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A } -~~’i ;- ACT

A ~~~~~~ i ’y of t he  work on the  above p r o je (~ t i S 
~~~~~~~~~~~~~~~~~~~ 

ed

Th is n c l u de s  a dc ! s c r ’ap t i  on of the pu l sed  N QR i n s t  x u ;r~~n t a t  ion

~‘.s~ ’ I ’~1I le d  f or  th i s work , ~is w e l l  as h i ah li gh t s  from the four

Te I T h  dl  1~~ r t  s i ~~~i i ’d , ~ind fr o m i n t e r n a l  1 ab or a t ory  report s

One t ( c hj l i ( 1l ~i~port  is in pi r ’ss ,rnd the  othe r t h r e e  are to be

s u b n i t t e d  fo r  p u b l i c a t i o n  a ft e r  minor  up -da te s .

I ja



I t ,  ~c~)U~” I t_

The wo i  ‘k U i I k ’  r tb i _ s p cj ec t ;i ~~~~ t • ii Ui’ ma n of f~ ar

~ L L ’ d ~~n a t e d  i y J c s  of a c t i v i t y :  (1) t h t ’  I t ~~~~~ . ~ fl ,
~~f l h J  I - o n S l r ’ u c t  ~on c~

a p u l s e d  ~ QR ~~~i~~~ t ~‘u i 1 i c ’ t i r ; ( 2 )  t~ - s t  ~ng  i t  w i t h  Pn o w n  r ’s on i an r e s

and  - > :~~‘~~~~~~ 
;~~n t a i  ~~ - t i ’s fr i  P u i ’O n  N Q R  ~ j i i ’ c t r a , i r i c i u c i ~~n~ so~~e

- i-I
c , I i t I r i i Y s ;  ( 3 )  ~; , ~~i i i ’~~ f I ) z ’  I ’ , i f l I i , 1 ,~ ne B NQR ( 5Of l,~~1l I~~( - S  u s i ng

Over  CW NQR spe Th~~ i t ~’r , and  ( I j ) m o le c u l a r  o r b i t a l  e O f l p u t .~t i o f l S

of wave functions and r ’l e ct z ’i c f i e l d  g ra d i e n t s  in  some s m a l l

c a r b or an e s .  -

The l ong - r ange  ob j e c t i v e s  of the work i n c l u d e d  b r i n ging NQR

sp( Ct r O s c Op i c  ni~~thods  to bear  upon the p rob lems  of b o n d i n g,  inter-

molec ular f o i c i ’ s  and  m o le c u l a r  m o t i o n s  in po lyme rs . We also

hoped to ~:pply and to evaluate m o l e c u l a r  o rb i ta l  c o m p u t a t i o n a l

irie thods for th e elucidation of the electronic structure of the

carboranes. The feasibility of NQR studies of carborane polymers

and copol yi:icrs was also to be e x a m i n e d.

PULSED NQR SPECTROIIETER

The pulsed NQR spectrometer assembled for these studies is

illustr ated in Fig. 1. The radio frequency source is a General

Radio oscillator operating in the low megahertz region. Its

output is gated under the control of an analog pulse programmer

and put through to a high power RF amplifier system which drives

a conventional impedance matching network C
1 

- L
1
. The analog

pulse programmer and the RF gate were desi gned and constructed

here by Dr. J. W. Jost.
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A I~~~~
’
~ ’ I n t  ~on a l  P~, c } z — t o - 1 . i c k  d dr  ‘ SD1 ~ig sy s i  ‘ i n  ‘ l i d S

tb c  s i p s a ls  t o  t h e  t a n k  c~~i ’e u i t  , C 2 — 1 , 2 . The p u l s e d  si g n a l s  ~~c~i ’e

d e t e c t e d  in  a ~~~t e c r i i ’ i v ’r 1i i ~~p~~~d w i t h  a t w o — s t ~igc d i o d e  c l .a r ~;~—

ing  C i  l i n t  to  1 i rn i t  i n p u t p c w( ’r .  The o u t p u t  of t h e  r e c e i v e r  was

samp led  2 8 0 0  i -:~es per  pu l s e  n d  d i g i t  i z c d  ~imp l  i t u d e s  were  st o r e d

in t h e  I C E — 9 7 0 0  t i - i n s i e n t  r ec o r der .  The a n a l og  si~; na l  is p r e s en t e d

on t h e  as c i I  lo sr op u  f o r  v i  s - i a l  o b s e r vi t  io n s  d u r i n g  t h e  ( xp e r ~ s ( n 1  s ,

and  can l~e i n k d  on an  X — Y  p lo t t e r  f o r  a p c i  :~~an r n t  r e c o r d .

The d~~g i t al  o u t p u t f o r  t h e  t r r u ; i e r i t  r ecorder  w e n t  to an

i n t e r f a c e  we des i gned find c o n s t ru c t e d , and t h e n  to a PDP 11/10

rnini coi :ijuter for d a t a  p r o ce ss in g  and s t o r i n g .  The m i n i c o m p u t r was

