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Pseudorotat ion in (CHr)rNPF.r  t

Sir.'

The rap id  in t ramolccu la r  in te rchange o f  ax ia l  and
e q u a t o r i a l  f l u o r i n e  a t o m s  o b s e r v e d t  f o r  c o m p o u n d s  o f
the formula XPFr is commonly bel ieved to occur by a
mechan ism proposed by  Ber ry ,s  in  wh ich  isomer iza t ion
of  one ground-s ta te  t r igona l  b ipyramid  to  another
(pseudoro ta t ion)  takes  p lace  by  a  t rans i t ion  s ta te  o r
in te rmed ia te  o f  square-pyramida l  geomet ry .  The s im-
p l i c i t y  and h igh  symmet ry  o f  th is  mechan ism make i t
a t t rac t i ve .  However ,  a  number  o f  d is t inc t  mechan is t i c
a l te rna t ives  fo r  the  process  wh ich  resu l ts  in  f luor ine  in -
te rchange can be  env is ioned,a 's  and c lear  exper imenta l
d is t inc t ions  be tween these a l te rna t ives  have no t  been re -
ported. We wish to descr ibe 3 rP nmr studies of  (CHrI-
NPFr6 (1) which conf i rm a fundamental  predict ion of  the
Ber ry  mechan ism,  u iz .  tha t  pseudoro ta t ion  o f  th is  com-
pound resul ts in s imultaneous interchange of  both axial
i luor ine  a toms w i th  equator ia l - f luor ines ,  ra ther  than in
in te rchange o f  on ly .  one pa i r  o f  ax ia l  and equator ia l
f luor ine atoms. In what fo l lows, we wi l l  arbi t rar i ly  refer
to any excha nge react ion resul t ing in interchange of  both
pa i rs  o f  f luor ines  as  a  "Ber ry "  pseudoro ta t ion ,  and to
any  reac t ion  in te rchang ing  on ly  one pa i r  as  a  "non-
Ber ry "  pseudoro ta t ion  (eq  l ) ,  w i thout  imp ly ing  fu r ther
de ta i l s  o f  the  in te rchange.
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The 3 tP nmr  spec t rum o f  I  a t  -  l00o  is  the  t r ip le t  o f
t r ip lets ( /p,r  :  768 Hz, Jp,p '  :  904 Hz) expected for a
s ta t i c  t r igona l -b ipyramida l  s t ruc tu re  hav ing  the
(CHr lN-  g roup in  an  equator ia l  pos i t ion  (F igure  l ) . :
A t  -  50o pseudoro ta t ion  is  rap id  on  the  nmr  t ime sca le  .
a n d  t h e  s p e c t r u m  s h o w s  a  l : 4 : 6 : 4 :  I  q u i n t e t  r e s u l t i n g
f rom coup l ing  o [  3 rP to  four  magnet ica l l y  equ iva len t
f luor ines .  The s low-exchange spec t rum can be  con-
s idered  as  the  summat ion  o f  resonances  o f  3 rP nuc le i
in  the  charac ter is t i c  magnet ic  env i ronments  o f  the
f luor ine  nuc lear  sp in  conf igura t ions  represented  by  the
l6  poss ib le  reF sp in  e igenfunc t ions  o f  l ;  as  a  resu l t  o I
degenerac ies ,  these l6  f luor ine  sp in  conhgura t ions  g iv 'e
r ise  to  on ly  n ine  d is t inc t  3 rP resor )ances  (F igure  2) .
For  the  purposes  o f  th is  d iscuss ion ,  these sp in  e igen-
func t ions  can be  approx imated by  the  symmet r ized
sp in  func t ions  fo r  four  nuc le i  in  C: , ,  symmet ry .T  The
prob le rn  o f  descr ib ing  the  3rP spec t ra l  behav io r  o f  I
in  the  reg ion  o f  in te rmed ia te  pseudoro ta t ion  ra tes
can then be  t rea ted  as  a  p rob lem o f  descr ib ing  the  t rans-
fe r  o f  n ragnet iza t ion  be tween these n ine  l ines  anC l6
s i tes  by  the  pseudoro ta t ion  process .

( l )  Suppor ted  by  the  Nar iona I  Ins t i t u tes  o f  Hea t th ,  Gran t  G iv1
I  6020.

