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Abstract: The rH nmr spectrum of zr-tropyliumvanadium( - I) tricarbonyl (1) at 30' in nonviscous solutions is a broad

doublet; in viscous solut ions the spectrum is a relat ively sharp singlet. The temperature dependence of this spec-

trum in toluene-dr and its viscosity dependence in mixturis of ciclooctane and Nujol establish that the observed spec-

tral l ine shapes in nonviscous media are due to 5rV-rH spin-spin coupling. Combination of the value for the vana-

clium spin-littice relaxation time inferred from the rH linl shape of 1 in cyclooctatre solution at 30o with an estimate

of its rotational correlation time under these circumstances leads to an approximate value for the vanadium quadru'

pole coupling constant in I  of (e'zqQlh) = Z.O * 0.5 MHz-

T\ Tmr invest igat ions of  the dynamics of  metal  atom
l \  m ic ra t ion  be tween carbon a toms in  l lux iona l

1r-  and 
-o-C,H" 

metal  complexes have led to the

discovery of  a var iety of  new types of  structural ly

signi f icant molecular rearrangl3 ments.3 Tire spectral

data on which these studies are based, al though widcly

var iegated, have normal ly shared one feature in

common:  L , i z . ,  the  re la t i ve ly  compiex  "s low-exchange"

Spectra obser l ,ed at  low ternperatures become simpler

o i  h igh . ,  tempera tures ,  as  the  magnet ic  nonequ iva lences

charac ter iz ing  the  s ta t i c  s low-exchange St ruc tures  are

averaged.
The tempera ture  dependence o f  the  nmr  spec t rum o [

a . - r ropy l iumvanad iunr (  -  l )  t r i carbony la  (1 )  descr ibed

by  Fr i t z  and Kre i te r  appeared to  p rov ide  a  no tab le

e iccp t ion  to  th is  genera l  pa t te rn  o f  behav io r :3  the

singie sharp peak observed for 1 at  -  50o in to luene

(Gfvrcor,
\\_-//

I

beconres progressively more contplex at  h igher tem-

pera tures ,  u l t imate ly  becoming what  appears  to  be  a

6roadened doublet  at  room temperature and above'

S ince  a  s ing ie -c rys ta l  X- ray  s tudy  o f  th is  complex  had

previously located the I 'anadium atom on the Cz axis

bf  tn.  p lanar CrHr r ing,6 Fr i tz and Krei ter  advanced

the  in t r igu ing  proposa l  to  account  fo r  the  nmr  da ta

that the symmetr ical  structure establ ished by the X-ray

work  ex is ted  in  tempera ture-dependent  equ i l ib r ium in

so lu t ion  w i th  one or  more  spec ies  in  wh ich  the  C7 r ing

symmet ry  was no t  p reserved.  In  th is  paper  we w ish  to

r lpor t  .u id .n . .  wh ich  es tab l i shes  tha t  the  tH nmr  l ine

shape obsel ,ed for 1 at  ambient temperature is in fact

due to  i rV- rH sp in -sp in  coup l ing ,  and tha t  the  tem-

pera'rure dependence of  the tH l ine shape ref lects

var ia t ions  in  the  ra te  o f  ; iV  sp in - la t , t i ce  re laxa t ion .  The

wel l -def ined and r ig ic l  geometry of  1 permits a com-

(1)  Suppcrteci  by the U. S.  Army Research Off ice (Durham),  Grants

A R O ( D )  3 l - 1 2 4 - - 1 3 5  a n d  A R o ( D ) - 3 1 - 1 2 4 - G 6 9 1 .  c o m p u t a t t o n s  w e r c

curr iec!  our in p i . r r r  at  thc MIT Compurat ion center ,  Cambridgc,  Nlass '
(2)  Nar ional  I r rst i rutcs of  Hcal th Predoctoral  Fel low, 196G1969.
(3)  For cxamplcs,  scc F '  A '  Cot ton,  , lccourt ts Chem' Res' ,  1 '  257

(1968) ;  G. lv l .  Whj tesidcs ancl  J.  F leming,  J.  Amer.  Chem. soc. ,  E9'  2855
(1967);  r .  r .  L.  Anet,  H.  D.  l (aesz,  A.  N{aasbol ,  aud s.  winstein,  ib id. ,

89 ,2489  (1967) ;  A .  Dav ison  anc l  P .  E '  Rak i ta '  i b id ' , 90 ,4479  (1968) '

i + l  n .  P .  M.  Werner  a r .d  S .  A .  Manas tv rskv ,  i b id  ,83 .2023  t1961) '

iS j  H .  P .  F r i t z  and  C .  C .  I t r c i t c r ,  Chem.  9e r . ,97 ,1398  (19 f l ) '

( 6 )  G .A l l cg ra  an< i  C .  Pc rego ,  R ic .  Sc i . ,  , { ,  [ 2 ]  1 ,362  (196 t ) '

par ison between theoret ical  predict ions concerning the

inf luence of  macroscopic solut ion v iscosi ty on the rate

o f  nuc lear  quadrupo lar  re laxa t ion ,  and t [e  exper imenta l

measurements of  th is rate as ref lected in the rH spec-

t rum,  over  more  than two orders  o f  magn i tude in

v iscos i ty .

Results and Discussion

The rH nmr  spec t rum o f  L  in  to luene-d*  so lu t ion  a t

i0 '  is  a broad doublet  centered  ̂t  4.22 ppm from Tl \ {S

hav ing  1  peak  w id th  a t  ha l f -he igh t  fo r  the  en t i re  s igna l

o f  20 .5  Hz:  coo l ing  the  sarnp le  to  -79"  resu l ts  in

gradua l  co l lapse o l  th is  s igna l  to  a  s ing le  l ine  w i th  h i t l f -

* ia tn  4 .7  Hz (F igure  l ) ;  the  agreement  be tween thesc

observa t ions  and those repor ted  ear l ie r  i s  good ' ; '

