Chapter IV
EXPERIMENTAL RESULTS /ND DISCUSSION

4.1 Experimentsl Hesults

4.1,1

The experimental data of T, in pure Pin (zone refined)
end impure Pis (without zone refiding)are listed in Appendix IT.h.
The selectcd ones are illustrated in Table b.1,4,2 and plottéad
graphicelly im Pigil. %,

We have observed thot the induction maclecar signal does
not decay smoothly after a 90° pulse is applied in the isotronic
phase. This phenomenon is displayed in Fig.3.5. It may be
interpreted that there are two different species of proton spin
in the seample and each hes = slightly different resonsnce
frequency, to form such induction tail, Similarly, the sane
phenomensn osccurred in 180° pulse. We can not observe = sherp
null signal, a straight line, as s&me sg that of the liguid water,
Therefore, it 48 difficult to distinguish an exaet null on the
oscilloscope. We have to estimete the experimentsl error for T1
of 5 % in isotropic phase and +10 % in nemotic phase, The
measured T1 in the whole tempereture range cxe of the order
magnetude of one second., The detail results and discussion

will be given in section 4,3,
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Table 4,1 The spin-lattice relaxetion time of *zZomo Bafined PAA

(°C) null(msec) Tl(sec) EE?;??%%% ;
169.0 1100 1.69 + 9
161.0 1060 1.63 * 5
153.0 930 1.43 ¥ed
151.0 850 1.30 + 5
145.5 740 1.14 + 5
141.0 640 .98 + 5
139.0 610 o 34 > 5
138.5 600 .92 5
136.0 590 .90 £ 3
135.0 575 .88 +10
134,0 625 .96 +10
139.5 645 .99 +10
132.0 665 1.02 +10
129.5 695 1,07 +10
128,0 710 1.09 +10
127.0 725 1541 +10
124,5 730 WL +10
121.5 710 1,02 +10
120.0 695 1.07 +10
118.0 655 1.00 +10
117.0 665 1.02 +10
112.5 650 1.00 +10
110.0 610 .9k +10
107.0 580 .90 +10 :
105.0 530 .81 +10

AL G 3AX
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Table 4.2 The spin lettice relaxation time of ¢Sriitdwetadl FiA

T(°¢) null(msec) T,(sec) . Eggigi?%%
153.0 870 . 1:33 ra
146.0 710 1.09 bt
143.0 650 1,00 =
138.0 600 .92 s
137.0 . 610 94 x 5
136.0 590 .90 5
135.0 530 .81 $10
133.0 550 .84 +10
131.5 580 .89 *10
130.0 640 .98 110
127.0 635 .97 *10
123.0 620 .95 +10
119.0 530 »90 10
118.0 570 .88 z10
116.5 560 - P 10
116.0 545 -8k 10
114,0 480 o7 =10

In addition, the deta of spin-lattic relsxestion time in the
ﬁemutic eangt both of'izone refined -and eommercinl PAL ane!
plotted ws, =2¢ inversed sbsolute temperature (DK)“1 a8 shown
in Fig.4.2 with a comparison.. of the results from theoretical
approach by Doane et:r-al, The data of both are nrescnted in
Teble 4.3 and . Teble 4.4,
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Table 4.3 The spin-lottice relaxation time of zome Fefined PAL

= 1x1073(%k)"1 T, (sec) Egziﬁgfi%
2.451 .88 - +10
2,457 .96 +10
2.460 .99 +10
2,469 1.02 +10
2. 484 1.07 +10
2.494 1.09 +10
2,500 N +10
2,516 1532 +10
2,535 1.07 +10
2,544 1.07 +10
2.558 1.00 +10
2,564 1.02 +10
2.594 1.00 +10
2.611 K1 +10
2.632 .90 +10
2.646 .81 +10

Table 4.4 The spin-lettice relexation time of ‘eommeredal PAA

r~1x1073(%k) 1 T, (sec) Hane
2,463 .8l +10
2,472 .89 +10
2,481 .98 +10
2,500 .97 +10
2,525 .95 +10
2.551 .90 *10
2550 .88 +10
2.567 .86 +10
2.571 .8l +10
2.584 74 +10
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41,2 The Snin-8pin Relexsation Time of PhA