(:) E. L. Mucttcrties, W. Itahler, and R. Schmurzler, /norg, C,tarn.,
2 '  613  (1961 ) ;  E .  L .  l l uc t t c r t i es ,  W.  Mah le r ,  K .  J .  Packe r ,  and  R .  ( 6 )  D .H ,B rown ,C .W.F rasc r , r ndD ,W.A .Sha .p , ! .Chem.Soc , ,A ,
Schm!lzlerjr id.,  3, I  298 ( 196{) ;  R. Schmurzter in..Halogen Chcmistry,, '  t  I  i  i  f  SOel.
v-o|. .2. V. Gutmnn, Ed., Academic Press, New Yoii( ,  N. Y., 1967, pp (; j  J. W. Emstc:r.  J. Fecney, and L. H. Sutcl i tr ,  "High Resolut ion
3l t t-  Nuclcar l l lagneric'Resonun.e3pecrroscopy." Vol. I ,  Pcrprnon Pt€ss,

(3) R. s. gerry, .f. cl.rr. ptt'r., 32, 93j (t960). Oxford, 1965, chaprer 8, Thc;hemicat sirih difference between axial
(.1) E. L, Mueltcrt ies, t .  Amcr, Chcm. So..,  91, 1636, 4l 15 (1969), and .quarorial f luo;ine aroms (r,  -  1660 Hz ar 23 kC) and rhc ffuorinc-

and  r c f c . cnce !  l he rc i n .  f i uo r i necoup l i ngcons r i n t ( J -62H2)o f l a reauch lha tm ix i ngo f t hese
(5)_FoJ infaared srudies pcrtinenr to this probl€m, lee L. C. Hotkins funclions is sma-ll, Usc oi rhc correcr aigenfuncrions fo. t i; the tol-

lnd- R...c. Lord. J. Che . Phtt. ,46.2{02 (1967); R. R. Holmes and lowinS discussion docs nor quanrirrr i !€ly-changc our conclusion3, bul
R. :v1. Dcitcrr,  ,no'g. Chen.,1,2229lt969r. does obscurc rhcir physical foundarion. 
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Figure l .  3rP nmr spectra of  (CH,):NPFI as a funct ion of  tem-

p.i",ur. (nonspinnini sample- c'rntaining -107i Tlvls)' These

s'ecrra rvere raken ,itTng Z.j-tUz audiombdulation; the shapes of

;[;;;;.; ; lgn.i, f ietcl t inls (t ines 7, 8, and 9) are distorte.d bv super-

;;; i, i ;;""-center-banJ r.*non..r. Lines l-6 are undistorted.

The in f luence o f  pseudoro ta t ion  on  the  r rP  resonances

is  de termined by  t i re  e , r ten t  to  wh ich  the  magnet ic  en-

v i ronment  "seen"  by  the  phosphorus  is  changed by

the  f luor ine  in te rchange.  i f  pseudoro ta t ion  resu l ts  in

isomer iza t ion  o f  a  s to r t ing  conf igura t ion  o f  f luor ines  to

"  
nnor  conf igura t ion  wh ic l i  i t  * tgnet ica l l y  ind is t ingu ish-

a b l e  f r o m  t h e  v a n t a g e  o [  t h e  3 r P  n u c l e u s ,  n o  b r o a d e n i n g

wi l l  be  observed f *  t t r .  phosphorus  t rans i t ion  cher -

ac ter is t i c  o i  th is  conf igura i ion '  I f ,  on  the  o ther  hand '

p i .uaoro ta t ion  conve i ts  the  s ta r t ing  conf i ,gura t ion  o f

huor ine  nuc le i  to  a  f ina t  cor r f igura t ion  charac ter ized

UV a  d i f fe ren t  3 rP resonance f requency ,  th :  two (o r

more ;  s low-exchange phosphorus  l ines  coup led  by  the

. * . i ' t tng .  w i l t  b ronden and coa lesce as  the  pseudoro-

ta t ion  
- ra te  

inc reases .  The f ina l  con f igura t ions  o f

f luor ine  nuc le i  ob ta ined f rom a  par t i cu la r  s ta r t ing

.onn lu to t ion  fo l tow ing  pseud.oro ta t ion  by  Ber ry  and

non-E. r ry  mechan isms-a ie  eas i ty  de termined.by  inspec-

t ion ,  and representa t iv i  examples  are  g iven in  Tab le  I '

Figrue 2. spectral assignments lbr the rrP spectrum of (cHr):NPF r

by the  sp in  func t ion  I  l J la (  t )a (2) [a (3)p(4)  +  p (3)a(1) t

w i l l b e c o n v e r t e d o n p s e u d o r o t a t i o n t o t h e c o n f i g t t r l
i i onr -  l l1 /2aa(a l  *  ga) ,  l l " /2aa(ap 0 t ' ) '  l " t /2 '

