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The observetl  l ine shlpes oi t i re rH nucie:rr nragnetic resort:- l , t lce spectr& of nent borazole and of borazole trr

toluene-r1c, dirnethyi<ie sui ioxir le, cir loroforrn<1, lncl c1'clohexutre-,/r . :  solut iotrs are dominated b. '"  broaderl inq
riue to t ire electr ic quadrupole-dependent nucielr slr in- lutt ice rel lxat ion of nitrogen and boron. Comparisotts

of observed spectra for borezole rvith those ealcuiated for varving values oi the nitrogen and boron spirr-

la t t ice  re laxat ion re tes estab l ish that  a  parameter  f  :  l r (eq)z ln / l rQq)z lv 'character iz ing the re la t ive response

of the boron ancl nitrogen nuclei to rotat ion:r l  di f fusion (eq 3) is indist inguishable irom unity ( i  :  L.0 * 0. l l

over & range oi experimental condit ions in these media. These observations i l re rat ional ized satisfactori i -r-

br- eq 1 and provide empir icai support for the useiulnes.s of this equation in describing the inf luence of moleculrr

motiol on the rates of spin-latt ice relaxation of quarirupolar nuclei.  Spin-latt ice relaxation of nitrogen is

more rapid thln that of boron in solut ions containinq the stable free radical di-Cerl-but."* lnitroxyl,  presumabir '

clue to rverk specif ic interactions betrveen the borazole molecuie and the nitroxvl radical.  Combination oi

slt in- l tr t t ice relaxation t imes inferred from the rH spectr l  of borazole rvith an estimate of i ts mean rotat ioruri

correhtion t ime i1 solut ion leads to approximate values for the quadrupoie coupling coustants: (e'zqQ/h\ =

7 . 6  +  2 . 9  \ I H z  ( ' 0 B ) ;  3 . 6  -  1 . 3  ) t H z  ( " B ) ;  1 . {  + -  0 . 5  } I H z  ( ' { N ) '

Introduction

The determination of spin-lattice rc.luxatiotr t imes
for quadrup,rlar nuclci is e techniclue of inerea.sing im-
portance in the studl' of mole'cular m()tions in solu-
t ion.3-5.  fnterprctat ion of  thesc relaxat ion t ime mea-
surements in tcrnrs of molecular motions rest.s oll the
assumption that relaxation is dominated b1' quadru-
polar interactions end that contributions from dipole-
dipole, anisotropic shielding, and spin-rotation inter-
act ions ArL'  uniml lor tant.  With th is assumption,

equation.s having the form of eq I are used to relate rr '-

1 - 11) ( _,:,,! _+ " )rryq\'(,, * d),. r;
? ' : c  \ + o / \ l ' ( : l - t ) / \  r L  / \ ^ ' 3 ) '

laxatic-rn times to mttlecuhr motion. Here ?rx is th,'
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spin-lattice rehxation time of nucleus X, I is the nu-
cleer spin of X, eQ is the electrie cluadrupole moment
of the nucleus, eq : dE /dz : d2\'/dz2 : 7r, is the
principal componcnt of the electric f ield gradient tensor
at the nucleus, 4 : ftr 'r, - l 'rr l/ l 'r, is the asymmetry'
parameter describing the devietion of the electric f ield
gradient tensor from a.xial svmmetrv, and ry, at the
simplest level of interpretation, is a mean correlation
time characte'rizing the po\\ 'er spectrum of the electric
field gradient f luctuations at the nucleus that are effec-
t ive in inducing magnet ic dipole t ransi t ions.d,T

The assumptions underlf ing this equation are un-
doubtedlir tenablc in the great majority' of studies in
solutions of normal viscosities, ancl the equation ap-
pecrs to have verv generall l '  applicable form. How'-
ever, despite thr-.rtretical expansions of rx in terms of
other micro.scopic paramcters, particularly the com-
ponents of  the rotat ionl l  d i f fusion tensor,3 the physical
interpretat ion to be pl lced on this cr t r re lat ion t ime re-
mains vrlgLl(), clepending signifieantly' on the model
chosen to gerir:r:rte the. p()\\ 'er spectrum of the electric
f ie ld f luctuat ions resul t ing f rom molecular mot ion.
In part icul l r ,  the roi i r t ive usefulne.ss oi  inert ia l  and
di f fusionel  models for  moler:uler reor ientat ion,  and thc
interpretat ion of  thc "mieroscopic" v iscosi t ies com-
monl-r '  used in thc di f fu.s ionl i  t re l tments,{  s-r0 are not
clear.  Further,  a l th<tugh thc.rc is some agreement that
for most nonionic moleculc's the ntajor contributions to
thc f ic ld .gradient f luctuat ions resprrnsible for  spin-
letticr: rcla.xation erise from the reoricntation of thc
moler:ulc containirrg the c lurc l rupolur nucieus being ob-
scrved, rather than from mot ions o[  otht , r  molecules in
sol t t t ion,E the inf lucnce oI  re lat ivclv w' t : : lk  intermolec-
u/ol  intcrect ions on thc rc iexet ion bt 'h lv ior  of  qtradru-
polar nuclei  lus not becn thoroughlv e.xplored.

