
37 

Subj ect 
Balance on 

Stationary Base 
a 
Trials 

Balance i 
Moving Base 

on a 
Trials 

1 2 3 1 2 3 

18. GK 48.2 30.6 '39.7 2.0 4.8 6.0 

19. GR 48.0 25.1 36.2 1.5 2.8 3.4 

20. TM 4.3 12.6 26.8 3.2 3.5 2.2 

21. KR 7.2 14.6 22.2 2.5 3.3 4.0 

22. KH 15.5 21.8 36.5 .5 1.8 1.5 

23. MH 4.2 8.8 17.5 2.2 1.5 2.8 

24. AA 8.5 20.6 15.8 4.5 3.2 3.8 

25. BV 5.1 5.0 10.5 .8 1.0 1.4 

26. DH 3.2 4.5 6.0 1.3 . 6 1.5,, 

27. DK 17.3 19.4 31.0 2.0 2.8 2.5 

ro
 

C
D
 

•
 JK 15.0 21.2 35.6 3.0 4.2 5.2 

29. JS 8.0 12.4 18.0 2.0 3.5 1.9 

30. JB 12.0 8.5 14.8 2.1 3.2 2.8 

31. DD 3.5 4.6 7.6 1.0 1.8 1.2 

32. LS 9.5 18.6 • 25.2 5.0 6.0 4.1 

33. PM 15.5 26.2 33.5 5.5 3.5 6.0 

34. KM 14.0 22.3 12.5 2.2 3.4 3.8 

35. BC 2.0 8.8 13.5 3.0 3.2 2.8 

36. DF 2.2 5.6 12.7 2.5 1.5 2.0 

37. RW 3.5 18.2 16.7 4.0 3.5 5.0 

* 

C
D
 

CO
 KC 5.5 10.8 13.6 1.5 2.0 2.5 

39. JE 9.2 17.6 21.8 2.2 1.3 3.8 
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Subj ect 
Balance on 

Stationary Base 
a 
Trials 

Balance 
Moving Base 

on a 
Trials 

1 2 3 1 2 3 

40. cw 2.5 6.6 6.4 1.5 1.0 2.3 

41. BS 4.6 10.1 15.5 2.5 1.3 3.3 

42. JJ 3.2 8.2 14.5 2.0 2.4 1.8 

43. TF 2.0 12.6 6.2 1.5 1.0 1.8 

44. MD 12.5 19.1 21.5 4.5 2.1 4.0 

45. WA 12.0 8.5 10.2 1.0 1.8 2.0 

46. MF 10.5 15.1 18.4 1.5 3.5 4.9 

47. MM 35.5 22.1 42.5 5.2 6.0 5.3 

48. BR 3.0 14.1 16.8 5.0 2.6 3.0 

49. MR 13.2 23.5 33.4 6.0 6.0 6.1 

50. VL 7.5 10.6 20.6 2.0 1.5 3.0 
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e n m m t 

IKTRODUCTION 

Many nuclei posaeaa an electric quedrupole w@mm% 

which internets with the eleetrio field gradient arising 

from the charge distribution ia the vicinity of the nucleus* 

fheee interactions oan !• roughly 4 i t l M iats two categories 

according to their relative wagnitudea. Is the first 

category the interactions are weak and manifest themselves 

•a perturbations to the magnetic interactiona as obaerved 

in a nuolear magnetic reaonanoe experiment. Nuclear 

magnetic resonance (NMR) spectra result fro» tranaitions 

between energy levels that ariae front the interaction of 

an externally applied magnetic field and nuclear magnetic 

iMBcfili. The weak electrie quadrupole interactiona cause 

• splitting of tbaaa «s«rn level* tad perhaps a broadening 

or apparent loaa of intensity of the reaonanoe line (1, 

p>%m)* 

In the second category the nuclear quadrupole inter-

actions are much atronger and are primarily reaponalble 

for the orientation energy of the nucleus. Pure quadrupole 

reaonanoe e*periiw»»ts ««» then be performed ia aero or 

very weak; magnet i© fields. the firat aueceaaful experiment 

of this kind was that of Behmelt and Kruger in 1950 to 



which resonance absorption of radio-frequency energy •* 

27.96 MBS and 35. *0 KHS In tra»s~diebloro~ethylene was 

observed {$» f* 901)* Ths two lines were attributed 

to the quatropole interaction of Cl*5 and Cl^T nuclei 

respectively* Since that tlwe nuclear quadrupole resonance 

(HIP) spectra have been observed for over thirty isotopes, 

Chlorine, bromine, nitrogen, srsenla, iodine, copper, 

antlnony, sad blawuth bsve seeoanted for »®it of tha 

resonance lines (2, p. 1). 

Hue!®** quadrupole resonsnee spectroscopy 1» important 

in solid stata physics primarily because it yields lnforna-

tion about the nature of tha electric fields in the 

neighborhood of a particular nucleus. this aspect will 

be dlsoussed in so»e detail in Chspter XX. Xuftlesr 

quadrupole resonsnee studies at® alto useful In severe1 

©thai? wsys, including the investigation of the nature of 

chemical bonds is solids, tha establishment of non-

equivalent sites of resonsnee nuclei in a erystsl tattle# 

or uolecule, the analysis of the structure of crystals 

the measurement of the average moments of inertia and 

«?«M|e rotatory vibration frequencies of molecules in 

i«4 the measurement of tevperatnre with an 

aeowraey «p to 0.90t*X (t» p. i)* 

the experimental aetiip for observing HQ& spectra 

la quite similar to that used in many nuclear magnetic 

resonance experiments. A radio-frequency magnetic field 



of the proper fr«9i«aoy is applied fee the aample and 

couples with the nuclear magnetic moment to cause changes 

in the nuclear orientation. Unlike nuclear magnetic 

resonance experimenta, no external field ia uaed in MQE 

studies sinee no appreciable eleotrio field gradient 

can be produced by external means (1, p. 324). the 

necessary gradient is always a result of internal fields« 

A spectrometer used in W worte oan usually be used for 

mot studiea with the addition of an external Magnetic 

field aouroe. fhe observed HQR frequencies ooour through-

out the radio-frequency range and into the usicrowave region. 

In this study frequency modulation was need with a 

regenerative spectrometer and a a«per~regenerative 

spectrometer to deteot the nuclear quadrupole resonance 

frequencies of chlorine in two ocmncroially available 

compounds# I, 3, 6# 8 - tetrachloropyrene and 3* 5# 6 -

tetraohlorophttaa limide. Both are aromatic organic compounds 

whose moleculea appear to possess axial symmetry. ^uadrupole 

resonance of chlorine nuclei has been observed in many 

compounds. fhe frequencies range from five megaherts to 

seventy-six megahertz, the majority ooourring between 

twenty and forty-five megaherts (4, 5). 
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CHAPTSR u 

f Si THEORY OP irgyiSAB QUABR0POLE RESOHAJfCE 

Aa seen la Appendix I , the electrostatic Interaction 

of * nuc leus with its environment may he expressed a s a 

• • v i a * of le*h o r d e r p a r t i a l i i r i n t l v n of t h e e l e e t r l o 

potential wi th respect t o t h a coordinates coupled with 

the # order aultlpole »o»ent of the nucleus (k*0>l,2,...). 

The electric p o t e n t i a l la t h a t due t o all charges external 

to the nucleus. Because the nuclear wave function possesses 

d e f i n i t e p a r i t y , t h e i n t e r a e t l o a a f o r e M values of k 

are zero. t h e noaopole interaction (k»0) does not a f f a a t 

the nuclear orientation and will not be coneidered taaro. 

The <uadmpole t a r n l a the ml? tern of a l t t t l f l o a a e e l a 

t h e a a r l a a a l though a l i g h t e f f e c t s due t o t h e hexadeaapole 

(slxteen-pole, ks*) tens have been observed ( 9 ) . The 

nuclear quadrupole Hawiltonian has heea derived la 

Appendix I, end in the principal axes syste® of t h a 

e l a e t r i c f i e l d g r a d l e a t t e n s o r t h l a Ha i i l l t oa laa i a 

8 ( 1 • a t t a i n ? [ + ***** * v " ^ ] ' l l ) 



nhere • 1« **• charge en a proton, X Is the angular 

momentum quantum number, and 1^, ly, l# are quantum 

mechanical operators of the ccmptmerits of the angular 

momentum. fh& following notation la used for the partial 

derivatives of the electric potential ft 

Tjck « ( /0*^ 

•yr • ( <>•» /Ojr* ). (2) 

• „ » ( d8? /3« a )„ 

*be *ere inbscrlpt indicates that the quantity la eval-

uated «t the origin of the coordinate®, which la located 

at the center of m*m of the nucleus. The quantity Q 

in equation (1) la the quanta® mechanical nuclear quad-

rupole moment and, using Dirae notation, la given by 

at * <^ ra(mml) 11 Pjs£fB* ( 3tj2 - *2 ) | , (3) 

where 1 la the angular noBeatun quantum number, m and 

»' are magnetic quantum numbers, and n represent a all 

other quantum numbers needed to specify the system* 

the Z' •* axis la tfci# aula along which the spin la 

quantised, and r^ la the pesition •aster of the te*b 

proton with reapeet to the origin. 

