCCIUHg (lQT?)”iﬁtO”thé’éxféﬁaéd"””’
iffusion or 1neru7a? region, and for random anisotropic
large angle jumpse (01 Rellly 1972, Cukier and Lakatos—Lindenberg

1972).



——-

the 'anisotropic small-step case, However the connection
between tne two models is made only if the anisofropy of
the diffusion tensor can be’attributed to the anisotropy
of tne inertia tensor, This difference between the aniso-
tropio rotational diffusion and extended diffusion cases
relates. to. the assumptionwin—rotational—diffusion;ﬂoffcompletem""
- lack of correlation between different molecule-fixed components
of angular velocity; in the gas-like inertial region of
extended diffusion the angular momentum is faken as a ooneﬁanf |
of the motion between ooilisons and itsicomponents are
Voorrelated by precession., McClung's treatment indicates
that changes in the anisotropy of the’diffusion tensor with
T could account for the difference in the ap?arent activation
ensrgies of DH and ?L which have been observed in CH I (Gillen
et al. 1971), cngcu,' vocl,_ (Gillen and Noggle 1970) and in .
our studiea on CHSBT. »

The present investigation is =2 study,_by nuclear relaxation
methods, of the small polar symmetric top molecule CH,Br and
its various isotopic modifications, in the neat liquid phase
oVEeT the temnerature ranD 223 to 315°K By analogy with
rel&ted CH,I (G oldberg and Pershan 1973, Gillen et al. 1971)
and CHé“NrQBopp.1967, Woessner et al, 1968) the‘motion of
ithe,polar,azia(ﬂtumblingﬂ)wmayrbewtagen~to¢beﬁinﬂthe“rota;’””’

tional diffusion 1imit, with 71: 1 given by dilelectric relaxation
‘ ) , )



F O T U S

: data:"*"Ihen”me’a%*ﬁrem’eﬁf’féf g, 2D and Ec T s as a function
of temperature allows separation of the competing relaxation
mechanisms'and*deriVation of the temperature dependence of
the two reorientational motions. Also the effects of unobserved
79Br and ®!'Br can be estimated, Due to the chance near-dege-
neracy of the Zeeman splitting of '®C and "®Br the '°C spins
-~ in the,species¥1H3¥3C79Br suffer a significant scalarrTiw~rr~~?l
relaxation from 79Br, which is.inrturn,passed on as a T,
broadening'to the !'H spins scalar-coupled to the '3C. In
sddition the 'H spins experience a‘direct T, scalar relexation N
- from both 793} and'B?Br, so that all scalar coupling constants
to Br isotopes can be obtainad, |

Spip—rotation effects at 13C and ’ﬁ caﬁ be accounted for,
and estimates obtained for the 'H spin-rotation coupling
conetants. " The derived values for Ty alloy estimation of

the mean angular recorientation between collisions.

2. Ezperimental-

The proton spin-lattice relaxation times T were measured
’ 1

by the saturation recovery method (Van Geet and Hume 1965)

and rapid adiabatic passage with sampling (Parker and Jonas

=]

. .
970) on & Varian AS6/60 high resolution NMR spectrometer

a2t 0 MEz. The 2D spin-lattice relaxation times were measured
zt 35-&’3HZ'b?’Tgﬁld”gdiaﬁatiC’péééageiﬁiﬁﬁ”ééﬁpliﬁg"bﬁ'éWV§fiéﬁ””'"'w

b



The 3¢ relaxation times were measuredAindirectiy»by the
modified selective pulse rotary echovmethod(Wells;and Abramson
1969, Chan }969).on the profon multiplet»componeht8~bf 13¢
enriched methyl bromide. Ry (E‘T;%) for protons wés obtained
at 60 MHz with the modified A56/60 spectrometer. The relaxation

rate in the rotating frame is given by,'
, ~ L
(2-3) Rop .= 2(Ryg + Rpg.) .

Therefore a selective'rota;y echo’experimentIOh the central

proton signal due to 120H33r yields

~ I o 1/-1

(d—l{') Yoy T E(FlH + RzH)
e P scalar scalar - . .
where RzH,— R1H + Rop R and,RzH is ﬁhe contribution

to Rz’due to the unresolved coupling between 'H and 7?’8iB@.
Further, a sélective rotary echo’experiment oxnn either member

of the proton doublet due to 13CHSBr gives (Figu;e 2-1),

~ = 1T o1l SIT
l2-5) Py = ®(Rig + Rop)
- 1y _13p .
- - ci12 o TH-7°C . .
where Rfﬁ = ?fH + 91% C ana Ryg .is the intramolecular

dipole~-dipole contribution from the interaction between the
et e 4 "”;mf?“”:"”""”T”"Wm”"”’fIIW;W‘II"f”'éééléf”:’
protons and the carbon-13 spin. A;so RaH'_ RlH +,R2H

is the same as that previously



described for Eq. (2-4) and R, ('3C) is the carbon-13
El '%

contribution to the proton Ro in the limit of slow 3¢ ﬂ
relaxation ( 31(18C) < emy ) which is well satisfied

. v o-1g :
HEreu

Therefore using these two selective rotary echo experi-

1H_13C
1H

values fdrlRi(isb).' Expected differential !3C relaxation

ments along with R we can indirecfly obtain averaged
in the two species H_'®C7®Br and H313081Br could not be

experimentally resolved.

T 1g-130

(2-6) - AR _ = rIE - gl - R

+ %R1(13C)

Overhauser,cdﬁéﬁiéations in tfg/;;i xation of the '°C which
nay cause ﬁeﬁ:giéonentiality of the !2C relaxatidnrare
.negligible because the total dipole—dipole contribution to
the *°C T is small. -

For the mixtures of'CHSBr and CD_Br there was no evidence
of any mixed species such as CH2DBr or CHDEBr, so thaf in thé
separation of* the various mechanisms,'possible H-D exchange -
could be neglected. o

TemperatureAcontrol below room temperature was accomplished

"y using the Varian 7-604%0 variable temperature_NMRlprobe

accessory. Temperatures were measured by using a copper

- constantan thermocourle; temperature readings were accurate

to £ 1°C, Experiments could not be carried out at temperatures
P



PIGURE 2-1

High resolution 60 MHz 'H spectra of (57.7% ) 13¢

enriched CH3 Br
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above 315 'K because of severe refluxing problems inside the

sample tube, This refluxing problem was kept to a minimum
at and above roonm tempefature by the use of a pressure:cap
on the NMR probe. This caﬁ'minimized thermal gradients

in a vertlcal dlrectﬂag/along the sample tube.

The '2C enriched methyl bromide (57.7% 130) obtained
from Mefck, Shavp'and Doﬁme’of—canadarwas several years old . -
and had =2 plnklsh E;nge possibly due .to sllght decomp051tlon
of the sample however thls does not appear to have affected
our 3C T measurements whlch are in good agreement with the
reﬁorted values of Farrar Eﬁ_il'(1972)- CD_Br (99.8% 2D)
as also obtained'ffom Merck, Sharp and Dohme of Canada.

The samples Wers degaésed in 5‘prtubes by the usual freeze-
, pump;thawvcycles,unaer vacuun, The mole fraction mixfures
of CD,Br and CHBBT were determined by weight with the use
of 2 Fota-flo valve which allowed the degassed sample to be
removed from the Vacuum system without the danger'of oxygen

eritering intc the sample

(@)

Pesults and Analysis

1, General Approach

1

i
=

For most spin % nuclei the relaxation rate (T )
_ v 1 .
nation of mechanisms,’

*_h

iz caused by a comb

15D . DD o¥ad CSA sSC.
“iin “1intra Yy Ry o+ R



where the first two terms are due to inter- and intra-molecular

magnetic dipolar coupling, R?R<is the spin-rotational inter-

action term, RICSA

sSC

1 .

The proton T relaxation data in Table 2-1 and curves (a),
1 ,

is due to chemical shift -anisotropy and

i}

is a scalar coupling contribution of the second kind.

(b) and (c¢) of Figure 2-2 indicate the presence of several

mechanisms in the relaxation rate.
The chemical shift anisotropy contribution in a mobile

liguid has the form,

(2.8) B Csk = ——%—5— ye H§ (G” - 0.L>2 Teo

1

where H 1is the applied field (~ 1.4 x 10* Gauss) and (oH - Ol)
‘ [®]

iz the chemical shift anisctropy, 1.3 £ 0.6 ppm (Caesar and
Zailey 1969) for protons in methyl bromide. Since the

correlation time, 7, is of the order of 10 '2 sec a rough

N Il = — . .
zstimate shows R C34 = 10 sec” !, which is completely

1

negligible, For !'2C in '2CH_Br the chemical shift anisotropy.

nzz been measured to be -10£5 ppm- (Dailey and Bhattacharyya

1973}, whi CSA -7 -
1972%2), which makes R1 = 10 sec also completely

cns the scalar contribution to R is shown to
7 e . ! :
e negligible in Sesction 3c. However for '°C there is a

spalar contribution between 2C-7"%Br and '3C-®'By which

~st be taken intc zccount, 2z discussed in section 4.
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RELAXATION DATA FOR LIQUID METHYL BROMIDE

1§ of 100% CHsBr

1y of 64.8% CHsBr

14 of 31.7% CHsBr

T(°%) ,Rl(_sec_i) Ry (sec™ 1) Ry (sec™ 1)
315 | 0.073 + 0,005 | 0.071 + 0,003 0.070 £ 0.003
278 | 0.079 £ 0,003 0,076 £ 0,003 0.073 £ 0,003
26k | 0,083 £ 0,003 0.080 £ 0.003 0.074% + 0,003
ohg | 0,093 £ 0.004 0.086 + 0,003 ‘0.079 £ 0,003
238 |-0,100 £ 0,004 0,092 + 0,004 0.086 + 0,004
223 | 0.122 £ 0,005 . 0,107 £ 0,004 0.093 + 0,004
2D of CDsBr
T(°K) Ey(sec™ 1)
312 0.131 £ 0,004
201 0.135 + 0,004
262 0.191 + 0.007
olsy 0.223% + 0,009
232 0.250 £ 0,010
223 0.294 + 0,012
120 of !2(CHsBr
T( °K) E,(sec™ 1)
215 0.109 = 0,011
o3k 0.095 £ 0,010
260 0.081 + 0,008
257% 0.081 £ 0,008
pu7 0.089 + 0,009
235 3,078+ 0,008 - - -
o5

0,079 £ 0,008



PIGURE 2-2

Experimental and derived relaxation times for 'H in .

methyl bromide; (a) pure CH,Br ; (b) 64.8% CHSBraih

H
intra

0D, Br; (c) 31.7% CH_Br in CD,Br; (d) R,
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Standard extrapolation (Bonera and Rigamonti 1965) of
our dilution data of CHBBr'in CDsBr allows the separation of
intermolecular dipole-dipole effects from intramblecular

mechanisms for pfotons. In the !3C relaxation in liquid

methyl bromide it is safe to assume that the intefmolecular

dipole~dipole relaxation rate is insignificant (Kuhlmann;
5;ant and Harris 1970) because of the much increased -
intermolecular nuclear séparation. We are thus left Qith‘
sepafating the various intramolecular contributions for vg
both 1‘H ahd 130, Tﬁe méﬁhod (Giiieﬁrét al; 1971)7uéed7
involves the calculation of the dipolar contribution from
theoretical equations for intramolecular dipole-dipole
relaxation rates. Theée theoretical ‘equations fequire
Ynown internuclear parameters and correlation-timeé for
the reorientation of the particular dipole interaétion.

In the case of '3C, the correlation time for reorientation

of the intramolecular C-H bond direct;ons is easily obtained

from the 2quuadrupolar relaxation timés, since the latter
ééﬁend upon the réorientation of the same C-D bond directions
easguming that the electric field gradient at the deuteron
is aligned along the C-D bond axis. For protons the analysis
is not as easy{ riﬁ'ordef to obtain the needed correlation
time for the direction connecting two protons inétheAme%hyI
’gréupg”We’muét”kﬁdﬁ"both”componéntS’bthhg’mbleculérs*”'*’* -

rotational reorientation tensor. Therefore this must first



be determlned in order to separate the 1ntramolecular dipolar,

contrlbutlon from other 1ntramolecular contrlbutlons.

~

2. Anisotropic rotét;onal reorientation tensor for CDéBr,

The usual method of obtaining the anisotropic reoriehta-
tioﬁal tensor of a symmetric top moleculé involves the mea-
surement of the relaxation time of two guadrupolar nuclei
which have different bond anglés with.}espéct to the symmetry
axis of the molecule (Gillen and Nogglev19TO;yBopp 1967i,7; 7
Woessner EE_%E; 1968; Jonas andvDi'Génnaro 1969; Allérhand
1970)., Thus in our case we might ﬁish to determine the
reoriéntational tensor for CDSB£ froﬁ quadrupolar relaxation
of both 2D and 79’alBr;‘ The necessary equations (ﬁuntfess
1968) fhat relate fhe measuredirelaxatioﬁ rate of a nucleus
to the reofientational tenéor'components and therrelative
orientation of this tensor té therelectriC'field gradient

tensor are*: -

(2-G) (& . ZmE(eI + 3) e®qq-
e Flg  1012(271-1) C h ).
(2-10) v = £(3cos®6-1)2 _ 3 sin®0 cos®s . (§)sin*g

615_1— | ‘ : 5D_L+ D‘“ ‘ VQD‘L + ADH

*

- Egs, -{2-9) -and {£=10) were first derived (Huntress 1968} -~ —

the rotational w’:u ion model, but apply in addition to



-
e

thé”égééﬂdédwdiffuéioﬂw(Mééiﬁﬁéﬂ19?2) and random large angle
jump models (Cﬁkier and Lakatos-Lindenberg 1972); there the
D's ghould be interpreted as generalized reorientational
rate constants. Indepehdent NMR data from two symmetrically
different relaxiﬁg guadrupoles, whose coupling constants are

R ~r
accurately known, then suffice to obtain D” and PL, independent

of theée models. The choice*betweengmodels'can then be~ba3edron~w.

temperature dependence or other criteria,

where T is the spin of the guadrupolar nucleus, (e3gq/h)
the guadrupole coupling constant in‘Hz,'DH is the rate constant

for rotation about the top axis and PL the rate constant for

rotation about an axis perpendicular to the molecule's symmetry

azZis, é is the angle between the Symmetry axis of the molecule
and the z-axis of the molecular coordinate system which dia-
gonalizes the field gradient tensor at the nucleus.

Since the 7°Br and ®!'Br 1lie ekactly on the molecule's
syzmmetry axis the angle 8=0 and thus the 7®°%lpr relaxation
time will depend only on PL . The difficulty is that the
°Br and ®'Br guadrupole coupling constants (Gordy et al.
1953) (550 and LEC MHz fespectiveiy, intermediate values
petween gaseous-and solid State), are extremely large making

the Zeesman line widths extremely broad. Thus we are unable

to directly measure the relaxation times of either Br nucleus,

we must therefore find an altsrnate way to determine D{ .



The peépendicﬁalrM;égrientation of CHBI (éoldberg and Pershan
19735 Gillén é}_gl,v}971) and CHBCN (Bopp 1987; wOessner
et al. 1968) is known to be in the rotational diffusion |
limit, and we‘éha117assume this to be the case d;so for
CHSBr. Then the dielectric relaxatioﬂ fime Tdiel gives
us PL because in the diffusion limit (Carrington and McLachian

1967) ,

No dielegtric reiaxation time,values have been reported
in the literature forliguid methyl bromide., - However Vuké
and Chernyavska (19€2) hévevmeasured the dielectric relaxation
~time for the =series of normal alkylkbromides from ethyl bromide
to n-decyl bromide, From this series a value of Tgiel = 2.8 psec
has been extrapolated for methyl bromide at 20°C. The dielectric
relaxation for this series has also been meésured at i°C-and
25%¢ (ﬁigasi et. al, 1060), from which we extrapolate for
methyl bromide 3.5 psec and 2.6 psec respectively.’ The
activation energy for ?L is calculated to be (1.7 + 0.2)
kcal/mole from these dielectric résults.

Giilen and loggle (;970) have shown that the energy of
activavion for %L of polar symmetric top molecules can be
“sstimsted guifs well From the energy of activation calculated
Trom hydrodynzmic Ziffusion censtants, For pure ligquids

the microvizceosity diffuszion constant D is ziven by the
s M .



where Mw is the molecular weight, p the density and n the
viscosity. The assumptions on whiéh Giererrand Wirtz(1953)
baéed their calculation of fhe microviscosity correction.
factor 6.125 from the classical h&drodynamic theory and

which have been carried into Eq. (2-12), have been criticized
recently 5y O'Reilly (1972&). Neverfheless, microviscosity
theory aﬁparenﬁly works well for the polafrreorientationalﬂr
motion of small poiaf ﬁblecules (Gillen and Noggle 1970).

Using the data in Teblel<falong with Eq. (2-12), we obtain

an activation energy of (1.7 + 0.,1) kcal/mole for qJ, and

this temperéture dependence is plotted in Figure 2-3

TABLE 2-2

DENSITY AND VISCCSITY DATA FOR LIGUID CH_Er

T( °%) | o(g/ml) - mn(cP)
275 1373265f 0.3767
263 1.75676  0.4139
253 ‘ 1.78077 0.4585
ohz ' 1.80488 0.5115
- mefs ‘?:?t”:réESEaéﬁ;”Pﬁygiaai”Piaﬁéifiéé’bffbhémiéii”” )




- FIGURE 2-3

rotational rate constants fér CDaBr; ‘PL,waS placed from
eztrapolated dielectric relaxation data at 1°, 20° and 25°C
asvdescribed in the fext, withvtemperature dependence:
identical to that of the microviscositygdiffusioh’conétaht
7, caiculated from literature values of m and p over the
temperature‘raﬁge’—50°C'to o°c. Absolute vdlues of qi ére
plottéd for comparison., Values of DH atra‘given temperature
were then obtained from ?L_and'the measured 2D relaxation

rate using Eq. (2-10).
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. FIGURE 2-4
/
Deuteron spin-lattice relaxation rate in CD_Br
-1
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For comparison Q?e‘three dielectric valueé of Pl are
indicated, and are seen to agree well with D .

' llow making use of PL along with the 2D relaxation
times (Figure 2-4, Table 2—1), the measured 2D quadrupole
coupling constaﬂt (Caspary et al., 1969) of 171+ 4 KHz
in oriented ligquids, the D-C-Br angle and Eqe. (2-9) and
(2—10),“DH and its temperaturevdependence ara obtained,

We £ind E (D)) to e (0.9+0.2) kcal/mole, and that reori-
entation about the rigure axis is about eight times faster
than reorientation of the fiéure axis at 25°C.