(ar l  *  l3cr)aa, anci  I  l . . /1(ag -  |a)aawith equal  prob-

a b i l i t  i e s . '-  
B t  iden t i i y ing  the  sc ts .  o f  . t rans i t ions  

wh ich  are  k i

nc t i ca i l y  coup le i  by  f luor ine  in te rchange,  the  en . r r ies  i r ,

i ru i .  i ,  toge ther  w i th  p l ra l le l  descr ip r ions  fo r  rhc

, , * r i i , rg  .ondgr ro t ions  no i  exp l i c i t l y  l i s ted  in  th is  t rb lc

,naL.  i i  pos t iU te  to  ca lcu la te  the  in f luence o f  pseudoro

ta t ion  by  e i ther  mechan ism on the  shapes o f .  the  l ines

in  the  i tp  spec t rum o f  l .  Thus ,  qua l i ta t i v - ' l y ,  thc

conf igura t ion  dr  i s  t rans formed in to  i t se l f  by  Ber ry  o r

n o n - B e r r y  p s e u d o r o t a t i o n s ;  c o n s e q u e n t l y '  l i n e  I  o f  t h ' :

s  j . . t ru* ' i i  no t  a f fec ted  by  pseudoro ta t ion '  regard less

o i  me.han ism.  Both  mechan isms t rans fer  n lagnet iz r l '

t i o n b e t w e e n l i n e s 2 a n d 3 ; h o w e v e r , t h e r a t e c o n s t a n t
io ,  tn i ,  t rans fer  by  o  Ber ry  mechan ism is  tw ice  th r i r

b l '  a  non-Ber ry  mechan ism,  s ince  ha l f  o f  the  non-Bc ' r r ) '

p i . r O o r o t a t i o n  e v e n t s  d o  n o t  c h a n g e  t h e  p h o s p h o r u s

precess ion  f requencY.
A B e r r y m e c h a n i s m t r a n s f l e r s m a g n e t i z a t i o n b e t w e c r r

l i n e s 4 a n d 6 , b u t d o e s n o t c o u p l e a n y o f t h e t r a n s i t i o n s
m a k i n g  u p  l i n e  5  w i t h  t r a n s i t i o n s  o f  d i f f e r e n t  f r e q u e n c y :

in  cont ras t ,  a  non-Ber ry  n techan ism t rans fers  magnet i . za-

i ion  be t rveen l ines  4  and 5 ,  and be tween 5  and 6 '  b t r t

no t  d i rec t l y  be tween 4  and 6 '  Thus ,  in  a  Ber ry  mechr t -

n i s m l i n e s 4 a n d 6 s h o u l d b r o a d e n a n d c o a l e s c e i n t h c
i n t e r m e d i a t e  e x c h a n g e  r e g i o n ,  w h i l e  l i n e  5  r e m a i n s  s h a r p '

I n  a  n o n ' B e r r y  m e c [ a n i s m  l i n e s  4 ,  5 ,  a n d -  6  s h o u l d  a l l

b roaden in  th i  in te rmed ia te  exchange reg i .on- '

T h e s e i t r g u m e n t S c a n b e u s e d a s t h e b a s i s f o r q t r a n t t -
ta t i v ,e  ca lcu la t ions  o f  l ine  shapes us ing  un€xcept io r t r t l

p r o . . A u r . r . n T h e k i n e t i c e x c h a n g e m a t r i c e s K d c -
; ; ; t t ; ;  t rans fer  o f  magnet iza t ion  be tween rhe  l incs

o i  t h c  o b s e r v e c l  s p e c t r a  i r e  g i u e n  b y  e q  2  a n d , 3 '  T h c

r o w s  a n d  c o l u n l n s  o f  t h e s e  m a t r i c e s  a r e  n u m b e r e d  i t r

( 8 ) T h c s e r e l l t i v e p r o b a b i t i t i c ' s a r c ' b a s c < l o n t h e a s s u m p t i o n t h a t t i t ' :

t r a n s i t i o n  f r o m  s t a r t i n g  t o  t i n a l  c o n f i g u r a t i o n s  i s  i n s t a n t a n e o u s '  T h c

s p e c t r a l  . o n r . q u . n . . ,  J f  o n  i n t c r m e d i i r e  o f  C r r  n u c l e a r  s y m m e t r y '  l r r r t i

f in i te  l i fe r im.  o fong i f r .  ps . 'u , lo ro ta r ion  coord ina te  w i l l  be  d iscusscd i r t  a

t " i ! iT : !  
Johnson,  ! r . ,  Adcan.  t+ [ .agnet ic  Resonance '  l '  33 (1965) :

c .  N l .  whi tes ic lcs ; '1d-H:  L .  l t i tchet l '  f '  j ' ; ' ; :  Chem'  Soc"  9 t '  2115