This papcr clescribes nteasurement.s of the tempera-
tun),  v iscosi t l ' ,  and solvent depenclc 'nee of  the spin-
Iattir:e rela.xation times of the nitrogen and boron atoms
of borazokr.  obtained b1'  examinat ion of  the rH nmr
l ine shepes of  th is substance. These me&surement.s
\\ 'erel intendcd to seerr:h for deviations of the experi-
mental rela.ration times from the behavior expected
frrrm ln equat ion having the form of eq 1 and to help
to define, in an empirieal sense, the sensitivit ir of
cluacirupole rclaxation rates to tht: intermolecular and
environmental  ef fects that  arc present ly '  impract ical  tcr
inelucie in theoret icul  d iscussion. Borazole n-as chosen
for thc subject  of  th is studl '  beeause the presence of  tn 'o
chcmicr l l l '  d ist inct t t  quaciruprr lar  nuclei  in a,  s ingle
r ig id molecul t ,  of  h igh svmmetr l .  provides an oppor-
tuni t l '  to c i rcunrvent some of the uncertaint ies inherent
i r r  { ' ( l  1 b: '  foctrs ing et tent ion on com,por isorr ,  of  the
magnitudes of  n i t rogen and boron spin- lat t ice relaxir-
t ion rates rathcr thln on thc absolute magnitudes of
thcse rates.  Thus, on the basis of  r :q l ,  the spin- lat t ice
re]exat ion t imcs ot ,  e.g. ,  r rB and t{ \  should be related
bv ec1 ?.r :  \ \ -e l ts.strme at  the ()ut .s( ' t  th l t  the term eon-
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ta in ing the as1'mmetr l '  parameters 4 in th is eclur ' :  : .
can be neglected. The magnitudcs of  these term.:  r , : .
not  knos'n for  borazoles;  horvever,  for  most org:rn:
compounds a is suf f ic ient l l '  smal l  that  42 is less t lnr l
0.1. t2 Thus. in ai l  probabi i i t l ' ,  the contr ibut ions f ronr
r t r rs &I ld ?, ,v could indiv idual l l '  be safely neglected in
eq 2;  the error introduced b1'set t ing equal  to uni ty thr '
quot ient  that  const i tutes the lest  term in th is equat iorr
is undoubtedll '  u'ell u' ithin the finai experimental urr-
certainfy '  in th is u 'or l t  ( -+ 1.016 for the rat io I1. , , .1
?1.rr13; uide in1'ra).  Thus, s ince the nuclear quadrupolr .
moments Q are know'n quent i t ieq,13 r ' r  €e 2 can be rr ' -
u ' r i t ten in more eompact fornr (eq ; i ) .  I t  is  not  pruc-
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t i ca l  t o  m l r kc  a  re i i ab le  a  p ) ' t o t ' t  es t ima te  o f  t he  r i . t i , ,
( eqs ieqs )2 ;  ho * ' eve r ,  i t  i s  poss ib l e  t o  es t ima te  t he  ru t i , ,

rB l  rN.  The n i t rogen l t t r l  boron nuc le i  occup) '  s ) ' r l r -

metr l ' -ec lu iv l lcn t  pos i t ions in  thc  borazo le  ske lc t r in .
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In conseclucncc, in the absenee rlf associetion betrveen

borazolc anci  obhcr components of  the solut ion,  the

cliffusional motion of boron and nitrogen nuclei rvith

rcspect to thc pxtcrnal mag.ctic f it ' ld should be identi-

, re i .  Thus, the rat io ,s/rx,  at  the 's implest  level  of

i r r tcrprctat ion,  w'r lu ld bt :  expected to be uni ty '

The technitlue usccl to dctermine relaxation times in

this *'ork f ielcls simultanuous me&surements on nitro-

gen ancl boron, t$'o nuelei having magnetic dipole

t ran- r i t ions  a t  d i f fe ren t  f requenc ies  I ro ( tnN)  :4 '33

l lHz .  ,n ( r rB)  :  19 .25  l IHz  a t  1 {  l iC i ] ,  and charac-

terizcci bf' t l i ffcrent chemicai shif t anisotropies and

r i ipole-t l ipolc interect ions rv i th othc'r  spins in the solu-

t i r r1.  Since ct imltar ison t l f  the let i r l  r l f  the relaxat ion

t inres , r i  these tn 'o nuclei  shr iu id s( l rv( '  to reduce the

inu)()r t iurct ' , t f  51'1 '1 '1 '1[  l le lssibi t '  t1 'pt ls r l f  exper imental

, , r f  (  ) r ,  sml l l  r : r l l t r ibut igns t r l  re l l ix l I iep rAteS from

:.()urc( 's ot i r t ' r  t l t ln t l r t l  fa i r l l '  rcstr ictccl  -set  covered b) '

, , ( [  I  miq[ t  bg dctcct lb lc i I r  b,rr lzr l l t '  thet  g 'ould bc

. l i t l icLr l t  to c lctgct  i r r  gtht t r  conr l l r l t tnds.  Thus, in

I)r i r t icql l r r ,  f l r - tct t tet i r t t ts i r l  t Ic  nugni t , t tdt '  9f  the p11r&m-

, ' t t , r  - i  { ' r ' r1 l ' } [ )  , tn c[ : . t t lq i lq sol t r t igtr  r :gmposi t i t l t t ,  v is-

, , , , . i t1, .  ( ) f  t ( , .mpgprturr :  s l iguld br:  l t t r ibutablc r l i ther to

: r  lu i l t r rc  o f  t , t1  l ,  o r  to  thc  i l t f lu t l t l c t 'o i  s l l r l c i f i c  in tc rmr>-

I , , i .111111 tssot . i l r t i t l t t  b t t t t r ' r l t ' l I  s r l lvc t l t  I I I Id  th t l  bOrOn or

l i t req, r t r  t tue l t ' i ,  s i t t t : t :  r ' t1  I  t r ig l l r l f  impl ics  thet  /  s [ou id

l t , , in r - l t r i l t t I  t r t  th t t  t t l r tur r l  o f  t .h t l  tned iuru in  th t l  abst lnet r

, , i  i t t te rnr , t lccu l l r  : . tssr l r l i l r t io t t  c fTt l r : ts .