The derived values of’Di yield reorientaional corre-

-1

lation times r = (GDi) that can be compared with the

21

(6]

rlzzeical free rotcor reorientaional time about the same

exis - (3/2)(1/xT)% in the so-called y-test (Gillen

i

and Noggle 1970). Thus

N

'2-13) X4 =‘T9éi/Tfi‘= 5/(18D, ) (kT/1)

M

nd'x{ >> 1 for the rotationzl diffusion model to apply.
wWe findg XL ranges over values from 3 to 10 for the "tempe-
rature range +40 to -£L°C, indicating that this motion does

indeed tend to the rotational d4iffusion 1limit, as was:

_earliser agsumed., . .on the &ther hand, 7XHf3.la-lll€‘S of 1.1 %to .

sre foundi cver ths same temperature range, indicating
ion to Be in the intermediate region between diffusion

zrd the inertizl rszion., This is not a surprising result,

e b i

g e
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i Bedi

for,fhe molecule has a very small moment of inertia about
the figure axis, because the motionArequires né reorien-
tation of the dipole, and because the angular dependence
of the intermolecular potential is expected to be small,
The liguid microdynamics of CHaBrale then similar to CHsI

(Gillen et al. 1971) and CH_CN (Bopp 1967).

3, Proton Relaxzation

A11 theoretical calculations of the igzgzmolecular 7
dipolefdipole interaction involve many quesfionable assump--
tions(Hertz 1667). It is assumed that (a) the relaxation of
spin I is due to the uncorrelated motion of all its inter-
molecular Spin pairs, (b) only relative translation changes
the intermolecular dipole vector i.e. the effect of rotationé

is negiected, (¢) the molecules are spherical and have a

single distance of closest approach independent of relative

orientations., A typical theoretical expression for R dd
: ‘Inter
iz (Mitchell and Eisner 1960),
oY ShEHT o
o1k * - 17t gyer (mans 2+ Sovero(r41) 2
=1 Rllnter 52 RASEEAES )§ ag 4 i) dof}‘
- i if -

for the it'th dipelar nucleus due to the intermolecular
couvrling to all other dipoles in the sample, The sum over

3 includes 211 nuclei of the same type as 1i; the sum over

11 non-identical nuclei on neighbouring molecules,

sk b e A

e b e g



The.d® is the distance of closest approach; N is the number
of molecules per unit volume, a is the radius of the assumed
spherical molecule and T is the translationa1’correlation
time, _
\ w“
The temperature dependent proton relaxation times are

shown in Figure 2-2 for pure CH Bf and for mixtures contain-
3

ing %1.7 and 6L.8 per cent mole fraction CH Br in CD Br.-
. 3 3

w

r-CD Br mixtures the intermolecular relaxation

For these CH
2 3

rate is,

o H _ g B-H o HD _ _ H-Br

inter Linter Yinter Uinter

(2-15)

Since y2 = 42,5 Yé and the spin values are different, the
dsuterium iﬁ ¢D Er will contribute '/, as much to the
intefmolecular relaxztion as the hydrogens in CHSBr. The
total proton relaxation~is then,

~n 23 T ‘~T‘I 5 ad
(2-1) ® _eg 1 HR g HeBr gdd 5 8K

linter Yinter Yintra 1

L plot of = ¥ vz, 23C/2L gives,
i
H_E .
zlope= 2 7 7
1 U
{2.17) LoEnuern R N
1 pogiysy -D 3 S
znd intercsrt = =5 B 7 + g 07D . g % + g °R
=T linter "inter Yintra .
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Now wefean proceed to eliminate- R*fnggg“if*We”assume’***""f*”*

that dH—B equals do { in fact,, 42 will be actually

H-H
R whence

H-Br

greater than dH H)

(2-18) g B-Br = g g7 g HH
linter - linter

dd
lintra

SR

We are then left with separating R from R ~
. - » 1

Za, Translatiocnal Diffusion

The translational correlation time Ty is given by
the 1liquid's self-diffusion coefficient D, by (Mitchell

and Eisner 1960),

(2-19) T, = a®/12D
' r 2y 4
(2-20) o H-H O _3rhiyg W
1 o
inter QDS dH-H

T_ is given by the Stokes formula as kT/6mma, in which -it is

G

assumed that a spherical 'solute! particle of radius "a"
moves 1n a continuous 'solvent! medium’ of viscosity n. Gierer
and Wirtz (195%) have extended Stokes! theory by introducing
z traznslistional microviscosity term fis to account for the

- finite size of the sclvent molecules., For & pure liquid



(2-21) D, =
Therefore,
(2-22) p H-H
linter
\ o - = Sg-
How forjd Hofp ca
s
0 o
(2-23) 5 HH
Yinter

o2 henyd Na
Ahldyly

- T -

on #h 20y N
4kT

which can be directly compared with experimental values

(Table 2-3).

From this we see that the theoretical results

gre in surprisingly good agreement with the experimentally

obtained values,

2.1 kecal/mole and from

THEORETICAL AND EXPERIMENTAL VALUES FOR T

3

N
o
bt
P
~—

o
-
A

[O)
o

n
\N

N

<

From theory the energy of activation is

experiment it is (2.3 + 0.3) kcal/mole.

TARLE 2-3
H-H
'inter
Theory EXp. :

(from n; Eq. 2-20) (from data and Eq 2-14)

72 sec 66 sec
£2 gec 56 sec
5% gsec 47 sec
L2 zec 51 sec



2b. Proton 1ntramolecular d;pole dlpole interaction

Separation of R dd' from R SR can be accomplished

, lintra oag ,
using the theoretical equations for R ; given by
"intra °

Powles (1963), which assumes independent pairwise inter-
actions and neglects symmetry effects:
H-H 5 k2 a4 2 -5 :
(2-24) R = 2h2y2 s 2 (3% ri%) 1 (H-H)
. Vintra B B agg I3 oe
where n is the number of protons in the molecule. For the
interaction between the protons and the bromine it is;'

__4 2 —6 -
(2-25) R H-Br =2 h YHYBTIBT(IBT+1) T iEr T, (H-Br)

lintra
TC(H-H)liS the effective correlation time for reorientation
of the proton internuclear vector and can be calculated
using PL and Dy with -§=90° because the pertinent proton
’ b :
relaxation interaction occurs in the plane of the methyl

~ hydrogens.** This plane is normal to the major axis.

*# The values of DW and ?L appropriate to CD Br have been
! 3 .
corrected for the calculations on the CH Br case,., The
- 3

ifference between ?L for.CD Pr and CH Br is neéligible but

the difference in Dp 1is large since the pafallel moments of

H . o R

vnertla d1 fer by a Pactor OP 2 ThlS large dlfference in

Ty however 1s not very important since the correlation time

1
h
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b B s el s RS e R

T 1sgn0t,affected_much,by_ghangesm;n D“ (~9 Der cent

difference if we use D” for CD Br 1nstead of D” for CH Br),

For TC(H—Br) 8= 25,0°; using the appropriate internu¢1ear
distances given in Table 2-&; we obtain the following:
for 120H379Br

(2-26) r 44

1- " N -
intra. . v / &

il

for !2CH ®lmr
3

(2-27) =% - 492 x 1010 Tc(ﬁ—H) +7.11 x 10% 7 _(H-3!Br)
lintra ,

dd is shown in Figure 2-5.
tintra

The resulting R

Zc, Proton Scalar Relaxation

The faét relaxation ofrthe bromine nucleus induces
rapidly fluctuating magnetic fields at tﬁé protons uﬁder‘
, observation; through the indirect séalar éoﬁpiing, JH - Br .
This mechanism is called & type II scalar 1nteract10n by
Abragam (1961), Thelcontributions'to the relaxation pro-
cesses for the spin Irbymthis interéction areﬁ

- 5
r— N
,

| S ()2 Tag

[2-28) g SC _ 2l S(s+1) ‘

1 D 1 1+ (w_ - w,)3T%

o L ’1 28

R TE S S e - T
(2-29) = = 5\ (s+1) T + 23

=4 3 I 1S .

. 1-&@14%) T;S

4,92 x 10'°r (H-H) + 7.15 x 10% r (H-T°Br) |



, TABLE 2-4

-

GEOMETRIC PARAMETERS AND MOMENTS OF INERTIA FOR CH Br
‘ 3

N

*
To-g ,?1096'A,
Ty-m 1.806 4
YooBr 1.9% Axx
TH-Br 2.50 A
< H-C-H 110°58' *.
< Br-C-H 107°561 *
< (-Br-H 25.,0°

.
- o * %
{L, 10" %%z, em™ 87.7

P * %

I”, 10_"Og.cm 5.51

A11 values obtained from references below, otherwise

calculated,

# 7.1, Barmett and T.H., Edwards, J. Mol, Spect., 20,
2(1965).

J. ¥ .5immons and A.G. Smith, Phys. Rev.,

2
(1947): o
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FIGURE 2-5

Separation of the proton intramolecular

‘relaxation rate in CH_Br into its intra- ~
C - N . L
molecular dipole-dipole and spin-rotation

rates,
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S

“where J

and S, w and'ws are the resQnant angular frequencies of

I

', the nucleil with spins I and S, and. T is the transverse
.ZS

relaxation time of the guadrupole nucleus, which is in

the liquid state egual to the spin-lattice relaxation time

T .-
1S . , B
—rh 2me > .
Wy, ) FTEp, 2> 12> Typ

» and not to R,

Since ( T pp> this,meqhanismw

contributes only to R, Therefore the

H H*

selective measurement of R1 and Rér selective for the

, H a
species '2CH Br) cen be used to determine this scalar con-
s

tribution and thus the spectfaily unobservable J coupliﬁg‘

.. H-Br

constant. R*H was measured by adiabatic fast passage. Values

for TI(TSBr) and T (®'Br) (Figure 2-6) were obtained from

1 R
the extrapolated PL values of Figure 2-3 based on_the die-
lectric results, together with literature values (Gordy et al.

1953 ) for the isotopic gquadrupole coupling constants. Rer

was obtained by the rotary echo method on the '2CH Br reso-
, ) 3

nance, Since distinct Rzr decays from the equally abundant

I3
species '2CH 7"®Br snd 'ZCH 2'Br were not experimentally
. 2 5
resolved, 1t was assumed that the observed experimental
decay gave mean values of the individual decay constants.,

The J values were then resolved by noting fhat the ratio

51 o d - =Y s / Y -
1H,_795r/ IH_GIBT 7931, ' BlBr

S 7I3+7147 ¥z and - J - 7:12#"_%_)‘# Hz oo e e
‘.H_"I’E‘BT - 1H_81Br -

. The extracted valuesg were
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FIGURE 2-6

79Br and ®!Br spin-lattice relaxation times

calculated from dielectric results.
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L, '2C¢ gpin-lattice Relaxation

For the '°C relaxation in a methyl group it is safe

tc assume that the intermolecular dipole-dipole relaxation

Te

iz 3nsignificant as previously mentioned. Therefore the

[

T 15 of U
1

from a combination of intramolecular dipole-dipole, spin-

[

in liquid methyl bromide (Figure 2-7) come

rotation and zcalar relarzation of the second kind resulting
from scalar coupling of !'3C to either the "®°Br or ®!Br
nucleus, This efficient scalar relaxation between 1'3(} ahd
Br hasz been cbserved for a number of systems: bromo-
;g methanesg/ (Farrar ?t 21, 1972; Iyerla et al. 1971) ,

v-cromobenzonitrile! Freeman and Hill 1971) and bromobenzene -

lTevy 1972)., The +otal relazation expression for '2C can
. J 2

b
. s
1E8hm L] ac
ttotal Yintra ! B
. o -
Tne dipolar ccniribution is given theoretically as,
3 A Zay 2 z 2
‘zoz1) = 36 . 2YgvE_  n® 5 yZ h=
==2 - = - 1ap 130 79381y
Yintre T (C-H) + : r (C-Br)
€ c 6 c
TC-H C-Br
e g = = — ,/ - - - - - -
Cadineothegprrorrizte valuez for the constants and inter-
= P~ ~ A
mzlscular dislances, .



(2-32) R = 6.52 x 10'° ¢ (C-H) + 1.33 x 10!'° ¢ (c-79Br)
lintra ¢ ¢
(2-33) =% - 6,52 x 1010 v (C-H) + 1.43 x 10'° r_(C-21Br)

lintra

Tc(b—Br) isvthe correlation time for reorientation perpen-
dicular to the symmetry axis and is equal to'(6PL)j}’ The
tensor axis whose reorientation 1s represented By TC(C—H)
is the same zs that from the 2D relaxation.** The calculated
contributions are listed jin Table 2-5 for 5°C and are
plotted in Figure 2-7.

Recently Kuhlmann, Grant and Harris (1970, 1971) have
shown that evaluation of the 15C—{‘lH} nuclear Overhauser
effact (ﬁOE) in conjunction with nucleaf spin-lattice
relaxation times (Tl) allows a separation of the dipolar
mechéniém from other T processes. Farrar, Druck, Shoup

1
and Becker (1972) have measured this for liquid methyl

ad
bromide at 30°C and 15.1 MHz; they obtained ﬂI_{S}z % Ys R1
] T p—

- 0.29 ( thie is the ratio of the change in the LR otal

total intensity of the spin I resonance during double

rezonance to the single resonance intensity); and T ('30)=
, , ’ 1

. . - dad -
sec, which gives an R N
tintra

(@b
&Y

= 0.017 sec ! in very good

zood approximation even though D“(CDBBr) is

(4]
F
o

'
o
Hy o
Hy | W
®
L]
D
3
!

from DH(CH 2Zr), This is shown in the cal-
culation of I "120) using TC(C-D) instead of TC(C—H).
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FIGURE 2-7

Separation of carbon~13 intramolecular

dd

axation ra o) H Br into R .
rel tion te of C = nto yintra,

[ e
7 S8 ang z SC(7emy),
1- 1
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TABLE 2-5

CONTRIBUTIONS TO THE '3C RELAXATION TIME IN PURE CH Br
3

total

T
1

R 383~
T omtH=TEC -

T
tintra
SE

b) 1SCH35‘Br

T Mechanism
1

AT 5°C

TTTRETaxahl _n Rat g~ Re 'Iaxatihn' "Time-——— -

(s&c™1) (sec )

0.126 7.9
"OIéigﬁﬁ"”’ 7 | 53”'”' 7

0.047 22

0.060 16.7

0.00015 ~6700

Relaxation Rate

o

Relaxation Time

(sec™ 1) (sec

TitOtal 0.068 14,7

t17_13 |
T H-TC 0.019 53

tintra

=
;is“ 0,047 22
TISC’ T 0.0018 T A560°
T T T T T T T T "7'7”7777'7”7‘1'31’7:48 1(‘ R — T

o 1SSy 0.00016 ~6300

tintra



FIGURE 2-8

Temperature dependence of the R SC(79Br) and
1.

% 5C(
1

relaxation rate,

®!Br) contributions to the carbon-13.
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agreement with our theoretica1 Rdd - - (Figure 2-7).

'intra o
Tt appears therefore that the dipolar contribution to
'3C in liguid methyl bromide is small, at least at the
higher temperatures, ST ) -

: : SR sC
We are left with separating R ~from R for
1 ) 1

*2¢.  The problem is that the scalar contribution is not

the same for both bromine isotopes; - in fact as shown later

SC

and the
1 ,

it is the "®Br isotope which contributes to R
ElEf contribution iSrquite small'(see‘Figure‘Q—S).”"

The spin—rotation;interactionrconstant for the '°C
spin in CHSBr has not been repojted. /However it can be
estimated’from the average paramagnetic shielding of 13¢
by a method due to Deverell (1970). From an 'atom in a
molecule"apﬁroach he finds the modified Ramsey paramagnetic

shielding oé to be for a nucleus on the axis of a symmetric

top molecule,
(zfju) Ol = Oy - Y = (QW/Bth)(Mp/me>(29l¥L + C”I”)

where represents the atomic diamagnetic shielding, taken

1
a4 |
to be a constant, and can be calibrated from the observed

nuclear chielding of a molecule whose isotropic spin-rotation

~constant 2, = 3 Tr 7 has been measured from molecular beam

ay 2 =1 2
-rien forms the basis of an absolute chemical

2
-
o
|
N
t
S
o+

data., Zg.

shift scale for nucleus I, The constants in Eq. (2-34)

<



fhaye théif usuél meaﬁiﬁé; Qiéﬁﬁél being the nuclear g-factorﬁ
of spin I, and the units‘of é.being in Hz and I in gm-cmg;
Using the value of C= =32i59 kHz for;lscleo;(oZier,

Crapo and Ramsey 1968) along with;Eq. (2-34) we can esta-

plish a 13¢ shiff scale basedﬁonl’sco as the reference,

. oﬁ = -256,3 ppm for ’qu. ‘The measured shift of 130HgBr

is 172.3 ppm upfileld fromf’SCO;therefore 0&'5‘484}O'ppm"”"”

for '3CHsBr.

If we now make use of the following two equations,
2- g! = 5(20, + 0o
(2-35) ;= s(20) + o)

(2—36) AT = 0” - U-L

along with of = -84.0 ppm and A0= -10 + 5 ppm (Dailey and
Bhattachéryya 1973) for 'SCHszBr we obtain o” and ?L' Now

by equating Eq. (2-34) with (2-35) we bbtain,

(2-37) 20| + 9y = 7.78 % 103»O (gilél + 4oy )

and therefore

{2-38a,b) ?L = 7,78 % 103Q;l91 éﬁd OH = 7.78 x 1083° I”C”

Srom which we ottzin QL = + 1,20 kHz and C“ = + 21,2 kHz.
|



/

Théséi}égﬁifsméféwiﬁ”dé}éément with Lyerla, Grant and Wang's

many non-linear molecules is near isotropic i.e: (IC),C 2= I”C”
== ;l?i.' This is true only for the cases whgre Ao is small
compared to Oﬁ'

Spin-rotation interactions in small molecules have been
the subject of many studiéék Gillen et al., 1971, 1974; Woessner.
gE;§}5‘19683 Sawyer and Pow1e571971; Litchman and Alei 1972), -

SR
‘1

An expression for R for symmetric top molecules is given by

(Bender and Zeidler 1971; Lyerla Jr., et al. 1971),

- ; Sé . 8”21{':[" ) T V 2 T
(2-39) R75 = e (I”C”)‘ Tul 2({LQL) wj

: T 0

The terms Ilcl and IVCH refer to the sets of longitudinal and
transverse components of moment of inertia and spin-rotational

coupling constant with respect to the symmetry axis,

The values sobbsined for'C” and qL in 13CHgBr are nearly.
the samevalueg as obtained for !3CHsI (Gillen et al, 1971).
Zoth of thes% molecules are symmetriq tops consisting of a

methyl group éTd have nearly the same (IC)t for the '°¢ gpins,

out in methyl'bromide this is masked by the large scalar

contribution from the bromine, We will assume the same TISR

for the carton-12 spin for the more complex case of !'2CHaBr,

t has been shown for the mclecules 3CH5CH( Gillen et al.

