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A b s t r a c t

S ing le  cry s ta l X -ray  d iffrac tion  stud ies o f  vanady l py rophospha te  in d ica te  th a t at le a s t tw o 
po ly ty p ica l stru c tu res  ex is t fo r th is ac tive  and se lec tive  a lkane  ox id a tio n  ca ta ly st. T he c ry s ta l 
struc tu res  o f  these m ate ria ls  d iffe r  w ith  respect to the sym m etry  and d irec tio n  o f  co lum ns o f  
vanadyl g roups w itliin the un it cell. S ingle ciystals o f  vanadyl pyrophosphate have been  generated  
at ex trem e tem peratures not often experienced by m icrocrystailine catalysts. T he crystallography o f 
the system  suggests that o th er c ry s ta lline  m od ifica tions o r d iso rdered  phases m ig h t a lso  exist. 
Z e ro th -o rd c r  m o d e ls  o f  c ry s ta l su rface  te rm in a tio n  o f  v an ad y l p y ro p h o sp h a te  h av e  b een  
construc ted  w hich  concep tually  illu stra te  the ability  o f  vanady l p y rophospha te  to accom m odate  
vary in g  am oun ts o f  su rface  phosphorus paralle l to (1 ,0 ,0 ), (0 ,1 ,0 ) and (0 ,2 ,4 ). P y ro p h o sp h a te  
te rm ina tion  o f  surfaces p ara lle l to ( 1 ,0 ,0) like ly  resu lts in  the iso la tio n  o f  c lu s te rs  o f  reactive  
centers and lim its overoxidation  o f  tire alkane substrate.

1. INTRODUCTION

Tire van ad iu m  p h ospho rus ox ide  (V PO ) ca ta ly s t system  p e rfo rm s the fo u rteen -e lec tro n  

oxidation o f  n -butane to m aleic anhydride witlr exceptionally  high selectivity  [2]. Tire phase w hich 

is id en tif ied  w ith  o p tim a l ca ta ly tic  p e rfo rm an ce  is vanady l p y ro p h o sp h a te , (V O )2P 2 0 7  [3]. 

H ow ever, the lite ra tu re  is any th ing  bu t c lea r concern ing  the com p o sitio n  and stru c tu re  o f  th is 

phase. T he so lid -s ta te  chem istry  o f  the V PO  system  is typ ified  by the facile  in te rco n v ers io n  o f 

num erous V'^+ and V5+ phases, lead ing  to considerab le  co n fus ion  in  the in te ip rc ta tio n  o f  the 

experim ental data. In an attem pt to clairfy  tire structural chem istry o f  tlresc m ateiia ls , ou r w ork has 

recen tly  focused  on  a carefu l and exhaustive  re -investiga tion  o f  the crystal s truc tu re  o f  vanady l 

pyrophosphate . T h ese  cry s ta llo g rap h ic  stud ies ind ica te  that the d iffe ren ces o b se rv ed  in  X -ray  

pow der patterns o f  cata lysts derived  from  d iffering  syn theses [4] are consisten t w ith  the p resence  

o f  po ly ty p ica l struc tu res o f  v anady l py rophosphate . O ur a ttem pt to  u n d ers tan d  tlte re la tionsh ip  

betw een  variab le  m etal atom  order and catalytic perform ance has led us to postu la te  "zeroth-order" 

m odels o f  cry s ta l su rface  term ination . R egard less o f  the dubious natu re  o f  such  m odels, these 

stud ies raise  som e in trigu ing  questions related  to the evo lu tion  o f  both  bu lk  and su rface  structu re  

during cata lyst preparation  and bum -in.



2 . D IS C U S S IO N

Tlic lite ra tu re  con tains num erous citations concern ing  all aspects o f  tire ca ta ly tic  chem istry  o f  

the vanad ium  phosphorus ox ides [5]. C learly , con troversy  ex ists on severa l im p o rtan t struc tu ra l 

issues, includ ing : (i) the exact iden tity  and stm clu re  o f  the ac tivc /se lcc tivc  phase, (ii) the role o f  