XaplM*'* equation* 

**S +*yy ***« * 0 » <*> 

la aaaaaiad to hold at the nuclear sites, since the poten-

tial la that due to efenrtea external to the nwalena. 



I 

V h t N f e n i l a %ha p r inc ipa l •*«# syatwa <m%? «wo quan~ ' 

U t l « 9 r«<|ttir«4 t o specify till# a leo t r l c f i « U f * i 4 U n t « 

Thaee two quant i t lea i f® usually ehoaen t o be 

H « • „ , (5) 

1\ » ( • « - V A „ , < « 

•sd tb« p r inc ipa l * > w a n M « M »««h * * * * 

l T « l - l * w l ~ l * « l ' < T ) 

f i » » i «q 1« tl»« pylaolpal v » l » i c f I N i l M l r i i f i e l i 

gra<u«tit f i t * quant i ty *Y\ i » kmm m-ttm aayw-

wetpy parap«tar. Equations (4) and (T) lndloat# tha t 

ranges im * • ! » * pm-wmm to ©n«. f o r 7 \ s 0 tt i« e lec t r i c 

f i # l « gradient i s afWrafcrio about t i i# * - axis *n& 

T « • * §«*• (6) 

VIM M9MWt*r P«ra»et«r i s a wmmmm' of t t is deviat ion 

fwa i * y l i » « r i o a l ayawstry o f t lm c u t l f l a f i t l l |v»« i«s l * 

f ov spftarieal symmetry * * * * ? y ? * Tgn * 0 and there i t 

no SWlSWIIF #3UMrtWJUl i# 

W i n s (<!}* (5)» MMK (6)* «»• M r WPito 

t u t Hwttl 11fUTT M 

[ t M 2 * i a > + l ^ < I ? + I ? 0 ' ( , ) 

where I s i « the square o f the l o l i l i r i c I i i mowentua 

operator. . The 0f#ft««fw 2 + sn<t 1 . are defined i a tha 

i t « % i a , * ( i o ) 
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Squation (9) Is a convenient torn of the guadmipole 

Hatailtonisn for finding energy levels. 

The separation energy fcetveea the wmlm* ground 

state and the first excited il»t« of the awe leas is 

*>uch larger than the nuclear orientation energy (f# 

p* Iff), Thus, the watrix elements of concern In deal-

ing with the quadrupole interaction are 

| . (11) 

The following equations are useful In evtlwafciitf the 

above watrix elementss 

• ( l a ) 

* a V i m s Kl+l) ̂ i«b » (13) 

x * y * m ' [ (fc»)(X*'l){I;»-l)(I*»»a) 3 * . (**> 

where ^txmn 1 6 th® nuclear wave function. The eigeftvalwea 

are given in wits of where is Fitness constant 

divided by 2t? , VsUtg these equations one gets as the 

elements of the qtiadrupole Hamlltonian tensort 

I ̂  I a2*y . (15) 

« A [ 3m* - I(IU) ] <f„, ,, 

+ (jt 7(/2) [<X-«)(I.»a)(lHk.l)(lHi»8)] 

+{*r\/a) [(!••)(i*»i) ( X + » > 1 ) ( Z - « f t ) ] ( U | 

wllCr* 

* * - "" (IT) 
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and 

« l for 1 * 1 , (18) 

^ j . 0 fo* i jf j . (19) 

The energy levels may be found in the usual way by 

solving the seculsr equation 

11 - 1 1 | * 0 » (20) 

where 8 la the order Mtrix of ele*ents » 

£ is the identity Matrix, S represents tfefe mtrgjr 

eigenvalues, aad the parallel nifi iadisate the «*tef«i~ 

nant of the quantity between thesu 

It is instructive to eoissliar the ease of a cylin-

drieelly ayavatrlo aleotrio field » 0 ) . 

the energy eigenvalues by equation* (16) pad (20) are then 

% • A [3»2 - Kl+l) 1 . (21) 

The energy levels for m and -a are the sa»o* Figure 1 

shows the relative spacing of the energy levels for 

integer and haIf-Integer values of x. The separation 

between ^ and depends on the value of ». This 

la in contrast to the energy levels in nuclear nagaetlo 

resonance where the energy difference between adjacent 

at states is the sane for all values of a. for nuclei 

with integer spin the energy differences between adjacent 

at states appear In the ratios 1i3i5» while for half- ' 

integer spin nuclei the corresponding ratios are 1*2*3* 

If 1^is nonzero, these ratios are nor* complicated. 

• * * W 
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Xv»+eg«r I Half -integer X 

srr\ / m 

I 
J 

1 3 

± / 
o 

T 
t 3 MM 6 

± % 

¥ 

i % — £ -

tX 
2. 

A 

Fig. 1—Nuclear quadrupole energy levels for 

1^= 0 in units of . ||2|sfcl . • 
*1*1 ( 21-1) 



II 

eXaaaiaaXXy for = 0 the spin vector of the nucleus 

precesses about the symmetry axis it a frequency propor-

tional to th« component of the angular »o»entuja along 

tba symmetry axis, for ̂  4 0 the precession nay take 

place about the direction of strongest fiold gradient 

or about the direction of iateraiediate field gradient, 

but not about the direction of weakest field gradient 

{§* p. 356). 

Quadrupole resonance absorption occurs only for 

nuclei with apis greater than a half (6, p. 8). A 

nucleus with X « 0 baa a spherically ajwaatria charge 

distribution and tlma no quadrupole moment exists (*> 

p* 113)• fhe two poaaible spin orientations for I * & 

differ o»Xy by a ravaraftX ill the apin direction, . They 

correspond to the «a»a effeotive charge distribution? 

thus, the electroststic interaction doaa not depend on 

the orientation of the nucleus. Quantum mechanically 

the energy XovaXa for the orientations +§ are degenerate. 

Sinee theae ara th« onXy energy levela, no absorption 

occurs. 

Chlorine, the nucleus of interest here, baa a spin 

of ttiraa halves, Item, B an* «' in equation (16) may 
taka on values of 3/2, 1/2, «4/t# -3/2. Equation (20) 

than becomes 



• 0 . (23) 

12 

3 * - i o r r o 

0 -3A « I 0 

A y\ f¥ 0 -3A - K 0 

0 A T\ fJ 0 3A - « 

Tills equation reduces to 

B2 - 3 V\ aA a - 9** • 0 . (83) 

The energy levels are therefore 

1 »13*(1 + T\a/3)* . (8») 

for 1 * 3/2, A Is equal to e^q/lfi. fhe transition 

frequency between these t w energy levels la 

u> . A*A,« (6*/Hv)(1 + r^a/3)^ . (85) 

• ( « V H ) ( W »\a/3)^ . (26) 

Only one transition frequency exists for chlorine 

nuclei* file transition frequeneles for other values of 

X «ay be arrived at in a slallar manner. 

In order to specify the electric field gradient 

one must find q, # end the Bulerian angles indicating 

the orientation of the principal exes ayaten with respect 

to the laboratory systesu for half-integer spins larger 

than 3/2 and for all integer spins there will exist wore 

than one quadrupole transition frequ«eoy. (tor 1 « 1 

only one frequency exists if s 0.) Using the transition 

frequencies obtained In a quadrupole resonance experlnent 

one can solve two of the frequency equations simultaneously 
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to find e2q«fc and 7^ • The quaatity e2qQ is called the 

quadrupole coupling constant unit is usually given in 

frequency unite, for many nuclei Q ie know* and therefore 

q Hey be calculated if the eotipiing conBtant ie known. 

ffee Eulerien angles may be found fro» Zeeun studies ef 

• single cryatal. A weak magnetic field, which eliminates 

the degeneracy in «i states, is applied to the crystal, 

ty observing the quadrupole resonance frequencies at 

various orientations of the magnetic field one can deter* 

taine the direction® of the principal axes ef the eleetrie 

field gradient (3)« 

for the ease of 1 » 3/S only one transition frequency 

exists and therefore e2q§ and can not he calculated 

directly fron the quadrupole resonance spectra. However, 

as well as the Eulerla© angles say he determined fro» 

Zeeman studiea of a single crystal* end the electric 

field gradient can he completely specified* For many 

chlorine compounds previous knowledge of the cheuieel 

bonding indicates that 7 \ is quite snail and hy equation 

(26) the quadrupole coupling constant (in frequency unite) 

is taken to he twice the transition frequency. 

for Many nuclei more then one isotope exists in 

nature. In chlorine compound® 01^9 and fl^7 are hoth 

found; Cl37 is tventy-fire percent abundant. the quad-

rupole noments for these two nuclei are different. 