under the eonitro l of either a Tektronix cathode ray terminal or a

Tel ct y t e  at  t h e  o p t i o n  of the user. Advanced Electronics Desi gn

Model 2500 I t ~~~il  d r i v e  f l o p p y  disc u n i t  w a s  m a d e  an i n te g r a l S i r  t

of ou r’ ep i c - a t  jog system. Permanent i e c o r d s  of : i u I ; u r ’  jCci l dat a ar e

h a r d  c o p  ed on t h e  t e l~~t y p e .  In t h e  e x t e n d e d  s ta g e s  of t h i s  s t u dy ,

CRT j iots -.‘ere I i~ked on an X-Y recorder  by t h e  c omp u t  ~ r s y s t e m ,

using an interface desi gned , constructed and I1OI~UfltCflt ed by Mr.

Ceoi-ge W i l e y ,  a r e c e n t  s en io r  r e sea rch  s t u d e n t .

T h i s  ( n - l i n e  NQR sp ec t rome te r  s y s t e m  has been used to (itr erve

f r i- e induction decay (l’ID) signals an~ sp in- echo signals. The pulse

pr-c)g1~ e~Trer l’c-rm itted sing le or double pulse sequences of variable

length arid spacing. Various computer programs were writt en for

storing arid for display ing th e transient signals on a cathode ray

terminal employed with the PDP 11/10. These include a program

w h i c h  perm its the accum u 1-i t ion of many t r I T I S  i ent s and their co—

addition to do si gnal averag ing experimen t s so as to improve the 
-



I I 1- ri oi e i _ it  1 o w P ~-. ‘ a  ii 1 ) ~i .j 1 es A I we I l l )  m - ’ I

piI L ( T 5  (iPSCI V I d by l o st  110 sh wn ;~~ Fi n s. 2 ( h i . x : r r i c - t h y l e n i e 1’~~ ~‘~~: r i m e

and 3 ( u r e a ) .  i J t  ‘a  and i y r  t s i n v  i - i - l b  x I o - r i m e f l t s a i e ’  Lr ,~~;j i in

I’i~~ures 14 1nd 5. A single j i i i  se } ‘ T D  -x ~~er I ; i e n i t  on p y r a z i n i e

s h o wn  in  Fi g .  6 .  An X — Y  p l o t  of a s i n g le  p u l s e  F I D  ex p e i - i r r v - r i t on

Ht -t I is ste - -ai in Fi g. 7 , and  i t s  F o u r ier  t r a n s f o r m  is g iven in Fi g. 8

Fi gur es 9, 10 , and 11 are composites of FID cniddc’ d s i g n a l s  and

their Fourier transforms for a sequence of experiments on hexa-

m ethy lenetetri~nine with gradually increasing number of pulses:

10 , 100 , 1000 , and they show the marked improvement of S/N ratio

achieved wi th signal averag ing, as expected .

NQR SPECTRA OF C A R B O R A N E S

14
OIe r v a t enis on severa l N compounds were made successfully

wi th  the pul sed spectr om e ter , and excellent enhancement of S/N

ratio was obtained when we employed si gnal av eraging. The results ,

al ready mentioned above , are pres ented in Figs. 2 to 11.

t~umnerous attempts were made to find 
“B NQR resonances with

the pulsed spectrometer in compounds for wh ich the frequencies

L id been previously reported fr-em CW observations. We used both

FID and -p In-echo modes of ope ration , and employed sigr~a1 averaging

techni ques in the latest stages of the work , but these efforts were

rover ’ successful. This may be due to short sp in-s pin relaxation

t mes. The N QR signals observed in boron compounds with CW spectro-

mete r-s are typicall y around 20 KHz wide , and this indicates a short

Tf~. There is also the possibility that t ie electric field gradient :

in the c ry s t a l l i n e  compounds are broadly distributed about the

0’ 
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~o- i - n ’ agc  V r i 5 r  l~~-c au s t :  o f  la t tic e lh i( l ’ f( - i.’ t  l U l l S .  Tb i ~~ ( O Tl i d - otir ce

r - t ’n r ; i~~i vj t y  a l t ho u g h i t  ~-,‘ eiu1d not neci- scarily a f f e c t  t h e  r e l a ; . : i t  on

s . There  i s  a possibil i ty t h a t  a c o ust i c  n o d e s  c o ul d  be very

i . pc r - ~~~nt  in r -el~~x i n g  the nucle ar sp ins; this m ay be responsible