1974) and "°CH,I Gillen et al.. 1971), that the 13¢ spin-rotation



félaxé%iégris domigated By reorientation about the figure
axis, i.e. Twl/;L << Tw“/ I”, so that this term can be ne-
glected in Eq. (2-39). We then obtain TwH = 0.22 psec at

30° C for the methyl bromide geometry. This correlation

time can be identified with the4time between collisions that <
interrupt thé angular velocity about the axis, andkmay then

be comparéd with the period for free rotation through one

radian given by the equipartition principle,

(2-40)

» ‘ ,¢“ P (IH/kT)%'= O;il’psec

with the result that the molecule makes about a 100° jump
for the parallel moticn., However this value should not be

taken as a quantitative measure of this angle Jump since it

SR

is based on an assumed value of 18 sec for T, , but we can

say that the angle jump is large. Hubbard's relationship
(1963): : ¢

©rg-b1) Tg o Ty = ——
v . 9,2 w ' 6
' . JKT
: 5

may not be need to calculate L because this motion is not
' _ o i o
in the rotaticnal diffusiomr. limit but instead in the inertial

~iegioaf~mHowever~f0rmthe4perpendicuiar’”motibn”thé’ﬂﬁﬁbafd -
relaticonship should hold, and we may use it to calculate Tgl'.

k4 £



For fﬂérpéfﬁéhdigﬁiéfwﬁgtiéﬁ’we bbfain.Tw = 6.039 psec and
Tl,r = 0.46 psec. This means that for this motion the |
molecule moves through an angle of apout 5°. These results
are in agreement with those found by Bartoli and Litovitz
(1972) using Reman scattering techniques and the results of
TLaulicht and Meriman (1973)Vwﬁo obtaiped a value of (8)=3i1°.>
At this time we can check the statement made about the
spin-rotation interaction in '®C being dominated by the
orientation about the figure axis.. If we substitute the
'valﬁes for RlsR, I”, ;L,C”, QL,,Tw”, T%L into‘Eq. (2-39)
we see that the reorientation about the figure axis contriQ
butes 98:O/Q while the other 2 per cent comes ‘from the

perpendicular motion.

The derived R, values for 13C are a meanlvalue because
we have two isotépié species '2CH37®Br and '3CH3®'Br which
have differentlﬁlsc contributions. Again,“this experimental
problem is that of decompbsing,a double exponential in the
proton rotary echo eﬁvelope decays for the '3CHaBr resonancesj
However deviation from single exponential recovery was not,
obeerved, at least through the first decade; this indicates

that the ratio Rz .('3CHs7®Br)/Res,. ('°CH;®'Br) < 1.5 and

rH
%, (120H,7%8r) /7, (13CHL2Br) s 2 (see Experimental section).




.-

the R,(!'3C) can be expressed as,

- T
(13 79 : s /13 a1
(2-42) Rigpg(1%C) Ry (" °CHg B?) ; R1('3CH5%!Br)
using Ry, (12C) at 30°C and the estimated value of TlsRAat

the same temperature we can calqulate‘thewRisq contribution

atvjoogfand thus the coupling cohstants'J13C_7gBr and Jisn_sip,
(30 £+ 4 Hz and 32 £ 4 Hz correspondingly). Using these
coupling constants along with the temperature dependence of
the Br T, values in Figure 2-6 and Eq. (2-28) applied to.
the C-Br pairs,'we obtain the temperature dependence of Risc
contribution, leaving finally in Eq; (2-30), the temperature
dependence of the RisR contribution, The resﬁlts are plotted
in Figure 2-7. f \;’ N o

It chould be pointed out that usually R,°C is small but
in this case the proximity of the y's of '2C énd 79s81py
coupléd with the very shprt TgBr»makes this contribution
gulte significant., From these results we see that the 7By
isotope is the one which contributes significantly to the Risc
while the ®!Br isotope cbnfributesronly a very small amount.

The experimental activation energy of the spin-~-rotation

interaction relaxation is found to be‘(—O.TIi 0.2) kcal/mole,

This value can be compared with the E_ for Dy, which is (0.9£0.2)




ngal/mqle;wthe/yg}ggghqgrggfwithih experimental errors., Thus S

. although the motion about the symmetry axis is not in the

diffusion limit, as discussed in Section 2, we now find that
the~activation energies are- related-a&s though the diffusion
modelyapplies. . This result is at variance with the correlated
inertial model of McClung (1969,1972) but is in agreement with
earlier data ( Gillen et al. 1971; Woessner et al. 1968) for 7
CHgi éthCHSCN. 7%heieqﬁai andrbppbsite téﬁpeféfﬁfé'dépehaéﬁéégik77
of DH and Tw” have been taken in the past as evidence for ﬂ

methyl group reorientation as the source of the large spin-

rotation interaction.

5. Proton Spin-Rotation Interaction
SC
(

Since R,”7(H-Br) is negligible, the spin-rotatioﬁ con-
tribution is all fhat remains of Eq. (2-17) and by subtraction .
its contribution is also shown in Figure 2-5. Its energy of
activation is (-0.6 £ 0.2) kcal/mole. The errors are, from
uncertainty in Eq. (2-17) because of possible errors in the

rdilution ex%rapolation.

The: 'H spin-rotatién constants for CHsBr have not been
repa;tedg’ﬁowever we may estimate the averaged spin-rotational
constant by\Deverell‘s method (1970). From molecular beam
data it was\found for OH, tﬁat Cﬁ = -1:58 kHz and Cy =A+16.5M kHz
{Woféy et al, 1970) ; since the chemical shift of CHaBr is

2.3 ppm dovmfield from CHs we obtain,



a, ’2~3§) is only aﬁ@licab}e4When the 'resonant nucleus is
Tonzted along the principel cymmetry axis, as is the case -
for the céfbog-li epin in l?CHQBT} however thisrequéfion*'"
doeé not ajply for z nucleus off the principal axis i.e.

*the protons in methyl bromide., The expression for the spin-

3
O
e
o

tion contributisn to T, has been explicitly obtained

n

i

focr the resonant nucleusz located off the symmetry axis for

zrherical-torp and symmetric-top molecules (Wang 1973). He

vzt agsumes that the - bond in a molecule such as methyl

cromide lies z2lcng the z-axls with the proton along the z-axis
=zt zome point &£ 2t wnizh the £ tenzor for the proton is

= C“),‘he then

™~

s C s
i vy fL and Yz

to its final position at the y-axis
cn the w-7°Tlane by & rotaticn about the cazrbon through an

igure £-2). ALs 3 result the C-tensor element




FIGURE 2-9

¥ ; o

Felocation of the proton from the z-axis to.the
v-axis to obtain 8 value necessary for the calculation
of the spin-rotation contribution from the proton

nucleus which lies off the principal axis.
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SR

Wang then obtains the expression for R;"",

(2‘)"L3) RisR = %%T—— I” (C” + Bsin26)2( Tw“'
2 ' 1+ 2D
Loy
TU) TLU
-+ 1) (BPsin®ecos ) L X I

13 QDLT@L1+(D +D”)T&‘“”“

T ;L(QL-BsinQQZE gl '
1+ (D_L+Dll )TUJ”

in the 1imit Dy 7 T << 1 reduces to
Lep Ly o

- - SR OmET .
(2-4b) E, - 352 [:IH§C” + 331n26)27w“ fFLstineacosge
T B
Tw + w“ + Il[<Cl-BSin28)2+CL2]Tw ,
l l-l-D”TwH l

Now we may use the value for T along with Eq. (2-U44) and the

values 'rwlx = 0,22 psec and T@l = 0,039 psec , D“ = 250 x 1019
and the e;perimental PlsR = 0,050 sec ! and obtain values for

Cooand Co. ve cbtaln two possible solutions: (a) QL = +1,07
KEz and = -2.9%5 kHz, (b) o= +0.4T ke and 0= ¢ 10,18 kHz.

. ) T : - ) \\—/,



SB0=

We may compare these to values obtained as in the 130

calculation using and Ac for 'H. From this calculation

o] i
p : _
we have obtained QL = +0.50 kHz and CH = 49,17 kHz in exce-~-
llent agreement with the second Set of solutions,

The various contributions to the proton relaxation time

in pure CHsBr at +5°C are shown in Table 2-6,.

~

e



CONTRIBUTIONS TO THE

T Mechanism
1

- total

H-H
Yinter

H~-Br
Yinter

H-H
lintra

H-Br
“tintra
SR

=

o =61-

TABLE 2-6

'H RELAXATION TIME IN PURE CH_Br

AT 5°C

Relaxation Rate

(sec™ 1)
0.07F
0.014
0.001
0.017
0.0006 g

0.047

Relaxation Time

(sec )

12.7
71

~1000
59

~1700

21,

o



CHAPTER 3
ANTSOTROPIC ROTATIONAL DIFFUSION IN DIMETHYIMERCURY

4, Introduction

Nuclear magnetic resonance is a convenient probe for the
study "of the rotation of molecules in liquids(Abragam- 1961)
because thé nuclear spin?relaxation time depends on the mole-
cular motion although there is still some question as to the
validity of the various proposed models, In a molecule in

the liguid phase; the more nuclei whose relaxation times can

be measured, the more information one can obtain about the \

- motions of that particular molecule (see e.g. Bopp 1967;

Zeidler 1965). For nuclei of spin I21 the quadrupolar relax-
ation is generally the domiﬁant mechanism in thé spin-lattice
relaxation time, However for nuclei of_spin %z the problem is
more complicated because of the various possible mechanisms
which may contribute to the total relaxation rate.

In a number of studies involving nucleil of spin %,

3¢ (5illen et al, 1971; Ferrar et al, 1972; Grant et al, 1971);

_ 133 (Litchman-and-Alet Jr. 1972); 112Sn (Sherp 1972, -1974) . .

and 2°7Pb (Hawk 1974) it has been shown that the spin-rotation

Y3% {fArmztrong and Courtney 1972); 3!'P (Sawyer and Powles 1971);



spin-rotation interaction (I-J) becomes more important for

the higher Z nuclei of spin £, however stﬁdies involving these
higher Zvnuclei have been rarely reported in the literature.

- If indeed thisrinteraction is large it should be reflected in
the value for the spin-rotation constant C for the 199Hé
nucleus in dimethylmercury. 7 - 7 _ ‘

Along with the study of the relaxation of the 199Hg(
nucleus we have also studied the 'H and °D temperature depen-
dence of the spin-lattice relaxation timeé)and thus derived
the anlisotropic reorientational motion of the dimethylmercury

molecule,

B, Experimental

1.’ Measurement of relaxation times,

rThe proton spin-lattice relaxation times T, were
measured by the saturation recovery method (Van Geet 1965),
and rapid adiabatic passage with sampling (Parker and Jonas
1970) on a Varian A56/60 high resolution NMR spectrometer
operating at €0 MHz. The °D spin-lattice relaxation times
were measured at 15,4 MHz by rapid adiabatic passage with
sampling on a Varian XL-100 MR spectrometer. ?

The '®%Hg relaxation times were measured indirectly
by the modified rotary echo method of Wells and Abramson (1969) .. .-

cn the troteon nmultiplet components, R

‘ZT(ETQ;I) for protons

wes obtained at £0 MHz (14,1 ¥3auss). The relaxation rate in

e



=B

¥

-

the rotating frame &g mentioned previously is given by,

(3-1) _ Rz

—

T = %(RS.H + REH) |

Therefore by performing a selective rotary echo experiment
on the proton sighal due to the dimethylmercury molecules con-

taining non-magnetic Hg (I=0) we obtain,

. i T T
(3-2) Fzy = 2(Rig + Rap)

For this case the value of Rgr(H) was found to be the same as

By (H) which means that Fi. = Fgé .

Also performing a selective rotary echo experiment on either

doublet member due to '®PHg(CHs;). (see Figure 3-1) we obtain,

z - IT . T
(2-3) Rer = ?(Rlél + Rzé )

Jhere Rlélz RiH since hoth dipole and scalay, contributions

from '®°Hg to 'H are nezligible, and Rzélr R1§I + Rl(’g?Hg);

2, (1°%4g) is the mercury-199 scalar contribution to the proton

_:2Ha

The 29'Hg isotope (13.22%, I= 3/2) is scalar coupled to

-
il

g out collapsed in the spectrum, and affords a scalar Ry

mechanism to the 'H which is included in with the rotary echo

(1=0) resonance. The effect is negligible .

ol
g’

measurement on

- (D

85 1¢

shown in the calculation in Appendix B,



Flgure 3-1-
F\

'H spectrum of neat liquid Hz(CHs). at A0 MHz
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Therefore using these two selective rotary echo-experiments
we can indirectly obtain values of R,(19%Hg).
II

(3-4) R, (1°%Hg) = 2(ARz,) = 2(Rzl' - Rol )

-

- For the mixtures of Hg(CHs). and Hg(CDs). there was no.v
evidence of any of the mixed species such as CH3~Hg—CH2D etc,r
or Hs-Hg~-CDs so that in the separation of the varilous mechahisms
we did not have to worry about possible H-D or CHs-CDs exchange.
Temperature control was—accomp}ished using the Varian
7-6040 variablé temperature NMR probe accessory. Temperatures
were measured‘using a copper constantan thermocouple, tempera}

ture readings were accurate to + 1°C.

2. Synthesis of Hg(CDg)g

The de-diqﬁthylmerpury was prepared according to Gilman.
and Bfown’s Grignard method (1929) with minor modifications.
In a dry 100 cc flask fitted with a reflux cbndenser and a
drying tube filled with "Drierite” was added 2.0 grams of Mg
turnings. To this was added 10 cc of dry(abéolute),éther and
2.0 grams of dry methyl iodéde-dé (Merck, Sharp and Dohme of
canada)., As soon as the reaction had started; a éolutioﬁyof
%.d Zrams CDgi in 40 cc ofvd}y (a%soiufé) ether was slowly
added, An ice bath was used tO cdol;thé-ééagtionflaskwhen
tﬁérfe;étiéﬁﬂg£bceeded %oo}vigbrously.L When spdntaneous .

refiuxing had ceased, the mixture was further refluxéd for

+
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30-minutes to drive the reactlon to completion

The Grignard reagent was carefully decanted from the
excegs Mg into a 500 cc flask fitted with a condenser and
heated until refluxing had beguh. To this is attéched a
Soxhlet extractor containing 7.15 grams‘of mercurié éhloride
and 75 cc of dry (absolute) ether is added to the flask. This
was allowed to reflux for 3 days to improve the yield of
dimethylmercury-ds.

| After three days of refluxing the solution was cooled

in ice and the excegs Grignard reagent was destroyed by the
addltion of about 25 cc of water through the condenser. . The
water had to be carefully added to keep the reaction from
becoming too vigorous. Néxt the ether layer was separated
‘and the agueous layer extracted with 20 cc of‘d?y (absolute)
ether, The combined efher extract was washed with Eé ce of
water, separated and dried over CaCls,. . The ether was carefully
distilled off usingva ﬁspiral” column, The remaining traces
of ether were separated out using preparative vapor phase
chromatography. The yvield was %.92 grams of Hg(CDs)o (57%
vield); B.P. 82-80°C {uncorrected}.

The ngle)g wae obtained from Alfa Inorganiés. The
samples were degascsed in 5 mm tubes by the usual freeze-pump-
thaw cycles under vacuum., The viscosity and density were

_measured by standard methods, — - e s o
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C 3. Spin—Spin coupiing*cnnstants'and chemical shifts in .

Hg(CHs)z and Hg(CDa)

We have{measured the various nuclear spin-spin coupling
constants for Hg(CHs), and Hg(CDs), using 'H and '°C NMR.
These values are tabulated in Table 3-1,

The first four coupling constants are in exeelient ’
agreement'with the results of Dean and McFarlane(1967). The
last two coupling constaﬂts have never been previously reported.

The value of J1 =1, 9 + 0.1 Hz iIndicates that the <H-C-D

H-°D
is very.close to 109.5° since the geminal coupling constant
is very sensitive to small changes in the <H-C-H (Karplus,
Irant and “utowsky 1959),

The ratio JC—H/JC—D is always very close to the value
predicted by the gyrogggneﬁiciratiesvYH/YD = 6.514% (Wimmett

195%3) so that we mayﬂthus“ealculd%e the value for J,_ ,- 6.51443, |

C-H
= +0.6 + h 0 Hz. Thus it’ appears that the 1sotope effect on
coupling constants 1s. negllgible ; These results are in agree-
ment with those observed by CDlll,,GOld and Pearson I973)ffor
a variety of deutes;ated organic compounds‘ '

,»,n.

«e have also - measured the deuterlum isotopic shift in

"poth 1*0 and 1H itk P of Hg(ng)g and modified species. The

values obuained are 6 Ti2¢0) = 0, 95 + 0.07 ppm upfield and

set
bécot{‘s) (CHz-CHDz) = oF oué’e”@ 003 pm»alsa upfield. The
~isotopic difference i the 1H and 136 1is representatlve of the - -

2

ifferences of rarges in chemi l: h fts (1%C ~ 600 ppm and

‘H ~ 20 ppm). o L T




' TABRLE 3-1

NUCIEAE SPIN-SPIN COUPLING CONSTANTS TN Hg(CHs), AND Hg(CDs)-:
*
*

}JlH—lac = 129.5 £ 0.2 Hz ( 'H spectrum) ¥
2J1H—199@: 101.5 = O-? Hz ( 'H _Spec‘trum)r

lﬁlac_199Hg=684.6 £ 0.3 Hz  ('%c-{'}} decoupled)

X
Tig_ty = 0.43 % 0,03 Hz ( 'H spectrum)
- 1J1H—2D = 1.9 = 0.1 Hz ( 'H spectrunm).
"Jisp_zpy = 12.8 £ 0.6 Hz ( !'3C undecoupled
- spectium)
4
icte:  'H spectrum obtained on Varian A55/60 at 60 MHz and
Liee 5P _ .

