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ABSTRACT

Intermolecular dipole, intramolecular dipole,
and spin-rotation coupling-relaxattion mechenisms are
studied in a pulsed n.m.r. investigation of trifluorc-
toluene in carbon disulfide. The viscosity dependence
of each mechanism is examined and the relative countri-
bution of each to the overall relaxation rate is esti-

mated.



I. INTRCBUCTI(N

The nuclear magnetic rescnence spectroscony of
trifluorotoluene is complicated by fluwowene relaxa-
tiocn through intramckcular and intermolecular dipnle
transfer, in addition to swin-rotatjonal counling.

Many of the details of this lati.r coupling have been
worked cut, although the theoretical determinsticn
of pocd correlaticn times strains & theorist whose
formulas deal with hard spheres rether than suketi-
tuted toluene molecules. This investigation follows
ciosely the work of Mr. Thomas E. Burke on the viscosity
dependence c¢f the longitudinel relaxation time, Tl‘

Tl characterizes the behavior of the z-component
of the magnetization in a system degscribed by the simple

Bloch equation,

d.—m-—?;—. __.(M}"MQ)
dt —

Carringtnn expresses Tl in terms of the off-diagonal
matrix elements of V(t)}, tiie local potentizl of = spin

in the system, as
o
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where & is the frecuency at wiich relaxation may occur.
Thecry exists to estimste the integrend, since it is

founé that the cuantity G(T), calle¢ the autocorrela-



tion functicn of £(%3},

G(r)= §7(t+z) ¥0O

may be described for many ihysical nrocesses by

~ el
o) = fofe) e T

where T, is cailed the correlaticn time. This time
wmay be interpreted cs an awproximate iLifetime of 2 fluc-
tustion in f. Debye's caleculation of ¢, for hard spheres
in & liquid, o3
To: HRE
has proved to be extremely useful.l
figure one, after that arnpearing in Hahn's famous
descriptive article of 1953, indicetes the principles
of pulse n.m.r., or free inducti:n decay. The general

features of the experimentsl arrangement are the same

5

2s those used in continucus wave spectroscepy. The
vsual lsrge, homogeneous magaectic field HO, tradition—-
21lly oriented in the plus-z direction on the drewing,

is employed, while a smeller csciliating fielid, Hl,

is appiied in the x-direction. The magnitude cf Hl

is grester than that employed for continuous wave ex-
periments, but the distinctive characteristic of this
nerpendicular field is that it is applied only in pulses,

of such durztiocn to cause the net magnetizsticn vector
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to nrecess from a direction perpendicular to the x-y
plane to one sarallel to it.

The.oscillating field is Aufficiently strong thet
tihe magnetization, which is an ensemble overage of spins,
does not lose coherence. After the pulse, cslled a
"90-degree" pulse, the precessing spins lose this
coherence; the freguency of each nucleus's precession
is determined by its enviroament; inhomogeneity of
B, also causes small differences in frequency. What
wasmsingle vector precessing i the x-y plane imme-
diately after the pulse is transformed to a "pancake"
of magnetization.

A

A second pulse is applied after time*&. This pulse,
of duraticn t,,, rotates the plane of magnetization
vectors by 180 degrees about the x axis. Vectors of
lower frequency, which had "lagged" behind faster
vectors, now lead them, and at time 2T the vectors
regain coherence and are wmonitored by the receiver
coil. If relaxation is occcurring, successive measure-
ments of the magnetizetion will show smaller and smsller

2
values.

The order of pulses is reversed in the nresent



experiment. A 180-degree pulse is first applied, send-
ihg Mo into the minus-z direction. After a varicble
interval T, the 90-degree pulse rotates the magneti-
zation into the -y direction where it is measured.
Another measurement is performed once the sampnle ies
reached equilibrium again, after an interval of several

times Tl.