The experimentel data of T2 in ZOné refined Iraid Bsilisted
in lppendix II.B. The selected one is illustrated in Teble 4.5
and plo®bed sraphically in Fig,4.3. We have found thot, the stoatie
magnetic field is not quite stable as the measurement is going on.
This affects the echoes amplitude not to be formed exactly in a
straight line (os shown in Fig.3.8) and then T2 cen not be
celculated sccurstely. The experimentsl error is estimeted to
be * 20% in isotropic phase and + 25 in nematic phase, iln
nematic phase, the order of mognitude of T2 is 10 microsecond

and in isotropic phase, T2 is the ordexr of 102 millisecond,

Table 4.5 The spin-spin relaxstion of zone Yefined PAk

7(°c) T, (mscc) Eg;igg?%%
155.0 492 +20
148.0 460 +20
140.0 410 +20
137.5 328 +20
134.5 .052 +25
132.5 045 +25
129.5 .036 +25
127.5 .035 +25
123.5 .032 +25
117.0 .030 - +25
113.0 .030 +25
109,5 .026 +25
107,0 . 024 +25
105.0 024 +25
104.0 022 +25
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4,2 The Beviewed Theory of Spin Helaxation in Liguid Crystal

Consider @ special case, “he liquid. The conventional
theory of spin relaxation for a apin‘«% pair, brought about by
a fluctustinn of the magnetic dipolar interaction, gives the
following relaxation ratezz in the laboratory frame 3

-

—

(3/2)8*°1(T + 1) [J(l)(wL) + J(z)(zwL)J

Hl—
I

i

(9%%%/80°%) [J(l)(wL)-!-J(ZJ(zWL)J (4.1)

where J(l)(wL) ond J(Z)(zwL) are the spectral density functions.
For liquid crysteal epproximated as perfect order limit, J(l)(wL)

cen be written in form7’13:-(a = intermolecular distanwe,u)L=‘535)

0 % tmx
J(l)(w)';Sdt cxp(—iwt{)'*' dzﬂv3<n(q)l 5&*9(-—’0/2-0)e}r.p(—qut)Si(M.Z)
o ® B )

where a(g) is the Fourier amplitude of the long-range order
director %(xr),
n(q,t) = %SH(?,t) exp (iq.r) dr ,

V is the volume, q is wave vector, ?& is the time constant of

the exponentisal decay of the autocorrelation function of qth
Fourier amplitude of the order director, i.¢.

<n(q,t)n(q o)> Qn(q)l;}exp( “t/ )
K is the Frenk e€lastic deformation conqtant 23 gnd S is order

parameter (i.¢, S = 3 <3cms Q - 1> ). Using the hydrodynamic

2% \BRAGAM A., The
Chapter VII 0.U.P (1961)

Miples of Nuclear Megnetism,

23Frank F.C., Discuss. Faraday. Soc. 25(1958)19,
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_ 1 ..
range i.¢, qéqh, where ah> moleculsr dimension, <|n(q)|:">‘:mP apd
Tg con be derived?
GOPE KT/V(Ka“+aXHE)
av :

and ,2._;11 ~ Q"l (Kq2+&XH§) 5

where*? is the viscosity, AX1s the onisotropic part of the
diamagnetic susceptibility ond HD is the rcsonance static
magnetic field. The first integral in Eq.(4.2) i corresponds

to the hydrodynamic anproximetion cnd does not decay exponentially
and has w'% dependence, The second integralll is sum over

L

&
high-frequency range qﬁ<q<9m9x end does not have wi dependence.,

Then we can write Eq.(4.1) for 1liquid crystal PAA in the form of
=1 -%
(Ty)7" = A(T)w;® + B(T) (4.3)