130 gpectrum obtained cn X1,-100 operating at 25,1 MHz

in FT mocde,



~70-

C. Pesults and Analysié

is mentioned previously for most nuclei of spin % the

rélaxation_is caused by a combination of mechanisms: inter-
molicular and:iﬁtramoleculaf dipolar couplin%, spin—rotatiqn
and possibly cﬁemiéal shift anisotropy. The pro%on relaxation
data in Table 3-2 and Figure 3—2‘indicate the presence of
ceveral Mephanisms in the relaxation rate,

A

As described earlier the form of the chemical shift

anisotropy contribution is'RlcSAz %g YEHS (O” - ?L)ETC since

(g%éﬁ gl) ~ 1-5 ppm and 7 Py 1?_12 sec for protons usually,
\1CSA

F T 107° for protons is negligible. For '°®Hg the chemical _
shift anisotropy ( o”—..l) has not beenvmeasured; however if
’ ' CSA

we assumed a value of ever. ~ BOOO‘ﬁpm,le e 107% gecT! which
‘would still be‘completely negligi%ie.v
Extrapolation‘from data by standard tyﬁé of dilution

studies (Ronera and Rigamdnfi 1965) of Hg(CHs) in Hg (CDs) »
~allows the separation of intermolecular dipbleédipolé effects
from intramolecular mechanisms for protons. In the '°°Hg
relaxation in dimethylmercury it is safe to assume that the
intermolecular dipole-dipole relaxation rate is insignificantv
zs in the !2C relmxation (Kuhlmann, grant and Harris 1970)
because of the much increased intermolecular nuclear separation.

Thus we are left with the separation of the intramolecular con-

 tributions to both the. 'H and !9%Hg relaxation rates,

m!hh‘ :



R, RELAXATION DATA.FOR LIQUID Hg(CHs)o-Hg(CDs)s MIXTURES

71-

TABLE 3-2

'H of 100% Hg(CHg)E,j 'H of 60% Hg(CHgz)s* 1ﬁ of 27% Hg(CHa)z
_ T(°K) le(secT1)ﬂ R,(sec™ 1) iRi(secul)

533 0.109 0.099 0,085

‘315 0.118 0.108 0.-093

296 | o.139 0.128 0.114

282 0.156 0.135 0.117

270 0.183 0.157 rg.léb‘

258 0.203 o¢i6o _ 0,143

250 10.220 0.170¢ 0.148

o5y 0.271 0,211 o,i82

# in g (CDs) 2

2D in Hg(CDs)»

Error in measured relaxation rates is + 5%

T(°K) Rl(secfi)
333 0.410
311 0.422
298 0.459
267 0.557
063 0.570
o5 0,611
240 0.684
234 0.743
219 0.822

"?9Hg in Hg(CHa)s»

T( °K) Ry(sec™ 1)
333 "1.150
515 0.970

296 0.850

282 | 0.780
276 0.774
258 o.67q
250 0.600
234 0.571
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Figure 3-2 o

” . . ;
‘Experimental relaxation rates for 1H in dimethylmercury

(A4) neat Hg(CHs)a; (B) 60 per cent Hg(CHs)- in Hg(CPs)s;
(C) 27 per cent Hg(CHs) in Hg(CDs)»
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‘1, Proton welaxabion o e

The temperature dependent protoﬁ relaxation times are
shcwn in Figure %-2 for pure Hg(CHs), and for mixtures con-
taining 27 and 60 per cent mole fraction Hg(CHs)p in Qg(CDs)g
respectively. . Using thé same method as for th; methyl bromilde

case (Chapter 2) the relaxation rate for the mixtures is,

H
inter

H-H H-D H-199g

= Riintez; R?inter *t Risnter

75(3~5) R

Since Yﬁ,: AE;E'YS and the spin values are different, the deu-
terium in dimethylmercury-de will contribute 1/24 as much to
_the intermolecular relaxation as the hydrogens in dimethylmercury—he.

The total proton relaxation is then,

H . 23C + 1 H-H _ H-199 dd SR
(3-6) Ritotal = o5 Mtinter T Rlinteng Riintra 7 H

R

where C 1s the mole fraction of dimethylmercury-hs. Once again

as described in Chapter 2, a plot of'R1H vs., 23C/24 yields,

(3-7) slope = Rijpter . : e

1y

and

. 1 . H-H -19%mg . dd
(3—8) 1ntercept= B Rlinter + RlI:;_Inteng_’_ R,l:'mtra~+ R]_SR

<
' 4 _199y, S N

- Ye may—eliminate~311ntéT~~f,if7wewassumewthatTd9H;ngequals,,J R

will actually be greater than d°

\

H—H( H-Hg ’ H-H)’ b
we must also keep in mind that '°%Hg is only 16.86 per cent.

d° in fact 4°



natural abundance, whence

a..

4
H_iss

H-H
Pllnter Ry

RS O.Q24 1nter

| Ve are.thip left with separati%g.Riggtra, from FlsR. It .
we notice the plots in Figure 3-2 we see that they show no
curvature,/Which wdﬁ%d normally be present if we had a mi§ﬁﬁ{§
of inﬁramolecular dipole~dipole and spin—rétation interactians
since these two mechanisms have opposite temperature déﬁendence.
It appears safe to assume that aﬁ least over the temperatﬁré |
range studied that the spin-rotation contribution is negligible
for protons and that the only relaxation,mechapisms present are;
those due to inter and intramolecular dipoleidipéle ingé}actions.
The separation of these two mechanisms is shown in.Figure-B—j.
For the iﬁtérmolecular interaction the energy'bf activafién“

‘is 2.3 + 0.3 Kcal/mole. and for thé intréﬁolecular dipole;diﬁ%le
it 1is70.9 + 0.1 Kcal/mole, The data indicates %be 1ntramolecular:

'dlpole -dipole mechanlsm ta'be the predomlnant at the higher

~

temperatures.

e

5.  Anisotropic rotational diffusion tensor for Hg{CDs)s»

‘The usual method ofnbbtaining ﬂhe anisotropic'rotational
diffusion tensor of a symmetfic top molecule involves the -
measureménf of the relaxatiqn time of'twp quadrupolar nuclei:
which have different bond angles with reé?ect tb.the'symmetry'"‘

axis of the molecule (Woessner et al, 1968; Jonas and Di Gennaro

£
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1969; Allerhand 1970; Gillen and Noggle 1970). Thus in our

mOlchlé7Wé”66ﬁiaﬁ3§fe}ﬁ{ﬁéwfﬁéﬁanisotropic‘rotational-diﬂfﬁ§165uu4

-

tensor for dimethylmergpry-dé from éuadrupolar‘relaxation of
both 2D and #°'Hg, As before theAeQuations (Huntre5551965)'
that\relate the measured relaxation rate of a nucleus to the
diffusion tensor components and the relativelérienfatiﬁh'to the

electric field gradient are:

~

=’/R\\3l'r/2(21 + 3) (e2qq/h) 2 'rc"‘v

(%-10) Ry
'Q 1012(271-1)
S — 2 (%cos® 8 -1)2 - B :
(3-11)  7.= % -, _?sin®8cos®l . (s/.)sin’e
ey . 5D + D 2D + 4Dy

, : , , , B 3
The problem is that the *f!'Hg resonance is not observable either

K

directly or indirectly because of its very short relaxation time ..

due to its presumably large quadrupole coupling constant (see
Appendix B)., We must therefore find a different method of
dbtaining ?L and D”. First we use the D relaxation times of
Figure 3-4, the approximate 2D guadrupole coupling constant

for molecules containing methyl groups ( 165 kHz) and Eq. (3-10)
to obtain TC(D). We then assume that{DH and ?L Qill not differ
greatly in going from the Hg(CHs) s t%vthe Hg(CDafé** species

I

"N

and use Powles! equation (1963), .

: H-H 4o
(z_ zZy4 T2
F,Zl,lg )""'” LT o Riiﬁﬁra /JYHiﬁ’ T 7(7H_I_i) - -
& C
r
H-H
A

. .
e mn g i g e e
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(which aééumes_independeﬁt pairwiSe.iqﬁgfaetions,anduﬁeglects’
symmetry eff%&ts) to obtain Té(H;H). This is tﬁé éff%stive
correlation time for reorientation of ﬁhe prgton_internuclear
vector., For thiz correlation time 6=90° becausq theipertinehf(

proton relaxation interaction occurs in thevplane of the methyl

hydrogens,., This plane 1z normglyto the major axis., Using the’
. L 1.

approprlate values for the constants and Ty-on (from Table 3-3)

in EBg. (3-2) we obtain,

%.1%) B 4,86 x 10'° 1 (H-E)

ST “lintra ' - c

Uzing Eq. (3-11), the experimental values for TC(H«H), TC(D),
, e '
5= 90° for TC(H—ﬁ) snd 8= 109°28' for TC<D) we can solve for

the temperature dependenéé of both ?Lvand D ; These are giﬁeﬁ

in Figure 3-5. Ve find £, for D 1s 0.85 £ 0.15 Keal/mole and:

a

for D 5
e Ta

= 1.30 + 0.60 Kcal/mole, Also the reorientation
avout the figure axis is about forty times'faster than orien-
SLouy 5 ,

tation of the figure axis, The values for D“ have a great

uncertainty becauce as mentioned below both TCOD) and TC(H—H)

¢
%

\

- K LA
N F . .
** This 1is quite reasonable for I but not DH since there is

z fzctor of 2 difference between I”(Hg<CD3)2) ard I“(Hg(CHg)g).
“cyever this doez not matter much since in the calculation of
comes from the first term in Eq. (3-11) which .is

-

solely dependent on ?L.>_Alsoin the calculation ofi%é(b)f~70%

-

comes from the first

ke =1

erm in Eq. (3-11F4

- . . - : 7

' et
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TABLE 3-3
CECVETRIC PAZANETEZS AND MOMENWTS CF INERTIA FOR Hg (CHs ) o
Y . .
3 . ; a
T s 1,006 B #
A 1.81 *
Z"_:,.. Ial 2.09”’ :"L*’v
v T : 7
o 2.62 (calculated)
e~ -
. <H-T-H 109.5° */
e ' <C-Hz-0 » 180° .
7, =11,0 % 10 %° gm-cm?®
’;L = 2L0,8 % 1074° gm-cm® #*
*  Typical values of average -CHs group
- .
**  K.-8uryanarayana F&o0, Z.P. Stoicheff, and E. Turner,
? Caﬂ. J. Thys., 283, 121£(19€0)

=2
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are largely dependent on the value of ?L- however {erée changes
in DH have very little effect on either TC(D)'or Tc?hiH)’ The

i;. 5

value of Ea(DH)f 1.30 + 0.6 Kcal/mole would appear a bit high
since in most cases involving methyl group,reerientation
Ea(DH) =n0,8 Keal/mole (Bopp 1967; Weessner et al. 1968; Jonas
and Di Gennaro 1969; Gillen et al. 1971 ;. Chaptér 2 of this
thesis), however a value of 0.8 Keal/mole is within the uncer- .
tainty of our measurement. o

Slnce Eqs (3-10) and (3—11) are derived from the assﬁmption
- of rota%ional diffusion, we can test the results by the so-calied
| x-test,(Gillen and Noggle 1970) to check that this method is a
~good “approximation of the reorientations. . The x test eensists‘
of caleaﬁating‘the ratio of the reorientational cofrelation
time about a particular axis to the theoretlcal free gas re-
orientational time about the same axis. If x is large compared
to one, the rotatlonal diffusion limit applies. For dimethyl-
mercury appllcation of the X = test to the perpendicular motion ;
gives values ranging from 15-22 indicating rotational dlffu51on'

for this motion. - However for the parallel motion the range of

Aw is 1.4-3.0 indicating possible inertial effects due to the

RCLI

much smaller moment of 1nert1a about this axis,.

3. 199Hg Spin-lattice relaxation

For the '%®Hg relaxation it is safe to assume that the .
intermolecular dipole- dlpole relaxation is 1ns1gn1f1cant as

vreviously mentlonea. Therefore the T;'s of 199Hg in Hg(CHs) 2

]



@

Figure 3-6

) i
1

199y gpin-lattice relaxation rate in !'°%Hg( CHa):

o



R A

i )

R

€0




—~;\;83;W5,ﬂw,”

(Figure 3-6) come from'intr@mdlééﬁiéiwinﬁéféé£55ﬁé;fiﬁﬁéwn
dipolar contribution can be written as (powles 1963),

) ad ﬁY%sng-hz
(3-1%) intra =

. . [S]
, T
S H-Hg

r_(Hg-1)

Using the appropriate. values for the constants_@nd intermolecular Y

distances (Table 3-3) we obtain,

’( dd ' ;)“.v6' 8
(3-15) =3.36 x 10° 1 _(Hg-H)

Riintra Te

&
TC(Hg—H) can be calculated using equation (3511)‘along with
?L, D,l and 6=23.5° ., The calculated contribution at +40°C
l R .

dd

18 Rij,ppg =, 0-0014 sec™! which is negligible, the dominant:

reason being the large Hg-H separation., We are thus‘left

with the conclusion that the only operativé~spin—1attice re-

laxation mechanism is'that‘due:to the spin-rotation interaction.
" This é;ncluSibnris supported by the expérimental témperature“
depgndence (see. Figure 3—6)wés this is the iny'mechanism which
shows this particular tempgiagpre dépendence.lbIt shows an °
Arrhenius behaviour with &nﬁZ;efgy of activation of ~1.,1 + 0.2
Kcal/mole. | b . | ’

égﬁ

A‘j -

. Discussion

- 1, Pxoton-proton intermolecular relaxation times =

—_—— - e

RS

The peron—pro%bﬁ intermolecular relaxation times. (see

i

‘Figure 3-3) compare very well to those calculated from Eq.(2-20)

Using the same treatment as for thé meth&l'bromide proton- *
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proton intermolecular relaxation time Hg»obtain the result,
B £6> . H-H " omhey g
' (3-16) Ry . B
. hlnter ST

where all éymbols‘have'the previbﬁgly mentioned meanings,

| Using Bq. (3-16) along with the méasiured values for density = .

H-H
inter

and viscosity (Table 3-4) we obtain the theoretical R,

TABLE %-4

DENSITY AND VISCOSITY FOR LIQUID Hg(CHs)s

iy T( °K) | p(g/ml1) n(cP) g
273 . 3.,1403 1.308
28€!iEp B 3,0003 | 1.115
298 3.0787 - 1.0k0

© 308 | 3. 0620 0.956

LS

These theoretical_valueS’can be compared with expé?}mental
values (Tablé 3-%). ‘The theoretical results are, in surpri-
singly good agreemenf'wi%h the experimentaliy obtained values

A again3a1though perhaps fortuitous in view of the questionable

assumptions in its dérivation. From theory the energy of

x

activation is 2.2 Kcal/mole and from experiment E, -1s 2.3 + 0.3

Kcal/mole.



-85~

_TABIE 3-5

THEORETICAL AND EXPERIMENTAL VALUES FOR Tyhri
4, | l
T( °K) | ?TheOry - Experiment

275 13,9 sec - 15.1 sec

288 - 17.5 sec 18.9 sec
298 ©  19.6 sec  21.7 sec
308 2.2 sec 24,6 sec

2, 199Hg Spin-rotation constant

since we have established that the relaxation of the
199Hg nucleus in dimethylmercury is due strictly to the spin-
rotation interaction we should be able to obtain the spin-rotation

constant (C,.). The angular momentum correlation time TQ has

Hg

been related to the~tumbiing reorientational correlation time

Té by  Hubbard (1963) in the diffusion limit

(3-17) S S S
: cw 6kT :
J
1 ‘ S R, ‘
where T = & %(IH +.2;L) .

The classical diffusion model was extended by Gordon

(1965,1966), In the exfended diffusion model, molecular re-

.o

‘ oriéntation is described as\&<§tochasti0>process in whi;h"the
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molecules are undfrgoing free rgtation interrupted by collisions. ™
' After each period of freé*rofaﬁ@oﬁ, Ty -2 there qccurs a collision
which randomizes both the maghiéude and direction of the angulaf
momentum vector‘(J—diffusion) or randomizes only the direction
(M-diffusion). McClung (1971, 1972) obtainéd Timiting expre=- .

N

_
ssions for spherical top molecules, - .

al
(3.172) s Ty = —
. 6k T .
where a= 1,3 in J 3dd M-diffusion respectively. ~

SR

An expression for R, has been given by Blicharski(1963),

SR 8 ey

18 g - I, + 1) 2.t
(3.18) Ry . ( I .L) rg Ty
wherevCHg =[§(Cﬁ +29E)]§ is the spinerotation interaction
constant; |
Since the '°9Hg nucleus lies on the main symmetry axis, B

. 8= 0 and therefore its tumbling correlation time is given by
To = (6?L)_1. “This'indicatés that the'energy of activation!'
for PISRfleeHg) should have the same temperature dependence
as ?L but of opposite sign. The experimental fesults are 1in
fairly good agreement, Ea(RISR) = -1.1 + 0;2 Kcal/mole and
EaC?L)Z +0.85 + 0,15.Kcal/mole. |

| »Using”Eq..(3—17a§ along with 1 = 6.7 x 19 '2 gec at
 300°K and T we obtain T, = 1.0 z 107!* sec for J-diffusion

and T, = 3.0 x 10714 gec for M-diffusion., Now using Eq. (%-18)

.,

K\we obtain CHg - 45 + 5 kHz for J-diffusion

along with 7 and =,
W 1
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and CHg\; 28 + 5 kHz for M-diffusion. Siqee the Qpiecule iS'
highly anisotropic as can be seen from éhe iﬁertia and diffusion
‘tensorsiit is quite plausible that,the‘anisotropy of the spin-

rotation tensor (C” - qL) is. quite large. Therefore discrepan-

cies are expected when one uses an isotropic approach for a

_ highly anisotropic molecule, Wwith enough avallable informatieﬂ i

the more rigorous anisotfopic_apprpach is possibie.