IT. EXPERIMENTAL PROCEDURE

Figure 2 illustretes the experimental arrange-
ment in block form. A& positive sguere wave from the
function generator triggers the Tektronix 162 waveform
generetor. The latter sends a nositive sawtooth to
the first of the identical Tekitronix 163 rulse genera-
tors 2nd a negative sawtooth to the sccond generator.
The first sulse gencrator sends a control pulse of the
proper length for the 1380 degree pulse to the r.f.
gate. When the sewtooth to the second generator
reaches a preset value, that generastor produces the 30
degree pulse, correctly delayed. Tiie second generator
also triggers the third genc¢rator, which sends &
grting nulse to the hp 5243L counter. Tpgether with
the voltage-to-frecuency converter, this counter samples
the megnetization. A TSI 361 general purpose coanter

measures the 180 - 90 degreespulse interval.
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Reagent grode cerbond disulfide end ftrifluorctel-
uene weire used in the investigotion. Sanples were
allowed to eecuilibrste in ¢ 25 degree water beth, sfter
wirich their density wee determined by weighing end their
viscosity measured by a time-of-flow device calibrated
by Mr. Burke to an expancion

” = Q_/of: + b/O/‘f:
where 7 1is the viscosity, # is the density, t is the
time recquired for the fluid to pass between two merks,
and 2 and b ere empiricslly determined ccustants.

The sam-les vere decanted into narrow-neck tubes,
frozen with licguid nitrogen sund pumped on a vacuum
lihe for tihirty minutes. After two more freeze-pump
cycles the tubes were sealed with a torch. This sro-
cess is believed to have been effective in removing
dissolved oxygen, whose poramagnetic property ig suffi-
cient to change experimental Tl values by a fector of
two.S

In the determination of Tl, different intervals
between the 180 and 20 degree pulses were chosen by
varying the slope «f the sawiooth trigrer to the second
pulse generator,and by verying the trigger level.
¥ive readings of the magnetizetion were taken at each

41

T . Seventeen values of T were used by the autbor



and thirty-five by Mr. Burke when he repested the nro-
cedure. As a later discussion will show, proper choeice
of ©* values was critical.

Altiough in fact the megnetization has the value
—Mo for =0 and increases monctonically to +M0,
the digital readout gave only IMZI ; for this reason,
My . Burke wrote the Bloch eguation in the following
form for cowmputation. Included is &, the rcot-mezn-

sgquare noise.
My = ~Mo ¥2§ +2(Me-S)exp(—t /7)) t g In 7]

Mg = Mo~ 2(my=8) exp (=€/77) t> bear;
The M_(t.) were put into e ccmputer program, essen-
Z i t]

tially a least scuares fit, that evaluated Tl, Mo,

and subject to the condition that

;1,' g [MEC‘&G')’ME:‘&
é=t

be a minimum. The relaxation times were computed to

be on the order of two seconds.



ITI. PISCUSBICN
The most genersl exvressiocn for Tl that includes
well-studied relaexation mechanisms may be written

: :
/7':' )2:‘2,?;‘: i (77)&:?’:‘” +("3 )gfé'h- *(%)Pi/:e- + (-Tf-)f
dia

T

The fourth term, arising from the coupling of electron
and nucleer spins, may be ignored if naramagnetic
species have been eliminated, #nd ‘n fact neither oxy-
gen nor stray metal ions 2re expected to interfere in
this experiment. The last term arises from the aniso-
tropic chemical shift. Mr Burke computes thest its con-
tribution should be small; ue alsc observes thet inde-
pendence of Tl upon field strength supports the compu-
tation.

Expressions for the three terms remaining are
available in the literature. When the viscosity is
taken to be the variable cf infterest, the expressiun
for Til may be written

_7!_’_= A41+;;I'E + xC?
where x is the mole frrcticn of triflvorotoluene, and
A8, snd C depend uncn the sclvent and the solute.
-

I'he choice of carbon disulfide, & "magneticelly inert"

solvent, =ilows solute-solvent exchange to be minimized.
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The intra-molecular dincie term, Am , may

be written i
Am = A e

where veo is the ceorrelation time for the precess.

The subscript € is used following the eapiagis of
Powles #nd Green unon the - dependence of intramolec-
uler dipole relsxaticen in contrest to the #-dependence
of sprn-rotation relaxaticn.