1* 

la a quadrupole resonance experiment if all of the chlorine 

sites are equivalent, that ii, if q and Y| **e th« aawe 

for ell two transition frequencies will be observed* 

*he on* «o»Mpoalla| fee 01** Hill be three times as 

Intense as the one corresponding to C1^7, By equation 

(26) the ratio of the transition frequencies will be 

just the ratio of the quadrupole moments. For chlorine 

this ratio ii (T# p* xiii) 

^ 35/ ̂ 3t * Sy'Sr * u s 6 m • (a7) 

fherefore, if one of th« transition frequencies is 

measured the other M y fee ealewlated. For »©»# naelei 

quadrupole resonance is an accurate weans of finding 

the ratio of the quadrupole moments of two different 

isotopes. In noleotile* ooataining #»©re than one chlorine 

•ton #11 of the chlorine « U M may »ot be equivalent. 

In this ease isore then one transition frequency ®ay be 

found for each isotope. This infornatien is quite useful 

in determining molecular etructure. 

Quadrupole transition frequencies ere temperature 

dependent. Cehnelt and Sruger and later Bayer, as cited 

by *a»l (9# p. 567)# suggested that this temperature dependence 

was due to thexval vibrations. As noleeules execute ©so illations 

in crystals« the ©harge distribution in the molecules becomes 

distorted and the prinoipal axes of the electric field 

gradient are varied causing a variation in q and * 



If 

showed thaoratiaaUy that an immm# in te»p«rattire 

would re®ult in a dtromie in th« observed quadrupole 

resonance frequency. *alafcioaa!*ip ia complicated 

and iarolv«» the oonponents of the Mtaralay mmm% of 

inart ia tanao* and tho vHiHloMl t f qeuml— about tha 

prinoiptl ax#* of the electric f l t M gradient (3, p« 43). 

fb« thermal vibrational are large oompared 
# 

to tli# f i t i ^ o U tranaition frequ<mci«s and th« quad-

rupola nuclei experience mi avafsge $ and /y^ « fhaa# 

averages change Kith a change in taBpantaiva* Becauae 

of tfea tewperature depaadaaaa of qaadrupola vaaouMMia 

ffwpanaiaa, an W experiment nay he ua«d to determine 

t«*p«ratur# ohangea in a oryatal. 
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2XPBRIMEIITAL CONSIDERATIONS 

XilMifnitlft and iuper-regenerative spectrometer® 

are noat often used in the search for nuclear quedrupole 

resonance frequencies. A regenerative oscillator produces 

• continuous radio-frequency wv«t whereas tit* super-

regenerative typ# produces a wave whose amplitude ii 

made to biiU up and decay periodically. A* an aid In 

observing the absorption curve, frequency modulation or 

modulation af a wattle magnetic field applied to the sample 

la used. livafil wave farm have been triad aa a naana 

af modulating t&a magnetic field p.6)| however, 

square-wave lolvlitloB la apparently the most useful. 

In thla study only frequency modulation waa employed. 

Regenerative Oscillator-Detector 

fk* regenerative oscillator-detector used in tM* 

experiment waa dealgned by £&vlngat«n (7# p» 509) and 

la ahown In Figure 2. The sample coll and capacitors 

in parallel farm a tuned combination In the grid circuit 

of the radio-frequency oaalllator. The eoil and oapaeitora 

are called tha tank circuit and determine the operating 

frequency which la given by 

<<-> o = f i , (X) 

XT 
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where I# la the inductance of the ooil In henriea and C 

is the capacitance in farads. The radio-frequency current 

in the coil produces an oseillsting magnetic field of the 

same frequency in the ooil. This field couplee with the 

nuclear magnetic moments in the simple, and if the frequency 

corresponds to any allotted nuclear quantum transition 

(magnetic dipole or electric quadrupole), then energy is 

absorbed. 

this absorption of energy 1» detested in the following 

manner, the tube in Figure 2 serves as an amplifier which 

feeds basic enough energy (regeneration) to the tanlc circuit 

to maintain oscillation. This regenerative amplifier may 

be regarded as a negative resistance in parallel with the 

toned circuit (1, p.50). If this negative resistsnos 

more than compensates fortthe positive resistance in the 

circuity oscillations are sustained* The oscillations 

build up until the average value of the negative resistanoe 

over • syols is agiial to the average valwe ®f the positive 

resistance. The impedance of the tsnk cirouit st frequency 

co0 i# given by 

" RI (2) 

where H is the aerlaa reaiatanee. If resoaanse absorption 

occurs, this Impedance is decreased to (3, p. €5) 

%V * A f i "I 
w 11 + 4V f Vt/( cooBf) J , (3) 
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where f is the sample filling factor (the fraction of 

ths radio-frequency field occupied by the sample), ? Is 

the potfer absorbed by the sample, to Q is the frequency, 

Q. is the figure of aerit of tb© coil given by Q s ^ 0 V k , 

and % is half the amplitude of the magnetic field produced 

by tli® radio-frequency current. Resonance absorption tints 

reduces the impedance by 

Zo - • z £ 2 j i l 

-z^r - w 

aaaustag * i» saall. is s result of this la the 

poaltlva resistance of the circuit the amplitude of the 

oaslllatioa decreases. By *oaltox>iag the radio-frequency 

voltage lavsl of ths oacillator on* iir detect the frequeaoiea 

st shioh absorption occurs. Modulating the frequency nssr 

resonance causes ths oocillstor periodically to paas baclc 

slid forth through the qaadntpol# reaonsace frequency, 

fbs change in ths radio-frequency voltage is repeats* 

seversl times rather than Just once and oaa be displayed 

m m oscilloscope or chart recorder. 

A typiesl aaaple coll ussi ia the circuit in Figure 2 

was two and one-half iaehss long, one-half inch ia diameter, 

and aads of four tarns of number fourteen bars copper wire. 

With a variable capacitor of 189 picefarada aaximw 

capacitance sad the above soil# tbe range of the oscillator 

Has thirty to forty»eigbt megahertz. Frequency ssodulation 

waa provided by a wobbulator, a parsllel-plste capaoitor 
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whose capacitance was changed periodically by applying 

e sinusoidially varying voltage to an elcefcroiei&gnet 

Mounted near a foetallic jB©ttibrane which formed one of 

the capacitor plates* In order to decrease the noise 

in the circuit the filamenti of the tube were heated fey a 

six-volt storage battery. k plat® voltage of approxiaately 

120 volts was provided by a regulated power supply. % 

changing the saaple soil the circuit could be mde t© ess11* 

lata frow approximately sixteen to forty-eight fBegahertz. 

fhe sample ceil was counted inside m cylindrical 

metal shield three inches long and one and one-half inohto 

ill diaaoter. One snd of the coil waa attached to the wall 

of the shield while the other was connected through a 

iiensetic a eel to the center conductor of a fourteen-inch 

length of coaxial cable which projected down from the 

oscillator chassis, the outside lead of the coaxial cable 

was connected to the sample box and grounded to the oscil-

lator chassis* The sample was poured into the shield container 

through the bottom* which could be serened on and off? an 

Indium 0-rlng was used as a seal* In this namier the 

entire ooil was surrounded by tha sample, sad the holder 

could he lowered into a Bewar of liquid nitrogen in erder 

to aialce Measurements at 77°K. 

Optima® detection for the regenerative oscillator 

ocourred just past the point where oscillations commenced. 
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111 aearehlag for an unknown resonance tha oscillator had 

to be frequently readjusted 00 that it operated near this 

point. 

tfha eMillatef oirouit of Figure X was «i«l In the . 

two spectrometers shown in Figures 3 cad 4. The spectrom-

eter la Figaro 3 was tuaed to raaoaaaee by hand using a 

•Mil capaoitor la parallel with the sample ©all, 

aad the absorption earva was dlsplayed on aa oscilloscope 

aaraaa. tha 180 hafts modulatioa wae provided hy a Hewlett-

Packard Modal f02& audio ©aolllator. fha twia-tee filter® 

vara introduced into the circuit to allalaata sixty hafts 

pick-up from the potior lines and to filter out tha spurious 

120 harts signals geaarated fey unintentional amplitude 

modulation of the oscillator by tha wobbulator. Tha 120 

haft* filter also removed most of the fundamental component 

of tha absorption algaala. Slaoa the ahserptlea wee periodic, 

though aot sinusoidal, tha second aad higher harmonics of -

tha stgaal vara passed hy tha filters mid displayed on 

tha oscilloscope. In this spectrometer tha oscilloscope 

vaa triggered vlth a signal fr®» tha satfalatlaa oscillator, 

la order to display tha aatlra absorption signal on tha 

screen tha amplitude of tha modulation had to ha larger 

thaa tha width of tha absorption curve, which for chlorine 

compounds is typically a few klloherts. Two absorption 

curves vara displayed on tha soreen, corresponding to tha 
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Pig. 4 Lock-in amplifier spectrometer 



m 

fmt that tba resonance condition was sstlsfied twice 

during each cycle of the modulation. The audio MpUfl«r 

aaad • Tektronix Type EM 121 and the oscilloscope 

was » Tektroaix *ypa RK 564. Tba approximate V M O M M * 

frequencies were determined by beating a Heasurements Corpo-

*ation Ratal 59 megacycle M t w (grid dip mater) against 

the absorption oscillator. More accurate measurements 

were made with a Sortbaaatera Engineering Inc. Modal 14*200 

frequency counter, which was coupled to tba spectrometer by a 

small pick-up aoll noised around the 6AE§ tuba. 