T l i r ,  in f l1 t , r rg , ,  , r f  c lu lc l ru l t r i l r .  1 f  i1 .11[ i r111 oI l  t ] r t l  tF I

I l l l l r  s l ) { 'o t r t tn l  o f  bor : ' tz t l l c  lnd i ts  a t r l l ' ' rqs  hes bt l t ln  d is-

( '  u -ss( ' t l  J l rcv ious l  r ' .  r : '

Results

TIr t .  rH lnr r  s l ) ( ,c t1r rn  9 f  l t  .s lm1t [ t  , r f  1c .&t  bOrAZOle

, ' , in t l i . i t t i t tq  l r  smAl l  l tnoUt t l  1 ; f  I r ' t lZ( . ' l l ( '  l l . j  l rn  i t t tc rn l i

r . , ,s , r l r r t i , rn  s t l . t iL r rc i  e t  -So t , , r r -s i51, -s  , i  I  t r ip le t  er is i lg

t ' r { ) n r  p ro to t t s  bonc l cd  t o r { \  [ ' / ( tH ,  
t { \ )  :  ' ] r 4  t  2Hz l

r . r ,n ter r ,c l  a t  6  i . {7 ,  su l tc r imp,rscd ( )n  i t  q t ter te t  dULr  t r r

p r t r t o t t s  o t r  r rB [ ' / ( rF I '  r lB )  :  1 l : i i  -  i "  Hz '  6  a ' - l : t ] ;  t he

oxpt ,c tcr l  -se l ) te t  dut '  to  l l r r l tons on IOIJ  t -197o natura l

l tb ln thpcc)  is  gbscurgd b i -  t [e  n ] ( i l ' ( '  i t t tense I tB- .F i

r ( ,sor l tL( - ,cs  ( l : ig t r rc  i ) .  L9u-cr i t t r l  thc  tcml lera ture o t

t l r c  s lmp lg  t o  -72 '  r t : su l t s  i n  l l l r t i l l  co l l l pse  r l i  t he

\H lnci BFI sislrr ls t9 br,ad sulxlr in-I l)osgd -singiets.

^ \ I thor rgh r torn l ) l t , tc  c , t l l tps t '  c tnnot  b t '  observcr l  i r r .

samJt lcs  composgt i  rn l r i l l l '  9 f  bgr lzg le  because these

slmDIt,s lrecztt l t  , \  - i , ,->", sl tmtl les i t t  dimcth) ' i - t io

sulfoxicic (DIISO-r10, ( jS%, r,-,"r ' )  shou' tw'o rel: ' r t ivcl) '

sh l rn  Dr ' : t . l i s  t t  - { i2" .  S l rnp l r ls  r - r f  bor l lzo ie  in  to iuene-

r13 cor t lc l  b1 c99| rd  t r . ,  - \0"  bgfgr r :  f r lez i l rg ;  sp( ]c t r& i l t

thest ,  i , r r t '  t3 t t t1)er l t t t t rcs  r t ls t lmble t [9s t l  Obse6 'cd for

( )S9i  b t . , r i l .Z9 lc  i1  DI ISO-r /e .  T l tg  l i1 , '  * - id ths charac-

tt ,r ist ir t  oi  l i l l  ot '  thlso sltgctr lr  \ \ 'or( '  I te\ '( .r  SUfI icicntl l -

I rar r ( ) \ \ -  t9  l tgr tu i t  obses ' l t i ,n  t l f  t11- \ -B-1I1 ,  rH-B-

t {^ \ ' ,  , . , r  rF1- \ - t rB sp in-sp in  coupl ing,  r r l though par t ia i

clr.coult l ing indit :rrtcd that tu'o bond hctt ' ronuelear cott-

p l i lq -s  \ \ ' ( ' r ( ' t t t , t  in t l l t - , r to l r t :  th t ts ,  th t l  tH nmr spect rum
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Figr r re  t .  r l I  r t t t r r  spect r r l  l t  6 ( )  ] l I {z  o f  ( ' \ )  borazo le  in

p{1<g- , /o  (08 i j  v r lv  )  r r ,  -  f i2o,  (B)  b , r raz ' ie  i .  to luene-dt  ( i } l ) ' ' ,

v i v ) ' a , t  -S { )o ,  (C )  l r , r r r t z , r l e  ( t t e r t  )  a t  - 72o ,  a t t d  (D )  b r l r azo le

( r re l r )e i  -  " .  The shrr rp  l ine Dt  lorv  f ie lc l  in  each spect r r tnr  is

the benzette t tset l  i r .J rr l t  i r t ternl i  l ine width standard'

o f  nc l t  br t r lz , ip  l t t  : i0o s [6q 'ed that  no s ign i f i r '11t

c lu t tgr r  in  t l r t t  s t t l l l t '  o f  t l t t '  1 i111 '5  < l r ) r lpr is ing the l  'F I - '1 \

t r i l t i r : t  . , ( , ( i ( ) . t l ) { l . i r .d  c , t l l l t l rs t l  , f  t i rc  f I -1rB qUar t t r f  l r l l

i rraci iat iotr et tht '  b, lrr ln r( 'sol l l l lcc frcquencl ' '

The c i i f fc rencr .  in  the appear l lnce of  the bor lz , r l , '

speet ra  i t r  ncet  samples and i I ]  to lucne and DI ISO s ' r lL t -

t ion : r r .  pr imar i l l .  a  re f icc t ion o f  the d i f ferenc, rs  i r r

, " . isc9s i t ies  9 f  these semples,  ra thgr  than of  sampl t )  ts l l l -

pL, r i t turcs . r , i  The Gierer  l t rd  lV i r tz  modi f icat ion o f  th ' '

3 t , rL , , .  ( 'qL l r r t i ( )n  prov ic les  a  fa i r l l '  sa t is f rc tor l '  empi r ic r t I

relat igp [1' lr1'r .r '11 the temp('raturL' and bul l i  visco-*i tr '  " i

th r :  sampl r , ,  c l imr .ns ion of  so ivcnt  and so lu te  moioc l t i r ' - .

and.  the nnrr  rOt l r t ione l  cor rc la t i r l t t  t imes of  the so i t t l  | ,

(eq - l ) . r?  Th i .s  ec lu l - } t ion cet t te ins  t f ie  assumpt igns t i t r r t