f o r -  t l . e  l i - w a d  I I n i - s .  H w w - v e r , t h e  pr e c ise  r n -a r - On  for f ail ure to

f i n d  he l o r a n  i - c  ( n - , n C e S  by p u l s e  t c - c l i n  i ques  is st i l l  not c l e a r .

Sev e r a l  groups  of i n v e s t i g a t o r s  in v a r i o u s  lab o rat o r i e s  have  a lso

t r i e d  u n s u c c e s s f u l l y .

Aw are of the possibility that we might not be able to find

bor o n N QR sp e c t r a  w i t h  our pulsed instrument , we decided to use

our old Pound-Kni ght-- t~atkins CW NQR spect rometer and to make

se a r ch e s  on a v a i l a b l e  c arb o r a n e s .  M o l e c u l a r  wave  f u n c t i o n s  were

cor r iputed ~rbd field grad ients  we re ca lculat ed (see sec t ion  on

Q u a n t u m  Co:npu t ~-i t i o n s .  .. b e l o w) .  Of the c ar bor ane s for which the

field gradi ent s were computed , w e had avai lable a sample of penta-

dicarborane. Using the CW spectrometer we promptly succeeded in

finding a sing le-line NQR spectrum at liquid N
2 

temperi~ture. It

was found at 1.55 MHz which was within 6 percent of the predict ed

frequency for the gaseous molecule (1.65 MHz). This result will

be reported in a brief note to be prepared for publication at some

future date. 
- 

-

- ___ -â



(~~ A~ l i l t  C O d i U ’ I I~’j 1 [ t b 1  O n ’ } :I L c - F R I C  I I I T i d i  (T11 ’, i ) T :15

A : i u n - t - ~ -r ’  of  ab  m i  t i .o m o l e c u l a r  n ’r b i  t al  a r j U t - t t  i o n s ]  :, -
~~

w o e cons I l n l C d  and c - x - ~n i i n -d c r i t i c a l l y  i n  or  d i r  t o  i i  l iv e  i f  a

f c , t s i h l e  l : s j 1 -O O CL t o  t h e  cornpu ~~a t~~on of m o l e c u l a r -  (~~~~ ( f  r n J I i C  w ;ve

f u r s  t ions -~nd of e le c t r i c  f l - i d  g r a di en t s  w h i c h  i t - c  r i i - - i i -d t o

~ n t c -  i - p r - c t  P Q R  ‘P i t a  or t o  i r e d  rut the I r . - l u i - n c y  r a n g e  in  ‘~J i  ch ( n e

should search for n e w  NQR s p e c t r a . In view of our very 1 irn i ted

access  t o  c o m p u t e r  t i me on t he  bi g c o m p u t e r s  r e qu i  red f o r ’  th ese

calcul a t i o n s , we decided to work with the STO—NG p r o g r a m  w h i c h

permits rrrrni na l basis set LCAIJ calculations in which c-ach Sleter

ty~~u orbi  t a l  is i - i - presented as a v a r i a b l e  n u m b e r  ( N )  of G a u s s i a n

type  l - - r ~~i s  o r b i t a l s  ( C ) .  T h i s  p r o g r a m  was t e s t e d  th oro ughl y by

a series of comt~ st a t i o n s  of the  mol ecu lar  wave f u n c t  I e r r s  a n d  t he

e l e c t r i c  f Ie ld grad ien t s of NH 3 for which the field g r a d i e n t  in

the gar;cous m o l e c u l e  is known accurately from microwave spectro-

scop ic data. Two approaches to the calculation of the field grad-

ient were used. One of these involved the use of the Slater type

o r h i t al s  t h em s e l v e s , and  t he  other involved the use of the approxi-

s a t  i n g  fla u rs i~ins. The results have been presented in ONR Technical

Repor t No. 3 issued in September , 1974. In that study we also

used the program GAUSSIAN 70 to generate ab initio wave functions

of a hi gher order of accuracy, and we computed electric field

gradients as well. Two different sized basis sets were utilized in

these computations: the “4- 31” and the more extended “6-31” levels.

We learned that the less e> :pensive “I4_ 31” computations with

GAUSSIAN 70 were accurate enough to be quite usefu l for our intended

purposes. Then , as a further t i - s t  of this approach , we calculated

- — _ - -i -_- - ---—————
~~~