Tba slgnal-to-noiae ratio was greatly improved by 

the ttsa of • lock-in amplifier and recorder (Figure 4). 

A look-in amplifier Is a pheae-senaltive detector followed 

by an RC low-pass filter aa shown in figure 5* A reference 

oscillator la used to drive the wobbulator at some frequency 

*• the output from tha reference oscillator la also fad 

into tba reference channel of the look-in amplifier where 

it paaaaa through a phase-shifter and into tba phase-

aanaltlve detector. The output from the radio-frequency 

oaoillator-deteetor la fad into tba signal channel of tba 

lock-in where It paaaaa through an amplifier broadly tuned 

to f and then 1st© tba phase-aensitive detector. Tba 

phase-sensitive detector delivers an output which la propor-

tional to tba produot of tba amplitude of tba input signal 

% and tba cosine of lta pbaae angle relative to reference 
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carrier Mt. If the signal and reference are out of phase 

fey 90° or sfO° the output from the phaae-aeniitive detector 

will be aero. If they are out of phase by 180° this output 

Hill he negative end equal in amplitude to Is. if « signal 

at a frequency F % near P, la fad into the pha®e~se*isitiye 

detector# the output will he a heat frequency equal to the 

difference la F and F*. fhis heat frequency will not 

appear aoroaa the water {recorder) if the realatance R 

and capacitance 0 of the low-bandpasa filter are aueh 

that 27IHCI is much greater than the beat period, Yfca 

nolae centered around F in % can ha considered m a 

random collection of camera which heat with F is the 

phaaa-aenaitlve detector. Thia noise will cause a fluc-

tuation of • (the voltage output frow the M filter) 

about ssero* Xnereaaing the ti»e constant RC will decrease 

the fluottxatlona of f since this reduces the bandwidth 

about 9 to which the meter reapondB. Tha phase-shifter 

in Figure § la necessary because the phase of the absorption 

signal nay ba shifted by the wobbulator, sample ©oil, or 

othar parte of tha oaaillator-datactor. Mm adjnatneat 

to correct the phaaa ia »ad® by maximizing the recorder 

difpiaeanaxtt after a resonance eignel la found. 

to using a look-la amplifier and recorder tha width 

of the Modulation la ehoaea to be somewhat laaa than tha 

width of tha absorption aurra. See Figure 6(a). Then 
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as the center frequency fc of the oscillator-detector Is 

alowly increased, an output voltage approximately proportional 

to the first 4irlf«Uv« of the absorption curve will fee 

fed to the reoorder (figure 6(b)). In order to get a 

reasonably accurate approximation to the first derivative* 

the wodulation frequency ffc must be less titan about one* 

sixth of the absorption eurvt width Af(5# p« 28). A plot 

of the second derivative ia provided if the frequency from 

the reference oscillator ia doubled before it la fed into 

the loek-ln anplifier (T» P« 512). 

In the spectrometer in Figure 4 a clock motor connected 

to a series of gears was used to turn the tuning capacitor 

in the tank circuit and thereby slowly change the frequency 

of the oscillator. In order to record the flrat derivative 

of the absorption curve the duration of the absorption 

signal had to be long enough for the look-in amplifier 

and' recorder to respond. With a lock-in amplifier EC 

time constant of 0.3 seconds» the noise mi the recorder 

was tolerable, for this tine constant a signal of three 

aeeonda duration would not be distorted by the lock-in 

amplifier. The recorder could easily respond to such a 

signal. A typical line width for chlorine compounds Is 

one teilohertiB. Thus, a sweep rate of twenty kllohertz 

per minute would provide a aipial duration of approximately 

three seconds. The look-in amplifier and recorder would 

not display the signal *f the aweep rata ware greater 
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than approximately 200 teiloherfcsc# even If tlio RC fciwe 

constant were reduced to 0.03 aeeonds. A much slower 

sweep rate would result in several days being required 

to saaralt the region of intareat. for example, two hundred 

hours would be required to cover the range from twenty to 

forty-fevr negaherts If the sweep rata ware two kilohert* 

per minute. 

In tliia experiment three different commercial look-in 

aapUflftn were used at me tine ox1 another) a Princeton 

Applied Reaearoh Modal HR-8j a Teltronlcs Model CA~2j 

and an Electronics, Missiles, and eomntlaatioa, Ine. 

Modal M U The Nodal GA-t had a built-in reference oaeil~ 

later whieh was used to drive the wobbulator and furnish a 

reference signal (usually 155 harts) for whichever lock-in 

was in use* The Model m-8 appeared to five the beat 

algaal-te-nelae ratio of the three. • the M l JtfB had 

a built-in frequency dottier in the reference channel 

whieh waa uaed to observe the second 4irlvatin of the 

absorption ourve. 

figure T shows mi exawple of an absorption curve 

recorded using Livingston's ©acillator. The curve is 

the first derivative of the 01^ resonance line in NSC103 

at 77®*. For this display I)m plat a voltage mm l#l volts» 

the Modulation frequency was 155 herta, the voltage across 

the wobbulator waa 0.98 volts. (rms), the tine oewstant 
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Ix en* 

Fig. 7—Regenerative spectrometer 
recording of Cl35 resonance absorption 
line of NaClO^ at 77°K. 
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of the loek-lii ewpllfier was em eecond, the chart speed 

WHS two inches per minute, and the sweep rate was twenty* 

four kllohsrts per ulauto. the line width (the difference 

in frefueaey between naxlnutt and witilwiffl slope) Is t*5 

lelloherts. the center ef the Use is 30*l3£$ megahertz 

•a measured with the KortheaBtero frequency counter. 

Vang measured this frequency to lie 30.61# aegaherts (9). 

the frequency counter waa calibrated using station W f 

as a standard and was accurate within 300 hertz. 

Super~8egenerative Oeelllator-Detecfcor 

The auper-regenerative oeelllator-deteetor naed in 

this experiment was deaigned hy Bean (3« p. 90) and la 

shown In figure $• A super-regenerstive oscillator 

produces a rsdio-frequeiley wave whose snplltude hullds 

up snd decays periodically. The rate at which this tehee 

place la sailed the quench frequency, the quenching nay he 

produced hy an external signal Injected Into the oselllator 

grid circuit such that negative pulses appear m the 

grid (external quenching), It nay he earned hy the 

proper sholee of grid resistor and capacitor (Internal 

or self-quenching). 8elf-quenching will ooeur If the 

M tine constant in the grid circait (see figure 8) Is 

sufficiently long* fhen when current Is draws on the 

positive half of the grid voltage cycle* the grid blocking 

capacitor will heeone charged, and ultinstely the tuhe la 
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driven to cut oft. the grid capacitor then discharges 

through the grid reaiafcor, and oscillations begin again. 

*£hm» the quench frequency tor an internally quenohed 

oscillator is primarily >y the tine conatant 

of the grid resistor and capacitor. ft>« variable resistor 

in Figure 8 is used to adjust the quench frequency frow 

tan to eighty kilohert*. 

fhe super-regenerstive oscillator may fee operated 

la either of two modes. 3b the coherent node each pulse 

of radlo*freqneitey energy starts to haild up before the 

previous one hat decayed to the noiae level. In the inco- . 

harent Mode cash pulse starts fron the noise level. 

Oscillators used ia quadrupole resonaace spectroscopy are 

ordinarily operated coherently for hest eigaal-to-noise 

ratio. 

A super«-regenerstive oscillstor~deteeter is sensitive 

for only a short tints during each quench cycle Just as 

the rsdio-frequency pulse begins to grow, two effects have 

heea suggested ss the »esas hy which resoaaace absorption 

is detected. The first is that the absorption of energy 

hy the sample causae a reduction ia iategrated pulee eaergy. 

The second effect is caused toy the nuclear induction aa a 

result of the coherent precession of the nuclei brought 

about hy the last *oa" period. If the spin-spin relaxation 

tine f 2 (the ti*» for individual spins to lose their 
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©oharea©# •« a result of tfcelr tautusl interaction) la 

longer thaa the period of the quench frequenay the nuclear 

Induction signal will ©anaa the radlo-frequeney tourat to 

be initiate* early. The result in an increase la the late-

Seated pulse energy. Bean* as ©Ited fey Livingston (?* 

p. 515), has given evidence supporting the litttf mechanism. 