(15)  I { .  \ \ ' r t t ln : . r i - r i '  T .  Totan i ,  r rnr l  } [ '  ( ) i r tsuru '  ) to l '  Phys"  l4 ' : ] r ; ;

r l9 ( )B) .  . \  rer :er t r  r r "p" .  i , r '  I j .  I i '  ] Ie l lo t r '  B '  ) I '  Coker '  r rnr l  l '  l l

D i l l o r r ,  I t n r g '  ( ' l t t m . ,  1 1 ,  S 5 ]  ( 1 { ) ; ] ) ,  . l e s c r i l l e s  l n  l n \ ' e s t l q ' I l l / ) l t  , ) .

t h e  n r r r r  s l ) e c t r u r n  r t f  l t ( ) r : L z o l e ' r : l r - r s e l l ' r e l r r t e d  t o  t h l t  d e s c r i i l l ' i  L r '

t h i s  r t r t i c l e .

, .  l { ) )  S c ' e  G .  l t .  \ \ ' h i t e s i c l e s  l , n c l  H '  L '  f l i t c i r e l l '  ' I '  l m e r '  ( ' h e n " ' "

S f  , : : + ;  ( l 9 t i { ) r ,  f o r  l  c l i s c u s s i o n  o f  t h i s  p t i i n t '

( t7 )  . \ .  ( i i e re r  r ruc l  K '  \ \ ' i r t z ,  Z '  ' \ ' r t t t t r - fo rsc f t '  ̂ { '  8 :  s : l - i  t l l ' 5 ' l

D .  Herb ison- l j v l t t s  r r t r i  I i .  E '  I t i ch r rds '  ) Io l '  Phys"  7 '  5 l -5  r l l ) t i ' l

See I l .  A .  . {ss in i i ,  
j - . -D"Z*" r .  e t rd  J '  Jo I r l s '  J '  Chem'  Ph ' t : ;  '  56 '

{975 (  197: )  ,  fo r  e  rece t l t  e ' \ J )e r i lnen t : ' r i  inves t iga t ion  o f  cer t l in  ' '  i

the  u ,ssunrp t io r rs  u t tder l - r ' i ng  th is  t rec lmen[ '

T l t , '  Jor r r t tu i  o f  Phys i ' :a l  t - ' l temts t r l l '  I ' o l '  76 '  ) 'o '  ! )  L ' t7

I

I

I
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one correlation time is sufficient to dcscribe the rota-
tional behavior of the solute and that the difference
betn'een the macroscopic and "microscopic" viscosities
can be taken into aceount by the "microviscosity fac-
tor" of.rf  6.17

( r rotut")  (  t r / "or , r t " )?f s o l u t e l s

r x :
t ) fso I  vent 6I; ? (r"o1,,u,,r)

Here ?"sorure &Dd r.o1,",'6 &r€ hard-sphere radii for solutc
and solvent molecules (em), r. is the Stokes correlation
time (see), Z.orur" is the hard-sphere "volume" of the
solute, and q is the macroscopic solution viscosity
(poise). On the basis of this equation, rx should de-
pend on both tl and 7; ho*'ever, in practice, the change
in sample viscosity' 1 on changing temperature is nor-
mally nruch larger proportionately' than the change in
the reciprocal temperature; hence, the spectra of
Figure I i l lustrate primaril- '- the influence of solution
viscosity on the spin-lattice relaxation rates of rrB and
l{N of  borazole.

Rela.xetion rates for boron and nitrogen \\ 'ere ex-
tracted from the e.xperimental speetra using & pro-
cedurc out l ined previousl) ' to by t re: . r t ing the relaxat ion
process(-rs responsiblc for the coil lpse of the t{NFI,
LtBf l ,  and 'nBH mult ip l t  ts separatc l -v as cquivalcnt  to
chemical exchangr: betrt 'een eqtrally' populated sitt 's
separated in f requencv by'  m1,Ix,u,  corresponding to
the (2/  + 1) strbstates of  m, of  a nucleus having spin / .
The appropriate transition rates betrvecn thc rn1 sub-
states are given by' eq 5-7.rt

/ .  _ t .  _t u m , m f l  -  n a l l , m  -

(2m +  1) ' (1  |  m t  1 ) ( I  +  n t , )
' 2T .x (21  -  1 ) ( :1  + : l )

/ ,  _  I .  _
n m , m = ' J  -  n n t 2 , m  -

( I  +  n t ) ( I  +  m -  t ) ( I  *  m *  t ) ( I  *  m * '2 )

2 T r x Q I - 1 ) ( 2 / + 3 )

t . - S t .
f t r n . m  -  

/ J  f t m , m '

m - m '

\Yi th these equat ions,  the ealculat ion of  the ampl i -
tude of the proton -"ignal at frequcnc)' c,r for an1' values
of 11,, ,11,  71.,113, and 7r, ,os is reduced to the solut ion
of ec1 ,S.

I ( r )  q  R e l  ( ( t / , ) t .  [ i o , n y  f  R , , v  *

( 1 / ? r . , , r ) K , , N l - '  . l )  +  ( ( ' / r ) 0 . 8 1 1  .  [ i o ' ' s  - { -  R ' , n  l -

U i T  t , , " r ) K , ' s ] - ' . 1 )  +  ( ( ' , / r ) 0 . 1 9 1 '  [ i o r , ' s  *  R , . n  *

UiT  r , , os )K ,os l - ' . 1 ) l  t s l

Here, €.0., to*N is a diagonal matrix n'hose elements are
the' valucs (rzr1,/y,11 cdoli ,); R,.Nr is a diagonal
matrix n'hosr: clements describe the u-idths of the Nff
l ines in the absencc of quadrupole relaxation; and the
matr i .x (1/ I1, , ,Nr)Kr,y cortains the t ransi t ion rate con-
stants obtained from eq 5-7, describing the transfcr rtf