%
where the first term, ﬂ(T)w£2 is obtained from the hydrodynamic

renge of Eq.(4.2) with
<287 KT
-. i - ’
N 7 e

where wy is the dipolar frequency. The second term, B(T), is

n(T) -

obtelned by edding J(Z)(ZWL) with the hiszh-frequency part of

Jtl)(wL). fpproximately, we cin consider just the first teram
9

in Eq.(4.3). Hence we obtain

1 3 g,é ) : T
-y - ™. .SS\_"— i 2 D ‘e LF.“'
;) L (k’»"m[wa * K/?)J (4.4)

zuﬁ. Saupe, Z, Naturforsch., 154(1960) 815
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4.3 Discussion .
‘ There is a clear break in the temperature dependence of
the relexation time at the nemetic-isotropic liquld trensition
A point (TNI). For zone refined PAL, TNI 18 3540 °¢ and commercisl

PAL, is 34.0 °C, ond there are supercooled nemetic at the

TNt

temperature range below 119 °Cc end 117.5 % respectively.
Comparing the magnitude of T1 in the whole temperature

range of zone refined =nd commercial PAA, obviously, ‘I'1 of the
zone refined PAAL is lorger than the one of the commeRcial PAA.
It is confirmed thet T1 varies inversely es the lmpurity
concentration, which azrces with the published results by
Dong et 21, 8Since the impurity such ¢s some paramagnetic

* substance will cause the spin to.relsx more quickly than usual,
hlsn we have noted theat when the sample was heated end cooled
by several cycles, we observed that T1 of the last cycle is
smeller then the initial cycle. That is the evidence that
the ogxyzen gas in the sample capsule will disolve in the liquid,
1.e. the para—magnﬁtic substance effect as we have discussad
previously.

In the isotropic phese, T1 rises smoothly, though not

¥ lincarly with tenmperature. As in this phase the rclaxation is
due mainly to the translational diffusive motion, #nd the
diffusion constant D has a linear temperature dependences in
the isotropic liquid phese, the nonlinearity of Ti(T) just

ahove 'I‘NI mey be due to the prescnce of nematic clusterzsin

25James D. Lee ¢nd /1, Cemal Eringen, “Wave Propagation
in Nematic Liquid CrystalsiJournsl of Chemical Physics,54(1971)5027,

R e | P T T WU R
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the isotropic liquid.,

Wo.do 'not observe the sharp jump in Tl in zcing from
the isotropic liquid phase to the nematic phase zs reported
by Dong €t el? Our-observation of the temperature dependence
nf T1 in the nematic region thus agrees more closely with that
reported by Blinc et 91}0

The contribution of the conoperative fluctuestion of the

order director to the spin-lattice relexation has been obtained
by Pincu513 to be9 :

o 2 kT 1 -3
T = W7 (=) - w (4.2.1)

Recalling the elastic deformation constant K varies as

82, published by Saupe (1960), where S is the order parometer.

K
7

varies asi?~%° Using the published temperature dependence

In the limit of weak diffusion (DK ), it hes been estimated

that T,
of S and\? for PAL; Doan and Visintainerg has displayed the
expected temperature dependence of T1 in this 1limit (by using
HL = 24 MHz). This 1is shown as the deshed line in Fig.h4.2,
which olso displeys our results for the nematic phase both - ¢
types-viof - rPAA, . Our date seem to indicate that as TNI is
approached from below, Our sample actually attains the weak
diffusion 1limit just from 128°C to 135°C but below 128°C it
does nnt zgree with the above theory.

It hos also been suggested that the change 1n slope wes

due to a biaxial ~to- uniaxial nematic phase transition which’

has been argued to> be responsible for the specificq heat @anomaly
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at 128°C, If such phese tronsition octunlly occurs, the
Intermoleculer dipolar relexetion would have to be changed

fron & none order-peraneter fluctuation to & two order-parameter
fluctustion process, Another alternotive ¢xplanation, also
suggestcd by Dong et #1,, is to considcr thet the order fluctuation
are slowed down with inereasing amplitude of oscillation as
tempecraturc approaches TNI'

In oddition, the results of T, also show a clcar break
1n the tempersture dcpendence of spin-spln relexotion tine with
& nenatic-isotropic liquid transition point (TNI) at 13500.