M m fouad that a apeetroneter operatlag la aa incoherent 

»ode amy begin to operate coherently when tuned t© a atroag 

resonance. Be alao found that very high radio-frequency 

amplitudes of one hundred volte or ®ore could Improve the 

algaal*t©~nolae ratio of some chlorine compounds even though 

the sensitive period occurred at Rash loner voltages. later 

It was diaeovered that m induction signal ©aa he obtained 

from the sasse ©oil used to excite the resonance. 

for typiaal chlorine compounds high (five or »ore 

volts) radio-frequency aaplitude la dealrafele. A staple 

regenerative oscillator ©aa »#t be operated at such levela 

without a large increase ia noise. With a super-regenerative 

oscillator a large radio-frequency amplitude way he used 

to produce a strong induction signal which la subsequently 

detected at a low radio-frequency level during the sensitive 

period when the noise la not excessive, fhaa* the signal-

to-aolae ratio for a super-regenerative oscillator-detector 

la usually greats than that of a regenerative oacillater-

detector. Vhe super-regenerative eaelllater la alao 
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usually leas ©icrophonic and can lis run for longer periods 

of time without adjustment. 

the super-regenerative oscillator bit it* disadvantages, 

the radio-frequency Irradiation experienced |*y the aawple 

ia actually »«de up of awrny frequencies! fc, f# £ fQ, 

^ f
e
 ± .••ate.# where f© is the tenter frequency 

of fc&o oscillator and f^ la the p a s ! frequency. Soae of 

the sidebands also are of sufficient amplitude to inditee 

neaaurable resonenee sbsorptien if tteey tidppo* to lie equal 

to the resonance frequency. thus, as the center frequency 

ii slowly *«»t«d# i m n i absorption curves (each seperated 

fro® tHa next by the quench frequency) are observed fo* 

eatfe m&wfeim mmmtm* Una* It is often dlfflealt to 

decide at what frequency the resonance lias occurred. If 

there la only one resonance line, changing the quench 

frequency *111 shift all of the absorption curves except 

the one due to absorption of energy at fe. However, if 

two or more close-*lying resonance lines exist*, the several 

signals f*ew each line overlap# an<! in »ost oases the 

spectrum becomes unintelligible. Another disadvantage of 

the super-regenerative oscillator ia that it oan not be 

used to study line shapes because of its eottplleated 

wmmmmMmm . 

The super-regenerative oscillator circuit of Figure 8 

win «la# used in fee epectroaeters shown I a Figwrea % and 4. 
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Figure $ shews «a exsaple of s single nimmim* lino 

detected using the super-regenerative osclllster with 

ths lock-in speotroweter. The lias is ths C3.35 sbsorptien 

o w n in Xs0103 «t 77°* (sss Figure 7 slso). Ths plsts 

voltage of ths oscillator wss $0$ volts, ths voltsge 

se^oss ths wobbulstor wss volts (wis), ths uaodulstion 

frequency wss 155 herta, ths rseordsr chsrt speed wss two 

inches per minute, sad ths losk-ia saplifier tias ooastsat 

wss 0»i seoonds. Ths sweep rats wss twenty-four kilohsrts 

per aiauts. ths quenoh frequency, assswrsd on ths ossillo-

scope by sttsohing « probe nesr ths soaasotloa fcstwssa ths 

sswiple hox snd ths coaxial lias# wss approximately thirty-

aeven kllshsrts. ths Jsfgsdasss of ths surrss wss €m to 

the overdawping of ths recorder. 

tor s resonance curve in ths region of thirty-eight 

aegaherts with s modulation frequency of 155 torts ths 

quench frequency wss sst st fifty kilohertz. Thus, ths 

period hstwssn rsdio-frsquenoy pulses wss short compared 

to t 2 which Is on ths order of 10"3 seconds for most chlorine 

conpounds. The signsl-to-nolse ratio deorssssd ss ths 

quench frequency incressed sad stapproxiwately sixty* 

five kilofearts ths signs1 could no longer be detected. 

If ths qasaoh frequency wss dscrssssd from fifty icllohsrts 

•gain ths signs1-to-aoiss decressed sad st spproxiastsly 

thirty fcilohertz ths oscillstor changed from coherent to 
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Incoherent operation. A filter wag needed to filter out 

the quench frequency and It included la the circuit diagram 

in Figure 8. 

Figure 10 about an example of tha absorption spectrum 

diaplayed when four eloae~lyia§ reaonaaee lines are present. 

The sample used waa chloranil (2, 3» 5» 6 - tetrachloro-p-

quinone), and tiia raaorilng waa *ai« at 77®K. la tlia 

crystal lattice the four chlorine nuclei of each molecule 

are at noa~equivaleat sites. The four llaea occur at 

37.4*2, 3T.*70, 37.515, •»« 37-585 Hagaherta (a). For 

the recording in Figure 10 the flat a voltage waa 200 volts, 

tlie voltage across the wobbulator waa 0.08 volt a (rms), 

the modulation frequency was 155 herta, the chart speed 

waa two inches par minute,,the tiaa aoaataat waa 0.1 

seconds, tha sweep rata waa forty-two kiloherta, and the 

quench frequency waa approximately forty-four kilohertz. 

The frequency of tlia super-regenerative oscillator 

could not be measured directly with the northeastera 

frequency counter since ita counting period waa longer 

than the duration of oaa of the radlo*freqtteaoy pulaes. 

The frequency waa neaaured however with a Signal Corps 

Nodal BC-221-AK beat-type frequency meter loosely coupled 

to tlie oaolllator by a abort probe wader the chassis. A 

grid dip water waa iiaed to measure the approximate frequency, 

the BC-221 waa tuned to thla approximate frequency, and 

then the frequency meter waa adjusted to zero-beat with 

the oacillator. If a slight change in the quench frequency 
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destroyed the aero baat, the frequency meter was assumed 

to be tuned to on© of t&« sidebands. When the frequency 

faster was tuned to the center frequency of the super* 

regenerative oscillator, a m i l change Is the y m o h 

frequency produced no detuning* 

Finally It Bight be mentioned that at timee epurious 

eignala appeared on tba oscilloscope or recorder. These 

apuriooa signals arose perhaps frow piezo-electric effects 

In the sample (6, p. 805) or electronic effecta In the 

apparatua. Jk permanent bar ffiagnet bald near the sample 

holder was used to distinguish these spurious sign*la 

from the actual quadrupole resonance absorptions. The 

magnetic field eliminated the degeneracy of the m-states 

and attsaad an lataal absorption curve to broaden bet bad 

no offest on the spurious signals. 
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CHAPTER I? 

RBfflfS 

file spectrometers described In the pmvtm* chapter 

were constructed for the purpose of searching for the 

chlorine nuclear quadrupole resonance In two ergnlo 

compounds which M Just recently become commercially 

tvillibU* the two compounds were 3, 4, 5, 6 - tetra-

ohlorophthaliaido and 1, 3, 6, 8 - tetrachloropyrene. 

In this chapter the results of this sesroh a r e discussed 

and some recommendations are made concerning these resulta* 

3# 5# 6 - fetrachlorophthalimide 

Approximately two hundred grans of 3» 5* 6 -

t etrachlorophthallmide, purchased from the Aldrleh Chemical 

Company, were used In search for the ehloriae quadrupole 

resonance frequencies of this compound. The 3# h, 5» 6 » 

tetrachlorophthallmide molecule Is shewn in Figure 11 sad 

appears to possess symmetry shout s reflection plane. If 

the moleoule is not distorted in the crystalline structure 

of the compound, the chlorine nuclei st sites 3 and $ on 

the benseae ring should here identic* 1 environments; the 

sitae is true 'for the chlorine auclei st sites % sad 5. 

Thus, one would expect to observe two quadrupole resoasace 

lines. 

*3 
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Fig* 11—3# 4, 5* 6 - Tet rechlorophthaHold® molecule 

Figure It shows the absorption curves recorded tm -

3* % # $ * $ - tetrachlorophthalimide at 7T°K. Figures 13 

and 1% are two diaplaya of the curves at room temperature. 

All three reeordiaga ware wade using the super-regenerati ve 

oacillator. For Figure 12 the plate voltage waa 25© volte, 

the voltage acroea the wobbulator waa 0.12 volta (ran), 

the wodulation frequency waa If5 hertz, the locte-in amplifier 

tine constant waa 0.3 aeeoada, the reeorder chart apeed waa 

two inohea per minute, and the quench frequency waa approxi* 

stately fifty kiloherts, The center frequency of the oscillator 

waa. awept at «ppr»xi»tt«lr fifty-aix kiloherts per minute. 