—- --- -



wave 5 1  ions trid f i n  Id g t - t d i & n t s  f o r  in~~tLcr n i tr o—c oni t iili in i g

mnoleeule of eon s id er a l le t h e o r - e l  ic al  i n t e r e s t , i m i d i z o l e  . Th at

study Las  t en d e s c r i b e d  in ON R T e e hn i c a l  Repor t  N o .  2 , i s s ue d  i n

A u g u s t , 1974 .

F i n a l l y ,  we chose th r ee carbo ranes of a s i ze  s m a l l  e n o u g h  so

tha t the computations could be made with G A U S S I A N  70 on our c am pus

compu ter center CDC 6400 computer. These com putations led to

predicted values for the electric field gradients and the quadrupole

coupling co n s t a n t s  of the gaseous molecules. Details are repor ted

in ONR T e c h n i c a l  Repor t  No.  4 .
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C l h , ( ’L 1 : : ,  J f l -.S

( 1)  ~‘~~~~‘ I n s t  n - r e N d  1 l~~ l 5 ( d I~Qi~ ?; i l l  : - n i i - H  i f o r  t h e  I ’

i-p u - n  a d  s u c ce s s f u l l y I i  St i d  it W i t h  a n i i ] : : ! l ) - r ’  of  n~~ t l - O ~~ e f l  I

F IP  r i d  r m i : ,  - -c l io r - i g m i - r l s  w ’ - i - u  i - I - c  ‘a - t e d  it h i gh S /N  in  a n u m ber -  O f

cowi - u n d s

11(2) I~ c - ~-~~~v er , HOlle r -aS S s im i l a r a tt c - mnj t s to si- c }a iuwn B

rdson ,t :w- - r ; in  a Iwunl er of compounds were  u n s u c c e s s f u l , p r o b a b l y

L~ c~ T:s - of ~h ir t rcl a~:sct ion times (T
1 

or T~ or both).