The Jottrnal oj Physical Chemistry, 9'ol .  76, . \ 'o. 20, 1972

Wrt t rnsroes .  REcr ,s .  L r -s t ,s .  exo  l l . l vs

magnet izat ion bctu 'een thc \ ' t f l r r l ts  \ . I {  resonon( ' ( 's
under  the  in f luence o f  ra \  re l l x r , t i , rn . i s  The in f lu , rn , ' , ,
of  unresolved t I l \Br11 counl i r tg- .  , rn tht '  iH 11n. 5|111r.s
was approx imated b1 '  assuminq x  i ine  n ' id th  tn  i i , , '

absenee of  re lexet ion thet * 'as t tn i f r , r rmlv l0 Hz br. , r i , i , ' :
than  the  observec l  r i ' i d th  , r i  the  benzene in te rne l  res , , ' , r -
t ion  s tandard  ( t1 'p ica l l l '  3  Hz  in  nonv iscous  so lu t i , , t ) . -
and 5  Hz in  DI tso- r /c  i l t  - r12" ) .  The re la t i ve  i so ton i , '

abundences  o f  r { \ .  I  tB .  r ind  rnB (  I  .00  :  0 .E  I  :  0 .19)  \ \ ' ( ' r ( '

taken into account b-u- appropriate adjustment of in-

tensities. The multiplicative factor / in eq 8 n'as ust't l

to adjust the fit of calculated to observed spectra indt'-
pendent l l '  for  Nf l  and Bl /  reson&nces; i t  can be inter"
preted as the deviation rti the nrtio of relaxation titnt's
at  r rB and r{ \  f rom thc velue caiculated in eq 3 (err  { ) ) .

Clr lcu l l tec l  spect ra  u ' r ' re  obta incc l  i rom eq 8 t ts i r rq

s tandl rd  r :ompt t ter  rout i t t t ' s . te  : ' )  Re 'presentat ive s l ) ( 'c -

t ra  i l lus t r l i t ing thc  depet tc icncr '  , ' , f  the proton l in , '

shu l tcs  o t t  t l t t '  - .p in- l l t t i t ' t '  rc l l tx t t i , t t t  t imcs are g ivr ' t t  i t r

F i qu r r .  J :  r : l t cm ic l l  . sh i i t . s  t l s , ' t l  i r t  t hcse  ce l c t t l r t t i , r r r -

\ \ ' ( r r ( '  obt l i in t ' r l  in  I ) . t ' l l t  b ,  r r lzo l t ' .  Rt ' laxat io t t  t in t , ' -

ch l r l r r : tc r iz ing th t '  cxpct ' im, 'n t l t l  -s l t r 'c t r l t  \ \ 'e re  obt l i r r t ' r l

b1 '  r ' i su l i  f i t t ing o i  spt 'c tn t  t 'u lcu l r r te t l  b1 '  van ' ing t i r , '

b r l ron anc l  n i t roge l t  r t ' l l t .x31 ior t  t in tcs  to  these spc( ' tn t .

var i r t io t ts  in  cht 'mica l  - *h i i t . :  l tnc l  in  t i te  assumed prot , r t t

? :  (es  in f t . r rc t l  f ronr  t l t t '  b . ' t tz t 'ne i i r t t '  * ' id th)  r r ' i th  t t 'n r -

pcraturc  \ \ - ( ' r ( ' |  ta l i t ' t t  i t t to  l t t ' co t l r t t .

8 1 '  v l r f  i n g  v i s e o s i t v  l i n r , l , ' o r  t c m p e r a t u r e ,  t h r ' ' I l

spect rum , r f  borczo ic  cr r t t lc l  b , r  c ls i l l '  ad justed i r t  i I

mec l i um o f  i l t t t ' r c s t  t , r  g i v r ,  sp r . c t r l  l t t  e t t l '  po in t  be t r t ' r ' r ' t r

the l imi ts  in  u 'h i r :h  t /11 r rnr l  B/1  cot rp l ings * 'ore  f t t l l ' '

res , r lv r :c i  , r r  r ro l l l t l l s , 'c l .  l ' , r r  t lc tc rmi tur t ions o f  , f  ( , ' ,1  .

end 9) i t  n-es fottnt l  ol(; . ' t  t ' t . , t l \ ' t ' t l i r- ' I r t  to comparc' t ' l t l -

cu la tec l  enc l  t :xper inrcnt l l  spcct ra  in  thr :  reg ion i t t  1 i ' i1 i . i r

the NH anc l  Bf I  resor la t lces u ' r ' r t ' s i l lg le ,  broad l i r r .s .

Complr isot ls  \ \ 'e re  t ter r ie t i  , t t t t  bv  r , - l r f  ing T1, , ,1 ;  to  q i r ' ' '

the best  f i t  bet r reen c t lc t i l l to r i  ln t l  exJ ler imenta l  s lur t l t ' s

for  the Nl /  l ine and th t 'n  ca lc t t l l t i r tq  severa l  eompl l t r '

speet ra  for  sever t l  va l t t t ' s  , r i /  c r t t t tered er r l t tnd f  :  l . ( ) .

Three representat ive thcorpt ic t l  .spect r : . r  are  compl i r , ' ,  i

rv i th  the expcr imenta l  -spoct rum of  bor lzo le  in  Dl lS(  r -

d t ' a " t  -++ "  i n  F ig t r r e  j l .  I n  t h i s  i ns tance ,  /  :  1 .0  l r r -

( l S )  N u m e r i c l r l  v a l t t e s  f o r  t h e s e  r e t e  ( ' ( ) n s t r l t l t s  c r e  g i v e n  i n  e q  + . 1 j 1

( f o r  /  :  l )  l l n d  - 1 . 4 - 1  ( f o r  f  =  i  : r  o i  r e i  7 ,  l r n t i  I  :  3  i n  J '  B r t r ' ' r r r .