The center of the abeorption curves shown is approximately 

37.9 ftegaherts. 

For Figure 13 the plate voltage waa 150 volts, the 

voltage acroaa the wobbulator waa 0.12 volta (r®a), the 

Modulation frequency waa 153 hertz, the lock>in time 

constant was one second, the chart apeed waa two inchea 

per minute, and the quench frequency waa appr@xiniate.lar 

forty-eight kilohert*. The eenter frequeaoy of the 

mailto:appr@xiniate.lar
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oscillator was swept at a rate of 129 leiloherts per minute. 

For Figure 1* the plat* voltage was If© volts, the voltage 

•eross the wobbulator was 0.12 volts («#•), the lock-lit 

tine constant was one second, the modulation frequency was 

153 h#rt«» the chsrt speed was two inches per minute, the 

quench rate was approximately fifty leiloherts, and the 

frequency of the oaolllator waa swept at a rate of approxi-

»ately forty-six fciloherts per minute. For Figure* 1| end 

14 the center of the absorption ourres is located near 

37.5 megahertz. 

The rata of change of the oscillator frequency waa 

determined toy measuring the frequency at two different 

points with tha grid dip meter and dividing the difference 

by the tine interval between the measurements. This 

assumption of a linear change in frequency with respect 

to time is reasonable if only a small portion of the oaoilla-

tor range la considered. The approximate frequencies of 

the absorption curves were measured with the 'grid dip 

meter* which is accurate only to a tenth of a megahertz. 

At room temperature and at 77°K a permanent magnet waa 

used to verify that the recorded curves were actually 

due to quadrupole resonance absorption* 

There is obviously more than one lime present In the 

3, 4 , 5 , 6 - tetrachlorophthalimlde quadrupole resonance 

spectrum. It waa found that the quench frequency could 
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be v«rl«d fioR approximately thirty-five to eeventy-five 

fclloherts and the absorption curves still be observed, 

lowever, changing the quench frequency Sit not yltll any 

useful Information. At different quench frequencies the 

recording wis different, but it was iapMiltli to decide 

which curves had not shifted. One recording was nvuneri-

sully integrated, but this also filled t© solve the problem 

as to which of the recorded curves was due t© the absorption 

of radio-frequency energy at the ©eater frequency ©f the 

oscillator* Apparently the lines are so olosaljr spaced 

that tlis sidebands from' one line overlap the center frequency 

of the other line. 

The detection of the resonsnce absorption using the 

rafsasratlva oscillator would eliminate the problem ©f 

sidebands and allow the resoaaaes frequencies to be 

aeaaured using the frequency counter. fh# regenerative 

oscillstor was used to search carefully 1n the region near 

37*9 aegaherts at 77°K. X© resonance absorption was 

detected. This was probably due t© the fast that the maximum 

radio-frequency amplitude of the regenerative cacillator 

was less than tw© volts (ras)i the optimum detection level 

oeeurred at an even lower voltage. The radio-frequency 

saplltude of the •uper-regeneretive oscillstor, an the 

other hand, was spproxiwstely fifteen volts (ros). 
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If tli# super-regenerative oscillator were need to 

display the absorption curves m the oscilloscope, a 

alight change la the quench frequency wool* indicate whether 

or not a particular curve was due to one of the sidebands. 

An unsuccessful attempt was made to observe the absorption 

curves of 3, 4, 5# 6 - tetrachlorophthallaside on the 

oscilloscope using the super-regenerative oscillator. 

However, thia search «»« not thorough In the Sanaa that 

only a few values of quench frequency and wobbulator 

voltage vara triad. 

There is an indication tteat the apparatus used la 

capable of displaying the resonance lines of 3, 4, 6, 8 -

tetraehloropht ha liffiide ©n the oscilloscope. Xn a given 

volume of ohlorinal (see Figure 10) there are approximately 

1.05 tinea as many chlorine nuclei as in ttia same volume 

of 3* 4, 5, 6 - tet rachlorophthaliiaide. Ivan though the 

ehloranil E&oleoule (Figure If) appears to be symmetric, 

four resonance linea exist (1). This la apparently due 

to the distortion of the eaolecule in the crystalline 

O'i >=0 

fig. 15—Chloranil molecule 
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structure of the compound. If two resonance lines were 

present in 3# 5, 6 - t etrsch lorophtha limine their 

intensity should be approximately twice the Intensity of 

tli# ehloranil lines* aesuffiing similar detection conditions 

la each case. The ehloranil absorption lines were seen 

faintly on the oscilloscope. Thus, If two lines exist 

In 3, 5# 6 * tetraehlorophthalimide, they should also 

be detectable, the possibility ©f four resonance lines, 

however, wm% not be neglected. A® in the ease of ehloranil 

the crystalline structure oould result in four non-equivalent 

sites for the chlorine nuclell. If this were true. It would 

be quite difficult to see the absorption corves on the scope. 

At 77°& the recorded absorption, curves of 3* 4, 3* 6 -

tetraohlorophthallroide are centered near 37*9 wegaherta, 

and at roow temperature they are centered near 373 ©egaherts. 

therefore they exhibit the expected decrease in quadrupole 

resonance frequency with an increase in temperature as 

discussed in Chapter II. the magnitude of the frequency 

change between these two temperatures is similar to that 

of other chlorine compounds (6, p. 572). 

Since the ratio of the quadrupole moment of Cl35 %Q 

that of 0!3? is l,2687f {5# p. asill), at 77% one would 

expect to observe quadrupole absorption near forty*eight 

megahertz three tines as intense as the curves shown in 

figure If or to observe curves near 29*9 ttegahert* one 
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third as tat ease. (Cl^T is 25 P«r cent abundant.) they® 

is an indication that the absorption curves In Figures 12, 

13> and 1* are tea to 01^5 rather than to 01^7, At ff°K 

two resonsnoe lines due to CI35 of tetraohlorephthalio 

aaid have been observed at 38.4a! and 38.140 megahertz (%)• 

A comparison of figures 11 and 16 shows the similarity of 

the two molecules. The environment of the chlorine nuclei 

for the two molecules would probably be similar. 

.,/ ' 

O^C C=0 
OH HO 

fit* 16—Tetrachlorophthalie acid molecule 

Thus, the absorption curves of 3# 4, 5i 6 • tetrachloro-

phthalimide at TT°K whioh are located sear 3T.9 fflegaherts 

are likely dua to CI** quadrupole resonance absorption. 

1, 3* 6, 8 - Tetrachloropyrene 

A search for the chlorine nuclear quadrupole resonance 

frequencies of 1, 3, 6, 8 - tetrachloropyrene was also made. 

Approximately forty grass of this compound, purchased fro® 

Aldrich Chemical 0eapM9t were used. At room temperature 

the compound is a fine powder of very low density* Figure IT 
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shows til® 1, 3, 6, 8 - fcetreohloropyrene molecule as 

indicated In Aldrieh Chemical Company's catalog. The 

molecule possesses symmetry about a reflection plane. 

fhe search for till® quadrupole resonance line (or 

lines) of I, 3# 6, 8 - tefcrachloropyrene proved unsuccessful. 

^h@ regenerative spectrometer and super-regenerative spec-

ci. 

fig. IT—1# 3» 8 - tefcraehloropyrene molecule 

trometer were both used to search the region from eighteen 

megahertz to forty-eight megahertz there are several 

reasons which somli account for the lack of success, 

§h# relatively snail number ©f chlorine nuclei in 

the ample holier would cause the absorption curvee frow 

X, 3, 6, 8 - tetrachloropyrene to be weak. There are 

approximately 6.3 times as many chlorine nuclei in a 

given volume of chloranil as in the sane volume of 1, 3, 

6, 8 - tetrachloropyrene. Since four resonanoe lines 
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exist for chloranil, the intensity of these lines should 

be approximately 1,6 times as great as that of a single 

line 1, $, 6, 8 - tetrachloropyrene» If there were two 

or four lines fox* 1* 3, 6# 8 » tetrachloropyrene, the 

ehloranil li»es wo*ld be approximately 3»2 or 6.3 timea 

as great respectively. Since the ehloranil absorption 

curves could not lie seen with the regenerative oscillator, 

lb is therefore not ««rpriila| that the 1, 3, 6, 8 -

tetrschloropyrene absorption curvea could »ot be seen 

with this apparatus. 

The super-regenerative oscillator could quite possibly 

be used to obeerve tba reaoaanee lines of Xa $, 6* 8 » 

tetrschloropyrene if tba modulation width, quench frequency, 

and radio-frequency amplitude vara all adjusted properly. 

As mm be seen from Figure 6, if the width of the modulation 

neve too narrow, the displayed absorption curve would have 

a small amplitude and perhaps be lest in the noise. If 

the modulation width were too great, the absorption curve 

would be broadened end thus more easily obscured by noise. 