In the isotropic phasc, ‘I‘2 varies almost lincarly as
tenperaturc, is for as the translotion diffusion (D) is
concerned, the intcnsity of the ccho at-time t is determincd hy

M (8) = M, exp [(-t/Tz) + (-¥%cDt3/12)|

where G is averege field gradient over the somple and must
rcquire thet 12/¥°6°D £ T2, The slope of ¢ plot of ln(My’z'Mo)
+ t/T2 VeSe t3 1s uscd to obtein D, Thercforc in the isotropic
phasc we can again confirm thot it is due xzeinly to the
translotion diffusive motion,

But in nemoatic phase, T2 arc obscrved to bc very short

in mognitude of the order of mleroseconds, and it is almost
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constent over the whole nematic renge but above the 12800, 'I'2
rises smonthly with temperature. These also support the proposal
that translation diffusion,D is small and constent over the

wholé nemetic renge snd actuaelly it is e¢lso confirmed that at

the temperature range above 12800,th€ smooth increasauosz is

due mainly to the slowing down of orde¢r fluctuation with
increasing amplitude of oscillation, In the isotropic phase,

T, is also setisfied with the thenreticel result, since it is

epproximately equal to g 'I‘1 (%.e. T2 = g Tl)o

Finally, we can conclude that the contribution of 'I‘1
and T2 in the nematic liquid crystel Pas is meinly due to the
order fluctuation end there exists n change of relaxation mechanism

which contributcd to T, and Tz at 12800..uIn the newatic renye

1
(below 12800) Ti is. not only due moinly to the order fluctuation,
since we have noted that it is rather due to the translation
diffusive motion because T1 is increasing smonthly but not
exponentially with temperature. Consequently in the temperature
range 128-13500, it is due to the order fluctuation by a reason
that ’I‘1 agrees well with the theosretical approach by treating

D véry small, and similarly T2 rises smonthly in this TENg g,
which mey be interpreted as there exists another contribution

in eddition to the trenslation diffusion and order fluctuation,

1.6, 1t night be a eollective moleeular notion, & slow coorperative

mode which hae been proposed by Dong €t al.,
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APPENDIX II.A

'I'1 DATA
T1 = Spin lattice relaxation time
T, = 1.063Taull/1n2 \
» where 1,063 is the time scale correction,

At proton resonance frequency 10 MHz,.

WITHOUT ZONE REFINED PAA 137.5 560 .86
Jamary 5, 1972 o -
7(°c) null (msec) Tl(sec) 132.5 228 .93
167.0 1000 1, 5k T i =
1 ?.0 860 1.32 12 :5 610 :94‘
%42'2 3?8 1'33 124.0 650 1,00
141.0 620 .95 &0 020 -95
136.0 540 .ga
133.5 525 .5
130.0 g40 "98 ZONE REFINED PAA
128.0 620 .95 January 11, 1972
- —_— T(°c) null (msec) Tl(sec)
Japuary 8, 1972 173.0 1020 1.56
7(°¢) null (msec) Tl(sec) 165.0 910 1.40
P R I
146.,0 710 1.09 145'5 715 1‘10
138.0 600 .92 143:0 6“_5 :99
137.0 610 .94 137.5 580 .89
136.0 590 20 134.5 550 .84
135.0 530 .81 1340 %0 86
133.0 550 .84 133.5 620 .95
%§g°g 229 'gg 133.0 690 1.06
12?.0 635 .9? 13200 660 1902
123.0 620 ' 5 131;5 670 1.03
115 €55 '30 130.0 20 1.10
. 3 ' 129.0 685 14.05
iig'g ggg ‘82 127.0 665 1.02
116.0 5}_['5 .84 12%:0 260 100%
: ’ 123.0 90 1.0
114.0 80 o/l 122.0 680 1.04
116,0 570 .BZ
January 8, 1972 %%{:8 ggg :g
T(°¢) null (msec) Tl(sec) 109.0 480 W
143.0 640 .98