Qua l i ta t i ve ly  s imi la r  changes are  observed on  vary ing

the  te r i rpera ture  o f  a  cyc looc tane so lu t ion  o f  l ;  in  th is

so lvent  ih .  l in .  w id th  i s  20 .6  Hz a t  30o and 8 .0  Hz a t
-  19 ' .  The nmr  spec t rum o f  I  in  r l -pentane so lu t ion

at  30o is  very  s imi la r  to  tha t  observed in  to luene and

cyc looc tane a t  the  same tempera ture ,  aga in  appear ing

as  a  b roadened doub le t  rv i th  ha l i -w id th  22 .0  Hz (F igure

l ) .  However ,  in  cont ras t  to  the  behav io r  observed in

to luene and cyc looc tane.  coo l ing  the  pentane sample  to
-  50o resu l ts  in  no  s ign i f i can t  change in  the  s igna l  shapc

or l ine width.  The l ine shape of  I  in several  solvents

does  no t  change on  decreas ing  the  ex terna l  magnet ic

f ie ld strength f rom 23 to l4 kG.
The magnet ic f ie ld invar iance of  the spectrum of 1

indicates that al l  protons on the CtHt r ing have the sanre

chemical  shi f t ,  ancl  strongty suggests that  the observed

Structure in the room-tenlperature spectra of  to luene

and pentane so lu t ions  o f  th is  compound is  no t  due to

conr ; ibu t , ions  to  the  spec t ra  f rom isomers  o f  t  hav ing

an unsymmet r ica l  CrH,  r ing .  The cont ras t ing

temperarure dependence of  the spectra f rom pentane.

to luene,  and cyc looc tane so lu t ions  s imi la r ly  ind ica tes

that the spectral  changes observed on varying the tent-

pera ture  o f ,  r .g . ,  the  to luene so iu t ion  are  no t  due s imp l l

io  an  in t ramolecu la r  con format ionaI  o r  S t ruc tura l

change i1  1 ,  bu t  depend in  i r  sens i t i ve  manner  on  t t re

n" tu r .  o f  the  so lvent .  Taken together ,  these obser -

va t ions  are  incompat ib le  w i th  an  exp lanat ion  fo r  t [e

l ine shape c ' rbserved in the ambient temperature spectra

of l  which presupposes a temperature-dependent

eqtr i l ibr ium betweep magnet ical ly nonequivalent

isomers  o f  l .
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Figure l. tH nmr spectra of ,r-tropyliumvanadium tricarbonyl at
60 lVlHz in roluene-r4 (left) and pentane (right; solutions as a func-
tion of temperature. spectral measurement in pentane below - 50.
is prevented by crystall izarion of I from solution.

More than 99% of natural ly occurr ing vanadium
consists of  the isotope ' i rV,  having  ̂ S :  ,1,  and electr ic
quadrupo le  moment  Q -  -0 .3  x  10-24  cm2.7  sp in -
sp in  coup l ing  be tween pro tons  and a  nuc leus  w i th  a
quadrupo le  momenr  o f  th is  magn i tude is  normal ly  no t
observed in  so lu t ion ,  because rap id  sp in - la t t i ce  re laxa-
t ion  o f  the  quadrupo lar  nuc leus  averages  the  coup l ing
to  zero .  Nonethe less ,  s ince  the  var ia t ion  in  I ine  shape
of the proton spectrum of I  wi th temperature is c leai ly
r tot  the resul t  of  a temperature-dependent equi l ibrat ion
between chemica l l y  d is t inc t  spec ies ,  and s ince  the
structure observed in the ambient- ternperature spectra
of I  is  reminiscent of  the spectra of  other molecules
charac ter ized  by  coup l ing  o f  f luor ine  to  a  nuc leus  o f  h igh
sp in ,3  we thought  i t  wor thwh i le  to  exp lo re  the  poss ib i l i t y
that th is structure was in fact  due to incompletely
reso lved vanad ium-pro ton  coup l i  n  g .

The mechan ism o f  sp in - la t t i ce  re laxa t ion  o f  a
quadrupo lar  nuc leus  is  a  we l l -unders tood and
thorough ly  documented phenomenon.e , r0  In  b r ie f ,
the rotat ional  and translat ional  d i f fusion in solut ion of
the molecule containing the quadrupolar nucleus, and
of other molecules,  g ives r ise to a f luctuat ing electr ic
f ie ld gradient at  that  nucleus. The component of  the
Four ier spectrum of these f luctuat ions,  . (c,r) ,  whose
frequency coincides with the f requency oro of  a magnet ic
d ipo le  t rans i t ion  o f  the  quadrupo lar  nuc leus ,  p rov ides  a
spin-relaxat ion mechanism for th is nucleus whose
:f fect iveness depends both on the absolute magnitude
,r [" / (c,re) and on the strength of  the coupl ing between the
:rucleus and the f luctuat ing f ie ld.  For neutral  mole-

(7)  J.  W. Emsley,  J.  Feeney,  and L.  H.  Sutc l i f fe,  . .High Resolut ion
Nuciear Magnet ic Resonance Spectroscopy,"  vol .  I ,  pergamon press,
Ltd. ,  Oxford,  1965, p 590.

(8)  K.  J.  Packcr and E.  L.  Muctrcr t ies,  J.  ,4mer.  Chem. Soc. ,  gS, 3035
(1963);  D.  W. Aksnes,  S.  Iv I .  Hurchinson,  ancl  K.  J.  packer,  Mol .nhvs . ,  14 ,301  (1968) ;  N .  Bar t l e t r ,  S .  Bca ton ,  L .  W.  Reeves ,  and  E .  J .
\Vc l l s .  Can .  J .  Chem. ,42 ,2531  ( l 9A l ) ;  R .  J .  C i l l csp ic  and  J .  W.  eua i l ,
i b id . ,42 ,2673  (1964) ;  E .  L .  Mue t re r t i es  and  K .  J .  packer ,  J .  Amer .
!hem.  Soc . ,86 ,293  (1964) ;  E .  L .  Muer re r t i es  and  W.  D .  ph i l l i ps ,  rb id . ,
8 1 ,  1 0 8 4  (  1 9 5 9 ) .

(9)  A.  Abragam, "The Pr incip lcs of  Nuclear Magnet ism,"  Oxford,Jrr ivers i ty  Press,  London, 1961, Chapters VI I  and VI I I ;  C.  p.  Sl ichter ,
"Principles of Magnetic Resonance," Harper and Row, New york,
N. Y. ,  1963, Chapters 5.  and 6.