Bender,ahd Zeidler (1971) heve-derived an equation reia-
ting the spinlrotatioﬂ relaxation of a nucleus in symmetric <top
molecules to the rotational diffusion constants of the moiecule.
Theif resﬁlt is,

z SR _ &2 2 n2 2
(3-19) R TR e A R

where all symbols have’their usual%meaning. The'derivation of
this equation is based on the assumption the? both diffusion
constants are in the rotational diffusionvliﬁit, whicﬁ is rea—
soneble for ?L but possibly not for'D” because of inertial

effects for this motion. However with this in mind we will

If the temperature,dependent data for DH .L and/RisF

&

proceed with this treatment. ' o //
\

is known, one can obualn the values of C” and qL.u51ng Eqg.
(3-19). From equation {7-19) and the necessary values for
=78, D) and DJ- we obtain,

19.30f - 2,70 x 10'°
g2 = 3.15 x 10*°,




The values for C” and %E.are obtained‘from the intersections*of";~-'

 the temperature dependent elllpsesgplotted 1n‘§1gure 53— 7 The

\values obtained are:

A

eyl =120 & 60 kHz and |c)=26+3kHz. .
y I : il A
Using these values for C“ and QL we can calculate C eff =

ch + Cﬁ ]2 ) from which we obtain C os = 72 + 2 kHz

This result is in fair agreement with the calculated values -

for J- and M-diffusion. As mentioned at the beginningbof |
this'discussion we must remember that although ?L is iu the
rotational diffusion limit DH pfObably isu't and we must

be cautious with the value obtained for C_.. according to
Bender and Zeidler's treatment, We must be éspecially care-
ful with the value obtalned for C“ in view of the large etrcr
assoclated with this value. |

3. Absolute shleldlng scale of 199Hg

5

The magnetic chielding oonstant has been related to the

v
spin-rotation constant through the second order'paramagnetlc
term of Ramsey's shielding expression (Ramsey 1950, 1956;
Flygare 1964), Deverell (1970) has rewritten this expression

for symmetric top molecules,

. .
‘ ' Tar ! 1 N
(3-22) Oave = % T 9 = R !Q > ? <Zj/riJ)}
e? Tl’ :
e [ e (20 T+ Oy ) 3
~ bme? MY 1 L i

4
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ﬁsingiDeveréilfs notation, .This relafidnrhés”been usedﬁtorégfaiﬁifr
the 5bsolﬂté chemicai'éﬁiftnsggle for 2'P (Deverell 1970; Gillen -
1972); 19F'(bevére11 1970); 1fé§%‘(8harp 1972) and'2°7Pb (Sharp
and Hawk 1974).’-Thé above expression suggests:that the op' is
the only portion of the.shielding“constant that is sensitive to
chemical environment changes and thué changes in the spin-rotation
constant (¢). | | o ) -

Using the second term of Egq, (3-22) along with the appro-
priate value for the constants, C“ and‘qL, we obtaiﬁ op'qfor

'9®Hg in Hg(CHs)o. Ve assume op' to be negative in order to -

have a net deshielding%effectuand thus there are two solutions

f o_t:
or g,
if C“ = -120 kHz
then o_' = -5050 ppm
0| = -26 kHz P |
if Cy = +120 kHz .
. then Oy = -4100 ppm

qL = -26 kHz

The average total shielding constant can be calculated from
Leverell's formula along with the value of 04" for the free
atom tabulated by Ramsey (1956). Ramsey gives 0,' = 9650 ppm

for Hg and therefore o = 4600 or 5550 ppm. The shielding

ave
scale obtained is shown in Figure 3-8 and shows that the reso-
nances of the non-metzllic mercury compounds are found between

the resonances of the bare nucleus and the free mercury atom,
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Figure 3-7

Temperature dependent ellipses (---- 313°K and

238°K) of Oy and'qL for 1°9pg inbdimethylmercﬁry.

S
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189z chielding scales, Experimentel scale values

obtained from the results of Schneider and Bucking-

.
ham (19A2), Theoretical scale derived from experi-
A,
mental valuss for ?L and c” along with Eg., (2-22).
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CHAPTER 4

MAGNETIC RELAXATION STUDIES OF Sn(CHs).a

This study involves the investigation of the spin-lattice

relaxation times of 'H,2®D, '3¢ and '!'?Sn in tetramethyl tin,
Measurement of these tiﬁes has allowed us to Separate the tem-
peratﬁre'dependences of the various contributions: dipolar aﬁd',
spin-rotation .for ‘H,‘léc and ''®°gn and quadrupolar for the 2D |
nucleus. These contributions can be difectly related to both
the molecular orientational tine 7, and'the moleéular angular
momentum time fw . These can be‘used to obfain valuéé‘for the
spiﬁfrotational constants and compared to values obtained from
chemical shift data, Our dat%‘seems to indicate that the spin-
rotational intérac%ion becomes more impoftant as -the Z number '

of the nuclei Increases as has beenApointed out earlier for the

‘®%Hg case in dimethyl mercury.

&

1. Measurement of relaxation times

-~ - The proton-and deuterium-Ti's were measured in the. same .

manner 25 for ths dimethylmercury casge described earlier in

Chapter 3.



.

The 3¢ spin-lattice relaxation times were meésured
under proton-noise decoupled conditions using the 180°—T—9O°
pulse sequence, The nuclear Overhauser enhancemént (n) was Mf
obtained by dividing the integrated peak intensity in 'H .
decoﬁpled cmr spectra by the total integrated peak intensities
in the coupled cmr spectra, All of the 13¢ eiperimentS*were"
"perforﬁéd on a Varian XL—lOO—iS spectrometer equipped for pulsed
Fourier transform (FT) operation at 25.2 MHz,

The ''°8n relaxation times in Sn(CHs). wereAmeasured
indirectly by the previously described rotafy echo method (see
Chapter 3). Spin-lattice relaxastion times (T,) of the !!%gn
for the series 1198n(0ﬁ3)4_n(CD3)n,were measured by the 180°-
7-90° sequence at 15.Q5ZMHZ by direct observation of the 1%gn
resonance at +28°C, These measurements weré made dn a modified
M4F-Specialties spectrometer with a home-built crossed coil,

external H:0 lock Drobe (Wells et al,) equipped with a Nicolet

Temperature control was accomplished using the Varian -
veriable temperature NMR probe accéssory. Temperatures were
mzazured using a copper constantan thermocouple, temberature
rzzdings were accurate to +1°C. |

The Sn(CHs ). was obtained from Aldrich Chemical Co..
mixtures of SnlCHs . + Sn(CDgﬁ4’were'measared”in'the~same'
“zshion as for the CHE:Br-CD:Br mixtures (see Chapter 2)., All

semples were degeassei In 5 mm tubes by the usual freeze-pump-
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FIGURE 4-1

High resolution 60 MHz 'H spectra of Sn(CHsz)a
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2. Synthesis of sn(CDs)s and Sn(CHs)s_n(CDs)y

The dlg—tetrémethyl tin was prepared according to

Waring and Horton's Grignard method (1945) with minor modifi~
cations, To. a 500 cc B-neck'flask was added>3.4 grams of Mg .
turnings and 50 cc of énhydréps*éthyl~ether, fitted with a
thermometer, dropping funnel and éondenser wifh a/g}ying tube,
Into the dropping funnel was added the CDsI (15.0 grams) and
an equal volume of dry ethér. The CDsI solution was slowly
added until the reaction began'and the ;emainder added drop-
wisefwhileﬁhe mixture refluxed. It waslfurther refluxed for
30 minutes and allowed to cool to_room.tempérgﬁpré.' .

fot was added 5.0 grams of SnCl, (anhydfous) dropwise,
‘at this time slow refluxinngccured. After all of the stannic
chloride had been‘added the reaction mixture was refluxed for
24 hrs. The excess Grignard reagent was then destroyed by
slow addition of water to the mixtuye; The agqueous layer was
separated from:the ether 1ayer;4 T@e esher layer was then
fractionally distilled off usink ;:Vspifalﬁ'column.- The sﬁall
traces of residual ethef'were rémoved by freparatiﬁe VPC. The

yield was 0.90 grams of Sn(CDs). (26 per cent yield); B.P.

76~ “dncorrected).

e other members of the series: Sn(CHs)s(0Ds), Sn(CHs)o»
(CDs 2 and Sn{CDs)s(CHs) were prepared in the same manner by

reacting the Grignard reagent (CDsMgT) with the appropriste- .

methyl tin chloridesz obtained from Alfa Inorganics,
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B. Relaxation results

1. 150 and °D spinllattice relaxation L
For the 130 relaxation in a methyl group it is safe

' to assume that the intermolecular dipole-dipole relaxation )
is insignificant as mentioned previouslyQ Tnéﬁcnemical shift
anisntropy/contribution fof 130 in methyl gronps,is also
negligiblé;(gee Chapters 2 and 3). Therefore the Tlis of

'°C in tetramethyl tin given in Table 4-1 and.Figureﬁ-z

come from a combinationﬁof;intramolecular dipoie-dipole,and

spin-rotation interactions. The dipolar contribution is

given as,

By ® 2k
. Té(lSC-H) + llQSn YISC .
C-H rC—Sn

, 2 2 2
(4-1) ¢ B9~ Zvirisg b

Yintra

. (€-3n)

\inowever the second term is very small and may be neglected
because of- the smalle} Yii19gy vVS. Yig and the much greater

distance of r Vs . rC_H.‘:Using the appropriate constants

C-5Sn
and intermolecular distances given in Table 4-2 one obtains,

ad .
bo = A 10 13~ _
(L-2) Rij/ tpg = 6.48 3 10 Tc< C-H)

-*

From the '2C T, at +40°C along with n= 1.26 (NOE factor) at

_de -

TJ 7 tol . o N - - - T T - — T N - N S SR N T T T " ST T T T ST T N
+407C we may separate Rlintra from R. at this temperature.

Tren using Eg. (4-2) we obtain Tc(lscéH) = 0.68 x 10712 gsec

‘,.w $11

t +L0°¢,
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The tensor axis whose reorientation is represented
by T;(13C—H) igs the same axis as that obtained from thevzp
~relaxation data. Therefore making use of (Rl)gD‘from Table
i and‘Figure‘Q—B along with the assumed (equ/Q)2D>vg1ue
for methyl groups of 165 kHz and Eq. (3-10) one obtains
valiues for fc(zD) and its temperatdne depeﬁdenée. The
"temperatufe dependence of Tc(zD) and T;(HBC;H) must be the

same. Thus using our value for 7 (13¢-H) at +40°c along

c
N

‘with the temperature dependence of the 2D we obtain the

temperature variation of Tc(iBC—H) shown in Figure 4-4,

It nas been shown in NDs/NHs (Atkins et al. 1969) and PDs/PHs

(Sawyer and Powles 1971) that the molecular reorientation

, 1
time varies as I* therefore,

i Tc(zD) _ ‘\F<SH(CD3)4l 4= 1.12
TC(13C_H) .I(Sn(CH3)4)

Our results show TC(213)/%(130—}1) =1.13% at +40°C in excellent

agfeement with the predicted 1.12}, The temperature dependence
of TC(?ac-H) may now be used along ‘with Eq. (4-2) and our
carbon-13 éata at th¥ee temperatures (+40, +20 and —éO°C) -
to obtain values for RlsR(lsc). The results are shown in

Figure 4-2. 1Interpre:ation of this data and calculation

13

of the spin-rotation constantg for C will be carried out

in a later section.

7
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‘ TABLE 4-1

13¢ AND 4D RELAXATION DATA FOR TETRAMETHYL TIN

3¢ of Sn(CHs )4

T( °K) R; (sec™ 1)
213 0,069
293 0.0732
253 0.104

2D of Sn(CDs)a

T(°K) Ry (secTD)

307 | 0.3e1 <
299 0.368

273 0.480

260 0.541

2lo | 0.72k

Error in measurement of relaxation rates is + 89

B
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TABLE 4-2

GEOMETRIC PARAMETERS AND MOMENTS OF INERTIA FOR Sn(CHs)a

| To_g - 1.09 | A
Tu-m _Y. 1.78
TCQSn 2.18 o E¥
< H-C-H | . 109.5°
< C-8n-C 109.5°

o | I = 344lx 10740 gm-cm®

: I.: - 55 x 10—40 em-cm?

.. CHz~- o

* %

0. Brockway and H.O. Jenkins, J. Amer,

Chem. SQC.,

58,2036 (1936)..

411 other values adssumed for the molecule.

inertia based on the assumed values.

E3

Moments of
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FIGURE 4-2

P

Carbon-1% spin lattice relaxation of Sn(CHa).

and its separation into Rldd and RisR.
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2. 'H relaxation

As earlier mentioned the chemical shift anisotropy
. 1

contribution to the relaxation rate for protons is negligible.

Therefore we are left with the separation of the“intermoléJ
cular and intramolecular contributions.
| The temperaturé dependent proton relaxation times are
given in Table 4;3 and Figure 4-5 for puremsn(CHs)gﬁﬁn@”fQFﬂw
a mixture containing 27 per»cent mole fraction Sn(CH5)4 in
Sn(CDz)s. Using the same dilution studies method as.usedtfor~
methyl bromide (Chapter 2) and di@ethylmércury (Chapter 3)
one may separate the intermolecular contribution from the
inéramolecular. These results are shown in Figure 4-5. One
is then left only with the separation of the intramolecular
dipole-dipole from the spin—rotation interaction.

| If one first assumes that at 220°K the proton relaxatioh
rate is dominated by the intramolecular dipoie—dipole inter-

action and the spin-rotation contribution 1s negligible one

can obtain the correlation time TC(H—H).

" dd _ 3yih® - ,
(5=3) Riintra = ._-Zf——- 1, (H-H) = 5.35 x 10*° ¢ _(H-H)
TH-H ‘

Extrapolation of the proton relaxation rate to 220°K shows
H
1

[}

_ P R . : (o )= ' =12
total = 0-171 sec”? which means that TC(H H)= 3.20 x 10 |

sac. "Th’é”p"r”dtdh' correlation time Is given by, T e
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(4-4) (B-H) =%

Te
where Ty is the overall reorientational time for the molecule
and Ty is the internal reorientational time of the methyl
group. In terms of rotational diffusion constant Th 2'1/6?L
and Ty = 1/DH-QL, ?L is the rotational diffusion constant for
molecular reorientation and'D” iswfor reorientation of the
methyl'group. Egs., (L4-4) and (4—5)'deriVed from Eq. (2-10).

- Extrapolation of the carbbn—l} dipole dipole relaxation
rate at 220°K allows calculation of the correlation time
Tc(lsceH) which is 2.29 x 107!'2 gec and is given by the
following équation,

_ 18~ - 1 + & e + 18 : :
(4.5) TC( C-H) s 8 27 (TSTM /,Te 'TM) 27 (TSTM./MTSTNQ
Thus making use of Egs. (4-4) and (4-5) along with the values
for 1, (H-H) and TC(lsc—H) at 220°K one obtains:

- 3

= 10.88 x 10712 gec and 1, = 2.72 x 10 '% sec

'Te M

The literature value for the activation energy for methyl
rotation in tetramethyl tin is 800 cal/mole (Durig, Craven
aﬁd Bragin 1970). If we make use of ‘this along with the

temperature dependence of Tc(lac—H) one obtains the entire

temperature dependence for Tq shown in Figure 4-6.

#

]
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FIGURE 4-5

Expérimental and derived proton relaxation
rates in tetramethyl tin
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FIGURE 4-6

Temperature depéndence of Tg

and T

M

in Sn(CHz )4
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The energy of activation for Tg is 2.25 Kcaf/mole in good
agreement with the value of 1.9 Kcal/mole obtained for the
self-diffusion of neat liquid tetraﬁethyl tinv(Kesslef, Welss
and Witte 1967). Application of the x-test at 300°K to the
overall molecular reorientation time (Te) gives a value of
5.2 for x at this temperature. This result“indicates that
we are in the rotational diffusion limit.

A.liquid's miéroviscosity diffusion coefficient is given

by,

(4-6) | D, = 1.15 x 10° in—n
. 1

wThere Mw is the molecular weight, b is the density and m is the

viscosity in péises. For moleculés in the rotational diffusion

limit the valué of Eh is usually of the same magnitude ( within

10 per cent) as that obtained from NMR data. For our molecule

QLfD because the molecule is spherical therefore using viscosity

and density data we may calculate Du and compare it to the NMR

value obtained from rg= 1/D . At 300°K D= 5;9 x 10'° from the.

- MMR data and using o= 1.29 gm/cc and m= O.Mld;P at 300°K gives

a2 value of D = 6,1 x 10'° in excellént agreement.

The temperaturs dependence of both ry end 1y allow

o . . _dd o P
the calculation of Tc(h—H) and thus R;; ... Dby way of Eq, (4-3).

nis calculation allows the separation of the intramolecular



FIGURE L-7

Separation of the proton intramolecular
.and spin-rotation terms.
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and spin-rotation intersetions. The results are shown in— - ———
it

rigure 4-7, Calculation of the 'H spin-rotation constant

.

will Te discuzzed in sznother section.

For the “'73In relaxation it is safe to assume that fhe
intermolecular Zizcle~dipole relaxation is insignificant, The
chemical shift znisctropy term is non-existent because fhéﬂtih:
r of z tetrahedral environment.' Thus B

thz only cperative mechanismes are 1ntramolecular dip@le dipole

ntramolecular dipole- dlﬁole;%erm is

P e e 3
=z SUIN-roTa v o, _he

= 1,2 » 17 zez ozt 200°K, It is rather small since

. ic aguite lsrze.gnd the dependence of the dipolar term

cnoT - Tne inTrzmolZcular ferm due to dipolar coupling is

negllginle comrzrzd 5 the zpin-rotation contribution, The

zvverimental avidence 2f 2,/ °'%sn) in Figure 4-8 shows the
zpin-rotation to ts thz dominant relaxation mechantsm because

©I itz raritliculsr temrerzture dspendence, It shows an Arr-

nzrniuz tehavicur with Z_= -£.2 = 0,3 Keal/mole, This value
iz In =zucellisnt agreement wiih the energy of aetivation for

QO

3
-~
+

2,25 ¥ecal/mole). From the -

TIes 2 T4t e ez
SADIAYLD ralgtionzhit 12l
»
— oy
oy - -
- R = —_—Tr =
- ) ~rT
T L YA
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based on the assumption of rotational diffusion one can

immediately see that To and Tw~should have the same tem-
perature dependencé and because RlsR dependé on T, the
dependence should be of‘opposite sign. This 1s confifmed
from our experimental data again providing evidence that we

are in the rotational diffusion limit.

As mentioned earlier -in- Chapter % -extension-of the-- - -

diffusion model by Gordon (1965,1966) led to the two models

of J- and M-diffucion. McClung (1971,1972) obtained limiting

expressions for spherical top molecules

a7l -
(4-8) TgTy, = o

where a=1,3 in J- and M-diffusion respectively.
The spin-rotation relaxation rate for the '!'®sSn is

given by,

(4-9) SR 2IKkT

2
Ry™ = _"j;?_'<2”00) o
Using Zgs. (L4-8) and (%4-9) along with R,°R = 1.5 sec ! and

T
5

. e
lal ‘ . Ay
uo al'ld Tw_, . . S

| for J-diffusion 7 = 4.9 x 107'%4#éc  |c | = 17.7 kHz -

b
for M-diffusion 7, = 18,7 x 10714 sec o | =104 kHz

W

]

= 2.82 x 107'2 gec at 300°K gives the following values for
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The computed el values are positivé aﬁanotnegative'aghad_*
been obtained by Sharp(1972) for SnCi4 and Sn14,‘be¢ausé of the
neglect of the negative’sign of %I'fbr,the 1196sn nucleus in
the Gﬁ caiculafioﬁ. The tin 7 is“the'time'betwéen collisions
that interrupt the angulér veloéity of the’molecule, and may
be comparedvtd the period of free. rotation through one radian
given by Eq. (25&0)..:Thehresultdis Te = 0.91 psec”anﬁ,meansww,j,,
that for the J—diffusion'model the molecule moves through aﬁout
a 3° angle jump befween collisions.