As wis demonstrated in the ease of 3, Jt, 5» 6 * tetrachloro-

phthslimlde, the value of the quench frequency Mis a 

pronounced effect on the amplitude of the absorption curve, 

fox* 3# 5i 6 * tetraeblorophtiialinide the curves could 

be seesi best with a quench frequency of approximately 

fifty Iclloherts. If the quench frequency were varied by 
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mm than plus or utinus twenty kllohertz, the absorption 

curves v«r* lost In the nolti. The proper ehoiee of 

queue!) frequency differs for different compounds sinee 

It depends in part on the spin-a pin relaxation time. The 

queneh freguaiMiy changed slowly as the center frequency 

of the super*regenerative oscillator was varied# fhe 

spectrometer VII run for two ©r three hours at a time 

without adjustment. During this tliae tie quench frequency 

would change by ten to fifteen kilohertz. 

Another explanation as to why res©nan©e absorption 

In 1, 3* 6, 8 • tetraohloropyrene was not observed is 

that the lines occur outside the .eighteen to forty-eight 

megahertz range* This is, however* unlikely, sine© fey 

far the vajority of the observed chlorine quadrupole 

resonance lines in organic expounds have occurred within 

these hounds (5). If the quadrupole resonance lines of 

1# 3# 6» 8 • tatraohloropyrene are somewhat broader than 

the lines observed for the other chlorine compounds, their 

amplitude would he decreased. This also soul* account for 

the null results of the search for the resonance absorption 

in 1, 3* 6# 8 - tetraohloropyrene. 

Recommendations 

In this atudy a super-regenerative osolliator was 

used to determine that nuclear quadrupole resonance afesorp-

tion in 3# 5# 6 ~ tetraohlorophthallsslde occurs near 
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3T»9 at TT°K. The presence of sidebands made 

the data unintelligible. Certain things could b# done to 

overcome this difficulty. A regenerative oscillator-detector 

designed by Wang (6) was modified and used by Douglass (3) 

to record tbe resonance lines in ehloranil. This oscillator 

could possibly be used to record the quadrupole resonance 

lilies of 3, 4, 5i 6 - tetrachlorophthalittide. The use of 

• regenerative oscillator-detector would eliminate the 

problem of sidebands and the resonance frequencies could 

be measured vlttela a fan hundred hertz. 

A method which could eliminate several of the sidebands 

naa suggested by Peaa and Foliate (2). I circuit used to 

modulate alowly the quench frequency of an externally 

quenched super-regenerative oscillator la described. Many 

of the sidebands are supressed, but the easier frequency 

absorption la virtually unaffected. The oscillator described 

la similar to the super-regenerative oscillator discussed la 

Chapter IXX. 

Nuclear quadripole resonance absorption la 1, 3, 6, 8 -

tetrachloropyrene was not found la the region from eighteen 

to forty-eight magahert*. A thorough search of this region 

employing several values of modulation width, quench frequency 

and radlo~frequeacy amplitude using the super-regenerative 

oscillator might yield the desired results. The regenerative 

oacillator employed by Douglass (3) night also be used to 

search this range. If no resonance lines were found, the 
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search range might be broadened to include five »egaherti to 

fifty-five Keg»h©3PtE. 

The use of leanan modulation rather than frequency 

modulation might prove advantageous. llth leeisan modulation 

a magnetic field of between twenty and eighty gauas la affiled 

to the sample and varied periodieally about aero field 

(usually with a •« Fa* a powdered aanpla the 

resonance abaorption appears only whan tbe field la aero* 

f Jta us© of this modulation aehene would eliminate the 

amplitude modulation caused by the wobbmlator, A filter 

tuned to tha nodulatlon frequency would not be neceaaary 

In the regenerative spectrometer. With this filter In the 

circuit much of the desired algnal la removed. 

la aearchlng far the 1# 3* 6# S - tetrachloropyrene 

quadrupole resonance absorption, one ahoitld take all posaible 

precaution to elinlnata noiae In speatrojaeter. All of the 

oscillator components should be rigidly attaahed ami the 

radlo-freaueney laada made aa abort aa possible. All 

moving parta auch aa the tuning capacitor should be wall 

lubricated. Tbe electronic equipment should be shielded 

and free from mechanical vibration. A minimum noise level 

la daalrabla In all quadnapole resonance aearehea but aeema 

especially naaaaaary for the aaaa of 1, 3, i* 8 - tatra~ 

chloropyrene. 
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Classical Derivation 

Consider « nucleus of charge density (p and atosaic 

number % In a region of a non-uniform electrio potential 

V. If the center of mass of the nucleus Is chosen as 

the origin of the coordinate system, the aXaatroatatia 

interaction energy of the nucleus *iti* the electrie 

potential will be 

* " f p t * ) W * , (1) 
J Tr 

libera v is the position vector of an Incremental volume 

4^ is the volume of the nucleus. The potential 

mill rary ovar the nuclear volmu#, Hat if this variation 

ia not too great, the potential my Da expanse* about the 

origin by a Taylor aarlaa and only tlia first fan terms 

considered. 

* • (*>[*• §"f f 

«h#ra lt j, an# k go fro* 1 to 3 and X} • x9 Xg * 7» *3 * •• 

The aero subscript indicates that the quantity ia avalvateft 

at the origin. This equation becomes 

59 
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(3) 
* * Tc Z ^ 0 (^Xjdr 

+ ISTZIC ̂ V/aX| ^ (? <*)*J*lr •*+*••• 

The first tens of this equation yield® \ £ ® » where • 

is the magnitude of the electronic charge. This portion 

of the Interaction energy Is not affected by the nuclear 

orientation ami will be neglected* The second integral 

in equation (3) is the electric dipole »o©ent of the 

nucleus. Experimental evidence indicates that no eleotrle 

dipole exists, this inpllee symmetry of the charge 

density soah that ? (v) n ^{-?). the dipole tew® thus 

vanishes* The third tern in the equation la the quad* 

rupole tern, which may he written out explicitly ss 

* ( 0 ) . A r + *(lf5)0 '*** * *(5^). 

+ ( ^ ) o t e ^ + ( & ) o i ^ "*x + ( ^ ) „ i p ****(-) 

According to the aenielaeeleel viewpoint in whleh the 

nucleus la spinning very rapidly about an axle, it ia 

reasonable to asstme that the nucleus has axial symmetry. 

If the z-axis is tsltm •« the spin axis, the nixed terns 

( 5(?%X|iT * 1 # I) in the quadrupole expression will 

be sero* and siaee the external ohargea will "see" only 

a tine average distribution, it follows that 

^ Qx2d* • ̂  p y2** - (5) 
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laplaee'a equation will ho14 at the nuclear alte for 

the potential due to external ohargea. 

+ (^v^y 2) 0t ( A / ^ ) 6 • o (6) 

Hence, the quadrupole portion of the interaction energy 

becomes 

" 9 " s)0
 + *(0) e **** + *(*!»)„ ' 

o " * * + * ® 0 S* e ' 8 4 r " < 8 ) 

But 

So 

2 ^Qx2d2r * A t + ̂  Q f&tt * - j" ̂  (a2-*2)*? »(9) 

*q * i( ̂ V/^*2)0 j" 0(3*
2-r2)«^ . (10) 

2** 
The quantity 

« 1/e [ ̂ Oa 2-* 2)*? (11) 
Ja-

la sotn©times ealled the nuelear eleotrie quadrupole 

moment• St ia a measure of the deviation from spherical 

aymaetry of the nucleus. As illuatrated In Figure 18, 

If Q # la poaltlve, the nucleus ia eigar-shapedi if Q# 

la negative, the nucleus la shaped like a flattened 

apherej if Q* la zero, the nucleus la apherieal* 

<l> 
Gf < O Q - O 

fig. 18—Huclear ahape for various value» of Q* 
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Equation |10) gives the interaction energy i n a 

coordinate system whose *-axis i s along felts axis of 

symmetry of the nucleue. Let *•, y», a* denote the 

principal axes coordinate sy stews of the electric field 

gradient, figure 19 illnat*atea the nucleus in such a 

eoordinate system, where ths Eulerion angles #, and 

o/' as defined by Goldstein (5, p. 107) have been «sed 

to lndloate the orientation. The lino of nodes i s perpen-

dicular to ths plane of ths i, s» axea. to find the 

electric field gradient in the priwed eoordinate system 

the following relationship is needed (5» f« 109). 

36* 

y* 

eosyeox0^eos08in^8in"lf -sinYeos0~eoseaiiiJfe©s1f sindsiii# 

eos¥sin^-oo»«cos08in> -sinVhinja+eoseeosgcosV -sindeos# 

sindsinf alneoos? 