(10) H.  G. Hertz,  Progr.  Nmr Spectorc. ,3,  159 (1967);  R.  A.  Dwek
.:nd R. E.  Richards,  Discussions Faraday Soc. ,  43,  196 (1967).
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cu les ,  and pan icu la r iy  fo r  those hav ing  less  than cub ic
symmet ry  a round the  quadrupo lar  nuc leus ,  thc
dominant  mot ion  cont r ibu t ing  to  nu6 lear  quadrupo l , -
re laxa t ion  is  the  tumbl ing  o f  the  molecu l -e  conta in ing
th is  nuc leus .  ra ther  than ro ra t ion  or  t rans la t ion  o i
ne ighbor ing  so lvent  mo lecu les .T .  I  r '  r :  Fur ther ,  i f  thc
ra te  o f  tumbl ing  is  charac ter ized  by  a  ro ta t iona l  cor -
relat ion t ime r . ,  J(r i  cc r" ,  provideci  that  oro2r"r  << l . r
Thus ,  the  ra te  o f  sp in - la t t i ce  re laxa t ion  due to  in te r -
ac t ion  o f  the  vanad ium nuc lear  quadrupo le  moment
with f luctuat ing electr ic f ie ld gradients in solut ion of  I
is  determined pr imari ly by two factors:  the strength
o f  the  coup l ing  be tween the  vanac i ium quadrupo le
moment and these f luctuat ions,  measured by the
magn i tude o f  the  nuc lear  quadrupo le  coup l ing  cons tan t
(e ' tqQlh) ,  and the  ampi i tude o f  the  component  o f  the
ro ta t iona l  mot ion  hav ing  the  f requency  c . r6 ,  wh ich  in
turn is determined by the rotat ional  correlat ion t inrc
T c .

The s t ruc tu re  o f  compound 1  is  such tha t  the  e lec t r i c
f ie ld gradient at  the metal  atom might be expected to be
weak; in consequence, despi te e relat ively large valut_.
o f  Q ,  t h e  q u a d r u p o l e  c o u p l i n g  c o n s t a n t  t o r  I  m i g h t  b c
su f t rc ien t ly  smal l  to  permi t  observab le  rH- t rV  sp in -
sp in  coup l ing .  In  o rder  to  tesr  the  hypothes is  tha t  thc
structure observed in the ambient temperature spectra t t f
I  i s  d u e  t o  v a n a d i u m - p r o t o n  c o u p l i n g ,  w e  h a v c
examined the  dependence o f  the  pro ton  l ine  shape on
v iscos i ty  in  hydrocarbon so iu t ions .  A  s ign i f i cun t
cont r ibu t ion  to  th is  l ine  shape f rom par t ia l l y  re la . red
vanad ium-pro ton  coup l ing  is  expec ted  to  resu l t  in  a
charac ter is t i c  inverse  re ia t ionsh ip  be tween l ine  w id th
a n d  v i s c o s i t y : e  i i  t h e  l i n e  s h a p e  i s  d e t e r m i n e d  b y  t h e
ra te  o f  a  un imo lecu ia r  chemica l  reac t ion ,  the  l ine  w id th
shou ld  show l i t t le  o r  no  dependence on  v iscos i ty  beyond
tha t  due to  v iscous  broaden ing .

F o l l o w i n g  e s t a b l i s h e d  p r e c e d u r e s , t 3 , r {  t h e  r H  l i n c
shape of  I  was f i rst  calculatcd as a funct ion of  the ratc
o f  ;1V sp in - la t t i ce  re laxar ion  by  a  method wh ich  in
ef fect  t reats the problem as one of  exchange betwcerr
e igh t  equa l ly  popu la ted  s i tcs  cor respond ing  to  the
(2,S + l )m5 substates of  a nuclcus of  S :  7/2,  €ach
hav ing  an  "e f fec t i ve  chemica l  sh i f t "  due to  coup l ing
with the vanadium of msJy,11, relat ive to a f requency
zero  cor respond ing  to  the  chemica l  sh i f t  o f  the  pro tons
in  the  absence o f  coup l ing .  Under  the  in f luence o [
the f luctuat ing electr ic f ie ld gradient which resul ts f rom
the tumbl ing  o f  1 ,  the  vanad ium nuc le i  can  undergo
t rans i t ions  f rom s ta tes  o f  sp in  angu lar  momentum tn
to  those o f  m * .  I  o r  m *  2 .  Mak ing  the  assumpr ions
that (ro rr"3

asymmet ry  parameter  4  i s  zero  (ax ia l  symmet ry  o f  the
electr ic f ie ld gradient tensor at  the vanadium nucieus),
the rates at  which these transi t ions take place arc
re la ted  to  the  quadrupo le  coup l ing  cons tan t  and to
r "  b y  e q  l - 3 : 1 3 ' 1 1  i n  t h e s e  e q u a t i o n s ,  T r u  i s  t h e  s p i n -
la t t i ce  re laxa t ion  t ime o f  the  vanad ium nuc leus  and is
assumed to  be  de termined en t i re ly  by  the  quadrupo lar
relaxat ion mechanism. The val id i ty of  the f i rst  t l f

( l l )  C .  Devere l l ,  D .  J .  F ros t ,  and  R  E  R ichards ,  Mo l .  Phys . ,9 ,56 -1
(1965) ;  M .  S t .  J .  A rno ld  and  K .  J .  Packc r ,  i b id . , lO , l4 l  (1966) ;  W.  B .
Moniz and H. S.  Gutowsky,J.  Chem. Ph.vs. ,38,  I155 (1963).

(12) T.  D.  Alger and H. S.  Gutowsky,  ib id. ,48,1625 (1968).
(13 )  J .  A .  Pop le ,  Mo l .  Phys - , I ,  168  (1958 , :  M .  Suzuk i  and  R .  Kubo ,

ib id . ,7 ,201  ( t96 r ) .
(14) H.  S.  Gutowsky,  R.  L.Vold,  and E.  J.  Wel ls ,  J .  Chem. Ph1's. ,

4 3 , 4 1 0 7  ( 1 9 6 5 ) .
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these assumptions is established experimentally by the
observation that the proton l lne shape, and by inference
Trv,  is  independent of  the magnet ic f ie ld strength.e
There is no simple way of  checking the second
assumption; however,  on the basis of  the structure of  1
in the solid state6 it is clearly physically reasonable.