" The magnetic shieldingfqonStant has been related to the
spin-rotation constant (see Eq. (3-22) by Deverell (1970) and
may be used to calculate the second order paramagnetic term
Uﬁ for the !'1!®gn nucleus’in_tetramethyl tin, The results for
J-diffusion are Oﬁ = -3200 ppm and for M-diffusion cﬁ = -1900
pLm. 'The results for J-diffusion are in exéellent'agreement
with Sharp's (1972)'resu1ts for '12gnCl, and !'1'®3nl,. Cqﬁpafison 
between the computed oﬁ and observed'chémical shifts for Sni, ,

enCl, and Sn(CHs). are shown in Table bk, The‘discrepancy

¥

SN

ct

ween computed and observed chemical shifts for SnCl,-Sn(CHs)a
iz only about 10 per cent of the total Oé for tetramethyl tin
and therefore is well within the experimental uncertainties

in the measurements of C_ for SnCl, and Sn{CHs ) 4.
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TABLE U-4

COMPARISON OF COMPUTED oﬁ AND OBSERVED CHEMICAL SHIFTS TN
Sn(CHs )4, SnCl, and Snla

aér(an(CHs)4) = =3200 ppm

ol (SnCl,) = -2760 ppm®
/ N a

ol (SnI.) = -1480 ppm

Il

Io(SnIg) - 0(Sn(CHsz)4)]| 1720 ppm computed

1698.6 ppm*observedb

| o(5nCly) - o(Sn(CHz)4)| L4o ‘ppm computed

147.8 ppm observedP

a

®.R., Sharp , J. Chem. Phys., 57,5321(1972)

Poee Chapter &
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4, 1'9spn relaxation in the series Sn{CHz) i n(Chz)y

v

It has been demonstrated in NDs/NHs (Atkins et al. 1969)
and PDs/PHa (Sawyer and Powles 1971) that‘moiecular reorienta-
tion,timeslvary as I%. Therefore if fhe Hubbard relationship

,(fotationai diffusion) is valid it ﬁould lead to a spin-rota-
tional relaxation time which'varies,directly as I%.

With tﬁisfﬁ@ mind and having synthesized the molecules in-- —
4th¢ seriesjéﬁdeajg_n(CDs)n we decided to test this point. The
‘experiments were carried out at +28°C and 15.05 MHz. Thé
results are shown in Table 4-6, Lookingrat Table 4-5 it is
seen that substituion of -CDa grbups for -CHs groups does not
alter the moments of inertia greatly, in fact going from the
fully protonatéd to the fully deuteurated molecule results in
“only a 26 per cent increase in I: This being the case the
expected change in the T, of the '!°Sn would be small, As
seen from our’resultsrthe obsefved égreement betweeﬁ theoretical.
and experimental is excellent éonsidering the difficulties
in the measurement of such small differences,

The '1!'®°3n chemical shifts for this series has been
measured (Chapter 5) and is only 3‘ppm for Sn(CHsz) 4+-Sn(CDs) 4.
This result with the already derived value of cﬁA(Sn(CH3)4)
of —BQOO‘ppm indicates that full deuteration of the molecule
caﬁées'only a 0.1 per cent cﬁénge in the paramagnetic term

of the'totalfshielding constant;~~The~va1uefofmo£~forweach
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TABLE 4-5

MOMENTS OF INERTIA FOR THE MOIECULES OF THE SERIES Sn(CHs)a-n(CDs)n

Molecule T . Iyy" T, T

5n(cHs) 4 30y Shh 34 540 -
Sn(pﬁskich) 379 . 379 - 349 369
Sq(cHs}g(CDs)g 302’ 384 359 382
Sn(CHs) (CDs)s | 397 397 430 408 -
sn(CDs)s | 435 435 U35 455

All values x 10°° gm-cm®., Values for I.. for all molecules

based on the following values: <H-C~H(D), <Sn-C-H(D) and |

_ _ o -1 o _ o
<C-8n-C all 109.5°, ooy | .08 A and Yoo g 2.18 &
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member of this series along with the T (Table 4=5) allows

calculation of CO for each species, fThe results shown in
Table k-7 indicate that Cy @ 1/1 for a nucleus in a molecule
which has undergone isotopic substitution, Calculation of

w

1, for-each species by use of Eq. (4-9)along with the measured

relaxation times and CO values shows that T, varies inversely
1

as I® within experimental error.

w

TABIE 4-7
Moleculev oé ‘ ‘CO
(ppm) (kHz)
Sn(CHsz) 4 -3200 , S +17.7
%
Sn(CHs)s(CDs) | =-3200 +16.,4
“° Sn(CHs)2(CDs) | ~3200 4159
~ Sn(CHs)(CDs)s |-3200 +14.8
| SA(CDs)e -3200 +13 .9




5. Carbon-13 spin-rotation interaction

Although the tetramethyl tin molecule is spherical,treat-
ment of thé carbon-13 spin and proton spins*is based on the
assumption’that'we may treat the -CHs; group as a symmetric top.
As in the methyl bromide case (Chapter 2) we may use '°CO as
the basis for an absolute‘carbon—lﬁ.chemioal shift scale. Ihé"
value of ol for 1900 is -256.3 ppm and ginee‘;xsgggfiﬁ’téfré:f‘
methyl tin is 190.6 ppm upfie;d,from carbon monoxide, gﬁlis
-65.7 ppmofor’tetramethyl ﬁin;_fﬁsing Deverell's method (1970),

(4-10) ("°c) = 2.59 x-105° (2¥Lo1'+ I“C“)

“p
As mentioned by/Lyerla, Grant and Wang (1971) and also found
in the methyl bromide case the (IC) tensor for carbon-13 spins
in many non-linear molecules 1s near isotropic because the
anisotropic chemical shift (Ac) is small compared to oﬁ. For
our case it results in (IC)t = 8.46 x 10 3% and therefore
orf 0.25 kHz and Cy= 15.4 xuz,

For a symmétric top molecule whose nucleus is on the
symmetry axis its:reiaxatioh rate is given by (Bender and

Zeidler 1971; Lyerla Jr. et al, 1971),

(5-11) o, SE _ BTkT (102 Twll +2(10)? Ty

. ZhE S ”,m'¥L”’ Wio,wﬁ,w
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Ty, ¢on be obtained from 1y for the overall reorientation of
the molecule and the Hubbard relationship. The valﬁe obtained
is 1 = 5,47 x 10714 sec at'313°K. Using Eq. (4-11) along
with R,”"= 0.025 sec ! and T%L at 313°K and the value for
I”CH3¥LQL ylelds a value of 3.41 x 102® for T /IH
Since we are treatlng the —CHS as a symmetric top I” has the
value of 5,5 x 107 %9 gm-cm® (typical for a methyl group) and
~therefore Tw“ = 1.88 x 107 '3 gec., If this angularrmoﬁentum
correlation time is compared to the period of free rotatiqq
through one radién gi&en by |
/ .

(4-12)

T,r = (I”/kT)% = 1.13 x 1073 gec

thé result is that the molecule makes about a 95° %nglebjump
for this reorientational motion. This is in agreement with
the methyl bromide resulté and with other results on methyl
groups which unéergo a large anglé jump because of their !Z
relatively small moments of inertia. | |
From our relativelj limited data thé energy of activation
for the carbon-13 spin-rotation interaction is -1,3 Kcal/mole.
Calculation of Ea for DH( rotational diffusion constant for
reorientation of the'methyl group about the Sn-C bond) one
- obtains a value of + 0.95 Kcal/mole. Therefore althoﬁgh our
vaWue of -1.3 YﬂaW/mole is a llttle hlgh 1t is well w1th1n

reason ConSWerng our 11m1ued data for the carbon- 13 relaxatlon

-
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All of this data prov1des further- ev1dence that the carbon—lB

spin-rotation relaxatlon in methyl groups 1is domlnated by

methyl group reorientation about the figure axis,

6. Proton spin-rotation interaction

Separation of the intramolecular dipole-dipole and
spin-rotation has already been described in Section B2 of
this chapter. The energy of activation was found to.be —1.1
Kecal/mole.

Since'very few 'H spin-rotation constants ha&e{%een
reported in the literature we now wish to estimafe them from
our spinfrotation,data. Using Deverell's method(1970) along
with molecﬁlar beam data for the‘spin—rotétion constants for
CHs (Wofsy, Muenter and Klemperer 1970)and the fact that the
protons inf(CH3)4Sn are 0.1 ppm upfield from methane we can

obtain an average value for C,

- (e + gy
%(z;L + I”)

= 0.76 kHz

Using the same treatment as for the protons in the methyl
bromide case we may use Eq. (2-44) along with the obtained
value for § and other molecular constants and reorientational
times listed in Table 4-8 to calculate C and € .

D Ty A
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TABIE 4-8

MECESSARY VALUES TO CALCULATE THE PROTON SPIN-ROTATION

CONSTANTS AT 313°K

SR , -

R = 0,032 sec 6 = 35.30 )
%L = 3Ll x 1074° gm-cm? IHv= 5.5 x 107 %° gm-cmz
T%l = 5,47 = 107'% sec TwH = 1,88 x 1071!'3 sec
DH = 70 z 10%°

p —

Two possible solutions are obtained: (a) qL: +0,31 kHz
c“: -7.45 kHz and (b) qif +0.,19 kHz , c”= +8.04 kHz., Substi-
tution of these values into Eg. (2-44) shows that 70% of the
ﬁspin—rotatibn interaction is duz to the parallel motion (i.e.
reorientatibn of the methyl group about the Sn-C bond) and
the-other 30% is due to the perﬁendicular or overall molecular

reorientation at 313°K. Since as previously mentioned Ea(DH)

=
1G]
_i

+0,95 Keal/mole and Ea(?L) is 4+2.25 Kcal/mole our obtained
value of -1.1 ¥Xczl/mole for the proton spin-rotation interaction

revious evidence showing that

i
ct
n)

3

methyl group reorientation gbout the figure axis-is the major

ztion interaction.
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TEMTERITY ISOTCPE BFFECTS TN THE 'H, TS0 AND 119g5p

— pas; Lo —_— e D

ME SPECTEL FOF OTHE SEIPIES Sn(CHs)a_p(CDs)

The existernce of iscotope effects on chemical shifts in

"rIT spectroscopy has neen known for some time (Patiz-Hernandez

::easurééﬁTOT TelED) by Wimett [1953). Since then it has beén
cczerved in T TERCNANCES of deuterated molecules (Tiers 1957);
pfstoﬁ resonatceé'cf 2euterated methanes (Izvery and Bernheim

Y snd acetore Gutowsky 1%°9); 'H and 177 resonances of
Aeuterated ammonize ‘Tarnheim and Batiz-Hernendez 1964; Litch-
ently the solvent isctope effect has
“een ctzerved on chermiceal shifts of ions in agueous solution

Z) kv cteserving the MF zignal of the

sz alkell ralifs ionz, However the azailable data on the

o

teriur dizciope effects on 120 MR are very limited (Fraenkel

ars Surlant 1957 Vsalel et 21, 1067 fGrishin et al, 1971

tald et g2, *272),  Tre sswe iz true about the higher Z nuclei,
Trers TAL Leen s ztudy by‘ze;ﬁerbur'(19€§} on the effect of 13(¢
ari YT zuzztituicn on tre “F70 resonance in ¥aCofl 0.
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Wwith this in mind we decided to study the effect of
‘deuterium substituion in Snf{CHs). on the 'H,!2C and 1'193n
nuclear magnetic resonance spectra, By studying these nuclei
we may see the isotope effect on these various NMR signals),
in particular the '!'®Sn nucleus which has a large paramagnetic,

contribution toc the total ghielding of the tin-119 nucleus.

We have observed the deuterium isotope effects on both the

chemical shifts and spin-spin coupling constants.

Z, Experimental , .

The various members of the series Sn(CH3)4_n(CD3)n were

3
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orzanotin chloride zalt (Eg, 5-1), The compounds were further

purified using preparative vapor phase chromatography.

=-1) n oD

a8l + (Ye)a_pSnCly, —> (CHs)4-nSn(Chs)y

The proton syectra were obtained on a Varian A56/60
nigh resolution spectrometer at +42°C, The '3C spectra were

octained at 15,0£2710 MHz and +30°C without proton decoupling

Tizures 5-1 to 5-L); the !%~ spectra were also obtained at

27,1 2z with proton decoupling on a Varian ¥1-100 spectrometer
eouipred with 7 transform capabilities. The !'!'°Sn spectra

were otizined at 13,04L36% WEz using FT techniques (Figures

411 zeamples vwere degassed by the usual freeze-
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FIGURES 5-1 to 5-4

Simulated (transparency) and experimental
'3C MR spectra at 15,063710 MHz for the

series  Sn(CHa)a_p((Ds)p
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FIGURES 5-5 to 5-8

Simulated (transparency)’ and experimental
119sn NMR spectra at 15.0443%68 MHz for the
serles Sn(CHa)}4-n(CDs)y
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C. Résulfs

1, Proton Nﬁciear Magnetic Resonahce

The proton chemical shifts and JIH_QD are shown in Table
5-1. The geminal coupling constants Jig_2p = 1.90 + 0.05 Hz
indicate that the < H-C-D 1s 109.5° as is the case in CH, where
Jigoty = 12.% Hz and thus using the relationship Jip s =(YD/YH5
JiH-lﬁ Wezﬁbtain Jiyg_sp = 1.91 Hz. It has been shown by
nutowsky, Karplus.and Grant (1959) that the geminal coupling
constant is very sensiﬁive to changes in the <H-C-D bond (e.g.

in CHpDI <H-C-D is 111.4° and Jyy_»p = 1.50 + 0.05 Hz while

2D

for methane <H-C-D = 109.5° and JIH— = 1,91 Hz.

2p
The proton chemical shift is sensitive to isotopic sub-
stifution H(D) which appears to produce an upfield linear shift
with the number'ofrD substituted for H.,xTheée'results aré-in
agreement with other deuterium isotope effects on the proton
IME of metﬁaﬁés (Bernheim and Lavery 1965), acetone (Gutowsk& |
1959) and ammonia (Bernhéiﬁ and Batiz-Hernandez 1964)., For
most compounds it appéafs that geminal H(D) substituion caﬁses
a rather small chemical shift difference (~ 0.02 ppm/ D)/since‘
the proton chemical shift scale is rather sméll ~ 20 pp /and
thus the paramagnetic contribution térm towthe total,Eﬁ?élding
is also rather small, |

Although no cuantitative treatment has been done on the
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~isotope effect except

vlanations have been brought forward, One of these is Gutowsky's
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(1323) theory thazt a deuterium neighbor has a smaller zero-

| ibrational amplitude than a hydrogen neighbor and thus
fesults in less electrostatic deformation in the applled H,
field, i.e, reduces the molecular polariz&ﬁility and thus the
paramagnetic cnielding. Another explanation has been offered

-

vy Zernheim and Tavery (10FE) who suggest that one must consi--
der alzo changss irn the Tond length (C-H) and possibly a change
in the hybridizs+i-r of the ©-F bond contributing to the in-

~reaced protor mazgnetisc chielding produced by deuterium sub-

Z. 130 Juolesr Vegnetic Tesonsnce
To'our ¥nowledge thils 1s the first:repdrteq case 1in
#rizh a thorouzh z<uiy ras beern undertaken to examine the
jeuterium izotope effect on the '%C WMR as the number of -CHa

Zroups 1s substituled éor -774 groups. f£g.is ceen from the

rg 2% 17,07 Mz /Filgures S-1 to 5-4) we have also

2 zeptet of infensiiv 1:2:4:7:7:2:1) in all deuterated
merbere of This eseries,. Theze values for Ji,,. &, &re some

“ne fayw that rave Teer reperied in the literature. The

retin Tia ... STy oo iz slwarys qulte close-to the value

tredicsed from *he grromegnetic ratlo (v, /y. = £,518L), on

The everage Sne ovzliTer 07 Tis. <. gre slightly higher than

Rt en T a . . lT= =7, E=7,7 Fzo, =lthough wiihin our ‘experimental
—— - P N - «

e rooo TAETLITD BTe 1n spvrasment r.,v'i'tv + o < '}Q Ry a

arR LmEZAD T L LD - = o 2 —-al oL TllT ol PR (S - nose OI sCL =L .
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f1973) but in contrast to Fraenkel's report (1965) that the

in

[

J1spi1y In QCHD groups are 3-5 Hz greater than Jiaq_

1y
)C-I - I"OU‘pS. : ’ y

hl

A8

1w m

e have 2lso cbserved the J130_1198%£;nd J130—117Sn
'involving/117’119Sn-130H3 in all species containing -CHs

gl

‘1£roups and also for 1172119an_ 130D, in Sn(CHg)(CDs)a. The
re§ults in Table -3 show‘that the cdupling constants are
-quite insénsitive to the isotopic substitution even when
“the 120Dy is directly involved., Our results are in good
agreement with‘tharlane's (1967) value of Ji30‘1195n_= -340
-z,

“sotopic subziitution Of -CDg for -CHs shows some very

interesting effects on the !2¢ ¥R, both on the 130 due to

-'%7H, and ~'2CD., EZoth carbon-13 signals due to -!2(CHs and -
-'37D05 are shifted upfield relative to -!3CHs in Sn(CHs) ..
“ne isotoplc shift for the -!'SCHs; is linear and increases by

2.9%7% por/-CDs group added, Fowever the isotopic shift due

[0}

0.700 ppm +
5
2.0%% ppm/-CLs group orn the molecule ( i.e, the chemical

“o the -'30Ds group on the '2C of the -!'3CDg 1

the -127H, and -!'30T,; in the came

molecule is always 0,700 + 0.012 ppm). These results seem Y
-7~ snow & primary izotope effect for the !®C directly bonded .
<2 The T and a secondary isotope effect for the neighbouring

n‘*~ﬁ¢.~'mi?ewiﬁﬂﬂeheﬁieaiwshif%g—&remgivenfin~T&bler5~97w

~

icY
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TABLE 5-2

813 for the Sn(CHs)a.n(CDs)p series

Compounds §1ac.gppm)
1. Sn(CHs)a “13CH3 : - (0)
2. 'sn(CHS)B(CDg) -13CHs 0.088A¢ 0.012
_13gp, . 0.777 % 0.012
2. Sn(CHs)»(CDs)» =-'3CHs o.175‘; 0.012
~12¢D, 0.876 + 0.012
L, sn(CHs)(CDs)s  =-1'3CHg 0.263% & 0,012
| ~130D, " 0.96% £ 0,012
5. Sn(CDhi) . -1%CDg 1.052 + 0.012

511 values obtained at voth 15,1 MHz and 25,1 MHz at

temperatures of +30°C and + 38%C respectively.
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FIGURE 5=-9

~Plot 5{*°C) vs. n in Sn(CHs).-n(CDa),
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Our results indibéférfhatiaifhbﬁéhrtﬁéigéﬁéiiﬁéwéons;ént {;—
not very sensitive to isotopic substituion this is not the
case for chemicsl shifts. Also the isotopic shifts in 3¢
NMR are much greater than in proton NMR; this is presumably

a reflection of the larger size ofvoé (i.e. the chemical

shift window in '3C is ~600 ppm while in 'H only ~20 ppm).