If fluorine-~hydrogen coupling is i&lored,
4,2
A‘:-_ §...¥.6E'.._
Ver 6
where ¥ is the gyromagnetic ratio of fluorine.
The Debye result is used for xg ,
3
Yoz du oy
o= 5 x
The importance of Debye's derivetion inen.enced by tie
fact that exprecssions for the correlation times corres-
ponding to € end B bizve been derived only in terms of
Ty » Sbragam treats the case of intermclecular dipole-

dipole relexetion, finding

-1y, e
(T,' )cnter' & 3_11/\/?}:
(T intva S

where N is the density of spins per cubic centimeter
end reaquires & fector of two thirds for unlike spins.
Thus

2 2
- szkaﬁf:l:(w°) - 4##?;&’“(5;5921‘9)
C rwr " ST L A

The spin-rotaticn correlation time, 7%,, , 1S



i

not as well-documented as Tty . Powles and Greensgive a
simple diffusion argument to show thst the two times
sre related by

Twte = L/nkT
HUbbardg finds n to be six using a more comnlete
method. This relationshivn indicates that T. varies
inversely with the viscosity, siance T, is known to be
linear in7m .

The "moment of inertia" of trifluorctoluene is
taken to be the sum of the two larger moments. Also
necessary in computing B is tle spin-rotation coupling
constant, C, , end the moment of the CF3 top, I, .

The final expression for B reduces to

B:.- 8Ci I'I,,L
q he Te
The general ecuation for Til

9
)

._:.A -§ ox M

i e

is inconvenient for determiningr A znd B; nultipli-

cation by % gives an expression whose slope is A

and intercept B when (%‘°*7) is graphed as a function
of 72 (see Figure 3):
,,l(.l.-lf-Cx’l/) = A"f'*B
The thieoreticel intermolecular dipoie coefficient
C was calculzted and useé to "correct" each value

of T=1. C was found to be 6.36 sec *poise lmole~11.

1
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Each correction was ten per cent or less for each

value of TIl.

Two sets of T1 values were used in the calcu-
lation, both from the same samples. The author used
seventeen values of * , the 180 - 90 degree pulse dif-
ference, while Mr. Burke took thirty-five x values for
each sample. The standard error in the author's results
was roughly five times higher than Mr. Burke's error.
The better accuracy of the letter's Tl's probably
resulted from better distribution of the T 's as well
as their greater number.

Two assumptions were made in the theoretical
prediction of 7, . The first was that a, the "radius"
of trifluorotoluene, could be determined from a

hexagonal-packing model for spheres, in which

aa =2 ?4M - 3
4% No

The second assumption was that the fluorine-fluorine
distance could be given by the distences =nd angdes

used for the moment of inertisz calculation: The cal-

12 1

culated value of q was 12.3_x 107"“ sec. poise .

0.6
Mr. Burke's data agreed closely, giving 12.6 X 10-12,
&

while the author's data yielded 8.6 X i Wt

3

The predicted value of B, 3.95 x 10" ° poise sec.,

is higher than Mr. Burke's value of .77 x 10"3, or

o4
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the author's 1.17 x 107, Such poor agreement is
unexpected after the success of the prediction of T,
but the expected crudeness of aftheory that depends
upon a hard sphere model suggests that the difference
between the measured and predicted B values is nonethe-
less reasonable, that of the Tvyvalues extraordinary.
Since the theoretical expression for B depends upon
% , the latter is bound to be better predicted than
B, which suffers from inadeqguacies in two theories,
not onlyaﬁne.

No attempt was made to check experimentally
the intermolecular relaxation constant, C. Other
values might have given a better linear fit in Fig-
ure 3, but C is too small to be determined accurately in
this type of experiment. To eftimate the relative im-
portance of the three relaxetion mechanisms, we
mey choose x = 1.0 and find (using Mr. Burke's exper-
imental data)

1 B, + C
5 sAm *53/y i

0433 .26 "".14 +'o3

Thus the contribution of intramolecular dipole relax-
ation is about ten times that of its intermolecutar
enalogue, and twice that of spin-rotational relaxation.

It is certainly possible that other relaxation
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mechanisms do contribute in trifluorctoluene-cakrhon
disulfide solutions. It is also possible that the
theoreticel wodels for ty,B, and C centain errors.

The experiments reported indicete, bcwever, that the
viscosity dependence of the theoretical exprescions is
corredtly given. The findings are consistent both

with the Debye model and with the more recent vwork of
Powles and Green. It should be emphasized that no
correlation times were actually measured; at the
frequency emnloyed (13.2 mc), whose associated time is
of the order cf 10_8 seconds, a correlation time of

11

some 10~ seconds may only be determined indirectly.
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