V5+ species re levan t to butane conversion  to m aleic  anhydride, and (iii) the re la tionsh ip  betw een  

surface atom ic P ;V  ratios and catalyst selectivity. Tlic in tent o f  tliis paper is to expound on  the idea 

tlia t th e  so lid -s ta te  s truc tu re  o f  vanady l py rophospha te  m ay  be h igh ly  variab le , e sp ec ia lly  w ith  

re sp ec t to m e ta l a tom  o rd e r  and  ap p aren t p h o sp h o ru s c o m p o s itio n . W e h av e  iso la te d  and 

determ ined  llie crystal structures for tw o polytypical fonns o f  vanadyl pyrophosphate  derived  from 

n ea r so lid ified  m elts  o f  m atu re  m icrocrysta iline  ca ta lyst pow ders. W hile  these stud ies c larify  the 

poorly  d e te rm ined  s tructu re  p rev iously  reported  by L inde and G orbunova [6 ], they  also suggest 

that o ther fo rm s o f  vanadyl pyrophosphate m ay exist. A s fo r the role o f  V5+ in bultine ox idation  to 

m ale ic  anhydride , T rif iro  e t al. [7] h ave  estab lished  tha t selec tive  V PO  cata ly sts possess  som e 

lim ited  and co n tro lled  n u m b er o f  sites and  that the se lec tiv ity  to m ale ic  an hyd ride  passes 

th rough  a m ax im u m  fo r a w ell-defined  value  o f  degree  o f  su rface  o x ida tion . S evera l au thors 

believe tha t V5+ exists at the cata lyst surface as P-V OPO 4 or a structurally  related  am orphous state 

[8]. H ow ever, in  ou r experience , de tec tab le  quantities o f  V O P O 4 phases in com m ercia l cata lysts 

can  be show n  to be  a ssoc ia ted  w ith  p e rfo rm an ce  loss. P o ss ib ly  the m o s t co n tro v e rs ia l issu e  

relating  to  the com position  o f  the ca ta lyst concerns the p resence  o f  excess p hospho rus associated  

w ith  ca ta ly s t su rfaces, and  its  ro le in  s tab iliz in g  sp ec ies  and  d e te rm in in g  the se lec tiv e  

properties o f  the catalyst. G arbassi et al. [9] have found a value o f  surface atom ic P:V  ratios in  the 

range o f  2 .0 -2 .8 , w hile  tha t for bu lk  lies in  the range o f  1.0-1.4. H odnctl and D clm on  [10] report 

that surface P :V  ratios are approx im ately  1.0 fo r bulk  s to ich iom etric  P :V  values o f  1.0 o r  higher. 

R ecen t w ork  by O kuhara et al. [11] supports the la tter result, y ield ing  surface atom ic P: V ratios o f 

1.10 ±  0.04. As w ill be show n below , it  is no t d ifficu lt to  conceive  o f  struc tu res  based  so lely  on 

vanadyl py rophosphate  w hich support bolli a controlled num ber o f  surface oxygen  ( and V5+) sites 

and accom m odation  o f  varying am ounts o f  non-sto ichiom elric  surface phosphorus.

2.1 C r y s ta l lo g r a p h y  o f  S in g le  C ry s ta ls  o f  V a n a d y l  P y r o p h o s p h a te .

W e have reported  that carefully  controlled recrystallizalion o f m ature  com m ercial catalysis at 

tem p era tu res  in  ex cess  o f  PTO^C resu lts  in  th e  fo rm ation  o f  la rg e  sin g le  c ry s ta ls  o f  van ad y l 

pyrophospha te  [12]. Specim ens harvested  from  these near so lid ified  m elts  are variab le  in color, 

rang ing  from  em era ld -g reen  to  g ray , and brow n  to red -brow n. E m era ld -g reen  and  red -b ro w n  

crystals o f  vanady l pyrophosphate  cry'stallize in  the non-ccn trosym m etric  .space g roup  P ca2i [13]. 

A ll crystals stud ied  exh ib it som e d isorder o f the vanadium  atom  sites. Tire d iso rdered  positions lie 

app ro x im a te ly  0 .325A  above o r  below  tlie d is to rted  octahed ra l basa l p lan e  o f  the vanad ium  

coord ination  sphere as illustrated  in  F igure 1. E m erald-green  crystals o f  vanady l pyrophosphate



arc com posed  o f  Uic stm clu re  earlie r reported  by L inde and G orbunova. H ow ever, the s tm ctu re  

exhibits vanadium  atom  d iso rder associated w ith  only h a lf  o f  the m etal atom  sites. A dd ition  o f  tlte 

d isordered  sites in  cycles o f  Icast-squares refinem ent o f  the cr)'.slallographic m odel result in residual 

va lues in  the range o f  R i= 0 .0 3 5 . B ond ing  in te rac tio n s  fo r all m e ta l-o x y g cn  and p h o sp h o m s- 

o xygcn  bonds fall w ith in  expec ted  va lues inc lud ing  the vanady l m o ie ties, V - 0 , w h ich  average  