3,' 119an NuciearhMaénééié Resonance

WQ‘have measured the coupling constants J1198n-1H
in the broton MR spectra and JiiSSn—aD in the '!'9%gn NMR
spectra.; These &alues are given im Table 5-4%, Once again
for negligiblé’geometry change the‘gyromagnetic ratios
(YH /YD-Z 6.514%4) should be-quite close to the values for the
coupling COnstants.. Our results show that the values of
T11eg,_1y 8T slightly greater than 6,514% Jiigéﬁ;pDu(AJz +1.9 +
1.5 52) although close to the limits of experimental error,

The effect of substitulon of -CDg ggoups for -CHa'
Zroups on the chem%dal shift of the 1?93n is quitevlarge ‘ ‘
(see Figure 5-10»aﬁd Table 5-4). The tin-119 chemiqaizshift )
L; zoing from Sn{CHa)s.to Sn{CDa)y . is 2.86 + 0.03 ppm which
;s very largé‘considéfing tﬁat the D's are no% directly bonded

to the tin atom. The reason for this appears to be that the-

m

pazramagretic term (5!) of the shielding tensor i1s rather large

ol
P

n 1i%gp (-BEOO ppr for *'28n(CH,).) and thus a shift of ~3 ﬁpmi

e

P

reflects ohl&mé bhéhéé éfTO;i'pefﬁééﬁtriﬂ the paramagnetic term.

Z
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TABLE 5-4

1199y Chemical shifts and Coupling Constants

COmpounds b1104, ‘ J?H_1193n Jap_119gp
(ppm) (Hz) (Hz)
Sn(CHs) 4 | '(o) A54.o + 0.2 | -
sn(CHs) 5 (CDs) | 0.80 £ 0,03 54,0 % 0.2 8.0 £ 0,2
Sn(CHg);(CDS);‘ 1.91 £ 0,03 54,12 0,2 8.0 % 0.2
en(CHs) (CDs's  2.63 = 0.03 53,8 0.2 8.0% 0.2
3n(CDs) 4 2.86 £ 0,03 - 8.0 £ 0,2
-,
. )

Cbtained from the 'H spectra at 60 MHz,
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FIGURE 5-10

'°sn) vs. n in 8n(CHz)s-n{CD3)
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In’Figure 5-10 the straight line from point O (Sn(CHz).)
to ﬁoint 4 (5n(CDs)s) is between molecular configureations of
;dentical overall symmetry. This dependence reflects both
bond length changes on D substitution and possible angle changes
at the C centers alongAwith assoclated changes in electron |
density. From this figure it is apparent that Sn(CH3)2(CD3)2mﬂ
ﬁith Czy symmetry and Sn(CHs)(CDs)s With Cgv'symmefry deviate
from the straight line relationship. ‘Tnis then represents
effects due to symmetry distortion around the Sn atom. Thus
there appears to be at. least two effects causing this devietion:
i) the size effect of thé& average electron cloud and ii) a
symmetry effect.

Theoretical calculations of isotopic chemical shifts
should be ueeful in the testing of shielding theories. There'
nave been a number of approaches used. Gutowskj(l959) tried
t¢c use the idea of an intramolecular electric field which
varied with isotopie.eubstitution. This was followed by more
accurate calculations involving internuclear distances and
a&eraging over the zero-point vibrational functiohs af the
rmoleculeg (Hindermann and Cornwell 1968). Bernheim and
zetiz-Hernandez{19f%¢) considered shielding as a function of
gmall variations in bend hybridization caused by isotopic

sutstitution. Howevaf\all of these calculations are restricted

to simple molecules,
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Thus far there is no good quantitativewéppraachmwniﬁh_ﬁ%mm,*W?
predicts chemical shifts upon isotopic substitution because
the calculations involve the use of electronic wavefunctions
which require Knowledge of bond angles and bond lengths along
with possible contributions of excilted vibrational sﬁates-to
the magnetic shielding."Therefore naving obtained ﬁhe geo~
‘metrical structures of isotopilcally substitutedlpplegu;gs
one might then obtain a clear gxplanation of the isotopé'
snift and thus possibly be able to use the lsotope shift és

a tool for determining molecular structure.

/
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CHAPTER 6
HIGH RESOLUTION '!®Sn NMR STUDIES BY PULSE FOURIER TRANSFORM

A. Survey of Chzmical Shifts'and T.'s

The '1'9Sn isotope (I= 1/2),is the most abundant isotope

of tin and the one most freguently studied ih‘NMR investigations.

Previous measurements. of '!'®Sn chemical shifts had been done
under rapid passage dispersion mode (Burke and Lauterbur 1961)
and aiso absorption moderéignals involving proton decéUpling
(Hunterrahd Reeve3’1968). However now that Fourier transform
is readily available a number of heavy nuclel may be studied
with greater ease, We report the results of signalﬁaveragéd
pulse Fourier transform, experiments oh 11?Sn in a variety of

tin compounds. All spectra were obtaihed on natural abundance

(8.68 per cent) ''®3n samples in 10 mm tubes at 15.05 MHz ,

using a modified NMR-Specialties spectrometer with a home-
puilt crossed coil, external water-lock probe (Wells, Higgs
and Brooke). The sample was not spun. Fourier transformation
of the free induction decay (FID) was accomplished using a
Hicolet 1082 FT system. Spin-lattice relaxatioh times were
obtained by the usual 120°-1-G0° ﬁulse sequence, All chemi-

cal shifte are given relative to the reference Sn(CHsz)e. -

¢

J
e //,J
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A1l tin compounds were obtained commercially except for . . .

SnClz, SnBraz, SnCl,-2CH30H and SnCl,*2CHsCN, Both stannous
chloride and bromide were prepared by reacting stannéus

oxide with concentrated HC1l and HBrlﬁespectiﬁely.v Both

stannic chloride adducts were prepared by reacting methanol

and acetonitrile with cold SnCl, (anhydrous) producing

immediately a white precipitate of.SnC14-QCHSOH and

SnCl,'2CHsCN. The melting points of these adducts are in

agreemsnt with those reported in the literéture (Negita éﬁ_é;.

1968).

B. Results and Discussion

1, Chemical ghifts

*

The large range of chemical shifts observed shows
that the major contributory term to the shielding of the
tin-119 nucleus is the paramagnetic term. This has been
shown to be the case for 130 chemical shifts (see Chapter 2)
and also '!'°3n ( Chapter 4; Sharp 1972). The diamagnetic
term contribution to the total shielding constant remains
essentially cénstant and it is the changes in the paramagnetic
term which cause the changeg in chemical shift for a par-

ticular nucleus. The chemical shift data is tabulated in

Trne variaticrr in chemical shift for the series
OHa_SnCl. iz the zzme as that observed for{nfbutyl)nSn014_n

"Zurke and lauterbur 1%961; Funter and Reeves 1968) and




o
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similarly suggests that there are two important factors
opposing ea%Eiother in the shielding of the tin nuclei of

this series: (a) zn inductive effect resulting in the

increased shileldi by the addition of alkyl groups and

(v) an opposite effect due to (p ﬂwd)ﬂ bonding‘between the

Sn={1., The tin chemiczl shifts and coupling consﬁan%s.JSn~C~H

“are very dependent on the concentration and type of solvent

used, in good agzreement with the results of Hunter and Reeves

[1968), ang&sﬁége, ing specific solvation effects. A typical
hizh resolutiont *'®Sn spectrum is shown in Figure 6-1.

s

2. Linewidths or T, relaxation

ra
The linewidth is indicative of the varidus possible

f. ' '
spin-spin relazation mechanisms contributing to the;ﬁransVerse
relazation time T.. The possible mechanisms arefg) experi-
mental i.,e. magnet inhomogeneity, b) scalar relaxation,‘and
¢) erchange which could be determined from the ‘temperature
dependence, The T, values measured for the various ' “sn
~ompounds are listed in Table 6-1,

* EnClg, SnBr, and SnI. (Sharp 1972, 1973) 211 have a
T2 dominated by =zcalar relaration of the second kind (Abfagam

1

-

1
O

A1), to the geminal halogen nuclei assumed to be relaxing

independently,
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¢ - FIGURE 6-1

High ResolutionﬁfieSn NMR spectra at 15.05 MHZ

of 5M Sn(CHz)sCl in CCl.

{ 5000 scans at a rate of 1 scan/sec. The dominant
“splitting is due to the %Ji19a4. 1. = 59.9 Hz,
Further splitting of each of $RzsE 1ines into a
doublet (Jllgqn_,gc = 387 Hz) is caused by the

L 130
1.17 t2c)
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whefe'J ig the scalar coupling constant between nuclei i and
VS;'S is the spin of the guadrupolar nucleus, usuelly T1Q :TgQ
for liguids and N/ is the number of Quadrupolar nuclei.inf
~volved, - The large ecaiar coupling constants (Sharp 1972,1973)
Viﬁ g1l three compounds alongrwith the fairly short T, of the
guadrupolar halogens produce a relatively efficient trans-

119

verze relaxation in Sn,

The series of methyltin chlorides shows decreasing
linewidths as the number of-chlorines is decreased. Agailn
this is attributed to the scalar contribution to Ts by the'
rapidly relaxing chlorines scalar coupled to the tin nucleus.
The scalar contribution to To depends on the number of chlorine
atoms in the molecule and theregﬁre as the number‘of-chlorines
is decreased the linewidth 'is also decreased.

The two adducts of stannic chloride (SnCl,-2CHsOH and,
5nC1,+2CHLCN) have 2 smaller linewidth than the anhydrous
SnClys. This may be a reflection of the decreage in s cha-
recter’of;the tin nucleus in going from a,tetrahedral (sp®)
geometry to a cis-octahedral (sp°d?®) geometry (Webster and
Blayden 1969;;Cunningham EE~EE; 1972), This decrease in s
eh%facter of the nucleus would cause the JliSSn o1 to be
smaller than the reported 470 Hz by Sharp (1972), and there-
fore would make a smaller contribution to TESC(see Eq. (6-1))

making the tin-119 linewidth smaller, Also the change to the

octahedral species increases the moment of inertia, lowering
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Ty, and raising Ty assuming rotational equipartition. This
shortens Ty, and also decreases the scalar R, 2t the 8n in
the fast relaxation limit,

%. Spin-lattice relaxation times (T,)

The wide range of T;'s shows that a number of spin-
lattice mechanisms may be operative., The possible mechanisms
sre: a) dipole-dipole, b) scalar relaxation, c¢) spin-rotatiom
and in some cases q) chemical shift anisotropy. The last
case 1s only found in fhe compounds which do not have Td'
or Oh symmetry and thus may contain an ani;otropié‘shielding
for the tin-119 nucleus. However thié contribution would
be very small and may be neglected in our dicscussion,

For tetramethyl tin, T, is strictly dominated by thé
spin-rotation interaction (Chapter 4).  The Ty of SnCl, is
also dominated by spin—rotation as has been demonstrated by
Sharp (1972). However in SnBr, (Sharp 197%) and SnI, (Sharp
1972) the spin-lattice rélakétion rate is é mixture of both,'
-zpin-rotation andAscélar relaxation. For SnBr, Sharp (1973)

" has obtained a decomposition‘of the Ti; ﬁe obtéined T13337 geé

Ty C . 1,8 sec at 200°K, For the SnI, case Sharp (1972) has

n

cbtained data at U477°K howsver extrapolation of his data back

SE SC

to 200°K yields T, = 10 sec and T, = 0,38 sec, Our T,
. : \

date for the various Sn(IV) halides are in excellent agree-

Y
N\

ment with Sharp's (1972,1973) reported values., We were only >

ol

Y
s\

to measure the T, of one SnCl, adduct (SHCl,:2CHsOH)
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»

b

because the‘signél of the acetonitrile adduct was very weak,
The SnCI;-QCHgOH adduct most probably relaxes by spin-rotation,
Cdits Ty (7.3 sec) is much longer than SnCl, (T, = 1.6 sec)

probably"because of a smaller angular correlation ﬁine’(-Tw)
due to increased moment of ineftia aloné with a smaller
-spin—rbtatioh constant (Cg) reiated‘to the smaller paramagnetic
'shielding. A1l of the tin compounds containing protons mpst
probably are also dominated by the spin-rotation interaction
:«ﬁﬂy?he dipole—dipdle relaxation being negligible because of
" the % dependence, PBoth Sn(II) dihalides in their respective
acids have similar T, values (4 sec). These solutions are
most likely a mizture of Sn¥s and SnX,  species in very-
rapid halide exchange. ‘From the data in Table 6-1 there is

& trend showing that with increasing chemical shift there is

R

o ) .
2lz0 an increase in the T,°"., The reason for this is "that

—
ﬁhe’péramagnetic ﬁerm'of the shieidingltensor becomesg smallgr .
#ith the upfield shift in going from Sn(CHsz)s to Snl. and
thué the sbin;rotation“constant becomes smaller, also the
value of Ty decreases with‘increasing,moment of inertia
causing overall a‘leés effective»spinjrotationAinteraction
and thereforerthé flSR valueé becomevlonger. |

The rather short relaxation timeé méke llgSn a ugeful
nucleus for further studies usging signal—éveraged pulse

Fourier transform MME.
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C. STUDY OF HYDROLYSIS EQUILIBRIA PRODUCTS OF Sn(IV)Cl,

By 11%gn NME

MR exchange studies have usually employed the 'H or
1%p nucleus as the probe because of high natural abundance
and easily observable'NMR signal, TFor nuciei of low natural
abundance and spin 1/% the relatively nafrow linewidth and
low sensitivity have been inbthe past a problem in detection
of the NMR signal. Hdwever now Qith the advent of éignal-
avéraging and Fourié{ Transform this problem has Reen elimi—
- nated and we are able\tp detectkthe NMR signals of nuclei
such as 11304, flgsn,lgéﬁg and éO7Pb much more easily,

There have been several NMRfstudiesAinvolviné metal
halide species in organic liguids. These have involved the
"use of the metal nuclei as the ¥MR probe iﬁ the idéntification'
of the.various mixed metal halide complexes. The nuclei in
these studies were: 23Nb(Kidd and Spinney 1973); 73Ge(Kidd
and Spinney 1973) and “°Ti (Kidd, Matthewes and Spinney 1972).
Evans and Dean (1948) have characterized in solution some
100 anions- of the ty@e'SnFeﬂnXQ_ using '°F _NMR. They have
aleo obtained eduilibrium constants for the displacement of
F~ from Snst_ by chloride, bromide and hydroxide ions. We
planned to study the hydrolysislof SnCly by a fresﬁ and novel
| approach,that of utilizing fhe 1193n nucleus as the NMR brobe.

1. Hydrdlysis

The mechanism for the Nydrolysis of a covalent halide

such ag SnCls has to be different from the hYdro}ysis of- an
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icnic halide. The first step in the hydrolysis of SnCl,

may involve the coordinate addition of two water molecules.
This seems lbgical since the 8Sn(IV) is coordinatively un-
ééturated and thus the addition of two molecules of water -
‘enable it to attain its stable coordination maximum number

of six. Compounds such as CCl,, SFs and OsFg do not hydrolyze
because the central element has already attained ité‘maximum
coordination number and therefore thé initial addifigh step
doez not occur, However a compound such as WClg can be
hydrolyzed because the maxinum coordination number of tungsten
is eight. A possible mechanism for the hydfolysis of SnCl,

may be as follows:

SnCl, + 2H.0 = SnCl.(OH):S™ + 2H
J 1 )

SnCl.(OH)3™ + H + €17

«

r_ .
SnCl,.(0H)z ™ + Hs0

i

T o
SnCl.(OH)2™ + H'+C1™ = SnCls(OH) ~+H20

SnClz(0H)5 + Hz0

i

snCl.(0H)Z ™ + HT + C€1”

-

SnCls(0H) "+ H' + €17 = 8nCly” +HsO

SnCl.(0H)Z ™ + Ho0 = SnCl(OH)Z™ + H + c1”

3n01(oﬁ$§fff:f;;;“;’;;(OH);‘ +HT O+ c1”

Oné may notice that there existe the possibility jof cis and
trans structural’isomersrfor,thrée of-these propo%edspecies.

2

——~——

<
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FIGURE 6-2

Pocsible c¢is and trans Tsomers of the

dichloro, trichloro and tetrachloro

tin speciesg

. \\)‘
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Previous attempts at finding thé t19gn NMR signal in -
aqueous solutions of tin tetrachloride (lauterbur and Burke o
1961 have failed. Possibly it was because of theréarly
crude technigues used to obserye'these "exotic" nuclei-

i.e. rapid passage dispersion mode spectra., However now

with FT techniques at hand it is much eacier and less time
consuming to observe the rather weak signals of such "exotic"
nuclei ag '2°Hg, '!'3cd, '!'®gn and other nﬁclei. In prelimi-.
~nary work we have been able to observe a number of !!93n
signals in»aqueous-tin tetrachloride solutiégs. .We%believe
these to be the signais‘of the various chlorotin(IV) species
in solution. By variation of the cohcéntration of SnCl,, pH
and chloride concentration we have ob;grved what we believe
are all seven“of the species , SﬁCln(OH);JG. The possible
exiztence of this complete series of chlorohydroxo tin species
had been‘diébussed by de la Puente (1922), Howeverﬁdirect
proof of théir existence has never been reported in the
litérature.