NySNf ^ /wt\Sfc \SSw /wt\2 \2w A««\ 2 

cos# 

X 
f 

* 

(la) 

c)«2 

, ft*')® 5®* /ar}* i * / £ ] 

jtiiitJ4 37*1'J xr*p7/ 

^ ja*» or 3ar' ^ da«' 
-t ^ _ . _ 4 a^x^jr 

(13) 

By t h s use of equation (12), one rosy write equation (13) a s 

S * ^ (sinesin#)2 ̂  ^w(«sln6eos0)
2
4 ^ (eose)2 . 

«)y»2 ĵg*2 

The direction of the nuclear angular BowentsBB X is along 

the s*«xisj the eonponents of "X m the principal axes 

system would be 

< * ) 
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Ix, - [I | sin -fr sin 0 

Ir * Jx) sin # COB 0 (15) 

lst • I em # 

Iqnation (14) can be written as 

^ ij. 4' ( { 1 6 ) 

3 ^ * 0** j l p + 3 ^ 5 Ufa * 3 ^ 5 H P 

where 11]8 It equal to I®, -•• xj, + I*f • Therefore, 

using equations {10) t (11), and (16) one can write the 

electric quadripole interaction Heniltonian in the principal 

•set systen of the electric field gradient aa 

where the partial derivatives are evaluated at the nueleer 

center of nass. 

Quantum Mechanical Description 

Consider a nucleus of A nucleone described by the 

wave function ^ nIffl(r^ .... r^)# where I is the total 

angular momentum quantum aumber# w is the magnetic quantum 

number indicating the orientation of the angular momentuia, 

and n represents all other quantum numbers needed to specify 

the systew. The separation energy between the nuclear 

ground state and the first excited state is large compared 

to the orientation energy (2» p. 327). Thus, in dealing 

with nuclear quadrupole interaction only matrix elements 

of the for® 
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| J ( 1 8 ) 
need be considered. 

Sanation (3) of the previous section is a convenient 

for® for the electrostatic interaction in th@ Quantum 

mechanical description as nail as in the classical case. 

ttamver, in quantu» Bteehaalcs the oharge density P (r) 

nuat be replaced by the density operator^defined as 

P o n(*) • tie <f(* - *k) • •Yl S{r - r j , (19) 

\ w p k«i fenl 

where e Is the charge of a proton, rk la the position 

vector of the * t h proton with respect to an origin at 

the nuclear center of Mass, and %' la the atonic number 

of the nucleus. Equation (3) then becomes 
" " T° j^op<5>«* - £ p . p < * K < * 

+ £ e ° p ( ? ) x ^ * ••• • < a o ) 

The flrat Integral in equation (20) is again the 

total charge of the nucleua and la not dependent upon 

the nuclear orientation. The second term is the dipol© 

itm, whloh la aero because of symmetry properties of the 

nucleus. Experimental evidence Indicates that the nucleus 

haa definite parity, fro* this fact it can he proven that 

the center of taaaa and center of charge of the nucleus 

coincide (S* p. 161$ 7# p. ̂ )« Hence, 

<? oP(') = e «»<-*> • <ai> 
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The dipole term goes t© zero since 1% contains an odd 

function integrated over symmetric l i * i t a . tfca fourth 

t t r » 1» the i i r l t i (not shown In aquation (20) ) U m m 

by a aiwilar argument. 

Tho third town la equation (20) ia the quadrupole 

t«m» I t is convenient to define tli« quantities 

^ i j * 3 ] *"** # 

and 

M>Sd • "» 
ftia cutirapel# t « m then baoo»as 

w, • ^ ' < *> 

AiiflVlBg that L®pl«ce'» equation holdB at the nuclear 

l U t , the second t#zw i n equities (a*) vanishes. Thus, 

% « ^ T i A j * ( a 5 ) 

By equation (22) the quantity Qgj nay he written as 

« i j • £ • £ < ? ( * - *k> [ s v , - • 

9pm integration this^beco«es 

«t 4 • • ^ 1
< 3 * l k * j k " <5" i l * k ' • ( 2 T ) 

The electric quadrupole Ha*iltonian ia 

* " 1/6jr$vu*u ' m 

where % j i t g l f M im equation (8?). 

<*) 
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$b order to evaluate the matrix elements of the above 

Hamiltonian a wore useful foaa la needed. Thia torn can 

be found toy the use of • theorem from quantum ttechanies. 

tfhe theorem applies to all aecand-renk tensors of, say, 

the torn of eqaatloa (27) which are constructed in the 

••aw Manner fro® vectors satisfying the sa®e co»wutatlon 

roles with respect to 1 and are syrawetric and have *ero 

trace. According to thia theorem the matrix elements 

diagonal In 1 of all such tensor® have the »a»e dependence 

on the magnetic quantum number at (8, pp. 164-170J 7# 

p. 175 2, p. 330)« This la a apeeial ceee of the Iflgner-

Eckart theorem, fhe eovipoaaBta of the position vector 

for each nucleon cud tha componenta of the total angular 

momentum for each nucleon fall into a alias of operatora 

known aa "alas* f* operatora. tha operators of this 

claaa all obey the same commutation rnles with respect 

to X. 

* 0 | K ' **] 

[ l , . t y 7 s I*s, , (29) 

r^XJ *«] * » 

eta., 

and 

[f, t a ] • 0 . (30) 

fha 1 In tha above equation la tha square root of minus 

one. fha quadrupole moment t m o f aa defined by equation 



m 

(28) Is aymatrla and has a iiro trait. therefor## the 

above theoreai implies that the matrix elements ©f the 

quadrupole iei«nt tensor diagonal in 1 way tee wattes as 

(im | %j|aX>i^> « 0^nl»||3 * XiH) - StfL
21 »3tê > * (31) 

where C Is independent of » and a*. This equation is 

analogous t© a wore fanlllar one for the magnetic dipole 

woment veotor, 

<̂ ®l9i j>*4 j | X| I sX»'̂ > « (32) 

One can tzprm f is teraii of the matrix element for whlah 

m * *' * 1 w 4 1 » | » * is followa. 

<^»II } ̂  I »ll)> • ® <8H I 3X| , (33) 

• q[$X* - 1(1 * 1)] , (3*) 

= § 1(21 - 1) , (35) 

Hilar# x is the axis along which the total angular soiaentujB 

la quantised. *ha quantity m the left in equation (33) 

ia usually defined aa eQ end Q is termed the quadrupole 

moment of the nucleus. Therefore, 

ad • 01(21 - 1) , (36) 

• • i r f r i f • 0 7 1 

where 

a^ « <(nIX | • (38) 

ilaaa the eoncevn here ia for the quadrupole Hamiltonian 

matrix elemanta for a partioular X and m, equation* (SI) 
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and <37) imply that the Hamiltonian fflay toe expressed 

88 

H s & ( a - I) F ' 1 J f 3 / s ( I * I i + V * ' * ^ m * 2 3 * < 3 9 > 

fh ia Haralltonian appliaa to an arbitrary coordinate 

ayata*. If on® chooses the principal axes eoordiaata syeteR 

of the electr ic fiaHI gradient, the expression for the 

Saniltonian way be ai*pUfia« by the faot that in th is 

ey#t«» 

T t | « 0 for 1 t $ . (%©) 

Equation (39) than becomes 

% * gx( ̂ i ) 4 ¥yy (1y~ l 2* + vz2^xz"*2^ 1 * 

$y Laplace'a equation th is reduces to 

for tha nuclear quadrupole Hawiltonian in the principal 

axes eyatew of tha electr ic f i e ld gradient. 

A comparison of the Hawiltonian 4«nt«4 from elaasioal 

considerations (equation (IT) ) and that derived fcy quantum 

necbanies C a p t i o n (42) ) lndioatea that tha coeffioiea* 

ia d i f ferent . There are two reasons for th i s . One ia 

that tha aywbol J f | 2 in equation ( I f ) ia tha m p f i ®f tha 

magnitude of the to t a l angular mmmtm given hy | l | a * 

$g -* l | + i f . The I in equation (*2) ia tha to ta l angular 

aoBentu® quantum number; tha magnitude of tha square of tha 
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total angular aoawntun i» given W t(l +• 1). *ha other 

reason fey a difference la the two equation® la that the 

4affSsft*&a«» of th» quadrupole mmm%» in tli# two is different, 

Xn equation (If) has bmm evaluated along the z-axis for 

the ©awe In wbieh I la along tins axis, in aquation (4s) 

Q la defined for the ease whore lh« alignoenfc of X la 

talcan to be that of the atate X • » whieh la not along the 

z-exie. According to 2tels»«lt (4, p. 113) the relationship 

between tlia two qnadrtipole momenta la • 

f* * *{* + ,*) * • <*3) 
2 1 - 1 

If substituting thia vallate for f» and |l|2 « X(X + 1) 

into agnation (IT) on# arrive# at agnation (42). flam, 

tba olaaaieal tnd quant UM necbanleal iiriviliflBi yield 

ttoa aama expreaalona for tha nuclear quadrupole Hawiltonian. 
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