1.604 (17) A , and are all w ith in  tw o esd 's o f  the average value. T he d iso rd e r is a co n seq u en ce  o f  

the coex istence w ith in  Uie crystal o f both enaniiom orphs o f  ilte L inde and G orbunova stm cture.

1.60 A

V
M clal Di.sordcr 11

o

F iy iirc  1 . V anadium  site d isorder across the pyram idally  distorted octahedral basal plane.

C ry sta llo g rap h ic  m o d els  o f  the tw o en an iio m o rp h s can  be su p erim p o sed  w ith  re sp ec t to the 

py rophosphate  netw ork , how ever, the resulting  structure exhibits d iso rder fo r tlie vanad ium  atom s 

w h ich  lie  in  ch a in s  p a ra lle l to the c-ax is and y = l /2 , as illu s tra te d  in  F ig u re  2. A  s im ila r 

in terp re ta tion  o f  the d iso rder w itlrin tlte crystal stm ctu re  o f  the red -b row n  m ateria l w ou ld  ind ica te  

that it consists o f  a polytypc o f  tlie L inde and G orbunova stm cture in  w hich the d irection  o f  Uie

D isordered
Chain

O rdered
Chain

y=0.5y=0
a=7.710A

C32,

Figure 2. A  m o d e l o f  the superim posed  py ro p h o sp h a te  n e tw o rk s o f  th e  L in d e  and 
G orbunova stm ctu re  o f  vanadyl pyrophosphate and its cnantiom oiph . N o te  that only  h a lf  
o f  tlie V -sites are disordered.

van ad y l co lum ns para lle l to  the cry s ta llog raph ic  c-ax is at app ro x im a te ly  y = 0 , are rev ersed  in  

d irec tio n  w ith  re sp ec t to  the a-axis. Superim posing  the py ro p h o sp h a te  n e tw o rk  o f  th is second



po ly typc  w ith  its  enan tio m o rp h  yields a m odel in  w hich all vanad ium  atom  sites are d iso rdered  

across the octahedra l basal p lane. T his type o f  d isorder, com m on in o th er tran sition  m etal c rystal 

s truc tu res , is te rm ed  " linear d isp la siv e  d isorder" and  is no ted  fo r prcxiucing d iffrac tio n  s treak  

effects sim ila r to those  reported  by B ordes [14] in  e lec tron  d iffrac tion  stud ies o f  m icrocry sta iline  

catalysts.

T he d iffe ren ces betw een  the tw o p roposed  po ly typ ica l vanady l pyropho.sphates can  be 

understood  in  term s o f  the sym m etry  o f  llic e igh t co lum ns o f  vanadyl g roups th a t ex ist w ith in  the 

un it cell. T hese d ifferences are schem atically  illustrated  in  F igure 3. l l i e  d irec tion  o f  the vanady l 

co lum ns rep resen ted  for the firs t po ly type  co rrespond  to the sym m etry  rep o rted  by  L in d e  and 

G orbunova. T he d irection  o f  the vanadyl colum ns along tlte edge o f  the cell, para lle l to the c-axis, 

have b een  reversed  in  the second  po ly type . T he d is tance  re la tionsh ip s be tw een  all vanad ium , 

phosphorus and oxygen  atom s w ith in  tlte idealized m odels o f  these tw o structures are identical,

b=9.570A

c=16.600A

a=7.710A

V
II
o

p

V

;o Polytypc IIPolytype I

Figure 3 . Schem atic  rep resen ta tion  o f  the vanady l co lum n sym m etry  for tw o po ly typ ica l 
vanady l pyrophosphate  crystal structures.

and as a resu lt, w e w ou ld  expec t the crystal energ ies o f  these species to  be  nearly  id en tica l. N o  

phosphorus atom  d iso rder is observed  fo r e ither set o f single crystals.