I :
Ttv

km,m* r :  k ^ ! r , ^

/ f  \ f  2s + 3 \1"q0\ '"
\+o/ \s ' tx  -  r l ) \  h  ) ' '
_ (2rn * l)'3(.S * m + lX^S + m)

2Ttv(25 - lX2S+ 3)

k^,^+2 : k^*2,^ :

(S + mXS + rn - IXS + rn * IXS * m * 2)
2TLv(25 -  l ) (2s+3)

k^,r. : E k^,^'
m * m '

With these equat ions,  the calculat ion of  the ampl i tude

of the proton signal at frequency c,l for any value of Trv

is reduced to the solut ion of  eq 5,r5 in which R is a

( l )

(2)

(3)

(4)

I ( u )  e  R e ( l ' [ i o r  *  R  +  K ] - ' ' 1 ) (5)

diagonal  matr ix whose elements determine the l ine

widths for  the proton resonances in the absence o[

contr ibut ions f rom relaxat ion of  the vanadium atom,

o is a diagonal  matr ix whose elements are the values
(-sJv,n) <,r  ordered in terms of  increasing m5, and

K, the matr ix descr ib ing the rates of  t ransfer o f

magnet izat ion between si tes corresponding to di f ferent
values of  ms due to vanadium spin- lat t ice relarat ion,  is

calculated from eq 2-4. I6
Using eq 5 and 6,  spectra were calculated for a range

of values of  l rv (Figure 2). t7 In order to present the

complete range of  spectral  behavior compact ly,  these

spectra are represented in this figure by a surface rather

than separately:  a sect ion through the surface per-

pendicular to the ?"ry axis y ie lds the ordinary spectral

i .pr .s.ntat ion.  The truncated appearance of  the s ingle

peak calculated f 'or values of frv less than -0.004 sec

( :

- 2 8  2 1  7
2 t  - s 2  1 6
7  16  -48
0 1 5 5
0 0 2 0
0 0 0
0 0 0
0 0 0

(log ?",v
used. The value of the elements of the matrix R used
in these calculations was adjusted to correspond to a

value of  Tz:  0.455 sec. This value was obtained from
the ambient temperature l ine width of  benzene used as
an internal  resolut ion standard in solut ions of  1 in

cyclooctane and carries with it the assumption that Tz

tor benzene and Tz for 1 were equal in the absence of

l ine broadening due to vanadium relaxat ion.  Al though

(15) C.  S.  Johnson, Jr . ,  Adcan. Magnet ic Resonance, l '  33 (1965) '
(lo Analogous matrices for values of s less than 7/r are given in ref

1 4 .
(17) Calculations wcre carried out using the program NMRCTL written

by J. B. Lisle (c/. B.S. Thesis, Massachusetts Instiute of Technology,

cambridge, Mass., 1968). The surface graphics were produced using

thc rout ine pLot3o.  ts
(18) D.  L.  Nclson,  Univers i ty  of  Maryland,  Department of  Physics

and Astronomlr ,  Technical  Report  553,  March 1966'
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Figure 2. Surface representation of the calculated rH nmr line
shipes for I as a funcrion of I,v. Two perspectives of the surface
are giverr for clarity. A section through this surtace perpendicular
to the ?"rv &xis grves the spectrum at that value of ?'rv. See the
accompanying text for a description of the parameters used in cal-
culating th'ese sptxtra.

th is  assumpt ion is  reasonable  on phys ica l  grounds,  we

were never  successfu l  in  exp l ic i t ly  demonst ra t ing i ts

va l id i ty  by f ind ing condi t ions under  which l ine wid ths

0 0 0 0 0
1 5  0  0  0  0
5 2 0 0 0 0

- 4 0 0 2 0 0 0
0 - 4 0 5 1 5 0

2 0  5 - 4 8  1 6  7
0  1 5  1 6  - 5 2  2 r
0  0  7  2 I - 2 8

for  benzene and l  were equal ; te at  best ,  using a sample

o f  a  mix tu re  o f  I  and benzene in  Nu jo l  coo led  to  l2o  to

increase the viscosi tv,  we observed a l ine width of  2.3

Hz for the benzene resonance and of  4.5 Hz for the

single l ine of  l .  However,  i t  was clear that  vanadium

relaxat ion was st i l l  contr ibut ing to the di f ference in

these l ine widths,  and we bel ieve that the correct  value

for G for the protons of  1 in Lhe absence of  quadrupole

(19) An at tempt to spin decouple the vanadium from the protons by

double i r racl iat ion was unsuccessful .  Over the range of  decoupl ing
frequencies examined, 15.50-16.08 M Hz ( 'H f requcncy 60 MHz) '  no dc-

couplipg was obse'rved, although the rtv rcsonance frequency would

have been expccted to fall near the center of this tange (cf. O' W' Ho-
warth and R. E.  Richards.  " / .  Chem. Soc. ,  8611(1965);  S.  D.Gornostan-
sky and C. V.  Stager,  J.  Chem. Phvs. '  46,  4959 (1967)) .  However,  thc

ourpur power of the dccoupler (an NMR Specialties HD-60A) varied

so irratically with frequency that the absence of decoupting is not in-

formative.

Spin-Lat tice Rclaxation in r-Tropyliumuanadium(- I) Tricarbonv' I

(6)
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Figure 3. tH nmr spectra of I at 60 MHz and 30' in cyclooctane-
Nujol solvents. Compositions (wt % Nujol) and viscosities (cp)
of  these solvents are:  (A) 0,  2.05; (B) 10, 2.51; (C) 50, 1l . l ;  (D)
6 8 . 2 3 . 1 ;  ( E )  1 0 0 ,  1 6 5 .

broadening is unl ikely to di f fer  f rom rhe est imated
0.455 sec  by  more  than -0 .2  sec .  The vanad ium-
pro[on coupl ing constant - /y,s used in the matr i r  <, l  of
eq  5  was se tequa l  to  3 .04  Hz,  s ince  th is  va lue ,  combined
with the values of  I . :  est imated as descr ibed above,
resu l tec l  in  ca lcu la ted  spec t ra  whose w id th  and shape
f i t ted  c lose ly  those observed a t  umbien t  tempera ture
in  the  cyc looc t i rne  so lu t ion .  Th is  es t imate  is  p rc .bab ly
cor rec t  to  w i th in  -  +  0 .2  Hz.