139.0 27595 .91




January 11, 1972

T(°C)

173.0
16“05
148,0
145.0
139.0
1350
134,.5
134.0
13305
131.5
130.5
129.0
127.5
126.0
124,0
121,0
117.0

null (msec)

1020
940
750
690
590
500
550
560
630
700
710
690
650
620
645
640
600

January 12, 19?2f

7(°¢)
169,0
161,0
153.0
151,0
145.5
141.0
139.0
138.5
136.0
135.0
134.0
133.5
132,0
129.5
128.0
127.0
124.5
121.5
120,0
118.0
117.0
112.5
110,0
107.0
105,0

null (msec)
1100
1060
930

Tl(sec)

1.56
1.45
1.15
1,06
21
o 77
.84
.86
.97
1.07
1.09
1.06
1.00
.95

Janusry 16, 1972

T(°c)

161.
158.
151,
144,
138.
137.
135.
133.

oowniunhoounocoounno

null (msec)

1000
900
800
675
565
320
600
700
675
650
610
585
570
500

Jenuary 16, 1972

7(°¢)

150.0
145,0
141.5
136.0
132, 5
132.0
%3, 5
130.5
128.0
12?90
125.5
123.5
123.0
121.5
119.0
116.5
113.5

null (msec)

880
860
700
600
580
605
690
740
730
760
765
730
653
660
610

550

January 24, 1972

T(°C)
160.5
159.5
15345
146.5
138.5

null (msec)

1050
1000
820

750
620

Tl(seo)

1.54
1.38
1.23
1.04
08?
.8l
.80
092
1,08
1.04
1.00
L4
190
.88C
<77

Titsec)

1.37
1.26
1.11

.92

.91

.94
1.08
1.16
1.14
1.19
1.20
1.14
1.12
1.09
1.02

.96

.86

Tl(sec)

1.62
o599
1.26
1.15

.95



13740 570 .88 137:5 550 L84
136.0 530 .81 1355 510 .78
135.5 530 .81 134.,0 655 14000
135.0 550 .84 1330 720 1,102
131.5 630 .97 132.5 675 1.04
3 130.5 690 1.00 132.5 715 110
127.5 735 1.13 130.5 750 1.15
125.0 720 1.10 128.5 730 1,12
121.0 650 1.00 126.5 715 1,10
119.5 635 .97 124.5 695 1.06
18,5 630 . 96 121.0 675 1,04
115.0 620 .95 118.5 640 .98
111,0 570 .87 115.5 630 .96
107.5 560 .86 114,0 595 .91
105.0 570 .88 112.0 570 .87
103.0 550 . 84
102.0 5L5 .84

January 30, 1972
7 (°c) null(msec)Tl(sec)

Jenmuary 24, 1972
155.0 955 1,46

o et o) null (msec) Tl(see) 149, 810 1.2
158.0 950 1.46 143: 698 1206
! 152,0 870 1.34 141,5 650 1,086
151.,0 790 1.21 138.5 580 .89
148.5 765 1 4 135.0 510 .78
144 .5 670 1.03 133.0 560 .86
140,0 600 .92 131.5 640 .98
138.0 570 .88 129.5 700 1.08
135.0 520 .80 127.5 680 1.04
134.5 510 .78 125.5 660 1,01
133.0 630 .97 122.5 645 1.00
129.5 750 1.15 119.0 630 .96
128.5; 750 ONTS 117.0 595 .91
128.0 730 1.12 1130 580 .89
123.0 700 149 107:5 530 .81
120.0 660 1,01
117.0 630 .97 ST
. 112.5 630 .97 Janusry 31, 1972
111.5 580 .89 T(9Q) null(mssc)Tl(SPc)
i 149.5 900 1,38
January 29, 1672 "R ) 1ﬁ6.0 785 1.20
T(°e) null (msec) TI{ﬂﬁe} %33:8 Zﬁg 1:83
154,5 890 196 134.5 210 078
13%.5 00 .92
149.0 740 1.14 1273 285 1220
141.0 600 .92 124.5 770 1.18