W hile  th e  s truc tu res o f  botli po ly ty p cs w ou ld  exh ib it the sam e rig o ro u s space  group  

ex tin c tio n s (P ca2 i) . the sym m etry  re la tionsh ip s be tw een  the van ad iu m  and p h o sp h o ru s  atom s 

w ith in  the structure  arc no t identical. T his observation  is also consisten t w ith  the d iffe ring  R am an 

spectra  ex liib ited  by the tw o crystalline species [15]. I t is c lear that the topo taxy  w hich  transform s 

the in terca la ted  orthophosphate  p recursors in to  the netw orked  pyrophosphate  struc tu re  [16] occurs 

w ith  co n sid e rab le  reo rg an iza tio n  o f  the lo n g -ran g e  o rd e r o f  b o th  the p h o sp h a te  and  van ad y l 

ne tw orks . E x trem e  b ro ad en in g  o f  severa l c lasses o f  re flec tio n s in  X -ray  p o w d e r d iffrac tio n  

patterns, apparent even in  m ature m icrocrystailine catalysts, supports tlie conclu.sion that crystalline 

order in  the system  is h igh ly  variable. W e can conceive o f num erous alternative sym m etries fo r the 

structure o f  vanady l py rophosphate  w hich  retain iden tical bond ing  shell configura tions, bu t w ou ld  

d iffe r in  second - and  fu rth er-n ear ne ig h b o r env ironm ents. W c w ou ld  ex p ec t these  struc tu res  to



ex h ib it on ly  no m in a l en e rg e tic  d iffe ren ces assoc ia te  w ith  the co u lo m b ic  in te rac tio n s  b e tw een  

d iffe ring  m eta l-m cla l oc tahedra l ho le  occupancy , and stra in  energy  associa ted  w ith  the ab ility  o f 

each  s tm clu re  to pack  cffidcnL ly (m in im ization  o f  cell vo lum e). T he obv ious question  w hich  w c 

fin d  o u rse lv e s  a sk in g  re la tiv e  to  the s tru c tu re s  o f  th e  s in g le  c ry s ta l m a te r ia ls  and  the 

m ic ro c ry sta ilin e  ca ta ly sts , re la tes to  k inetic  vs. th en n o d y n am ic  con tro l in  the ev o lu tio n  o f  the 

s tm clu re  in  llic tran sfo n n a tio n  from  cata lyst p recursors to the vanadyl py rophospha te  phase. Is it 

p o ss ib le  th a t tlic a cen tric  s tm c tu re s  o b se rv ed  fo r th e  sin g le  c ry s ta ls  s tu d ied  by  L in d e  and  

G orbunova, M idd lem iss [17] and ourselves arc sim ply  a se t o f  th cn n o d y n am ica lly  stab le  species, 

o r do  these  m a te ria ls  form  as a resu lt o f  tire syn thesis  p ro ced u res  and on ly  slow ly , i f  at all, 

in tcrconvcrt?  Tlte im portance  o f  this question  can  be realized  w hen con.sidcring that the d irec tion  

and sym m etry  o f  the vanady l m oieties w ith in  the stm ctu re  have an effect on any proposed  surface 

topo logy  at the (1 ,0 ,0) surface o f  vanady l pyrophosphate.

2.2 Zeroth-Order M odels of Vanadyl Pyrophosphate Surface Termination

D u rin g  the p as t decade  there  has b een  a rem arkab le  in crease  in  the deta il o f  in fo rm atio n  

availab le  concern ing  the atom ic geom etry , bond ing  and e lec tron ic  stm c tu re  o f  surfaces. M uch  o f  

th is w ork , b o th  tlieo rc tica l and exp e rim en ta l, has con cen tra ted  on su rface  re c o n s tm c tio n  o f  

c leavage faces o f  tc trah ed ra lly -co o rd in a tcd  com pound  sem ico n d u c to rs  [18] and sim p le  ox ide 

m ateria ls  [19]. T he theo re tica l research , p rim arily  based  on the em p irica l T igh t-B in d in g  m odel 