R .  , I .  G i l l e s p i e .  J .  . S .  l l r r t r r i r i r t .  r t r t t i  L .  I i ' .  I i .  l t a o .  . ) 1 o 1 .  p f t r 7 s . ,  l S .

5 f i  l  (  1970)  .  T l te t '  rv i l l  r t , r t  f . le  re l t r r l r lucer l  here .  For  d isc t t . . ' t " r  -

o f  the  l im i t r t ions  o f  th is  c t t l t tL r t t t r r l to t t rL l  p r , rce t lu re '  see  N.  C- ' .  l ' r ' l ' , ' : '

i b i d . . 2 l , 9 ; 7  ( 1 9 7  l ) ,  t t r r , l  r e f e r e t t c e s  t h e r e t t t .

( 1 9 )  F o r  r e v i e r v s  o f  t e c h n i t l u e s .  i e e  ( , ' . : . , I r l i r n s r l n ,  J r . ,  A d u a n .  - 1 [ ' t ' i '

R e s o n a n c e .  l ,  3 : l  (  1 9 6 5 t .

(20)  C l lcu l l t ions  rvere  c l t r r ie ' ,1  , ru t :  t t - . i r tq  r l  vers ion  o f  the  pr ( )q r : t r i :

N l rRcrL  (c i .  J .  I { .  I i r ieger .  I ' h .D T l resrs ,  J l r i ssac l tuse t ts  Ins t i tu t ' ' -  " '
Techno log5 ' ,  C-anrbr idge,  \ I r - -s . .  l1 )7  i .  J l r t t r i - x  invers ions  were  I ' i L r - -

r ied  ou t  us ing  procedures  buer - l  , - l1  t l le  rqu t iqe  ALLI I . {T  (c f  .  G.  B i t t . r ' rL .

J .  - l m e r .  C h e n t .  S o c , ,  9 1 ,  l 3 ( ) . 1  r l g t i 9 t ;  I t .  E .  S c h i r m e r ,  J .  H .  \ , . r g g i , r

a r r c l  D .  F .  C u i n e s ,  i b f u l . , 9 1 ,  0 ? l r l  ( 1 l ) r i g i ;  l t .  G .  C o r d o n  a n d  l t .  i '

\ l c G i r r n i s ,  J .  C h e m .  P h y s . ,  4 9 ,  ] 1 5 ;  (  1 9 1 ) S ) ) '

(4)

(frj)"bsd t(ffi)crcL, ro'r/ (1)t

( ; )

( ( i )

( 7 )
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3 0 . O  r r  c

F ' ig r r re  2 .  Ca lc t t l l t ed  t l I  nmr  l i ne  shepes  fo r  bo razo le  &s  l

i r rn r : t i t - r r r  o f  a  r tn i fo rn t  re l t x l t i o t t  t ime  ? r0 .  The  ind iv i t l t re l

re l r rxat ion t imes are rehted to ?r0 by lhe fo l lowing expres.s ions:

f 1 . ' . 1  :  T { / 6 . 7 i " :  ? 1 . " g  :  T r 0 / 1 1 . 0 6 ;  ? 1 . , 0 g  :  T r 0 , / 7 . 2 0 .

peers to givc br-.tter cgreemcnt betrveen ealculatcd and
( ' . \ l ) ( ' r imental  l inc shlJ les than /  :  1.1 or f  :  0.90.
' f l ic  

resul ts of  s imi lar  cxl)er iments in sever&l  othcr
rnedirr arc summarizt:d in Table I.

Tat r le  I :  \ ' a i r res  o f  /  (E r1  S )  fo r  Borazo le  i n  Severa i  So lve t t t s

287i)

Figure 3.  Compar ison of  the observed spectrum of  borazole in

DIISO-d6 (6 l l% v/v)  uL -4 '1o wi th spectra celculated assuminq

t h e  f o l l o w i n g  v a l t t e s  o f  / ( e q  7 ) :  . f  :  1 . 0  ( - ) ;  /  :  1 . 1  ( - ) ;

and  /  :  0 .9  ( '  '  '  ' ) .  The  s ing le  reson lnce  downf ie ld  f rom the

NI/  l ine is  benzene t rsed as an internal  l ine width standard.

)<
\

o . o L

o .o !o

0 , o 2 3

' f l re 
concentret ion of  t r i t ro.xv l  radir :a l  rvas - , i f i ,

Tht. significant eollclusior) to be drart 'n from these
dl t l ,  is  that  /  :  I  in a var iety of  " t } 'p icel"  solvcnts
n'ithin the l imits of the experimental techniclut:
( -  *  l0%).  Thus, thcse data provide support  for  the

conterr t ior l  that  cc1 1 does provide a useful  funct ionr l
rc l r t ionship betn-et 'n the molecular mot ions char lc-

0  tooo  Looo  r . ooo  . , ooo

l / T , . , . 1 r 1  ( s e c )

F ig r r re  { .  P lo t ,  o f  n ,  T  t s  u  f t t nc t i on  o f  I  ' ? " t . ' , 5  fo r  bo razo le  i n

D \ t S ( ) - , i 6  ( 6 8 ' t ; ,  v / v l  ( J ) ;  l r o r a z o l e  i n  t o l r t e t r e - d r ( 3 3 7 a  v / v )  ( A , .

an r l  bo r l zo le  (  I ree t  )  (O  ) .  l t e l l x l t i on  l i t t t t : s  fo r  r rB  ca t t  be

o l l t a ined  f  ron r  t i r i s  p lo l  t t s i t rg  the  re l l t i o r t  I  I l , t r I J  :

1 . 6 ' t (  L " T 1 . r , 1 ) .

ter ized by ,*  r lnd th( '  spin-ht t i t l t '  r t ' i l . rat ion t ime of  a

clulr t l ru l tg l l r  nuclous an([  that  other factors not in-

c ludecl  in ec1 1 thet  might in pr i r rc ipal  contr ibute to zr

&pp{ircntl; '  are not experimentrrl ly siqnificant.