Compar ison o f  the  spec t ra  ca lcu la ted  (F igurc  2 )  w i th
the spectra observed for contpound I  at .  -10" in cyclo-
oc tane-Nu jo l  m ix tu rcs  o f  d i f fe ren t  v iscos i ty  (F igurc  3 )
permi ts  a  de terminat ion  o f  the  dependence o f  I rv  on
\ .  By  us ing  on ly  mix tu res  o f  sa tura ted  h .vdrocarbons
to  vary  the  v iscos i ty ,  our  in ten t  was  to  min imize  so lvent -
so lu te  in te rac t ions .  I t  i s  c lear  f rom F igure  3  tha t
inc reas ing  the  so lu t ion  v iscos i ty  decreases  the  l ine  rv id th
o f  the  C 'Hz resonance o f  1 ,  and in  consequence tha t  an
increase in 4 is accompanied by a decrease in ?.rv.  This
resul t  is  of  course qual i tat ively that  expected i f  the
ambient- temperature l ine shape ot '  1 is a ref lect ion of
c  uadrupo le-broadened vanad ium-pro ton  coup l ing ,
s ince an increase in the v iscosi ty of  the solvent resul ts
in s lorver tumbl ing of  1,  larger values of  r" ,  and smal ler
values of  f ,  v (eq I  ) .

The detai led form e.rpected for th is dependence of
f , r .  on v iscosi ty is at  present a subject  of  some con-
troversy.  Al though the relat ionship l /?"1 c(  rc cc nlT
baseci  on the Stokes hydrodynamic equat ion:o has been
observed to be fol lowed exper imental ly in studies
crrr ied out over narrow ranges of  v iscosi ty,  i t  is  c lear
'hat  the absolute values of  the correlat ion t imes cai-
cuiated from the Stokes equat ion are approximately one
order of  magnitude larger than those observed exper i -
menta l l y .  r0 - r : ' : r ' : r !  A  mod i f i ca t ion  o f  the  Stokes
cquat ion  proposed by  Gierer  and Wi r tz  (eq ,7)  seems to
prov ide  the  most  sa t is fac to ry  equat ion  present ly
avai lable for  re lat ing exper imental  uoiu.s for  rbtat ional

(20) N.  Bloembergen, E.  iV[ .  Purcel l ,  and R. V.  pound, phys.  Reo.,
1 J,  679 (  I  948).

(21) D.  E.  V/oessncr,  J .  Chem. Phys. ,40,234l  (196{) .
(2:)  D.  Herbison-Evans and R. E.  Richarcls,  Mol .  phys, ,  Z,  515

( l  961).

.Iournul ol'tlte Anterican Clrcmical Societ.v I 9l:9 I Aprit 23, t969
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Figure 4.  Plot  of  a lT rs.  ?"rv tor  l .  Data in to luene-dr ( I )  rvere
obtained over the temperature range -30 to -79";  data in cy 'c lo-
octane-Nujol  mixtures (C) were obtained at  30' ,  wi th the except ion
of  the point  at  , t iT :  1.02 which was obtained at  12".

cor re la t ion  t imes to  mo lecu la r  s ize ,  macroscop ic  so-
lu t ion  v iscos i tv ,  and tempera ture . : : ' : r  Here  r .61 . ,1 .  i . r f l (1
rsorvent  a re  hard-sphere  rad i i  fo r  so lu te  and so iv 'cn t
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rs, r lute is ( / ' r , , t , r , "XVsot*z)Tl: :' c  
6 f 5 , , l v e n r  6 k l ( r r o , , n . n , )

( 1 )

molecu les  (cnr ) ,  15  is  the  Stokes  cor re ia t ion  t ime (scc) .
Vsotute is the hard-sphere " ' /cr lunre" of  the soiute.  and

4 is  the  macroscop ic  so iu t ion  v iscos i ty  (po ise) .  B ,c th
eq 7  and o ther ,  more  compl ica ted ,  equat ions  wh ich  ar ' - '
u l t imate ly  based on  the  .S tokes  hydrodynamic  approac i - ,
re la te  r "  to  the  molccu ia r  shapc  and ro ta t iona l  f r i c t iona i
coe{ f i c ien ts  charac ter iz ing  the  so lu te  and so lvent ,  bLr t
no t  to  the  ro ta t iona l  iner t ia  o f  the  so lu te  molecu lcs .
A  number  o f  recent  theore t ica l  d iscuss ions  o f  the  rc l rL -
t ions  be tween molecu la r  shape anc i  cons t i tu t ion  an t i
ro ta t iona l  mot ion  in  so lu t ion  ha lc  taken iner t ia l  e l l cc ts
in to  cons idera t ion  and have ar r i ved  a t  p red ic t i cns
concerning the dependence of  rotat ional  d i f fusion r)r ' r
tempera ture  and macroscop ic  v iscos i ty  s ign i f i can t iy '
d i f fe ren t  f rom those o f  the .Stokes  approach.  par t i cu la r iv
when app l ied  to  approx in ra te ly  spher ica l  mo lecu ies
which  in te rac t  on ly  weak ly  w i th  the  so lvent . :  r '  ! { -  r ' ;

F lowever ,  in  genera i ,  these t rea tments  have shared w i t i r
eq  7  the  pred ic t i c rn  tha t  ; "  shou id  depend on  the  mrss
or  s ize  o f  the  so lvent  mo lecu les ,  as  we l l  as  on  the  bLr lk
viscosi ty 4.  We were thus soniewhat surpr ised to f inJ
that i l  p lot  of  ?"tv u.r .  n,T in the cyclooctane- lJuioi
mi , r tu res  y ie ids  a  good s t ra igh t  l ine  over  a  range o i
v iscos i t ies  o f  approx imate l .v "  two orders  o f  magn i tuc i , :
(F i *eure  - l ) .  In  par t i cu la r ,  th is  agreement  i s  unexpectcd
on the  bas is  o f  eq  7 ,  s ince  the  change in  the  magn i t t rc ic

(23 )  A .  G ie re r  and  K .  Wi r t z ,  Z ,  I -a tu r fo rsc f t . , 8a .532  (1953) .
(24 )  Fo r  cxamp le ,  R .  w .  ! I i t che l l  anc i  M .  E isnc r ,  J .  Chem.  P l r . r ' s . ,31 .

8 6  ( 1 0 6 0 ) :  W .  A .  S t c e l e ,  i b i d . , 3 8 , : 1 0 . 1 ,  2 . l l l  ( 1 9 6 3 ) ;  W .  B .  N l o n r t z ,
W.  A .  S tee lc .  and  J .  A .  D i . ron ,  i b id . ,38 ,2418  (1961) .