(1969 t ,  and  r c t c r cnces  i r r  e r ch '

Table I.  Representative Start ing and

Conf igurat ions for  Pseudorotat ion o f
F ina l  F luor ine SPin
I

-Be

Fina l
Sta r t -

i n g

Non-BcrrY

F ina l

d r +
O r +
Q ' ,  

e

d'r -

d t
t l  tQ '  *  t l t f t
t l & z  *  t l . p t
t l & ,  *  L l o b s
tll@,t * tls'bt
t / roo *  t /s 'h

Q t

6z
d r
d o
Qt

dr

t l t b t
t l n S t
r / rg ' r
r/sds
I I t b t

+
l-

f

+
+

*  t l $ i

*  t / r d i

-F  r / .d to

*  t l t s t  *  r / r d r o

*  L l s O r  *  t / s d , o
*  r / . . d , r

*  r / rd ' ,

l n  these examples ,  the  ax ia l  and equator ia l  f luor ine  s i tes

a r e  l a b e l e d  u s i n g  t h e  n u m b e r i n g  s c h e m e . o f . : q  l '  a n d '

e .g . ,  6 ' :  *  t / ,d ,  
- *  

t l ,6 t  *  t / *d '  *  t / ' d r  ind ica tes  tha t

" " *o i . .u le  
o f  I  whose f luor ines  are  or ig ina l l y  descr ibed

/^\
e .  c  c l  c  g
m 1  tL  - ' e .  q

t -

3 ; : i : d-: -:=-: ,,
, , C d d q _

m  r ' 1  m  -
{ - l - +  i +

$ - - e -

A A C I A-:- ' . - . :

Contnt t tn icat ions to t l rc  [1 l11rt r
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t1um.  Spect ra  ca lcu la ted  fo r  a  range o f  p reexchange
l i fet imes r  are given in Figure 3.

KB"r ry  =

0
- t l ,

r l .

0
0
0
0
0
0

Comparisons of  two features of  these calculated and
observed spectra c lear ly demonstrate that  a Berry
mechan ism is  respons ib le  fo r  pseudoro ta t ion  in  l .
F i rs t ,  in  agreement  w i th  spec t ra  ca lcu la ted  assuming
th is  mechan ism,  l ine  5  o f  the  observed spec t ra  remains
sharp  th roughout  the  tempera ture  range respons ib le
fo r  the  broaden ing  and complere  co l lapse o f  l ines  4  and
6:  by  cont ras t ,  l i ne  5  i s  apprec iab ly  b roadened fo r  in -
te rmed ia te  non-Ber ry  exchange ra tes .  Second,  the
re la t iue  ra tes  o f  b roaden ing  and co l lapse o f  l ines  2 ,3 ,  4 ,
and 6  are  compat ib le  w i th  those ca lcu la tecJ  on  the  bas is
of  a Berry mechanism, but are incompat ib le wi th rela-
t ive rates based on a non-Berry process.

(10) Nat ional  Inst i tutes of  Heal th Prcdoctoral  Fel low, l96Fl96g.

Ceorge  I I .  \ l  h i t cs idcs ,  F l .  Lec  r \ l i t che l l ' )

D e p a r t m e n t of C h e m i s, r r, f , "';:r: ; : :J ;:,,,;:l::: :: f{ rl f,iO,, i,f,%
Receioed June 2, 1969
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l 0  - l  I  0  0  0  0
l 0  I  - t  0  0  0  0
l 0  0  0  - l  0  I  0
l 0  0  o  0  o  0  0
l 0  0  0  I  0  - t  0
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0  - l  I  0  0
0  ,1 ,  - r l ,  ,1 ,  0
0  0  I  - l  0
0  0  0  0  _ '  ,
0 0 0 0 r 1 ,
0 0 0 0 0

(2)

(3 )

0 0 1
0  0 l
0  0 f
0  0 l
0  0 l
0  0 l
I  0 l
l 0 l
0 0 J

0 0 1
0  0 l
0  0 l
0  0 l
0  0 l
0  0 l' l r  0 l

t l r  0 l
0 0 J

Figure 3. Spectra calculated for pseudorotat ion by Berry and non-
Berry mechanisms. To save space, only the kinetic behavior of
l ines l-6 is shown.

correspond wi th  the l ines o f  the observed s ta t ic  spec-
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