The one medium i1 u'hich thrtlr is a sigpificant devi.-

t ion of / from unity' is rlne coml)()se(l of. ca. 604/6 borazok'

in CClr  containing thc stabi0 f rec rDdical  d i - fer l -but f  i -

n i t roxl '1,  in u 'h ich the r ' t \  is  sel 'c t ivel l '  re laxed' : r

Whether the select ive rela-xl t ion t l f  1{ \  is  due to a o-

complex frtrmation betu'er-'t l  l i  b()r()n rtom of borazoie'

and nitroxl' l  r ldical (1) rtr h1'cirogr:n bonding betu-et:tr

& proton bound tr i  n i t roqel t  i l ' I rd ni t roxl ' l  (2) ,  both of

11-hich coulc l  seir :ct ivel l '  p lar : t .  the r1\  I luclei  i t t  c los, '

proximit l .  to ln t rnpairod elet ' t ron.  , r  tO SOme otht ' r

more cemplr t .x niechlr l l isnl ,  is  n9t  c l t ' l l r .  Hol 'ever,  i t

is  pert inunt to coI ISi( i ( ' ret ion'*  ' r i  t l t t  ut i l i t l '  of  eq 1 tht t

onlv a r intst ic c lur t tgt '  i t t  m, ' t l ium ( i .e. .  addi t ion r l f  r r

purlmlrgnt,t ic sper:ir:s to the soiutirln conti l ining bt,,r '-

azoig) is c lp lb ie oi  induei t ts l r l  , rbssr l 'ablg deviat i r , r r

of  /  i rorn i [ .s expcctoci  r" t lut ' . : :  :3

(21)  Incre ls ipg  t [e  conce l t r i t t ion  r . . , f  r ] i - l c r l -bu t ] ' l g i t rox ] ' l  b ro : r 'dens

and co l laps" .  th "  \ f f  resonances  rnore  r : lp id l l '  than  the  Bf f  reso-

n l rnces .  S ince  the  s<- r lve t r t  v iscos i t r -  i s  t ro I  aJrJ r rec iab l - r '  cha6ged l i - r '

add i t io l  o f  n iCroxy '1 ,  the  c lev i l t io l  i l f  /  f rg r r t  t t t t i t - t '  thus  ap l lears  t ' - '

be  r . lue  to  a  decre i rse  in  I r ,x  r l ther  th r l r l  l t r t  inc re lse  in  ? r 'g '

S o l v e n t

( c o n c n ,  v /  v /

Nel t

D I ISO- / i r  (68 ( , ; )

cDCIs (111.-e)

To l t tene- r /q  (3 : l f c )

Cy'c l r r l texane-r /12 Q2' ' : ,  7
CCI '  ( ( i ( )%)  w i th  added

r l  i - le11-br r  t  1 ' l  n i  t roxvl ' '

l . ( l  - + -  0 .
1 . 0  - f  0 .
1 . 0  +  0 .
1 . 0  - + -  0 .
1 .0  -1 - .  0 .
0. 17 -.'- 0 , 0 8
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The Gicrer-Wirtz cquation (eq +) predicts a l int-.ar
re la t ion  be t * ' ccn  1 /?1 , , ,y  (and |  /7 '1 , , , s )  and \ /7 .
This relation is only approximately' obcyed by the rc-
laxation time data obtained in this studrv (Figure -1):

rr  p lot  of  thc reciprocal  re laxat ion t imes us.  n/T shos's a
,significant curvaturc. This curvature has the sensc
that u'ould be expected if reorientation of borazole
around its Cr axis *'ere faster than that around the Cr
c.\es. Hou'ever, the presentll '  evailable data are not
suffieient to distinguish betu'een a failure of the approx-
imations underlying the Gierer-Wirtz equationrT and
err()rs in the l ine shape anai-u-sis at the fast- or slon'-
e.xchenge limits, due to neglect of spin-spin couplings,
r:ross-rela-xation effects, or other factors influencing
l inc shapes.

Regardlcss, the observation that the relaxation data
for borazole in to luene. DIISO. and borazole solut ions
fall l l lproximatelv aiong & common curve provides
suplrort for thc. asscrtion that specific interactions
betu'een borlzole and t1'pical diamagnetic solvent
mrlleeules do not strongl-r' influence the relaxation
bt.havior of  the former.

Iiceping in mind thc failure of the rclaxation data
obtained in tl i is studl' to obey eq { in detail, these data
ccn nonetheless be used in conjunction s'ith eq 4 to
obtain crude estimates of the quadrupole coupling
constants of nitrogen and boron in borazole. To
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evaluate the dimensional parr,meters contduined in ec1 {.

borazole and toluene \\ 'ere assumed to be hard sphert's:
l nbo rozo le  :  2 .96  i .  and  r to ruene  :  3 .69  i . z t - zo  Ins t l r t i n r l

these values and the experimentally determint:t l
viscosity of a :)31s (v / 'v) solution of borazole in tolttent'
(1 .07  cP a t  -39o)  in to  eq  4 , the  eor re la t ion  t imc fo r

reor ientat ion rx is est imeted to be 5.7 X 10-12 st lc; :7

this value, together w'ith the experimental valuc ior

21 , , ,p  in  to iuene a t  - ;19"  ( :  ;1 .5  X  10-3  sec) ,  f  i c lds

values for the quadrupole coupl ing constants:  (e2qt) ,

h )  =  3 . 6  - !  1 . 3  f I H z  ( " 8 ) ;  7 . 6  *  2 . 9  \ I H z  ( ' o B ) ;