(25 )  W.  T .  Hun t rcss ,  J t ' . ,  i b id . ,48 ,  l 52 l  (1968) ;  H .  Sh im izu ,  i 6n l . ,  -10 ,
754  ( l 964 ) .

(26) The few exper imcntaI  studies rvhich havc provided deta of  ;ut ' -
f ic ient  qual i ty  to evaluate the re lat ive mer i ts  of  the hydrodynamic . r r l , . l
f ree-rotator  approaches to the calcul . r t ions of  rotat ional  d i f fus ion cor-
re lat ion t imes in solut ion suggest  thtr t  both h1'drodynamic and incr t r . i l
e f fec ts i r re  impor tan t :  c f .  T .  T ,  Bopp ,  i b id . ,47 ,36 : l  (1967) ,  and  rc f  l l .
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of the rsorvent term on going from pure cyclooctane (n :

2.05 cP, nlT :  0.0068 cP/" I ( )  to Nujol  (a :  165 cP,

nlT :  0.545 cP/"K),  a l though di f f icul t  to calculate
exact ly,  should resul t  in detectable nonl inear i ty in the
plot  of  Figure 4.  Regardless,  th is plot  provides

conf i r rn ing evidence which establ ishes that the structure
observed in the ambient ternperature spectra of  I  is

due to  vanad ium-pro ton  sp in -sp in  sp l i t t ing ,  and

suggests that  the temperature dependence of  the l ine

shape in to luene solut ion is determined pr imari ly by
changcs in the sample v iscosi ty,  rather than by a

structural  or  conformat ional  equi l ibr ium involv ing 1
i tsel f .  This lat ter  point  in turn is conf i rmed by the
l inear relat ion between ?r1y and 47i  observed for the

to luene so lu t ion  (F igure  4) .
The or ig in of  the di f ference of  approximately a

factor of  - l  observed for Ts at  the same value of  l lT tn

toluene ancl  the cyclooctane-Nujol  mixtures is at
p resent  a  mat te r  o f  specu la t ion .  Some o i th is  d i f fe rence
may be accounteC for by the fa i iure of  eq 7 to descr ibe
correlat ion t imes precisely.  Horvevei ' ,  two data suggest
tha t  the  d i f ie rence in  ?" r i '  i n  the  a l iphet ic  and aron ta t i c
so lvents  mi iy  be  rea i .  F i rs t ,  the  chent ica l  sh i f t  o f  the

C,H,  p ro tons  o i  I  d isp ley 's  a  s ign i f i can t  tempera ture
c ieper rc lence i t t  to luene so i . i t ion .  sh i i t ing  f rom 6  4 .17  a t

8 5 "  t o  6  3 . 8 8  a t  - 8 5 ' :  t h e  c o r r c s p o n d i n g  c h e m i c i i l
sh i i t  change in  a  s i l t t t ra ted  hydrocarbon so lvent  i s

snre l l .  Second,  l  i s  hve  to  ten  t imcs  as  so lub ie
in  to iuene as  in ,  € .3 . ,  cyc looc tanc .  Both  o f  these

observa t ions  t l re  cons is ten t  w i th  the  h1 'po thcs is  tha t  1

f 'ornrs a weak conrplex rv i th tc l luene'  Compiex for-

m x t i o n ' , v o u l d  c l e a r l y  s l o w  t h e  t u n t b l i n g  o f  1 ,  a n d

cor respond ing ly  lengthen rc  and shor ten  7 , .v .27  I t

n i igh t  a lsc  a f rec t  Tw by  chang ing  the  quadrupo le

c o u p l i n g  c o n s t a n t .  W e  h a v e  n o  w a y  o t ' d i s t i n g u i s h i n g
betrveen these ef fects on the basis of  the avai lable
e x p e r i n t e n t a l  d l t a .

The fo rego ing  i r rgurncnts  es tab l i sh  t t ra t  me l tsurement

o f  t h e  l i n e  w i d t t r  o t ' I  p r o v i d e s  e  n r e t h o d  o i  e s t i m a t i n g

f r r ' .  Cornb in l r t ion  o f  the  es t imatec i  va i t te  fo r  ? ' r ' , -  in

cyc lcoc t i tnc '  so lu t ion  w: th  the  X- ray  s t ruc tu ra l  da tad

pernr i t s  an  approx i l t l i . I t ( l  ca icu la t iqn  o i  the  vanac i ium

q uadrupo ie  coLrp i in  g  cons tan t  o f  I  in  so lu t ion .
Trea t ing  bo th  1  and cyc looc tane as  hard  spheres .  the

terms fsolute i lno / ' " , ,1. . . .1 of '  eq 7 can be est imated by

ca lcu ia t ing  the  nrg la r  vo lun tes  l / ^ fo r  these spec ies  l rom

the i r  dens i t ies .  re  and assumins  a  c loses t  pack ing

re la t ion  be tween V^  and the  harc i -sphere  rad i i "  (0 .7 '1

L ' r ,  :  4nr ' ]  3 ) .  On th is  bas is .  / ' s . r r r te  !  i .5 i  A  and

,.rou."" .  ry j . - t2 A. and from the known:e v iscosi ty oi

cyc looc tane a t  i0o  the  ro ta t i c rna l  cpr re la t ion  t ime fo r

1  in  cy 'c looc tane so lu t ion  a t  t t r i s  ten lper i t tu re  can be

es t in ra tec i  to  be  rc  ' !  1 .55  X l0 - t t  sec  t iom eq i .

SLrbs t i tu t ing  th is  va lue  and the  meast i red  va lue  o f ,  the
vanad ium re laxa t ion  t ime I ,1 '  :  0 '050 sec  in to  eq  l '

the  nagn i tude o f  the  v lnad iun t  quadr t tpo le  coup l ing

consrant  o i  l  i s  es t imated  to  be  (e )qQlh)  - r  2 .0  NIHz.