120.5
119.0

115.5
112.5

February 8, 1972
7(°C) null (msec)

154.5
151.,0
142.0
136.0
135.0
134,0
131..5
128.5
126,0
123.5
118.0
111.5
110.0

February 8, 1972
T(OC) null (msec)

160,0 1100
152.0 395
144 .5 705
139.0 585.
136.5 540
133.5 635
128.5 745
125.5 720
120.0 680
116, 5 640
109.5 630
109.5 620
February 9,
T(°¢c) null (msecc)
151.,0 900
147.0 825
142.5 740
139.0 645
135.5 545

710
690
660
630

930
840
660
530
500
550
670
750
730
695
660
630
610

1972

1.09
1206
1.01

.97

Tl(sec)
1.43
1.28
1,01
“JQ7
.84
-03
.15
12
.06
01

. 96
N

e

T;{sec))
1,68
Y
1,08
5390
.83
.9?
1.14
1:10
1,08
.98
o937
+95

Ti{sec)

1.38
1.26
1.14

.99
.Bh

132.0
127.5
124.0
116.5
110.0

680
740
700
630
640

February 9, 1972

T(°c)

153.0
148,0
140.0
138.0
134.0
129.5
126.5
121.5
115.0
131,.0
107.5

null (msec)

2
690
615
550
700
730
710
660
620
580

February 14, 1972

T(°¢)
156.,0

153;9
i

133.
130.
127.
125.
124,
120,
119,
117.
114,

LR )
nn O Onnun © Glolen

null (msec)
895

&

570
610
650
680
705
695
660
615
605
590

&38

.04
.14
-07
¢9?
o98

e

Tl(sec)
1.40
1.20
1.00
089
o 79
01
005
.02
.95
089
.84

e
L ]

TT(sec)
1.37

i

.38
1,00
1.04
1,08
1.06
1.01

. 4

.93

190



APPENDIX II.B

TzDﬂTA

T2 = Spin-spin relaxation time
At proton resonance frequency = 10 MHz.

January 24, 1972 igg.g gﬁg
7(°¢) Tz(msec) 132:0 g§810-3
' 134.5 x10”
138.0 N2s 133.0 34x1073
140, 0 410 130.0 33x1073
137.5 328 128,0 31x1073
134.5 5231072 123.0 30x10
132.5 “5X10'% 122,0
129.5 36x1077
125'2 %g;18'3 January 29, 1972
117.0 %0](10:% T(OC) Tz(msec)
113.0 0x10
109.5 26x10'% 133.2 ggg
107.0 24x10_73 . 2
105.0 24x10:3 13?:5 312
104.0 22x10 e %6,
T 133.0 32"%8-3
Jenuary 25, 1972 igg:g %9?10_%
7(°¢) Tz(msec) 126.5 34x10:3
159.0 360 124.0 30x10_3
152'0 Lo1 121.0 31x107%
121.0 393 118.5 28310_3
1455 328 115.5 30x18_3
140.5 393 115,0 281073
136.0 213 112.0 20x10
133.5 64x1073
12%'8 ggi%g-3 Jamary 29, 1972
124.0 22x10:% 7(°¢c) Tz(msec)
121.0 . 23x%10 i
117.5 2631077 e g
113.0 23x10 139°0 328
et 133.5 %Eg
January 25, 1972 i%lzg 49110-%

T(°c) T, (msec) 129.0 39%10”



127.0
124.5
122.5
120.5

33%1073
33x10_3
29%10
31x107

January 30,1972

7(°c)

156.0
149.0
144, 5
139.5
136.0
134.0

T (msec)

240
190
321
295
314 -3
52%1073
40x1073
33x10_3
35x10

3Ox10-3
29x10"3
31x10 3
34%x10 3
25x10 3
26x10

January 31, 1972

7(°¢)

Tz(msec)

420
256
295
256 25
45x10_3
39x10_3
36x10_3
27x10_3
253:10_3
26x10_3
22x10_3
21x10

60
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