2. Characterization of the species

The various measured chemical shifts. and linewidths are

=

given in Table 6-2 relative to '®Sn((CHs). as the reference
estandard. A representative spectrum is also shown in Figure

£-%, This is the first reported instance in which the various

chlorohydroxo tin apeéies have been individually observed.
,‘ L

only other species which had been previously idenQified

f—
=
®

ar

D

- &nCls” and SnBres by Raman spectroscopy (Woodward and “

” - . -~ . s /‘ i
Anderson 1957). x - s
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Typical '1'9Sn MR spectra of chlorohydroxo-tin species
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TABLE 6-2

ASSIGNED CHEMICAL SHIFTS AND LINEWIDTHS FOR THE VARIOUS -

*1%gnc1, (OH)2Dn  SPECIES

Species ' Concentration 6a(ppm)‘ Aviy
) 2
Sn(OH)z" Satd. in NaOH 589.% +0.5 5
5nC1(0H)Z” o 622 x 25
SnClz(OH)Z™ b 629 + 1 Lo
SnClz(CH)z b 64d + 1 25
— .‘SE
SnCl.(0H)2 Lm 675 + 2 70
L8nCls(0H) ™7 44 in 61 HC1 684 + 2 150
SnCls Satd, in conc 692 + 2 400
HC1
=
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From the spectra in Figure 6-3 and our assignment of each

>
¥

119gn signal it seems that we do not observe the structural

isomers, cis and trans for the dichloro, trichloro and tetra-

P

chloro tin gpecies. Two possible reasons for this are; (a)
one of the structural isomersvis_mbre stable thermodynamica—_
11y than the other and thus we only observe eithér the cis -
or EEEQE isomer ag is the case for the SnCl. adducts w;ih
acetonitrile (Funnlngham et al. 1972) acetone (Beatﬁle gz_gl
19632) and POCle (Branden 1963) whose stereochemlsf/y as de-
termined by %~ ray diffraction in the solid state and by IR
spectroscopy in solutions is cis; (b) the other possible
reason may be the pobsibility of rapid ligand exchange giving
ue an average glgnal for the two isomers. Our pfoposed spécies
iz octahedral; for the =sxchange to'Qccur would. necessitate the
complexz to go through some iype of five-coordinate interme-
diste via an S.. 1 dissociation. But then we é?e'led to the

I

paradox of fast SE ‘1 dissociation to accommodate rapid
structural interconversion, but slow intermolecular exchange
zands 2t the same intermediate.

. Studies have been‘conducted.by Neuman (1954) on the
S%!%) in HCL system. By analyzing the UV spectra of various
(V) in HC1 solutions ranging from 2 to iEM,
hz detarmined the kind and amounts of species present, With

descreasing acidity he showed.the presence of Sb(0H)Cls ,

So/0H) 201, ... .2tc, and measured the amounts present for

»‘
m/
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various*acidities. JThe Sb(OH)Cls  is the predominant'fbrm
in 8M HC1, .Sb(OH),Cl.  in 6M acid and below 5M acid he found
Sb(0OH)5Cls” and the more hydrolyzed speciés arérﬁhe most
’ i@portant. | '
A similar study to Neumands has been conduct?d’by Inoue

et 81.(1959) on the UV determination of gquadrivalent tin
in the HC1 acid medium. - They bélieve they haveridaltified
the 8nCles”  and Sn(OH)Cls ~ species .in 6M HC1 solution.
_4Their results indicate that the hydronium’ioh gives a 1arge
effect on the system because it ekpedites the formatibn of
chloro-complexz from stannic hydroxo-complexes which exist
in low acidity. Thus our system could be ahalogoﬁs and
congist of our proposed species of the type SnCln(OH);:n.

Neuﬁan (195u)vobseved that the;g was no retention of
antimony on cation-exchange resins and complete retention
on ;nidn—exchangers; Boner (1949) aléo conducted migratidn
studies on the Sh{7)-HC1 s&stem which indicated that all of
the species containing antimony wefe anionic. In a éimilar.
manner‘ﬁe may investigzate the Sn(IV) system to determine if‘
the species pfesenﬁ are really ﬁegatively charged particleé
such‘as SnClnfOH)eZH ; ' ’

It is 2lso quilte possible that at high acid concen-

——

trations the speciss present could be chloroaguo-tin*species

") since at such high acid concentrations

it could be guite ezsy to protonate an OH  group.

4
-



(6-2) snCls(CH) ~ + H 2 8nCls(H-0)~

Ed

2

We cou1d4seek'evidence of thig by studying the pH
dependence of SnCl., in water using a strong acid such as
HC10.. At low [H+] wheré the major specieé would be in the -
form SnCls(OH) ~ .we would hopefully see the chemical shift
éharacteristic of this species while at high [H' ] the pre-
dominant species would be in the form Sndl5(H20)_4and thus
we would see the chemical shift for this particular species,
while iﬁ betweén one would see only an average chemical™

shift proportional to the relative aﬂpunts of each species

—_ ~
B . o

(8nCls(0H) ™ or SnCls(HZ0)7) present.

‘Another possib;e approach to the identification of the
: species preseht in tLis system 1s to assume that each speciles
is 8 particular type and thus see 1if reasonablé?equilibfium

constants can be obtained. If we assume the species present

sre members of the series SnCl (OH)sIn theh the equilibrium

4

relating these species, is given by ”

-

(6-3) SnCl,(0H)ZIn + H20 = sncl _ (OH)ZIn + g o+ c1”

~ -

znd the equilibrium constant is given by,

H

o lentln.y (0H)7In) (ay+) (8 -)
16k g = ' ' ’
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However if the species present are of the type

Sn61n(Hgo)6fﬁ'n then*, : -

v

(6-5) ' S%gln(HEO)g&ﬁn + Ho0 = Sn01n_1(Hgo)i§gn + C1”
and
[ SnClp, (He0)5250 7. 17 ]
(6-6) k= +4—nv — ‘
. [5nCl (Hz0)en ] [Hz0]
where a;+ , 2,9, and a, ., are the activities of H+, c1,
. ‘

and water. The activities of Hp0 can be calculated from

data of Akerlof and Teare (1937) and the activities of 8t

and aCl~ can be measured by using a standard hydrogen cell

yalong with .a Ag/AgCl electrode system and the following

{

o

relationship,
F.. ‘ = © T ° _ : v, < ._
(6-7) Eee11-= Bh, it ™ Epg/agel - 0-0592 log (a+) (8g-)

The only assumption involved in the calculation of Eq. (6-4)
is that the activity coefficient of the chlorohydroxo-tin

pecies are the same,

w»

* ' : L o
Wote that in Eg. (6sb4) we deal with activities while in
Za., (6-6) we have written the equilibrium constant in terms

of concentrations, The reason for this is that we cannot

measure the activity of €1~ alone.

o
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on

- in Eq. (6-6) we must

Cl

Because of thisdproblem about the a
be careful in the handling.of data in this part, of .the

e

problem, -

The.amounté'of the tin specieg is determined by using
119gn FT high resolution NMR (i.é.'iﬁtegration of the signal -
from each species along with the known totai concentration
of #n(IV) in solution).

Once the equilibrium constants have been'obtéined the -
changes in heat content, free energy and entropy of these
reéctions can be calculated in the usual manner. From the
équilibrium consfant and tﬁe expression,

' &
(6-8) AG = -RT 1n K

wé*obtain the free energy. Then by studying the temperature

~ dependence of the equilibrium constant and using the follow-

 ing equation we obtain AH,

A

(£-9) d In X _ _ AH

d(l/T) ‘ B

From these two guantities it is then trivial to obatin

the entropy AS.



D. FURTHER WORK . , o

N e A . » - ) )
Our characterization of each member of the series is

not quite complete and this must be verified before proceeding

With the determination’of the'equilibrium constants for the

- varioug reactions. The'direct observation of the !1®gn

‘be much more easily obtained than if 3Sc1 were used as the -

\
»

signals due to the various chlorohydroxo-tin species should

allow the determination of the OH/C1 displadement rates tq

probe nucleus. This should serve to show the fertility of
_not only ,this system but of many other systems involving
metal nuclei in which one may use the metal nucleus as the

NMR probe.
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CHAPTER 7

SYMMETRY EFFECTS IN !3C T, RELAXATION IN METHYL GROUPS
4.  Results

We have recently observed a differential'T1 effect;in
the 13 spin-lattice relaxétion of the members of the qﬁartef
‘in methyl groups. This @bserved behaviour has never been
previously reported in the literature. We have observed the
undecoupled '3C spectrum of 18F’CHSCN and Hg('®CHs)(CHs) at
301°K both at 15.0 and 25,1 MHz using pulse FT techniques.
The results’ obtained are'as follows; (a) Figure 7-1 shows the
130 quartet due to the coupled protons in '2CHLCN and it is
plainly seen that the,quaftet remains in a ratio 1:3:3:1 as
T iz varied in tﬁe'180°—T—90° pulse sequence, (b) Figure 7-2
‘shows the !'°C quartet'in Hg(CHs) - {the éuartet is broader
than in the acetonitrile case because of the unresolved ngsc_H
= 1.3 Hz), the ratio of this qﬁartet begins and ends at
1:%:3:1 ratios but near the null point it does not remaln
in this ratio. This result is better illustrated in Figure
7:2ﬁ;nd Z£4_A Figure 7-3 shows theéléc spectrum of Hg(CHé)g
at 7= £.5 sec for the 180?71-9o° sequence. The onlyAapparenE i
meﬁbers are thertwo inher lines while the outer two lines |

sopear nulled out., Figure 7-4 shows again the '3C spectrum
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of Hg(CHs)g at 1= 8.7 , 8.8, and 9.0 sec show1ng examples
where the outer w1ngs are .positive and the inner members
negative, outer members positive and inner members nulled
out, and.finally fhe outer wings larger than the inner 1ines.
We then decided to measure bofh the spin-lattice rela-

¥ation times (T.) in proton decoupled condi@ioﬁs. We also

measured the nuclear Overhauser enhancement. factor (n) for -

both compounds. The results are as follows at 301°K:

i
il

120H,CN T, = 19.7 + 0.7 sec n = 0.70 + 0.10

i

(*2CHs) (CHg)Hg T, = 13.0 + 0.5 sec n = 1.4 + 0,10
The nuclear Overhauser enhancement factor (m) for a hetero-

« nuclear system where both spins are 1/2 is given by,

T

(7-1) Miofg) = 1 'S Ry(dipolar)

v 2y Ri(total)
therefore if I = !3C and S = 'H Equation (7-1) becomes,
(7-2) ”130~{5H} = 1.988 B (dipolar) / R,(total)

Uzing this equéation ®long with the measured n and T,(13C) we

)
~

o

n calculate the contribution from dipole-dipole interactions
[DD) and the contribution from other mechanisms, in this case

pin-rotation (SRE).

n

a3
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FIGURE 7-1

Plot of 18bO—T;900 pulse sequence in the proton unde-
coupled !'3C quartet of natural abundance '®CH5CN

A
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FIGURE 7-2
Plot of 180°-7-90° pulse sequence in the.proton .
undecoupled 3¢ quartet of natural abundance e
Hz(1%CHs) (CHs) |
3
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-20° szeguence for 1= 2.5 sec’ in the

Yz/CHg )z, !cyecle time 90 sec; 1000 scans)
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FIGURE 7-4

Plot of 180°-1-90° sequence for r=.8,7;8.8;and 9.0 .
sec, in tie *3C quartet of Hg(CHsz)o. (360 scans)
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In neither case did we observe any non-exponential behaviour
in carbon-13% T, experi%ents. Althéugh there may have been
such behaviour it was well within our possible experimental
cbservation errors.‘ | - .

Using Eg. (7-2) we may calculate the DD and SR con-
tributions for both acetonitrile and dimethyl mercury. The ‘
results are as follows: (a) 13CHscN Ty is 35% DD and 65% SR
and (b) ('3CH5)(CHz)Hg T, is made up of 70% DD and 30% SR.
The same effect has beeh observed in the 3¢ T, recovery of
the 13¢ éuartet—in Sn(CHz )4, where at the same temperature

in Chapter 4 it was shown that the '3C relaxation mechanism

is about 30% SR and 70% DD. ’ ’ ‘

B. Discussion
This data identifies the '3C to 'H dipole-dipole relax-

ation interaction as responsible for the observed relaxation

 rate differences of the multiplet members. A gualitative

ezplanation 1s that there is é feeding of energy befween the
12C spins and the !H spin reservoir (see Figure 7-5). For
the 3¢ dipole-dipole cas§ there is an exdhange of energy
between the Cafbon~13 and proton spins before ihe energy
goes out to the lattice while for the spin-rotatién case

the ensrgy is directly transfered to the lattice and thus
oy-passing the interaotionvwith the H spins and effectively

A

short-circuiting this effect of differential T,'s.
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FIGURE 7-5

Sketch showing the possible processes for energy

transfer to the lattice in a) CHaCN and b) Hg'CHs)

2
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130 Dipole-Dipole case (Hg(CHs)>)

3¢ spins

(3--~---.'-- .-

(dipole-dipole)

'H spins

T.('H)

dipole-dipole

SR .,
(30%) ‘.,
. ..
‘ lattice
13¢ Spin-rotation case (CH5CN)
. T, (12C) (35%)
12¢ spins RRAIUIE IR Y 3 IS spins
] S
T,('H)
dipole-dipole
v

lattice
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When diﬁolar coupling occurs between two unlike'spihs
I and S then the change'in,magnetization'of the I and S spins

is given by'a set of coupled equations (Abragam 1961),'

(7-2) d(s,) 1 1 7
fg€_~_ - Tlss (<Sz>‘ So) - TISI (<Iz>— Io)
(7-4%) . d<IZ> 1 << \ ) 1 sy , )
= - IY)-1) - S »2- 8
at T1TI z 0 ;'T1IS z o

This means that when an r.f. field is‘applied at frequency

wg it will affect (I ) while it acts on (S,). These so called
”cross—relaxatiqn " terms TISI and Tlis cause a noh—exponential
behaviour in the recovery of the SZ magnetizatioh. We would
of course observe this behaviour if we proton decoupled our
Hg (CHs) - 12C. quartet since it would recover at a raté'which ‘
would be a mixture of the outér and inner lines which have
different T, values. We did not observe non-exponentiality .
in the proton decoupled T, measurement of Hg(CHa)g because
this non-exponentiality is too small and within any experi-
mental uncertainties inrmeasurément. It~seems that these
above equations have something missing that is they are for
a non-selective Ty.experiment. However our T; experiments
are selective since we observe each component of the qﬁartet'
separately. This leads to the'éonclusion'that'one'must'*

symmetrize the various members of the quartet.
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The quartet for- the ﬁndecoupled 1%0H,; system of local
nuclear space Symmetry Cav has the following symmetry compo-

nents, L : s

AN
B . - T 1/2
. - ,
& .
Ay Sp = 3/2

Rigure 7-6. I—Spfﬁ Resonance Quartet.

It is quite possible“that this symmetry‘effect is the
cause of this non-equivalent relaxation behaviour in theb
Hg(CHs) > case where Ty i§ dominated by DD but not in the

- CHSCN case where T; is ddminated‘by the SR interaction.
Each outer_cbmpqnent of the quartet haVing A1(1H)‘éymmetry
has an efﬁeétive T, of 12.1 sec‘whiievthe E components have
Tlvof 13}0 secr(.we;ObservgﬁanraveragerTlifggithe,deéenerate,

inneér lines).
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S

Appéréntly this effect had never been noticed béfore
possibly fér two reasons: (a) most 13¢ Ti measurements are -
Qbfained,under progbn‘decoupled conditions, (b) it is very
difficult to observe the effect excebt near the null point
of the 1800_7—9o°'sequenée where this effect is best observed
and thus requires very long term‘signal—averagiﬁg since the

18¢ 7,'s are fairly long.

¢
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APPENDIX A

Varian Associates, NMR Table (Fifth edition)

b
%

Isotope NMR frequency in | Natl. Abundance Spin
10 kGauss field %
(MHz )

g | 42,5759 99. 98k =
2D 653566 0.0156 1
130 10.705 1.108 3
3501 | 4 172 5.4 2
e 3.472 2#.6, 2
79Br 10.66? 50.57 3
Br TR k9. 43 2
115gn 13.92 0.35 z "
'178n 15.17 7.67 -
11sgn - 15,87 8.68 5
19904y - 7.60 16186 ;%
'201Hg 2.80 A 13.2& 2
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APPENDIX B

1. Determination of T,(2°!'Hg)

— 312 (21 + 3) 2 2 v
FRI)Q 10T2(21-1) Le qQ/h)Q_ Te

Since the 2°!'Hg atom (I= 3/2) lies on the main symmetry axis in

Hz(CHs)» and 8-= 0 then To = 1/6QL

(Rs) - 1" (e2qq/n)? B
201yg 15DL : 201y ; \

At + Lo°C QL=-2;5¢X 1019, However we do not know the value for
<62QQ/h>ZO}Hg .

known values for 79:21Ry in CHyHgBr (Gordy et al, 1953 ),

However we can estimate this value from the

(e2q0/h) 7opy - = 325 MHZ
(e2qQ/h)éle = 270 MHz
we also know that for
79Br' I= 3/2 ) 'eQ = 0.335
' ?1gf' = 3/2 . eq = 0.280 A o
ZotHg I= 3/2 eQ = 0.5

Therefore (equ/h)201HE'¥ (0.5/0.335)(325 MHZ)f:\BOOVMHZ .
This is an upper limit value since the procedure is-not really -
vz1lid because of the different eg's for Br and Hg and in fact

eq is probably less at the Hg than at the Br.



Using this value for (e®gQ/h) anng with DL at +40°¢ we

201Hg
obtain, . o ’ .

v

. , o ;
Ti(-°'Hg) ¥ 1.5 x 10" 7 sec

, _ -
2, Z29%'Hg Scalar contribution to Rp. in Hg ( CHs )'s
: \ Tor
Yrr 2 ‘ ) _THg
R L eoipe (Tt gy | Tigy t —— ‘
’ . i, Yam2
1+(wH ng) T?Hg
Since (wHTQHg)ZT?Hg>>> 1 the above eguationLreeucef to,
S¢ _ bnme sy /5 , toe
R = J -201Hg (5)(5) T12O§'ng
¥ e ,
From our measurement we know that;Jﬁ;lgéﬂg'= 101.5 Hz thus
o YJ?Ong : )
JH gong ‘Y — X JH 199Hg = 38 Hz
- Yisspg
’ “ <§ . N
Therefore at +40°C RESC‘;:lo—z sec™!'. At this temperature _
Ryj = 0. 088 sec™! so that for the.13,2lMfiatural abundance 201Hg(CH3)
Réﬁ = RTH + RgSQ = 0.098 sec 1 and for r?e remalnlngf69.9%

izotopes with I=0 , P, This:ﬁeahs that the average

g = Reg -
value for the resonance due to Hg 1sotopes _with I=O.énd‘

1=

.g.H :
20y (I=3/2) collapsed resonance would be 0.090 see**’ Thus

we see that the RgSC contribution of the 201Hg(CH3)2 is negllglble

- B o 7
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