A l though rhe  er ro r  in  th is  number  c iue  to  uncer ta in ty  in

( 3 7 )  . \ n a t o g o u s  a l t h o u g h  s m i t l l c r  c f l ' c c t s  o f  a s s o c i a t i o n  h a v e  b c c n  o b '

s e  r v t : d  i n  p r e " , i o u s  s t u d i e s  o l ' q u i . r d r u p o I g  r r , : o  ; 1 n c l  o t h c r  m o t i o n a l  r e i a x a '

t io r r  r ; . r t cs .1 r
( l S )  i .  C r o s s l e - , -  n n c l  S .  W a l k c r ,  J .  C l r c m .  P h : ' s , 4 8 ' 1 7 4 2  ( 1 9 6 8 ) '  a n d

r c l  c r c n c c s  t h c r c i n .
( 1 9 )  T h c  c i , J t r s i t v  ( p  -  0 . 8 2 8 ' l  g ; c m t )  o f  l i q u i d  c y c l o o c t a n e  a t  3 0 ' w a s

o b r ; r i n c d  I ' r o n r  E .  I ( u s s ,  Z .  a n g i n .  P h : ' s . '  7 ,  J 7 2  ( 1 9 5 5 ) ;  t h e  d c n s i t y  o f

s o l i d  I  ( p  :  1 . 5 i 3  g , ' c m r , ;  w a s  c a l c u l a t e d  l t o m  t h c  u n i t  c e l l  p a r a m e t e r s  o [

r c f  6
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the magnitudes of  the proton fr  and G in the absence ot '  t ' .

ef fects due to vanadium. and in the magnitude of  the
ro ta t iona l  cor re la t ion  t ime,  may be  as  much as  *  0 .5
Iv IHz ,  i t  i s  wor thwh i le  exp l i c i t l y  po in t ing  ouF tha t  th is
type o f  nmr  inves t iga t ion  in  compounds fo r  wh ich  the
prerequis i te structural  informat ion is avai lable provides

one o f  the  most  p rac t icx l  methods  o f  es t imat ing
quadrupo le  coup l ing  cons tan ts  o f  th is  magn i tude.

In  conc lus ion .  the  da ta  descr ibed in  th is  paper

es tab l i sh  tha t  the  observed nmr  l ine  shape o f  I  i s
pr imar i l y  de termined by  the  megn i tude o f  l t v .  The
di f ference in the temperature dependence of  the spectra
o f  1  in  to luene and n-pentane (F igure  l )  i l l us t ra tes  a
po in t  o f  p rac t ica l  impor ta t tce :  when vary ing  the
tempera ture  o f  an  nmr  sample  to  de termine i i
anomalous spectral  l ine broadert ing is due to the ef fects
o f  chemica l  exchange or  quadrupo ie  re iaxa t ion ,  i t  i s
useful  to keep in mind the fact  that  temperature
var ia t ions  w i l t  p roduce la rge  changes in  the  sp in - la t t i ce
re l i rxa t ion  t ime o f  a  quadrupo lar  nuc leus  on iy  i f  they '
resu l t  in  la rge  changes in  sampie  v iscos i ty .  The e f fec t
oi  prac' t ica. l l .v  r t ta inable changes in temperature at
cons tan t  v tscos i ty  on  TL prcd ic ted  by  eq  7  i s  smal l .
Thus ,  in  t l - ^e  p resent  s tudy ,  the  spec t rum o f  I  in  t t '

pen tar .e  so lu t ion  a t  l0o  w i ts  ob ta ined a t  the  e f fec t i ve
low 'er  l im i r  o f  so lu t ion  v iscos i ty .  A l though a  fu r ther
de 'o rexS€ in  n :T  wou ld  in  p r inc ip le  have been des i rab ic
in  c l rc le r  to  inc rease 11 i '  lnd  th t rs  reso lve  d i rec t l !  thc '
spectr i r l  f ine structLlre expccted to occur ior  log Tt tu i
-  0 .5  (F igure  : ) ,  such  i , t  decre  ese  cou ld  have been
ach ieved in  p rac t ice  on iy -  bv  tak ing  spec t ra  o f  t  in  thc
v a p o r  p h a s e .

Exper imental  Sect ion

Gcncral .  Nmr spectra were takcn on Var ian HA-60 or  HA-100

spectrorncters euuipped . 'v i th a v ' - r t ) l ( )  I 'ar iable- tempcrature probc

an( i  col l t ro l icr .  Cai ibratrorr  of  thc temper. l . ture contro l  Ltn i t  r ' ,as

accomo i i s f i ed  by  n teasur ing  peak  se i l a r i t t i ons  ip  me thano l  o r  e thy ' l '

ene gly.col  sampies.  Visccsrr ics w3:-e measLrred wi t I  a Brookf ie id

v i scomete r  ce i t l t ra l cd  ag l i ns t  l i t e r l t u r :  va iL tcs  l b r  the  v iSCOs i t i es  o l '

c y ' c l o o c t a n e  ( p  :  1 . 0 - <  c P  a t  3 0 . 0  r . r ) \ u j o l  ( p  :  i 9 . t )  c P  a t  4 5 ' 0 ' ) ,  " '
and  to luene  (n  :  1 .5 - i8  cP  a t  - J ( )  )  r t  L i t e ta tu re  va lues  fo r  the
. i i sCOSi t res  O f  l -pen tane . r :  ne t )pc l l t ane . r r  and  tO lUenes{  Were  used

w h e n  a p p i i c a b l e .  A C d i t r o n a i  r a i u e s  o t ' t h e  v i s c o s i t y  o i  t o i u e n c

were lnersured at  temperatures belorv -J0 ' .  us i t tg samples pro-

tected l iom atrnosphertc condensatrc.n under a n i t rogen atmosphcre

( i e r n p e r a t u r e .  v i s c o s i t y ,  c P ) :  - J 2 . :  .  l . 5 l ;  - 6 3 . 6  

"  

5 . 0 ;  - 7 8 . ' l ' .

9 .2 :  -95 .1  ' .  19 .6 .  V iscos i t i es  ( cP)  and  compos i t i ons  ( ' ' v t  T ,

Nu jo l )  a t  30 "  l o r  t t re  cyc looc tane- i i u ;o i  m i r tu res  used  in  F igu re  4

a . " ,  l . - < 1 .  l 0 % ;  4 . 0 1 . : 5 :  1 1 . 1 .  : 0 :  : i . 1 . 6 8 1  3 3 . 8 '  7 5 ;  4 0 . 6 .