1 . 4  *  0 . 5  l I H z  ( ' * N ) . : 3 - 3 r

Experimental Section

General. \mr spectra \\ 'ere taken on Varian HA-100

and A-60 spectrometcrs ecluipped rr' i th V-6040 variabl, '-

temperature cot t t ro i l t : r .  Cai ibrat i t tn of  the temJlr , ' r l -
turc control unit \\-as lrccomplished b-'- measuring pt' l l i

separ l t ions in mt ' thanol  or  ethl ' lene glycol  saml l l ts .
Viscosi t ies of  nol t  br t r tzole : . is  I  fut tct ion of  temperl t t t t ' r '
\ \ 'ore ta l icn f rom thc l i ter l ture: :s v iscrts i t ies of  bor lzol , '
in to luenc ( i : \o1o viv)  l t tc i  bor lzole '  in DIISO (( iS'r ;

vzv) \ \ 'ero melsurcd u-sing l r  Crrnnon-Jlanning --c l l t i -

( : ] l t  D i - t e r t - b u t v l n i t r o x l ' l  f o r n r s  r e l r t i v e l y ' s t a l - r l e  e o m p i e . x e s  r v i t l r  r t

nurp l ru r  o f  Lerv is  l c id .s . r3  \  r t c ieo l r l r i l i c  i r t teck  t t t t  borazo le  se( ' l r l :

t o  i n v o l v e  t h e  b o r o n  < : e t t t e r s . l l

( ? : ] )  B .  ] [ .  I l o t l n r r n  r r n d  T .  B .  [ r r r n e s ,  J .  A m e r .  C h e m .  S o c . , 9 l '  5 l ; l )
( 1 9 ( ) g ) :  W .  I ] e c k  a n c l  I i .  S c h r n i d t h e r ,  C ' h e t n .  B e r . ,  L } O , 3 3 t l : l  (  l l ) t i ; ) :

L .  l .  I i r in i t ska l ' s  : t t r r l  S .  Dobr l - r rkov  ,  Bu l l .  : {cod .  Sc i .  L 'SJ / i '  3  '

5 5 8  ( 1 9 ( { i )  ;  B .  } I .  H o t I r n : r n  r r n d  T .  B .  E e m e s ,  J .  A m e r .  C h e n . , \ , t , ' . ,

9 1 , : l ( i 9  n 9 6 9 ) .

( :11)  The r lens i tv  o f  bor lzo le  l t  - .11)o  is  0 .9 ( )4  g /emt ' , t s  the  r ie r rs i t . r '

o f  t o l u e n e : r t  - i l 9 o  i s  ( ) . 9 ? l  9 7 r ) t t r r . r i  H l r d  s p h e r e  r a d i i  w e r e  ' ' : r l ' ' t t -

l : . r te r - l  ass t r tn i t rg  a  c l ,>ses t  l ) l ( : k ing  re l r r t , io t l  be t rveen the  harc l  sJ r l t t l r t : .

l n r - l  t l r e  t t t o l r t r  v o l u t n e  =  ( ) . 7 { v n '  :  {  r r 3 ' 3 '

( 2 5 )  L .  B .  E c l d r ' ,  H .  S r n i r h ,  , I r . ,  : r t t , i  I l . .  R .  - \ I i l l e r ,  J .  A m e r .  ( ' h '  r n

S o c . .  7 7 ,  : 1 0 5  '  1 9 5 5  .

( l f i )  [ i .  D .  \ \ ' r r s i r i r r t r n .  I l r ] . ,  " I t r t e r t t r r t i r r r t l l  ( . ' r i t i c l i  T a b l e s , "  \ ' ' r l .  I  I  I

] [ c ( i r u r v - l I i l l .  ] i e r v  Y , r r k ,  ^ \ .  \ ' . ,  l 9 : ' l S '  1 r  ! 1 ) .

( 2 7 r  I i o r  c o t t t l > ; t r i s r t t t ,  v r r l u e s  o f  - , -  , l f  1 . 3 ,  I . 7 ,  a n d  3 . 4  X  1 l )  
- : :  - ' ' '

h lve  l reen r le teun ine t l  fo r  benzet te - , - i , r  r tn t l  be t tzene a i  -30o:  D.  I ' . .

W o e s s n e r  t n d  B .  S .  S n o r v r i e n .  . L  C h a m .  P h y s - ,  5 2 '  l 6 2 l  i  l 1 ) 7 1 ) t  ;

T .  D .  B u l l  l n c l  J . . I o r u r s ,  i t f i | . , 5 2 , 4 5 5 ; ]  ( t 9 7 0 ) ;  G .  B o n e r r t  r t t l l  . \
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8 5 0  ( 1 9 7 0 ) .

( 2 8 )  T [ e  v l i u e  o f  t [ e  c o u l t l i r t q  { ' o n s t l t l r t  f o r r r B  i s  o f  i n t e r e - * r .  i r r  t

r l u a l i t t t i r . e  e s t i m a t i o n  9 f  t h e  t - b o r t t l  . r r r : l e r  o f  t h e  N - B  b r r r t r l  , r l

borazo le .  R inq  end K0sk i re  l rave  suqgeste( l  th t t  the  n-bonr - l  , r f l l t ' r
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micro viscometer modified for operation under a,
nitrogen atmosphere. The viscometer was calibrated
aglinst l i tereture values for toluenes2 (temperature,
v iscosi ty in cP) :  21o ,  0.560; 6o, 0.720i  -  l2o ,
0.970. Jleasured values for the solutions of borazole
i n  t o l u c n e  w e r e  2 - l o ,  0 . 4 1 0 ;  6 ' ,  0 . 5 3 2 ;  - 1 2 " , 0 . 7 5 9 .
\ralues for solutions of borazole in Dr\ISO rvere 24",
1 . 1 7 ;  6 " ,  1 . 6 1 ;  - L 2 " , 2 . 4 7 .

Borazole \\'as prepared using a literature procedurer3
and \\'r.s purified by three suceessive bulb-to-bulb
disti l lations immediatel-v before use. Samples for
speetroscopic examination were prepared on a vacuum

2E77

line in flame-dried gla-ssrvart-. using starxdard pro-
cedures. sa
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