( 3 )  We l ave  u sed  MO t h e o r y  s u c c e s T f u J l i y  to  p r e d i c t  t he  q u a d —

r ip o l e  co u p l i n g  co nst a n t  of “B in pentadicarlior ne to within a

f e w  p e r - c e n t  of t h e  a c t u a l  f r e q u e n c y .

( 4 )  W i t h  a CW P o u n d - K r b i f h t - W a t k i n s  t y p e  s p e c t r o m e t e r  we f o u n d

t h e  NQ R - m - c n lr l c e  i n  1 - n t a d i  carhiorane at li q u i d  N 2 I emper~~tu r e

( 5 )  The p u l s e d  NQ R a p p a r at u s  F( q u i r - I - s  a f a s t e r  r esponse

r e c e i v e r  t h an  we had  a v a i l a b l e  to p ick up FID and spin-echo signa l s

before th ey decay away. Probably a recovery time about ten times

be tte r than the Ma tec r ece ive r  w i ll  be needed . Si nc e “B NQR

lin e widths are about 20 kHz , the  r e s p o n s e  t i m e  shou ld  be a round

10 p sec. No f a s t  d e t ec tor  was av ai l a b l e  co m mer ci a l l y .

(6) We have desi gned an automated sweeping pulsed NQR search

SJ e ct r- ose te r which can be operated by our minicomputer system .

This desi gn is presented here , an d when impl emented , it should

J 1 - r - m i t  a u t o m a t i c  s e a r c he s  of N Q R si g n a l s  by pu l s ed  m e t h o d s .

( 7 )  C o n t i n u o u s  wave techni ques  shou ld be pu rsu ed to loca te

more NQR l i r e - -s in c a rh o r a n e s .

( 8)  B r o a d - l i n e  NM R t e ch n i ques , such as h a v e  been used in



I r : 1 - i~~~
- . u - i  sliorid i I ~~o he l - i l i i , l y  c o n s - i - i ’ -  d

u~ ~~r r- st u t  es of the ,~ u r l  i p i l e  coulil i r i g m ; of c - l r t o I , n i e  m n o r , oJ : erm ;

and l)~ lyTll s ’ !m , to  ‘ I t  a m  da t i lii -d cii fo r  d e s i g n  of p u l s r - d  N Q R  ‘ - x p r—

i r n e n t  5

(~~
) The r- c n i s i t j \  e n w  dou b l e  ‘ sonance  m e t h o d s  sh o u l d  a lso  he

- 11 -corIs i , i - r -eu  f i r  B lc QL s t u d i e s.

A CR NO I- . I U I) 1-I UN TS

I wish  to ernph as i~~e Dr. John W. Jost ’ s key  c o n t r i b u t i o n s  to the

desi gn and c o n s tr u c t ion  of t he  pulsed  NQR spec t rometer, i n c l u d i n g

the cc-rnpater hardwa re and so f twa re developed for this and a companion

N I H  project on n- iectrc —optic studies. Mr. Robert Purtell assisted

in the w i r i n g  of the computer interface arid in tests of the pulsed

i n s t r u m e n t , as w e l l  as r u n n i n g  the  CW Spectrometer after im proving

the Zeeman d r i v e  u n it .  Mr. F. Hal n rkern wrote some of the PDP 11/10

programs. Mr.  Bradley Takasuka  and Paul Pau partici pat ed in later

t e s t s  of the  spect rom e ter , and a t t empts  to see “B r e s o n a n c e s .

Mr.  George W i l ey  desi gned and implemented the X-Y plotter interface.

Dr. P h i l  M i l l e r  p r o v i d e d  a c o ns t a n t  source of i n t e r e s t  t h r o u g h o u t

the  p ro j ec t  and  e n c o u r ag e m e n t  d u r i n g  the somet ime s f r u s t r a t i n g

phases .
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