80 ;  64 .1 .  86 :  89 .1 .  90 ;  165 .  l 0 ( ) .  The  v i scos i t . " "  o i  Nu jo l  a t  l l .

was i77 cP. Toluene-c/e (Diap.rept  rvas used as received af ter

deoxygenat lon.
Tropl ' l iumvanat l ium( -  i )  t r icarbonr I  rvas prepareci  by a modi t icr-

t i on  o t ' t he  l i t e ra tu re  method . {  A l l  ope ra t ions  were  ca r r i ed  ou t  rn

f lame-dr iet i  g lassrvere under n l t rogen: l ic lu ids lvere t ransferreci  bv

fo rced  s iphon  th rough  s ta in less  s lee I  cannu las  us ing  a  pos i t i t c

pr3ssure of  n i t rogen. To a 300-ml round-bot tomed f lask f i t tcu

w i rh  a  re t l ux  condenser  w i i s  addec i  -3 .28  I  ( -15  mmol )  o f  va -

(30) H.  I ( iet t r  and T.  G'  Trel ie ' r r ,  J .  .1rner.  Chem. Soc' ,  89,  6667
( 1 e 5 7 ) .

(31 )  L .  G .  Bc l i r r sk r l ' r ,  L i ch '  Zu r '  \ l osk  Ob l '  Ped '  I n ; t ' '  33 '  : l l
( 1 9 5 5 )  :  C l t e m .  A b s t r . , 5 2 .  S l l  (  l 9 r B ) .

(12 )  . . se l cc ted  va lucs  o f  P roper r res  o i  Hy -d roc r r rbons , "  NBS C i rcu l r t r

c  461 ,  U .  S .  Depa i lmcnr  o f  Commer ;e .  Nar iona l  Bureau  o f  S tandar r i s ,
Wash ing ton ,  D .  C . ,  19 '17 ,  P  109 .

(33 )  Ex t r l po l i r t cd  f rom da ta  o f  J .  Lo f i renz ,  Pc t ro l .  Re f ine r . ,35 '  169
( 1 9 ) 6 ) .

(3 .1 )  . . l r r t e rna r iona l  c r i t i ca l  Tab ies , "  vo l .  v l I ,  McCraw-H i l l  Book

C o . .  I r t c . .  N * v  Y o r k ,  N .  Y . '  1 9 3 0 ,  p  i l  S .

lVlt i tesides, Mitcl tel l  I  Spin-Lttrt ice, Relu.rurion in r-Trop.t ' l i tncururdiun{- l)  Tricrtrbonl/
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nadium(O) hexacarbonvl16 and 9.3 g (o.l mol) of freshiy distilled
cycloheptatriene in l0O ml of hexane.3t Air (l ml) was then in-
jected imo the rEaction flask through a serum stopper by syringe,n
and the solution was heated at reflux for I hr. The reaction mix-
ture was cooled, transferred by cannula to a 250-ml centrifuge bot-
tle. and centrifuged. Portions of the resulting dark green solution
(,-30 ml) were successively transfered into a 4o-ml centrifuge tube
€ppd with a serum stopper, and he.rane and excess cyclohepta-
tnene were removed at room temperature under vacuum until the
entire solution was concentrated to -5 ml. The residual oii was
diluted with l0 ml of penune and centrifuged and the supernatant
solution again transferred to another stoppered centrifuge tube.
Cooling this solution to -78" for 8-36 hr resulted in crystallization
of I as green-black plates. The mother liquor was removed by
cannula from these crystals at -78o and the resulting r dried in i
slow stream of nitrogen at room temperature. Final purification
of I before preparing nmr samples was effecred by iublimation
(.12', 0.05 Torr). The total yield of I is -157". Solid 1 reacrs
slowly with air;  solut ions of 1 oxidize very rapidly.

sample Preparation. The preparation of samples in solvents of
low viscosity was carried out with carefur excrusion of oxygen and
water, using unexceptional procedures. The preparation of solu-
tions of I in solvents more viscous than cyclooctane required a

(35) R. Ercoli, F. Calderazzo, and A. Alberola,J. Amer. Chem. Soc.,
82,2966 (1960);  R.  P.  M. Werner and H. E.  po<lal l ,  Chem. Ind.  (Lon-
dont,  l . l4  (1961):  R. ,  B.  King,  "Organomeral l ic  Syntheses, , '  Vol .  I ,
Academic Press,  New York,  N.  Y. ,  1965, p 82.

(36) oxvgen and olcfins were carcfully removed from the hexane be-
fore use by stirring with 96 f, Hrsor, folrowed by disti l lation from a sus-
pension ofsodium bcnzophcnone kety i  under n i t rogcn.

(37) rf this reaction is carried our wirh stricr exclusion of oxygen, no
I  is  formed. Presumably,  r races of  vanadium in h ighcr oxidar ion states
than v(0) or V( - i) are rcquired as catalysts for thc rbrmation of l.

special procedure. since the rate of solution in these solvents wa-s
very slow. ca. 4o mg. of freshly sublimed I was transferred in a
nitrogen-fi l led glove bag to a 5-ml round-bottomed ffask. l0 irt of
deoxygenated benzene was added, and the mixture_was ground into
an oil. Then 0.25 ml of the desired solvent. previously degas.sed
under vacuum by three freeze-thaw c),cles (l iquid nitrogen), wirs
added with further stirring, a serum sropper praced on the rla.sk.
and the solut ion forced into a synnge using a posi t ive prcssure or '
n i t rogen. The solut ion was t ransfcrred into an oxygen- i rec nmr
tube through a serum stopper and the tube saaled under nrrrogcn.
The presence of  these smal l  amounts of  benzene in the samplc har i
no significant effect on the spectral l ine shapes. samples in rolucnc
and cyclooctane were -2.5-3.5 mol  f t  l ;  samples in Nujol  rverc
.-1.5-3.0 wt / "  l .  The v iscosi t ies of  a l l  solur ions of  I  \ \erc as-
sumed to be the same as the viscosities of the solvents then:selvts.
considering the low concentration of I in these samples. thrs as-
sumption seems reasonable.

values of i"rv were obtained by comparison of the shapes and half-
height l ine widths of calculated (Figure 2) and observed specrra.
The peak widths of I were corrected lbr viscous broadening un-
relared to the vanadium quadrupole relaxation by the use of ben-
zene as an internal l ine width standard in the hydrocarbon solvenrs
and TMS in the toluene-r/s sample. All of t[.re data in Figure 4 have
been so corrected.
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