[20], has been  in s tm m cn ta l in  gu id ing  the in te rp re ta tio n  o f  ex p e rim en ta l da ta  and has lead  to 

m e c h a n is tic  sch em es w h ich  ex p la in  tlie re c o n s tru c tio n  p ro ce ss  in  te rm s o f  su rface  bo n d  

rchybrid izalion . H igher levels o f  theory w ill be neccssa iy  to properly  describe the bu lk  and surface 

s tm ctu res o f  oc tahedra l m eta l-ox idcs and system s such as vanadyl py rophosphate . H ow ever, the 

necessary  prerequ isite  to theoretical stud ies involves tlie constm ction  o f  "zero th -o rdcr" m odels o f  

the b u lk  and  su rface  stm ctu res . Z e ro th -o rd c r su rface  m odels arc  sim p ly  based  on  a ra tio n a l 

te rm ina tion  o f  the c ry s ta l s tm ctu re  para lle l to tlie desired  su rface , in  a m an n er w h ich  p reserves 

m ax im um  b o n d  v a lan ce  fo r each  atom  u n d er the co n stra in t o f  g en e ra tin g  a n eu tra l su rface . 

N eed less to  say , these m odels arc a m atte r o f  con jec ture , bu t ilicy o ften  help  ra tionalize  less than  

obvious features o f  the surface chem istry.

W e w ould  like to  advance several sim ple concepts w illi rc s jx c t to m odels o f  surface term ination  

fo r V PO  phases, (i) Su rface  vanad ium  centers arc expected  to  be m in im ally  fivc-coo rd ina lc . Tlie 

s ix th -co o rd in a tio n  site  co u ld  be u n o ccup ied  fo r the case w here  the van ad y l o x y g en  is  inw ard  

d irected , o r coord inated  by a w eakly  in terac ting  adduct. A lternatively , tlie six th  coo rd ination  site 

cou ld  be  occu p ied  by an  ou tw ard ly  d irec ted  surface  vanady l oxygen , (ii) S ince  th e  am o u n t o f  

phosphom s associa ted  w ith  the surfaces o f  V PO  phases is clearly  a m a tte r o f  in te rest, o u r m odels 

w ill m ax im ize  the use o f  phosphom s by fu lling  tlic coord ination  spheres o f  all m eta l a tom s w ith  

shared  p y ro p h o sp h a te  oxygen . W c th ink  tliis is a p h y sica lly  reasonab le  assu m p tio n  since  the 

active/selective phase is syn thesized in  an excess o f  phosphate. Ttic effect generated  in  this m anner
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Figure 5. Illu stra tion  o f  tw o possib le  cases o f  surface term ination  para lle l to  the (1,0 ,0) 
surface o f  vanadyl pyrophosphate: phosphorus-rich  pyrophosphate term ination  (lop o f  
figure), and sto ichiom etric o rthophosphate tenn ina tion  (bottom  o f figure).

surround  each  d im eric  p a ir o f  vanady l centers o f  tlie layered  V O H P O 4 • 1/2 H 2O structure . O f the 

six  hyd ro x y l m o ie ties  assoc ia ted  w ith  the phosphate  groups, fo u r are o rien ted  above the basal 

p lane , and tw o  below  (o r v ise  versa) as illu s tra ted  in  F ig u re  6 a. F o r  the py ro p h o sp h a te  phase, 

three py rophospha te  groups b ridge  layers in  e ither d irection  bu t do so  w ith  a m ax im um  o f 2 -fold 

sy m m etry  as show n  in  F ig u re  6b. T liis n o n -cen tro sy m m etric  s tru c tu re , as rep o rted  by 

ou rse lves and p rev ious au thors, can n o t be co n stru c ted  w ith  few er th an  fo u r in d ep en d en t 

phosphorus atom s regard less o f  the sym m etry  o f  tlie vanadium  occupancy  (i.e., the assignm ent o f 

the space group  sym m etry  is m ax im a llv  lliat o f  P ca2 i)- w e have  p rev io u sly  described  [12], 

te rm in a tin g  th e  id ea liz ed  ( 1,0 ,0 ) su rface  o f  (V O )2P 2 0 7  w ith  p e n d en t p y ro p h o sp h a te  g roups 

sterica lly  iso la tes vanadium  cente rs in  cav ities o r clefts. Tlie degree o f  iso la tion  o f  tliese centers, 

and  the sy m m etry  in  the cav ity , is in llu cn ccd  s ig n ifican tly  by the o rien ta tio n  o f  the van ad y l 

colum ns w ith in  the structure, a factor w hich w e have noted to  be d ifferen t for each  o f the poly-

OH

(a) (b)

F iy iire  6 . Idealized  po lyhedra l structures fo r (a) V O H PO 4 • 1/2 H 2O, and  (b) (V O )2P 2 0 7 .
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